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Molecular Characterization of an NADPH-Dependent Acetoin
Reductase/2,3-Butanediol Dehydrogenase from Clostridium beijerinckii

NCIMB 8052
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Laboratory of Microbiology, Wageningen University and Research Centre, Wageningen, The Netherlands

Acetoin reductase is an important enzyme for the fermentative production of 2,3-butanediol, a chemical compound with a very
broad industrial use. Here, we report on the discovery and characterization of an acetoin reductase from Clostridium beijerinckii
NCIMB 8052. An in silico screen of the C. beijerinckii genome revealed eight potential acetoin reductases. One of them
(CBEI_1464) showed substantial acetoin reductase activity after expression in Escherichia coli. The purified enzyme (C. beijer-
inckii acetoin reductase [Cb-ACR]) was found to exist predominantly as a homodimer. In addition to acetoin (or 2,3-butane-
diol), other secondary alcohols and corresponding ketones were converted as well, provided that another electronegative group
was attached to the adjacent C-3 carbon. Optimal activity was at pH 6.5 (reduction) and 9.5 (oxidation) and around 68°C. Cb-
ACR accepts both NADH and NADPH as electron donors; however, unlike closely related enzymes, NADPH is preferred (K,,,,

32 uM). Cb-ACR was compared to characterized close homologs, all belonging to the “threonine dehydrogenase and related Zn-
dependent dehydrogenases” (COG1063). Metal analysis confirmed the presence of 2 Zn>* atoms. To gain insight into the sub-
strate and cofactor specificity, a structural model was constructed. The catalytic zinc atom is likely coordinated by Cys,,, His,,,
and Glu,,, while the structural zinc site is probably composed of Cys, 49, Cys;¢3> CyS;06> and Cys, 4. Residues determining NADP
specificity were predicted as well. The physiological role of Cb-ACR in C. beijerinckii is discussed.

lostridia are well known for their capacity to produce various

acids and alcohols as end products of the anaerobic break-
down of different polysaccharides (1). These fermentation prod-
ucts are of interest as building blocks in the chemical industry or as
biofuels. A renowned example, which has been studied extensively
in the past, is the production of acetone, 1-butanol, and ethanol
(ABE) by solventogenic clostridia. This process, also known as
ABE fermentation, has been studied extensively in the past (2). In
addition to ABE, some clostridial species, like Clostridium beijer-
inckii or Clostridium acetobutylicum, are able to produce isopro-
panol or acetoin, respectively (3). Acetoin can be converted to
2,3-butanediol via a single reduction step, catalyzed by acetoin
reductase (ACR) (or 2,3-butanediol dehydrogenase [BDH]; EC
1.1.1.4). Acetoin and 2,3-butanediol are well-known metabolic
end products of various microorganisms, and their biosynthesis in
most cases involves pyruvate and a-acetolactate as intermediates
(4, 5). Alternatively, both molecules may also be degraded by cer-
tain microorganisms (6). Although many microorganisms, in-
cluding eukaryotes, are known to interconvert acetoin and 2,3-
butanediol, only a few enzymes have actually been characterized
in detail (7, 8). 2,3-Butanediol and especially the pure enantio-
meric forms are very valuable for the synthesis of chiral high-value
pharmaceuticals. Alternatively, 2,3-butanediol may be enzymati-
cally converted into 2-butanol, a potential biofuel with the same
energetic value as 1-butanol but with less toxicity to the ferment-
ing organism (1).

Although wild-type C. acetobutylicum is known to produce
acetoin (3), it is not able to produce 2,3-butanediol (9). However,
heterologous expression of an acetoin reductase from C. beijer-
inckii enabled production of 2,3-butanediol, as has recently been
shown by Siemerink et al. (10). Acetoin reductases are alcohol
dehydrogenases (ADHs; EC 1.1.1), a large group of enzymes
which are found in all three domains of life and which are capable
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of catalyzing the reversible reaction between aldehydes and ke-
tones and their corresponding alcohols (11, 12). Clostridia harbor
many putative ADH gene sequences, but the specificity of the
corresponding enzymes can often not be concluded from the pri-
mary structure. Most characterized ACRs/BDHs belong to the super-
family of medium-chain dehydrogenases/reductases (MDRs), al-
though some belong to the short-chain dehydrogenases (SDHs)
(13).

This work reports on the discovery and detailed characteriza-
tion of the acetoin reductase from C. beijerinckii NCIMB 8052,
which was previously used to enable 2,3-butanediol production in
C. acetobutylicum (10). The enzyme was selected from a set of eight
putative acetoin reductases, six of which were heterologously ex-
pressed in Escherichia coli and analyzed for the desired activity.
The selected enzyme was purified to homogeneity and character-
ized with respect to substrate specificity, temperature and pH op-
tima, kinetics, and structural modeling. Its characteristics are
compared to those of related characterized enzymes of the MDR
superfamily.
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MATERIALS AND METHODS

Materials used. All chemicals were analytical grade and purchased from
Sigma-Aldrich (unless stated otherwise). Primers were obtained from
Biolegio (Nijmegen, The Netherlands). The restriction enzymes were ob-
tained from Invitrogen (Breda, The Netherlands). For heterologous ex-
pression, the vectors pET24d and pET26d (kanamycin resistance; Merck
Millipore, Darmstadt, Germany) were used.

Organisms and growth conditions. E. coli DH5a (New England Bio-
Labs, Ipswich, MA, USA) was used as a host for the cloning vectors, and E.
coli BL21(DE3) was used as an overproduction strain to obtain recombi-
nant protein for purification. All E. coli strains were grown at 37°C, 200
rpm, in Luria-Bertani (LB) medium supplemented with MgSO,, (1 mM),
kanamycin (50 pg/ml), and ZnSO, (250 wM) (unless stated otherwise).
Additional zinc was added to ensure full occupancy of the zinc binding
sites of the enzyme (14), and additional magnesium was added to increase
E. coli biomass (15).

Identification and cloning of potential acetoin reductase-encoding
genes. The genome of C. beijerinckii NCIMB 8052 was screened for po-
tential acetoin reductases by performing BLAST-P searches with the se-
quences from a set of characterized acetoin reductase/2,3-butanediol de-
hydrogenases from different organisms (Bacillus subtilis subsp. subtilis
GIL:16077691, Saccharomyces cerevisiae G1:330443361, Thermoanaerobac-
ter brockii GI1:1771790, and Klebsiella pneumoniae G1:1468939), including
the closely related Gram-positive Bacillus cereus YUF-4 (Gl:14475601)
(http://www.ncbi.nlm.nih.gov/blast) (16, 17). The putative acetoin re-
ductase genes, CBEI 0223, CBEI_0685, CBEI_1464 (C. beijerinckii ACR
[Cb-ACR]), CBEI_2243, CBEI_3864, and CBEI_3890, were amplified by
PCR on C. beijerinckii genomic DNA using the indicated primers (see
Table S1 in the supplemental material). All PCR products were ligated
into their corresponding pET24d or pET26b vector. The cloned genes did
not contain a stop codon, resulting in a hexahistidine tag at the C terminus
of the enzymes after expression. Chemically competent E. coli DH5« cells
were transformed with the ligation mixtures according to the manufac-
turer’s protocol and selected for kanamycin resistance. Colonies were
checked by colony PCR, after which restriction analysis and sequence
analysis confirmed the correct constructs. Chemically competent E. coli
BL21(DE3) cells were transformed with the resulting pWUR plasmids
(see Table S2 in the supplemental material).

Production and purification of heterologously expressed Cb-ACR.
For screening the candidate acetoin reductases, E. coli BL21(DE3), con-
taining the different pWUR plasmids, was used to inoculate a 5-ml over-
night LB medium culture with the mentioned supplements. This precul-
ture was used to inoculate 50 ml LB medium in conical flasks and
incubated for 8 h (37°C, 120 rpm). After 8 h of growth, the cultures were
placed on ice for 1 h to induce host chaperones (18) and subsequently
induced by adding 0.5 mM isopropyl-B-p-1-thiogalactopyranoside
(IPTG). E. coli cells were harvested after 15 h of growth at 20°C and
resuspended in 20 mM Tris-HCI buffer, pH 7.5, containing 1 mM tris(2-
carboxyethyl)phosphine (TCEP) as a reducing agent (19). After three cy-
cles of sonication (20 W for 20 s; intermittent cooling on ice for 30 s), the
total cell extract was centrifuged (30 min; 16,000 X g; 4°C), resulting in a
clear cell extract. The crude cell extracts were used for screening purposes.

To overproduce Cb-ACR, a 2-liter culture of E. coli BL21(DE3) har-
boring pWUR450 was grown and induced as described above. The col-
lected cell suspension was treated twice with a French pressure cell (110
MPa), centrifuged for 20 min (16,500 X g 4°C), and passed through a
0.45-pm filter (Sartorius Stedim Biotech). The resulting cell extract was
applied to a 20-ml Matrex Gel Red A affinity column (Amicon) equili-
brated with 20 mM Tris-HCl buffer (pH 7.5) (buffer A). Unbound protein
was removed by washing with 2 column volumes of buffer A, and the
recombinant protein was eluted using a linear gradient of 0 to 2 M NaCl in
the same buffer. The fractions containing Cb-ACR activity were pooled
and applied to a Ni-chelating column (20 ml) equilibrated in buffer A,
containing 300 mM NaCl with a flow rate of 2 ml min~'. Proteins were
eluted with a linear gradient of 20 to 500 mM imidazole, and fractions (10
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ml) were collected. The fractions with highest acetoin reductase activity
were pooled and applied at a flow rate of 10 ml min~' to a HiPrep desalt-
ing column (53 ml) (GE Healthcare Europe GmbH, Belgium), equili-
brated in buffer A. The desalted fractions were supplemented with 1 mM
TCEP and frozen at —20°C under anaerobic conditions.

Screening for acetoin reductase activity. An initial screening for
D/L-acetoin reduction was performed with crude cell extracts. Each reduc-
tion reaction was performed in a degassed reaction mixture containing
100 mM NaP; buffer (pH 6.5), 50 mM b/L-acetoin, and 0.28 mM NA-
D(P)H as described below. The following were included as controls: (i)
crude cell extract of E. coli BL21(DE3) harboring an empty pET24d vector
and (ii) a blank with no substrate. A correction was made for the temper-
ature-dependent spontaneous degradation of NAD(P)H. The reactions in
this screening were initiated by adding p/L-acetoin.

Acetoin reductase activity assays. Alcohol oxidations and aldehyde/
ketone reductions were determined by following either the reduction of
NAD(P)™ or the oxidation of NAD(P)H at 340 nm, using a Hitachi U2010
spectrophotometer equipped with a temperature-controlled cuvette
holder. Unless stated otherwise, all reactions were performed at 37°C un-
der standard reaction conditions as described below. Each oxidation re-
action was performed in a degassed reaction mixture containing 100 mM
glycine-NaOH buffer (pH 9.5), 50 mM alcohol, and 0.28 mM NAD(P)*.
Each reduction reaction was performed in a degassed reaction mixture
containing 100 mM sodium phosphate buffer (pH 6.5), 50 mM aldehyde
or ketone, and 0.28 mM NAD(P)H.

In all assays, the reaction was initiated by the addition of an appropri-
ate amount of purified enzyme. One unit of Cb-ACR was defined as the
amount of enzyme that oxidized or reduced 1 micromole of NAD(P)H or
NAD(P)™ per minute, respectively. A correction was made for the (tem-
perature-dependent) spontaneous degradation of NAD(P)H. The protein
concentration was determined using the Bradford reagent (Bio-Rad) with
bovine serum albumin as a standard (20).

Optimal pH and temperature. The optimal pH of the reduction reac-
tion was determined using a 100 mM NaP; buffer (pH 5.5 to 7.5). The
oxidation reaction was determined using a 100 mM glycine-NaOH buffer
(pH 8.0 to 10.0). Both reactions were done at 37°C. The optimal temper-
ature of the oxidation and reduction reaction was determined (range,
20°C to 85°C) using the 100 mM NaP; buffer (pH 6.5) or the 100 mM
glycine-NaOH buffer (pH 9.5), respectively. The pH of the buffers was set
at 25°C, and temperature corrections were made using their temperature
coefficients (+0.0028 pH/°C for sodium phosphate buffer and =0.025
pH/°C for the glycine buffer).

Substrate specificity and kinetics. The activity of purified Cb-ACR
was tested on various potential substrates, in either the reductive or the
oxidative direction, as described above for the general assay. Kinetic pa-
rameters were determined using acetoin as the substrate. Multiple mea-
surements with D/L-acetoin were done (0.0244 mM, 0.0488 mM, 0.098
mM, 0.19 mM, 0.391 mM, 0.781 mM, 1.563 mM, 3.125 mM, 12.5 mM,
and 50.0 mM) in the presence of 0.28 mM NAD(P)H. In addition, mul-
tiple measurements were performed with the cofactors NADH and NA-
DPH (0.014 mM, 0.028 mM, 0.035 mM, 0.042 mM, 0.056 mM, 0.070
mM, 0.14 mM, and 0.28 mM). The K, and V., values were calculated by
a computer-aided direct fit to the Michaelis-Menten equation. Variability
is expressed as standard error of the mean. All reactions followed Michae-
lis-Menten-type kinetics.

Size exclusion chromatography. The molecular mass of the native
enzyme was determined by size exclusion chromatography on a Superdex
200 high-resolution 10/30 column (24 ml; GE Healthcare Europe GmbH,
Belgium) equilibrated in 50 mM Tris-HCI containing 100 mM NaCl (pH
7.8). In total, 250 pl purified enzyme in 50 mM Tris-HCl buffer (pH 7.8)
was applied to the column. Proteins used for calibration were Blue dex-
tran 2000 (>>2,000 kDa), aldolase (158 kDa), bovine serum albumin (67
kDa), ovalbumin (43 kDa), chymotrypsinogen (25 kDa), and RNase A
(13.7 kDa).
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Acetoin Reductase from C. beijerinckii

TABLE 1 Overview of characterized acetoin reductases/2,3-butanediol dehydrogenases and threonine dehydrogenases

Molecular
mass, kDa Activity PDB
GI (gene (no. of Quaternary  Activity for  for accession

Organism identifier) COG  residues) structure ACR/BDH®  TDH® Coenzyme  no. Reference(s)
C. beijerinckii (Cb-ACR) 149902809 1063 38.84 (360) &2 100/0/99 0 NADP This paper
B. cereus YUF-4 14475601 1063 38.10 (349) a2 +/+/— ND? NAD 17
P. polymyxa 317183731 1063 37.84 (350) a2 100/0/72 ND NAD 37
B. subtilis subsp. subtilis 168 16077691 1063 37.34 (346) ND 100/1/ND ND NAD 52,53
Mpycobacterium strain B-009 327442548 1063 36.78 (350) a2 100/4/61 ND NAD 54
S. cerevisiae 330443361 1063 41.45 (382) a2 100/0/43 NAD 55
T. kodakarensis 57640851 1063 38.10 (350) a4 ND + NAD 3GFB 39, 56
P. furiosus 18893044 1063 37.82 (348) a4 + + NAD 42
E. coli 135560 1063 37.24 (341) a4 ND + NAD 57
T. guaymasensis 317411316 1063 39.53 (365) o4 98/17/100 - NADP 36
T. brockii 1771790 1063 37.78 (353) a4 100/1/ND ND NADP 1YKF/1BXZ 41, 53,58
C. beijerinckii (CbADH)® 60592974 1063 37.72 (351) a4 100/1/0 ND NADP 1KEV 41, 53, 58
K. pneumoniae 1468939 1028 26.64 (256) a4 0/0/98 ND NAD 1GEG 13

“ Specificity of the 2,3-butanediol dehydrogenase activity for the p/L/meso stereoisomer is given in percent.

b Threonine dehydrogenase activity.

¢ This ADH from C. beijerinckii NRRL B593 has no homolog in C. beijerinckii NCIMB 8052, from which Cb-ACR was derived.

4 ND, not determined.

Metal content. The metal content of purified Cb-ACR was deter-
mined by inductively coupled plasma atomic emission spectroscopy
(ICP-AES) using buffer A as a blank. The analyses included the metal ions
Ca?t,cd*t, cu?t, Mg2+ ,Mn?" Ni?", and Zn?". The effect of metal ions
on acetoin reductase activity was determined using different metal salts
(CaCl,, CoCl,, FeCls, FeSO,, NiCl,, MgCl,, MnCl,, and ZnCl,) at a final
concentration of 1 mM. To remove any divalent metals, the enzyme prep-
aration was first preincubated in 1 mM EDTA at 37°C for 60 min, after
which the EDTA was removed by a desalting column. Subsequently, the
residual activity of the acetoin reductase was measured as described above.
The activity of Cb-ACR without pretreatment with EDTA or addition of
metal ions was defined as 100%.

Sequence and structure analysis. The secondary structure of Cb-ACR
was predicted using Psipred (21). Phylogenetic analysis was performed by
aligning the amino acid sequence of Cb-ACR with the amino acid se-
quences of known characterized reductases (Table 1) using T-Coffee (22).
A bootstrapped phylogenetic tree was constructed using Clustal W (23)
and displayed using the neighbor-joining method with NJPlot 1.0 (24).

Structural modeling. A structural model of Cb-ACR was built using
the automatic protein structure prediction server of Phyre V2.0 with the
modeling mode set to intensive (25). Intensive performs complete mod-
eling of the entire protein using multiple templates and ab initio tech-
niques. Ab initio techniques for structure prediction are generally unreli-
able, but they can provide valuable clues to structural features. Model
reliability and accuracy were analyzed by QMEAN (26, 27). The QMEAN
score ranges between 0 and 1 with higher values for better models. The
QMEAN Z-score provides an estimate of the absolute quality of a model
by relating it to reference structures solved by X-ray crystallography. Pre-
dicted models of low quality are expected to have strongly negative
QMEAN Z-scores. The quality of the model was further analyzed using
Ramachandran plot analysis (Procheck) (28) and WhatCheck (a subset of
the Whatlf program) (29) (http://swift.cmbi.ru.nl/servers/html/index
html).

RESULTS AND DISCUSSION

Identification and cloning of potential acetoin reductase-en-
coding genes. The well-studied solvent-producing C. acetobutyli-
cum is also known to produce acetoin but not 2,3-butanediol (9).
In an effort to have C. acetobutylicum produce 2,3-butanediol, a
metabolic engineering approach was done previously, requiring
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the introduction of a heterologous acetoin reductase gene (10).
The search for the desired ACR and the further characterization
are described here. BLAST-P searches on the genome of another
solventogenic clostridium, C. beijerinckii NCIMB 8052, using
available ACR/BDH amino acid sequences, yielded a set of puta-
tive ACR/BDH genes. The highest scores were obtained with the
acetylacetoin reductase/2,3-butanediol dehydrogenase gene from
Bacillus cereus YUF-4 (17), which resulted in eight putative ace-
toin reductase-encoding genes, with identities ranging between
24% and 54%. These eight predicted acetoin reductases encoded
by CBEI_0223, CBEI_0528, CBEI_0544, CBEI_0685, CBEI 1464,
CBEI_2243, CBEI_3864, and CBEI_3890 are all annotated in
NCBI (http://www.ncbi.nlm.nih.gov/) as alcohol dehydrogenase.
CBEI_1464 showed the highest similarity (53%) to the B. cereus
query and thus was the most likely candidate to possess acetoin
reductase activity.

Six of the candidate acetoin reductase genes were successfully
expressed in E. coli; the gene constructs of CBEI 0528 and
CBEI_0544 failed to produce transformants in E. coli and were
therefore no longer considered here. The initial screening in crude
cell extracts showed that only CBEI_1464 (Cb-ACR) exhibited
significant acetoin reductase activity with racemic acetoin as the
substrate (Fig. 1). Minor acetoin reductase activity was also found
with CBEI_0685, CBEI_2243, and CBEI_3864, although these ac-
tivities hardly exceeded the background.

In silico analysis of C. beijerinckii CBEI_1464. C. bejjerinckii
CBEI_1464 encodes a protein of 360 amino acids and has a calculated
molecular mass of approximately 38.8 kDa with a theoretical pI of
6.42 (http://img.jgi.doe.gov/cgi-bin/w/main.cgi). The protein be-
longs to COG1063 (cluster of orthologous groups of proteins), which
comprises L-threonine dehydrogenase and related Zn-dependent
dehydrogenases (http://www.ncbi.nlm.nih.gov/COG/). A BLAST-P
analysis (http://blast.ncbinlm.nih.gov/Blast.cgi) discloses many pu-
tative GroES-containing, Zn-binding alcohol dehydrogenases from
the genera Clostridium and Bacillus. The best hits with character-
ized enzymes concern those from the Gram-positive species B.
cereus YUF-4 (56% identity), Paenibacillus polymyxa (50% iden-

aem.asm.org 2013


http://swift.cmbi.ru.nl/servers/html/index.html
http://swift.cmbi.ru.nl/servers/html/index.html
http://www.ncbi.nlm.nih.gov/
http://img.jgi.doe.gov/cgi-bin/w/main.cgi
http://www.ncbi.nlm.nih.gov/COG/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.rcsb.org/pdb/explore/explore.do?structureId=3GFB
http://www.rcsb.org/pdb/explore/explore.do?structureId=1YKF
http://www.rcsb.org/pdb/explore/explore.do?structureId=1BXZ
http://www.rcsb.org/pdb/explore/explore.do?structureId=1KEV
http://www.rcsb.org/pdb/explore/explore.do?structureId=1GEG
http://aem.asm.org

Raedts et al.

2
—
[@))
€15
=
2
=
=
o 1
@
(0]
17}
©
-
[&]
305
(0]
—
£
[e]
=
(0]
2 0
> & ) » Ge) W
O v % O 5 S o
o& & Qb ) N P “3’ “‘}’
QO >/ > > >/ >/ >/
e ey (e & & e
-0.5

FIG 1 Acetoin reductase activity of six potential acetoin reductases from C.
beijerinckii NCIMB 8052. The genes were heterologously expressed in E. coli
BL21(DE3). Acetoin reductase activity was measured in crude cell extracts.

tity), B. subtilis subsp. subtilis (53% identity), and Mycobacterium
strain B-009 (41% identity). Identification of the protein family
and protein domains was performed using an Interpro scan from
EMBL-EBI (http://www.ebi.ac.uk/interpro/). This scan con-
firmed that the protein is a member of the zinc-containing alcohol
dehydrogenase superfamily (IPR002085), containing an N-termi-
nal GroES-like alcohol dehydrogenase domain (IPR011032 and
IPR0O13154) (amino acids [aa] 1 to 183), a conserved GroES-re-
lated zinc-binding domain (IPR002328) (aa 69 to 83), and an
NAD(P)-binding alcohol dehydrogenase domain (IPR016040)
(aa 175 to 295).

Purification of recombinant Cb-ACR. Cb-ACR was success-
fully purified to homogeneity from cell extract of E. coli
BL21(DE3) containing pWUR450 by using three subsequent
chromatographic columns, namely, a Matrex Gel Red A affinity
column, a Ni-chelating affinity column, and a HiPrep desalting

column. SDS-PAGE analysis indicated an estimated molecular
subunit mass of approximately 40 kDa (not shown). Size exclu-
sion chromatography on a calibrated 5200 column suggested that
the quaternary structure of Cb-ACR is predominantly a ho-
modimer, although a larger protein fraction, presumably repre-
senting tetramers, was also observed.

Optimal temperature and pH. The effect of temperature on
Cb-ACR activity was studied for both the reduction and the oxi-
dation reaction. The activity increased from 20°C to 80°C (Fig.
2A), with a temperature optimum for the reduction and oxidation
reaction of around 68°C. This is remarkable, since the original
host, C. beijerinckii NCIMB 8052, is a mesophilic microorganism.
However, it has been observed more often that ADHs from C.
beijerinckii are relatively stable at moderate temperatures (30-32).
Also, closely related thermophilic Clostridium species are known
to possess proteins with activity optima at higher temperatures
(33). An Arrhenius analysis resulted in a linear plot in the temper-
ature range of 20°C to 60°C (Fig. 2B), with a calculated activation
energy for the formation of the enzyme/substrate complex of 96
kJ/mol. The linearity of the plot indicates that the conformation of
Cb-ACR does not change throughout this temperature range.

To determine the optimal pH for both the reduction of ace-
toin and the oxidation of 2,3-butanediol, the activity of Cb-
ACR was measured in a pH range of 5.5 to 10.0 (Fig. 2C).
Cb-ACR displayed >70% of its maximal activity in the pH
range of 6 to 7, with an optimal pH at approximately 6.5 for the
reduction of acetoin. For the oxidation of 2,3-butanediol,
>90% of its maximal activity was in the pH range of 9 to 9.5,
with an optimal pH at approximately 9.5.

Substrate specificity and kinetics. Purified Cb-ACR was
tested for multiple potential substrates. The specific reductase ac-
tivity of Cb-ACR was found to be highest on b/L-acetoin (Table 2).
Also, the conversions of diacetyl, 3-acetoxy-2-butanone, and ace-
tol were shown to proceed with a relatively high activity (92%,
66%, and 46%, respectively). 2-Butanone showed a very low ac-
tivity (2%). In the oxidative direction, the highest activities were
found with diols with 2 adjacent hydroxyl groups, with p-2,3-
butanediol and meso-2,3-butanediol performing best. The L-iso-
mer of 2,3-butanediol did not show any activity. Some activity was
also observed for 1,2-propanediol (24%), but compounds with
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FIG 2 Effect of temperature and pH on acetoin reductase activity. (A) Effect of temperature; 20°C to 85°C for the reduction reaction (¢) and 40°C to 80°C for
the oxidation reaction (O). (B) Arrhenius plot of the temperature dependence of the reduction reaction from 20°C to 60°C. (C) Effect of pH; pH 5.5 to 7.5 for

the reduction reaction () and 8.0 to 10.0 for the oxidation reaction (O).
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TABLE 2 Substrate specificity of Cb-ACR?

Acetoin Reductase from C. beijerinckii

TABLE 3 Kinetic data of purified Cb-ACR

Relative
activity
Substrate %  *=SE
Reductive reaction OH
Acetoin* 100 4 )\[( CH,
Diacetyl 92 6 € s
3-Acetoxy-2-butanone* 66 4 °
2-Butanone 2 3 0
CH,
Acetol 46 1 o )S(

. . . o} diacetyl
Oxidative reaction

D(—)(2R,3R)-2,3-Butanediol 100 11 0OCOCH,

L(+)(25,38)-2,3-Butanediol 0 /H(cna
2,3-Butanediol* 80 4 CH;

Meso-2,3-butanediol 99 7 0 3acetoxy-2-butanone
2-Butanol* 0

1,2-Propanediol* 24 4 CH,

CHs/\ﬂ/

1,3-Propanediol 0  2-butanone

3-Amino-1,2-propanediol*
1-Propanol

2-Propanol

Glycerol

Ethanol

Ethylene glycol
L-Threonine

CH,

:<7§

o acetol

D-Threonine
L-Serine
D-Sorbitol
D-Xylitol

OO OO —~O = OO OO

(=}

“ The specific activity of Cb-ACR in the reductive and oxidative direction is shown.
Activities are expressed as percentages of the most active substrate. Standard errors
based on 3 or more replicates are shown. Structural formulas of the most active
substrates in the reductive direction are shown. An asterisk indicates a racemic mixture.

more distant hydroxyl groups (1,3-propanediol and ethylene gly-
col) or a single hydroxyl group (2-butanol, 1-propanol, 2-propa-
nol, and ethanol) showed no activity. Also, D- or L-threonine
could not be used as a substrate. Altogether, these results indicate
that enzyme activity requires a hydroxyl, keto, or acetoxy group,
adjacent to the redox-active keto/hydroxyl group (Table 2 shows
the structural formulas). The electronegative nature of the indi-
cated groups suggests that they are probably involved in hydrogen
bonding.

The specific activity of the D-2,3-butanediol dehydrogenation
was 5.4-fold lower than the acetoin reduction (1.7 U/mg and 9.1
U/mg, respectively). With respect to the cofactor usage, Cb-ACR
showed the highest activities with NADPH as the electron donor.
A reasonable activity was, nevertheless, also obtained on NADH.
The specific activity of the reaction with NADPH is about 2-fold
higher and the apparent K,,, value for NADPH was ~10-fold lower
than those found for NADH (0.032 mM and 0.304 mM, respec-
tively). This evidently results in ~20-fold-higher catalytic effi-
ciency for the NADPH-dependent reaction (Table 3). Using race-
mic acetoin and NADPH, specific activities amounted to ~11
U/mg. The K,, for acetoin (0.4 to 0.5 mM) is not significantly
different when NADH or NADPH is used as the electron donor.

Effect of metal ions and oxygen. Based on the in silico analysis,
Cb-ACR is expected to be a member of the zinc-containing alco-
hol dehydrogenase superfamily. Inductively coupled plasma
atomic emission spectroscopy (ICP-AES) confirmed the presence
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K, (mM)
Vinax kead Ko NAD(P)H
(U-mg ") Acetoin NAD(P)H (s'-mMh)
Acetoin + NADPH 10.6 = 0.6 0.39 = 0.11 0.032 = 0.003 214 * 23
Acetoin + NADH 541 £ 0.1 0.48 = 0.05 0.304 = 0.024 11.5* 0.94

Reaction

of approximately two zinc atoms and one calcium per monomer
of Cb-ACR. Remarkably, the residual activity in the control after
preincubation in the presence of EDTA remained 100%. This sug-
gests that the zinc molecules are tightly bound to the Cb-ACR or
that they do not have a catalytic role. Addition of most salts and
metals caused no significant inhibition or activation of Cb-ACR.
Further research is needed to explain the presence of the calcium
atom. Addition of extra calcium did not result in differences in
specific activities.

Furthermore, Cb-ACR was found to be oxygen sensitive, with
a half-life of approximately 6 h (aerobic at 0°C). However, addi-
tion of common reducing agents like dithiothreitol (DTT) or
B-mercaptoethanol caused a strong inhibition. Possibly, these
compounds (respectively, C, and C,) mimic the substrate acetoin
and as such occupy the active site, resulting in inhibition. More-
over, both mercaptoethanol and DTT contain an electronegative
group (S) adjacent to the carbon containing the hydroxyl group
(see below), as was also seen for the diols, discussed above. Inhi-
bition by B-mercaptoethanol has been described also for the
meso-BDH of K. pneumoniae, where the crystal structure revealed
that mercaptoethanol specifically binds to the active site, forming
hydrogen bonds to Gln, 4 and Gly, 45 (34). Also, for DTT and other
thiols, strong inhibition has been reported for a sheep liver sorbitol
dehydrogenase, where DTT forms a tight ternary complex with the
enzyme-NAD complex (35). When tris(2-carboxyethyl)phosphine
(TCEP) was used as a reducing agent, inhibition did not occur
(19). In the presence of TCEP, the oxygen sensitivity was severely
diminished, especially when stored at —20°C.

The oxygen-sensitive nature of the Cb-ACR might be caused
by one or more of the 8 cysteines present in the primary sequence.
However, all known ACRs contain several cysteine residues (rang-
ing from 3 to 11), while a sensitivity to oxygen has never been
reported, except for the ACR/BDH from the archaeon Thermococ-
cus guaymasensis (36). Moreover, as discussed above, several of the
cysteine residues are proposed to be involved in binding of the
zinc ions. These residues are therefore conserved in ACRs, includ-
ing those which are not oxygen sensitive. Cys,,; and Cys,q, are,
however, unique to Cb-ACR (Fig. 3) and may therefore be respon-
sible for the observed oxygen sensitivity. Also, the ACR/BDH from
T. guaymasensis contains a cysteine in an unusual position, possi-
bly explaining its oxygen sensitivity (36).

Cb-ACR in comparison to other characterized ACRs/BDHs.
Although the currently available genome sequences harbor hun-
dreds of closely related representatives of the zinc-containing al-
cohol dehydrogenase superfamily, only a limited number of
ACRs/BDHs has been characterized in more detail. All closely
related ACRs/BDHs are highly specific for the p-isomer (2R,3R) of
2,3-butanediol (Table 1). The more distantly related and smaller
ACRs/BDHs from K. pneumoniae and homologs (not discussed in
detail here) have been shown to be specific for meso-2,3-butane-
diol or the L-isomer (25,3S) (13). As discussed recently by Yu et al.,
these clear differences in specificity can be associated with differ-
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FIG 3 Multiple sequence alignment of Cb-ACR and other characterized close homologs. Gene identifiers of the genes can be found in Table 1. The sequence of
the ketose reductase of Bemisia argentifolii (G1:4106363) was included because a three-dimensional structure was available (PDB 1E3]), which was used for the
modeling of Cb-ACR. The sequences were aligned using the web-based T-Coffee program (22). Conserved residues involved in metal and NAD(P) binding are
shaded in black. Asterisks indicate residues involved in binding of the catalytic and structural zinc. The secondary structure prediction of Cb-ACR (using the

psipred program [59]) is shown above the alignment.

ent superfamilies, viz., the medium-chain dehydrogenase/reduc-
tase and the short-chain dehydrogenase/reductase superfamily
(37). All of the medium-chain dehydrogenase/reductase repre-
sentatives discussed here belong to COG1063 (Table 1), covering
“threonine dehydrogenase and related Zn-dependent dehydroge-
nases.” According to the classification of Riveros-Rosas et al.,
COG1063 represents one of the families (polyol dehydrogenase)
within macrofamily I and one which can be subdivided into 12
subfamilies, involved in various metabolic roles (38).

The alignment (Fig. 3) encompasses the closest orthologs, in-
cluding a set of archaeal threonine dehydrogenases which belong
to the same COG (1063). Conserved residues (shown with aster-
isks in the alignment) are those involved in binding of a catalytic
zinc atom (Cyss;, His,, and Glu,;) and those involved in
NAD(P) " binding (G,4,XG,5,XXG45), as suggested by the iden-
tified Interpro domains. In addition to the residues that bind the
catalytic zinc, a set of 4 conserved cysteines (Cys, 0, CyS;03 C¥S106>
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and Cys,,) is present in most sequences, which has been sug-
gested to constitute the binding site of a structural zinc atom (12).
This structural zinc binding site is, however, not present in the
ACR/BDH (ydjL) of B. subtilis subsp. subtilis 168, which is closely
related to the Cb-ACR. This observation is remarkable, as its pri-
mary sequence nicely aligns, except for the four missing cysteines.
As yet, we have no explanation for this. Also, the BDHs of T.
brockii, T. guaymasensis, and another C. beijerinckii strain (NRRL
B593) do not contain these cysteine residues. The latter BDHs
constitute a more distantly related group, as can be seen in the
phylogenetic comparison (Fig. 4). In addition to the absence of the
structural zinc, this group has also been shown to prefer NADP
over NAD (Table 1). Structure analysis has indicated that the
NADP specificity is determined by the residues Gly,og, Ser;qo,
Arg, o, and Tyr, g (T. brockii numbering) (39-41). Indeed, most
other sequences shown here contain other residues at these posi-
tions, e.g., the Gly is usually replaced by a Glu (Fig. 3). In this
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FIG 4 Phylogenetic tree of characterized ACRs/BDHs. Amino acid sequences used for the multiple alignment were also used to construct a phylogenetic tree,
except that sequences of ACRs/BDHs that belong to a different superfamily, viz., K. pneumoniae and Corynebacterium glutamicum, were added. The tree includes
sequences of archaeal, bacterial, and eukaryotic origin, revealing the broad phylogenetic spreading of this group of enzymes. The different clades of NAD- and

NADP-dependent enzymes and threonine dehydrogenases are indicated.

respect, it is remarkable that the Cb-ACR has a preference for
NADP as well but does not contain the indicated residues. The
gene sequence of Cb-ACR contains a Gln instead of the Gly or Glu.

Based on the alignment (Fig. 3), the phylogenetic tree (Fig. 4),
and the data in Table 1, we show that the medium-chain ACRs/
BDHs (COG1063) can be subdivided into three clades, which dif-
fer in cofactor specificity, quaternary structure, and catalytic ac-
tivity. T. guaymasensis, T. brockii, and C. beijerinckii (CbADH)
require NADP(H) and have an «, tetrameric structure. The ar-
chaeal enzymes from Pyrococcus furiosus and Thermococcus koda-
karensis and the one from E. coli also have an «, structure but use
NAD(H) and are able to convert threonine. These might be true
threonine dehydrogenases, although the enzyme from P. furiosus
also shows high activity on 2,3-butanediol (42). A third clade con-
tains the Cb-ACR and related enzymes. All have a dimeric o,
structure, and all are specific for NAD(H), except for the Cb-ACR,
which can use NADP(H) as well (Table 1). Cb-ACR shows no
activity on threonine. For the other members of this clade, threo-
nine has not been tested. Thus, whether the absence of threonine
dehydrogenase activity also holds for the other clade members
remains to be investigated.

Structural modeling. Until now, no structure has been deter-
mined for any acetoin reductase of this superfamily. Hence, a
structural model of Cb-ACR was built using the automatic protein
structure prediction server of Phyre V2.0. Multiple fits with struc-
tural similarities were found, and based on heuristics to maximize
confidence, percent identity, and alignment coverage, six tem-
plates (PDB 1e3j, 1pl6, 1kol, 4a10, 2dph, and 4a2c) were selected
and used to model Cb-ACR. In addition, 4 residues were modeled
ab initio. In the final model, 99% of residues were modeled at
>90% confidence. Model reliability and accuracy were checked
by QMEAN, resulting in the following scores: QMEAN score,
0.691; Z-score, —0.59. The QMEAN analysis included an image of
the structure showing the regions with high error values. The ma-
jority of the model had low-error values, but three loops showed
higher error values: Gly,,-Progs, Arg,5-Gln,;, and Pro,,,-Ala,s,.
The Ramachandran plot (not shown) indicated that 96.3% of the
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residues are in the most favored regions and additionally allowed
regions. WhatCheck analysis showed that bond lengths and angles
were found to deviate normally from the standard bond lengths
and angles. Torsion angle evaluation showed only a few unusual
residues. The backbone torsion angle evaluation, however,
showed unusual conformations in loop Gly,,-Progs. Apparently,
this loop is difficult to model and decreases the quality of the
model. Although there are some concerns about the details of the
structural model, we consider the obtained model useful to gain
insight into the three-dimensional structure of Cb-ACR.

The Cb-ACR model structure has an overall fold very similar to
that of other ADHs, despite sharing less than 35% protein se-
quence identity with those ADHs for which structures are known.
As already concluded from the in silico analysis, the Cb-ACR
structural model (Fig. 5) is comprised of two domains, a cofactor
binding domain (residues 160 to 297) and a catalytic domain (res-
idues 1 to 159 and 298 to 360), which are separated by a deep cleft.
The cofactor binding domain has the characteristic o/ NAD(P)
binding Rossmann fold composed of 6 B-strands and 6 accompa-
nying a-helices (Fig. 5A) (43). The catalytic domain also has an
o/B-fold similar to that observed in other ADHs. By analogy to the
Bemisia argentifolii ketose reductase (Ba-KR) (PDB 1e3j) (44),
which was one of the templates used for the modeling, we can
propose that Cb-ACR contains a catalytic zinc atom in the puta-
tive active site, which is located in the catalytic domain at the
bottom of the cleft, and a structural zinc atom coordinated by four
cysteine residues (Cys, 0, Cys193 CySi6> and Cys,,,). Further-
more, as in the Ba-KR, the Cb-ACR catalytic zinc is bound by the
side chains of Cys,,, His,, Glu,;, and a water molecule, in a vari-
ation of the zinc site generally found in ADHs. In addition, the
proposed adenyl phosphate moiety (of NADP) binding site in
Ba-KR is also conserved in the Cb-ACR structure (Fig. 5B) and
consists of Arg,,s; and Arg, e, which is in agreement with the ob-
served preference of Cb-ACR for NADP. Also, the residues of the
conserved NAD(P) binding motif GxGxxG (Fig. 3), composed of
Gly, 40> Gly;g,, and Gly, g5, are accessible in the model and enable
binding of the nucleotide.
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FIG 5 Three-dimensional model of Cb-ACR. (A) Overall structure of Cb-ACR. Residues Cys;,, His,, and Glu,, of the catalytic site are indicated. The catalytic
and structural zinc molecules (purple spheres) were modeled into the structure using a superposition with B. argentifolii Ba-KR ADH (PDB 1e3j) (44). The four
cysteines (Cys; o9 CyS103 CySi06 and Cys;,,) binding the structural zinc and the conserved arginines (Arg,,s and Arg,,,) involved in binding the adenyl
phosphate moiety of NADP are indicated. (B) Surface representation of Cb-ACR model. An NADP molecule was modeled into the structure using a superpo-
sition with T. brockii TBADH (PDB 1ykf) (41), giving an indication of how NADP is bound. These images were generated using PyMOL (PyMOL Molecular

Graphics System, Version 1.2r3pre; Schrodinger, LLC).

Cofactor specificity. With respect to the cofactor usage, Cb-ACR
showed the highest activities with NADPH as electron donor. The
preference for NADP(H) is rather unexpected. All close homologs
prefer NAD(H) over NADP(H) (Table 1), and NADP(H) depen-
dence has been shown only for the more distantly related ACRs/
BDHs from T. guaymasensis, T. brockii, and C. beijerinckii (Table
1; Fig. 4). In B. cereus YUF-4, two acetylacetoin reductases (AACRI
and AACRII) have been described, with AACRI showing a prefer-
ence for NADP(H) and AACRII showing a preference for
NAD(H) (45). However, for AACRI no amino acid sequence is
known, making it impossible to assess its relatedness to Cb-ACR.
But according to the properties described by Hosaka et al. (45),
AACRI is likely to belong to a different ACR/BDH family.
NAD(H)-dependent AACRII, evidently, resembles the Cb-ACR,
as it was used as a query to screen the C. bejjerinckii genome. The
unusual preference of Cb-ACR for NADP(H) might be a reflec-
tion of a different physiological role, e.g., the NADPH dependence
suggests that Cb-ACR might fulfill an anabolic rather than a cat-
abolic role.

The structural basis for the preference of NADP over NAD has
been discussed by Baker et al. (46). The primary determinant is the
residue at position 204 (CBEI_1464 numbering). A small and
neutral residue at this position (G, A, or S) leaves room for the
phosphate group of NADP, whereas dehydrogenases specific for
NAD have a larger negatively charged residue (E or D) at this
position. Indeed, the alignment shown in Fig. 3 appears to con-
firm this theory. All NAD(H)-dependent ACRs/BDHs have an E
or a D at the indicated position, while the NAD(P)-dependent
enzymes have a G. Cb-ACR is somewhat unusual in this respect,
as it has a bulky glutamine (Q) at position 204. Apparently, the
absence of a negative charge is sufficient to accommodate
NADP(H). It has been suggested that the nearby presence of one
or two basic residues is also important for NADP(H) specificity
(47). This is indeed the case for the Cb-ACR, where the Gln,, is
followed by two arginines, Arg,,s and Arg,q,. Also, the NADP(H)-
dependent Ba-KR from B. argentifolii, whose structure was used to
construct the Cb-ACR structural model, contains a neutral ala-
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nine at the determining position and also two arginines (Arg,,,
and Arg,,) in the vicinity.

Possible physiological and industrial role of Cb-ACR. As to
the physiological role of Cb-ACR, it is interesting that CBEI 1464
clusters with a putative oxidoreductase (CBEI_1466) and a sig-
ma54-specific transcriptional regulator from the Fis family
(CBEI_1463). Several gene pairs that are homologous to the genes
encoding CBEI_1463 and Cb-ACR are conserved within several
species of the Firmicutes phylum. A BLAST-P search indicated that
CBEI_1463 is similar to the aco operon expression regulatory pro-
tein (AcoR) of Alcaligenes eutrophus H16 and Bacillus subtilis (48,
49). The aco operon is known to code for subunits of an acetoin
dehydrogenase, involved in the catabolism of acetoin as a carbon
source. B. subtilis secretes acetoin in the medium, but after deple-
tion of an external C source, it is able to use acetoin as a carbon
source again by expressing its aco operon (48). The expression of
this aco operon is regulated by acoR, which is highly similar to
CBEI_1463. In Clostridium magnum, an acetoin dehydrogenase
enzyme system, resembling the one encoded by the aco operon of
B. subtilis, is described, which has also a similar AcoR-like protein
(50). The presence of CBEI_1463 suggests that Cb-ACR of C. bei-
jerinckii might be involved in the degradation of 2,3-butanediol to
acetoin, which is then catabolized as in C. magnum and B. subtilis.
However, an acetoin dehydrogenase complex as found in C. mag-
num and B. subtilis is not present in C. beijerinckii. A recent ge-
nome-wide transcriptional analysis of C. beijerinckii by whole-
transcriptome shotgun sequencing (RNA-Seq) technology revealed
that CBEI_1464 is significantly expressed, especially during the
solventogenic phase (51). This suggests that Cb-ACR might have a
role in the formation of an alcohol. Alternatively, as discussed
above, the NADP-dependence points to a more anabolic role of
Cb-ACR. C. beijerinckii is, however, not able to produce acetoin,
which agrees with the fact that a gene for an acetolactate decar-
boxylase is missing. Altogether, this leaves the role of Cb-ACR in
C. beijerinckii enigmatic.

Unlike C. beijerinckii, C. acetobutylicum does have the capacity
to produce acetoin, but not 2,3-butanediol (2). By expression of
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CBEI_1464 in C. acetobutylicum, it has recently been shown that
Cb-ACR indeed accomplishes in vivo the stoichiometric conver-
sion of acetoin to 2,3-butanediol (10). Future research continues
on the use of the engineered C. acetobutylicum (Cb-ACR) strain.
Its capacity to produce 2,3-butanediol is a first step toward a 2-bu-
tanol-producing strain. 2-Butanol is a potential biofuel, with an
energy content similar to that of 1-butanol but with less toxicity to
the producing strain (1).
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