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8
ON POLYOL DEHYDRATION

Philipp SAVAKIS, S. Andreas ANGERMAYR, Alejandra DE
ALMEIDA, Mariateresa FERONE, Klaas J. HELLINGWERF

Dehydratase reactions can convert diols into carbonyl compounds. Subsequent reuduction
yields an alcohol. Here, we demonstrate the dehydration of meso-butanediol to butanone
and in a separate reaction, the reduction of butanone to 2-butanol in recombinant Syne-
chocystis strains. Additionally, the conversion of CO2 into 1,3-propanediol is demonstrated
with a consortium of a recombinant Synechocystis strain and Lactobacillus reuteri.
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INTRODUCTION

T HE elimination of H2O from a diol yields a carbonyl compound. Geminal diols (hy-
drates)1 readily lose water and will not be discussed beyond this point. If one of the

hydroxy groups in a vicinal diol2 belongs to a primary alcohol, an aldehyde can be formed
through dehydration. Removal of water from vicinal diols that only have secondary hydroxy
groups yields ketones, exclusively (Fig. 8.1).
In dehydration reactions, the formal oxidation number of the carbon atom that will trans-
form into the carbonyl atom is increased by 1. The oxidation number of the carbon atom
that will lose the oxygen atom is reduced by 1. The net oxidation state of the molecule thus
remains unchanged. Hence, dehydration reactions are redox neutral processes.
A number of economically attractive molecules can be derived from polyols through dehy-
dration. First and foremost, 1,3-propanediol is used in the production of PTT (Polytrimethy-
lene terephthalate). Native producers of 1,3-propanediol include Klebsiella pneumoniae,
Citrobacter freundii and Clostridium acetobutylicum. However, recombinant bacteria have
been employed in commercial processes to produce 1,3-propanediol, as well (see [283] and
[178] for a review article).
Dehydration of 2,3-butanediol yields butanone, which can be reduced to 2-butanol3 (Fig.
8.1). Butanone and 2-butanol are promising fuels, based on their high heating value (2-
butanol: 35920 J/mol) and low hygroscopicity. Industrially, 2-butanol is produced through
the hydration of n-butene [284].
2-Butanol is found in fermented beverages and distillates thereof ([285] and references there-
in). Hieke and Vollbrecht speculate that lactobacilli are responsible for the bulk of the 2-
butanol production [285].
Chemically, the simplest way to remove H2O from a larger molecule involves Lewis acid/
base catalysis. In nature, this indeed is the preferred mechanism for diols that are activated
by a carbonyl moiety. Carbonyl groups can stabilise negative charges in the α-position4.
Thus, in α,β-hydroxycarbonyl compounds, the proton at Cα is abstracted more easily than
in the corresponding unsubstituted diol.
For the conversion of unsubstituted diols, nature has evolved a class of enzymes that have
been named dehydratases5.

1Geminal diol: R1

OH OH

R2

2Vicinal diol: R1

R2 OH

R3HO

R4

32-butanol is the simplest chiral alcohol. Interestingly, in industry, the majority of 2-butanol is converted to bu-
tanone [284]

4Atom numbering in carbonyl compounds: Cα

Ci

O

Cα

Cβ

5In the older literature, the name dehydrase is also used
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Figure 8.1: Removal of a water molecule from a diol (first column) leads to formation of a
carbonyl compound (second column); 1,2-propanediol gives propionaldehyde, glycerol gives 3-
hydroxypropionaldehyde (reuterin). Elimination of H2O from meso-2,3-butanediol gives butanone.
Reduction leads to the corresponding alcohol (third column).

These enzymes are dimers of heterotrimers ((αβγ)2) [286]6 and rely on radical-based mech-
anisms for dehydration. Labelling studies [290] have shown that during dehydration, an
oxygen atom migrates. (see Fig. 8.2 for a minimal mechanism and [291] for a theoretical
study).
Among the dehydratases there are two related classes of enzymes that mediate the vitamin
B12-dependent dehydration of diols7:

h Diol dehydratase (DDH, E.C. number: [4.2.1.28])

h Glycerol dehydratase (GDH, E.C. number: [4.2.1.30])

The best studied dehydratases are those from the organism that was deposited as Aerobac-
ter aerogenes ATCC 8724. This strain has hence undergone renaming to Klebsiella oxytoca
ATCC 8724. In the older literature, however, Klebsiella pneumoniae and Aerobacter aero-
genes ATCC 8724 are used synonymously. K. oxytoca diol dehydratase shows considerable
activity on 1,2-propanediol and ethylene glycol [293]8.
Glycerol is a substrate for both diol dehydratase and glycerol dehydratase, but was also
shown to inactivate both enzymes. [294, 295]9. Permeabilised Klebsiella pneumoniae cells
inactivated by glycerol were shown to regain dehydratase activity when ATP and Mg2+ or
Mn2+ were added [296]. This observation led to the discovery of diol dehydratase-reactivating
factors in K. pneumoniae and K. oxytoca (encoded by ddrAB) [297]. Both reactivases are het-
erodimers ((αβ)2) [298, 299] and are thought to act through subunit displacement: When

6Diol dehydratase was initially reported to have two [287] or four [288] subunits. Functional enzyme was recombi-
nantly produced from an operon encoding three subunits [289]. Therefore, it was concluded that diol dehydratase
has three subunits. X-ray structures have confirmed the (αβγ)2 quarternary structure [286]

7There are also enzymes that can mediate the reaction without vitamin B12 [292]
8In this study, it was reported that the enzyme showed no activity on 2,3-butanediol. It was not specified, however,

which isomer was tested.
9Interestingly, cultivation of Klebsiella in the presence of glycerol induces diol dehydratase

http://enzyme.expasy.org/EC/4.2.1.28
http://enzyme.expasy.org/EC/4.2.1.30
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the Co-C bond in dehydratase is split, the cobalamin cofactor remains bound to the en-
zyme. Likely, displacement of the β-subunit of reactivase by the β-subunit of diol dehy-
dratase weakens the interaction of the dehydratase and the cobalamin [300]. As a result,
the damaged cofactor can be replaced with new adenosylcobalamin. Interestingly, while
GDH reactivation factors are specific to GDH, DDH reactivation factors were shown to also
restore GDH activity [300].
Organisms that have evolved dehydratases, typically separate them from the cytosol with
specialised bacterial microcompartments, not unlike the cyanobacterial carboxysomes (see
[301] and [302] for current review articles on bacterial microcompartments). In those or-
ganelles, the substrate concentration is increased relative to the cytoplasmic concentration,
while the oxygen concentration is decreased. Carbonyl compounds, and aldehydes in par-
ticular, can exhibit considerable toxicity towards living cells. Generation (and subsequent
reduction to the corresponding alcohols) of these molecules in a distinct compartment can
therefore help to avoid adverse effects.
Synechocystis does not produce the dehydratase cofactor vitamin B12. Instead, it produces
the chemically related compound pseudovitamin B12 [303]. In Synechococcus elongatus PCC
7942, functional GDH could be assembled without additional vitamin B12 supplementation
[304]. It seems that pseudovitamin B12 can substitute vitamin B12 in this enzyme.
For DDH, substrate promiscuity was first demonstrated in the 1970’s; a number of terminal
vicinal diols are substrates for this enzyme. Crucially, Toraya et al. found that propanediol
dehydratase from Klebsiella also converts 2,3-butanediol, albeit at considerably lower rates
than the physiological substrates [294]. 2,3-butanediol represents the only non-terminal
vicinal diol that acts as substrate for DDH. Of the three isomers of 2,3-butanediol, only
meso-butanediol is accepted as substrate and inactivator. D- and L-2,3-butanediol act as
competitive inhibitors, exclusively [294, 305].
Recently, Yoneda et. al reported that GDH of K. pneumoniae accepts meso-butanediol as
substrate. In this study, E. coli was also engineered to synthesise butanone from glucose
[306].
Previously, we have shown the synthesis of meso-butanediol by recombinant Synechocys-
tis from light, water and carbon dioxide [115]. We reasoned that the substrate promiscuity
of DDH10 would allow the extension of this pathway to the formation of 2-butanol via bu-
tanone (Fig. 8.2B).
Since dehydratases rely on a cobalamin cofactor, these enzymes are susceptible to inacti-
vation by light and the diradical O2, making functional expression in an oxygen-producing
phototroph a challenge. We therefore used approaches where the dehydratase step was
implemented in Synechocystis as well as in a chemotrophic bacterium.

MATERIALS AND METHODS

Chemicals were purchased from Sigma Aldrich, unless stated otherwise.
Culturing. E. coli was cultured routinely in LB medium in a shaking incubator at 37◦C and
200 rpm. Synechocystis was grown routinely in BG11 medium, buffered to an initial pH of
8.0 with 10 mM TES/KOH, at 30◦C and 120 rpm under white light (15 W cool fluorescent ,
F15T8-PL/AQ, General Electric; light intensity: 20-50 µE/m2/s) For growth on plates, media

10At the time this project was started, this was the only dehydratase for which substrate promiscuity had been
demonstrated.
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were solidified with 1.5% (w/v) Bacto agar. For Synechocystis, plates were additionally sup-
plemented with 0.3% (w/v) Na2S2O3. Antibiotics were added where appropriate.
Mutant construction. E. coli XL1 PDD and E. coli XL1 PDD DDR were constructed through
heat-shock transformation of E. coli XL1 with pPS1310 and pPS1320, respectively. Syne-
chocystis PDD and Synechocystis PDD DDR were constructed respectively through chro-
mosomal integration of PA1l acO−1::pddABC (from pPS1310) and Ptrc::ddrAB ::PA1l acO−1::
pddABC (from pPS1320) at slr0168.
Plasmid construction. For the construction of pPS1320, pPS1310 was digested with XbaI
and PstI and the fragment containing pddABC was ligated into pPS1309, digested with SpeI
and PstI.
Western blotting. Proteins were separated according to size by SDS-PAGE, and transferred
onto a nitrocellulose membrane. Then, the membrane was washed with 800 mL of PBS
buffer, blocked for 1 h with PBS/milk powder (5% w/v), and incubated for 2 h with rabbit
α-PDD antiserum in PBS/milk powder (5% w/v). The membrane was washed again with 1 L
PBS and incubated for 1 h with GARPO (Goat anti rabbit peroxidase) in PBS/milk powder
(5% w/v) and washed again with 500 mL PBS. Bands were visualised using the ECL detec-
tion kit (GE healthcare). The image was created as an overlay of the luminescence channel
(detects luminescence from the peroxidase reaction) and the 700 nm channel (detects the
protein marker).
Detection and quantification of external metabolites using HPLC. Supernatants were fil-
tered (Sartorius Stedin Biotech, minisart SRP 4, 0.45 µm) and the flow through analysed by
HPLC (stationary phase: Rezex ROA-Organic Acid H+ (8%) column (Phenomenex), column
temperature: 85◦C), refractive index detector: Jasco, RI-1530; mobile phase: 7.2 mM H2SO4,
0.5 mL/min. Peaks were identified and quantified using external standards.
Dehydratase reaction in E. coli under microaerobic conditions. For this test, conditions
were essentially as described in Yoneda et al. [306]. Briefly, E. coli was grown overnight in
modified M9 medium (modified M9: M9 + 10 g/L glucose, 5 g/L yeast extract, 10 mg/L thi-
amine, 50 µg/mL kanamycin). In a 15 mL tube, 5 mL modified M9 was inoculated with
50 µL of the overnight culture and grown for 3 h at 37◦C. Then, cyanocobalamin was added
to a concentration of 1 µM, IPTG was added to a concentration of 0.1 mM and one of the
following compounds was added to a concentration of 5 g/L: meso-2,3-butanediol, glycerol
or 1,2-propanediol. The tube was closed and incubated for 24 h at 30◦C in a culturing wheel.
After incubation, 1 mL was harvested by centrifugation for 3 min at 15,000 rpm at 4◦C. The
samples were filtered and subsequently analysed by HPLC.
Dehydratase reaction in concentrated suspensions of E. coli. E. coli XL1 harbouring pHKH
pddABC, pHKH pddABCddrAB or pHKH were grown in LB medium supplemented with
0.1µg/mL cyanocobalamine at 37◦C and 200 rpm for 24 h. Cells were harvested by centrifu-
gation (4,000 rpm, 15 min) and washed once in BG11 medium supplemented with 25 mM
TES, pH 8.0. Then, the cells were resuspended to a calculated OD600 of 100 in BG11 medium
supplemented with 25 mM TES, pH 8.0, Km20 and either of the following: 25 mM meso-
2,3-butanediol or 25 mM 1,2-propanediol. Cells were incubated at 37◦C for 24 h in 1.5 mL
Eppendorf tubes. Then, the cells were pelleted by centrifugation (15,000 rpm, 15 min) and
the supernatant was analysed by HPLC with respect to (exo)metabolite formation.
Dehydratase reaction in Synechocystis. Cells were incubated in closed Eppendorf tubes
wrapped in aluminium foil. Wild-type Synechocystis and Synechocystis PDD DDR were in-
oculated to an OD730 of 2.8 in BG11 medium buffered at pH 8.0 with 10 mM TES/KOH and
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supplemented with 0.01 mg/mL cyanocobalamin, 20 mM meso-butanediol, 5 mM glucose
and incubated for 17 d at 30◦C. Then, the samples were cleared by centrifugation (14,500
rpm, 5 min, RT) and the supernatant was analysed by HPLC.
Conversion of CO2, light and water into 1,3-propanediol. Wild type Synechocystis and Syn
PSA002 were grown in BG11 medium buffered to an initial pH of 8.0 with 10 mM TES/KOH.
The cultures were inoculated with an OD730 of 0.1. L. reuteri was grown overnight in MRS
medium at 30◦C, harvested by centrifugation (4,000 rpm, 15 min, RT) and washed with
BG11 medium, buffered at pH 8.0 with 10 mM TES/KOH. Then, the L. reuteri cells were
added to the Synechocystis cultures to an OD730 value of 0.1.

RESULTS AND DISCUSSION

Earlier, we demonstrated synthesis of meso-2,3-butanediol from CO2, light and water [115].
To extend the heterologous pathway used in this study to 2-butanol (Fig. 8.2B), two reac-
tions need to be added: the dehydration of meso-butanediol to butanone and the reduction
of butanone to 2-butanol.
Interestingly, we could show that Syn ARP could reduce butanone to 2-butanol (Fig. 8.3).
Conversion of butanone, however, was slow, and a large fraction evaporated before it could
be converted to 2-butanol. Likely, acetoin is the preferred substrate for this enzyme. In a
final production strain, however, the volatility of butanone should not be a problem. Ac-
etaldehyde, the precursor of ethanol shows greater volatility; yet, ethanol-producers so far
are the best genetically modified cyanobacteria in terms of titre [102].
We analysed recombinant E. coli for their ability to convert meso-butanediol into butanone.
Recently, Yoneda et al. reported the reaction of meso-butanediol to butanone using recom-
binant E. coli harbouring glycerol dehydratase plus the cognate reactivase from K. pneu-
moniae. In this publication, a mutant strain was reported, in which the pathway from glu-
cose to butanone was successfully implemented [306]. Under the conditions reported in
[306], we could not detect formation of butanone in recombinant E. coli harbouring diol
dehydratase or the combination of diol dehydratase and diol dehydratase reactivase from
K. oxytoca. Even extended incubation times (up to 2 d) did not lead to detectable amounts
of butanone.
We therefore repeated the dehydratase reactions at increased cell densities (OD600 values
of 10 and 100, respectively, Fig. 8.4). In recombinant E. coli harbouring propanediol dehy-
dratase of K. oxytoca, conversion of the native substrate, 1,2-propanediol could be demon-
strated at both cell densities. The dehydratase activity was increased in strains harbour-
ing the cognate reactivase (Fig. 8.4A,B). The dehydratase reaction yields propionaldehyde,
which likely is reduced by endogenous alcohol dehydrogenases to 1-propanol. For the al-
ternative substrate, meso-butanediol, conversion could be demonstrated, but was signifi-
cantly less efficient (Fig. 8.4C,D).
Under ’normal’ growth conditions (cultures grown in the light in Erlenmeyer flasks with cot-
ton stoppers) no conversion of meso-butanediol to butanone could be demonstrated with
Synechocystis harbouring either PddABC or PddABC and DdrAB from K. oxytoca, despite the
fact that soluble diol dehydratase was produced (Fig. 8.5B).
Diol dehydratase is inactivated by oxygen. Furthermore, the volatility of butanone under
these culturing conditions (Fig. 8.3) makes its detection difficult. We therefore reasoned
that conversion possibly might be improved and better monitored under microanaerobic
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ing just pHKH is shown as a control. Conversion of 1,2-propanediol to n-propanol in a highly concen-
trated (A) and very highly concentrated suspension (B). Conversion of meso-butanediol to butanone
in a highly concentrated (C) and very highly concentrated (D) cell suspension.

Table 8.1: Strains used in this study

Strain Genotype Source

E. coli XL1 Blue endA1, gyrA96(nalR) thi–1 recA1 relA1 lac Stratagene
glnV44 F’[::Tn10 proAB+ lacIq

∆(lacZ)M15] hsdR17 (rK− mK+)
E. coli XL1 PDD XL1 pHKH pPS1310 This study
E. coli XL1 PDD DDR XL1 pHKH pPS1320 This study
Synechocystis sp. wild-type D. Bhaya
PCC 6803
Synechocystis ARP ∆slr0168 Ptrc::arLeu::KmR [115]

(AR of Leuconostoc lactis NCW1)
Synechocystis PDD ∆slr0168::PA1l acO−1::pddABC::KmR This study
Synechocystis PDD DDR ∆slr0168::Ptrc::ddrAB::PA1l acO−1:: This study

pddABC::KmR
Synechocystis PSA002 ∆slr0168::Ptrc::gpp2::KmR [229]
Lactobacillus reuteri wild-type [307]
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sion of meso-butanediol to butanone by Synechocystis PDD DDR. Chromatograms of the pure stan-
dard is shown on top. Chromatograms of culture supernatants are shown in the bottom half. Dotted
lines are included to aid the eye. (B) soluble diol dehydratase is produced in recombinant Synechocys-
tis. Western blotting after denaturing SDS-PAGE of cell-free extracts of the mutant strains carrying
dehydratase alone or in combination with the reactivating enzyme, clearly showed a band between
65 and 80 kDa (for comparison: PddA: 60 kDa, PddB: 24 kDa, PddC: 19 kDa).

Table 8.2: Plasmids used in this study

Plasmid name Description Source

pPS1309 pHKH Ptrc::ddrAB Genscript
pPS1310 pHKH PA1l acO−1::pddABC Genscript
pPS1320 pHKH Ptrc::ddrAB::PA1l acO−1::pddABC This study
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or anaerobic conditions. When Synechocystis harbouring PddABC and DdrAB from K. oxy-
toca was incubated for extended time periods (17 d) under microaerobic conditions in the
dark, a small fraction of exogenously supplied meso-butanediol indeed was converted into
butanone (Fig. 8.5A).
Recently, Hirokawa et al. showed the conversion of glycerol to 3-hydroxypropionaldehyde
(reuterin) and the subsequent reduction to 1,3-propanediol in Synechococcus elongatus PCC
7942 [304]. We, however, were unable to demonstrate conversion of glycerol to reuter-in11

or 1,3-propanedeiol in Synechocystis. One explanation for this might be an inability of Syne-
chocystis to take up glycerol12. 2-butanone is mobile across the cyanobacterial membranes.
Dehydratase activity could be demonstrated in a mixed culture of recombinant Synechocys-
tis and Lactobacillus reuteri (L. reuteri) (Fig. 8.6). In this experiment, Syn PSA002 produces
glycerol from CO2, light and water [229] and L. reuteri performs the conversion of glycerol to
reuterin. At this moment, it is unclear whether the reduction to 1,3-propanediol is carried
out by L. reuteri or by Syn PSA002. In L. reuteri, reduction of reuterin to 1,3-propanediol is
dependent on the presence of substrates like glucose, which were not added exogenously in
this experiment. Cyanobacteria, however, have been reported to shed carbohydrate com-
pounds into the culture medium [280], which might be taken up by the lactic acid bac-
terium. The genome of Synechocystis encodes at least two alcohol dehydrogenases (Slr0942
and Slr1192). It is conceivable that one of these enzymes shows activity towards reuterin.
In conclusion, we could demonstrate the dehydration of meso-butanediol to butanone in
both recombinant E. coli and Synechocystis. However, the activity of the heterologously ex-
pressed dehydratase with the non-native substrate 2,3-butanediol, needs to be significantly
increased if this reaction is to be run on a meaningful scale in cyanobacteria. Additionally,
we could show the conversion of CO2 to 1,3-propanediol using a consortium of recombi-
nant Synechocystis and L. reuteri.
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11On the HPLC system, detection of reuterin was difficult, as the peaks were very broad and overlapping with
others.

12In chapter 6, upon incubation of cell-free extracts of Synechocystsi with glucosylglycerol, the small amount of
contaminant glycerol was consumed, even when the cell-free extracts were previously purified from small mol-
ecules, via dilution and subsequent concentration with a protein concentration filter (data not shown). When
wild-type Synechocystis was grown in the presence of small amounts of glycerol in the dark, (5 mM), no con-
sumption was evident, as judged by HPLC (data not shown)




