
C
d

B
F

a

A
R
R
A
A

K
ß
C
T
S
B

1

c
h
t
e
A
u
t
d

b
B
g
i
y
p
e
m
a
a
s
p

1
h

Journal of Molecular Catalysis B: Enzymatic 98 (2013) 138– 144

Contents lists available at ScienceDirect

Journal  of  Molecular  Catalysis B:  Enzymatic

jo u r n al homep age: www.elsev ier .com/ locate /molcatb

haracterization  of  a  highly  thermostable  ß-hydroxybutyryl  CoA
ehydrogenase  from  Clostridium  acetobutylicum  ATCC  824

ettina  Sommer,  Daniel  Garbe,  Patrick  Schrepfer,  Thomas  Brück ∗

achgebiet Industrielle Biokatalyse, Technische Universität München, Lichtenbergstr. 4, 85748 Garching, Germany

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 19 July 2013
eceived in revised form 14 October 2013
ccepted 14 October 2013
vailable online 22 October 2013

a  b  s  t  r  a  c  t

Higher  energy  content  and  hydrophobicity  make  bio-based  n-butanol  a preferred  building  block  for
chemical  and  biofuels  manufacturing.  Butanol  is  obtained  by Clostridium  sp.  based  ABE fermentation
process.  While  the ABE  process  is well  understood,  the enzyme  systems  involved  have  not  been  elucidated
in  detail.  The important  enzyme  ß-hydroxybutyryl  CoA  dehydrogenase  from  Clostridium  acetobutylicum
ATCC  824  (Hbd)  was  purified  and  characterized.  Surprisingly,  Hbd  shows  extremely  high  temperature
eywords:
-Hydroxybutyryl CoA dehydrogenase
lostridium acetobutylicum
hermo stability
olvent stability

(T  >  60 ◦C),  pH  (4–11)  and  solvent  (1-butanol,  isobutanol,  ethanol)  stability.  Hbd  catalyzes  acetoacetyl
CoA  hydration  to  ß-hydroxybutyryl  CoA  up to pH  9.5,  where  the reaction  is reversed.  Substrate  (acacCoA,
ß-hbCoA)  and  cofactor  (NADH,  NAD+, NADPH  and  NADP+)  specificities  were  determined.  We  identified
NAD+ as an  uncompetitive  inhibitor.  Identification  of process  relevant  enzymes  such  as Hbd  is  key  to
optimize  butanol  production  via  cellular  or cell-free  enzymatic  systems.
utanol production

. Introduction

Butanol is a next generation renewable building block for the
hemical and fuel sector due to its high energy content and
ydrophobicity. Conventionally, bio-based butanol is produced via
he Clostridium acetobutylicum based acetone (A), butanol (B) and
thanol (E) fermentation process [1,2]. However, the conventional
BE process suffers from marginal economic viability, low prod-
ct titres due to end-product toxicities above 1–2% (v/v) [3] and
he requirement to separate the different solvents via fractionated
istillation.

To increase mass efficiency of the process recombinant 1-
utanol-production has been realized in, i.e. Escherichia coli [4],
acillus subtilis [5] and Saccharomyces cerevisiae [3] by cloning
enetic elements for butanol biosynthesis into these microorgan-
sms. However, to date this approach could hardly improve product
ield. To obtain a mass and energy efficient butanol production
rocess, it has been suggested to produce butanol using cell-free
nzyme cascades [6]. This approach would potentially allow for
uch higher product yields and simplify downstream processing

s we have recently shown for ethanol and isobutanol [7]. Key to
 successful implementation of cell-free butanol production is the

election of process relevant enzyme complements with enhanced
rocess stability and favourable catalytic properties.

∗ Corresponding author. Tel.: +49 89 289 13253.
E-mail address: brueck@tum.de (T. Brück).
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However, while the physiology and genetics for ABE-
biosynthesis is well understood, the concerted properties of the
14 enzyme systems involved in converting glucose to ABE have not
been studies in detail.

An important enzyme in butanol biosynthesis is ß-
hydroxybutyryl CoA dehydrogenase (Hbd; E.C. 1.1.1.157). Hbd
catalyses the reversible reduction of acetoacetyl CoA (acacCoA)
to ß-hydroxybutyryl CoA (ß-hbCoA) involving the cofactor NADH
(Fig. 1) [4,8,9]. In our quest to select process relevant Hbd variants
for butanol production, we  applied genome mining tools to C.
acetobutylicum ATCC 824 [10], which was one of the first strains
used on an optimized ABE process.

At present, only uncertain catalytic data for C. aceto-
butylicum ATCC 824 Hbd (Ca-Hbd) (catalytic activity = 0.03 U/mg to
11.6 U/mg), derived from crude cell extracts, are available [4,8,11].
By contrast, some properties of the purified Clostridium kluyveri
Hbd [12] and Clostridium beijerinckii (former “C. butylicum”) NRRL
B593 Hbd [13] have been described. While for C. beijerinckii Hbd
pH dependence and kinetic constants for acacCoA, ß-hbCoA, NADH,
NAD+ and NADPH utilization are reported [13], data for C. kluyveri
Hbd only state a dependence of NADPH as cofactor. Data for recom-
binant Clostridium saccharobutylicum (former C. acetobutylicum)
Hbd only reported an activity with NADH as cofactor. On amino acid
level C. saccharobutylicum and C. beijerinckii exhibit, 79% and 78%
sequence identity compared with C. acetobutylicum,  respectively,

whereas C. kluyveri only possesses 69% identity.

More recently, the characterization of Hbd type FadB2 (ß-
hydroxybutyryl-CoA dehydrogenase) from Mycobacterium tubercu-
losis was  reported [9]. Conventionally, FadB (ß-hydroxyacyl-CoA

dx.doi.org/10.1016/j.molcatb.2013.10.014
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcatb.2013.10.014&domain=pdf
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Fig. 1. Reaction catalyzed by Hbd from C. acetobutylicum ATCC 824.

ehydrogenase (E.C. 1.1.1.35)) catalyses the third step in ß-
xidation of fatty acid degradation and therefore preferentially
atalyses the oxidation of ß-hbCoA to acacCoA. For the FadB2 isoen-
yme cofactor specificities for NADH, NAD+, NADPH and pH effects
n catalysis have been described [9].

Although the amino acid sequence identity (43%) between
adB2 and Ca-Hbd is quite low, both enzymes are capable to per-
orm the same reaction. However, in contrast to Hbd the reaction
f FadB2 favours the conversion of ß-hbCoA to acacCoA, involved
n fatty acid catabolism of the ß-oxidation pathway.

Structurally, the Hbd enzyme family has been poorly character-
zed.

To elucidate the full catalytic potential of elusive Ca-Hbd,
his study focuses on comprehensive characterization of solvent,
emperature and pH stability as well as substrate and cofactor
pecificities. The resulting data justify the utilization of the purified
a-Hbd for construction of improved butanol production processes.

. Materials and methods

.1. Reagents, plasmid and strains

Restriction enzymes, klenow fragment, T4 ligase and T4
inase were purchased from New England Biolabs (Frankfurt,
ermany). Phusion polymerase was from Finnzymes (Espoo,
inland), deoxynucleotides from Rapidozym (Berlin, Germany).
NA and protein-standards were purchased from Thermo Scien-

ific (Schwerte, Germany). DNA-sequencing was  provided by GATC
iotech (Konstanz, Germany). Oligonucleotides were ordered from
hermo Scientific (Schwerte, Germany). AcacCoA and ß-hbCoA
ere purchased from Sigma–Aldrich (Taufkirchen, Germany).

Other chemicals as well as nicotinamide adenine dinu-
leotide disodium salt (NADH and NAD+) were purchased
rom Carl Roth (Karlsruhe, Germany). 3-(Cyclohexylamino)-1-
ropanesulfonic acid (CAPS) and �-nicotinamide adenine dinucle-
tide phosphate tetrasodium salt (NADPH and NADP+) were bought
rom AppliChem (Darmstadt, Germany).

E. coli BL21(DE3) (F–ompT hsdSB (rB
–mB

–) gal dcm (DE3)) was
urchased from Merck (Darmstadt, Germany).

.2. Structural modelling of Ca-Hbd and molecular dynamics
imulations

.2.1. Structural modelling of Ca-Hbd
We have used HHpred server [14] and the Yasara bioinformat-

cs suite to model the Ca-Hbd structure. Modelling was  conducted
ccording to manufacturer’s protocols and official guidelines.

.2.2. Temperature and pH dependent molecular dynamics
imulations

Molecular dynamics (MD) simulations employed the Yasara
oftware suite using the AMBER99 force field [15]. The system was
omposed of the HHpred modelled Ca-Hbd structure, immersed in

 rectangular TIP3P water box with a 10 Å buffer. Sodium chloride

djusted to a 0.1 molar concentration balanced the electrostatic
harge associated with the protein. Periodic boundary conditions
ere applied, while the Particle-mesh Ewald algorithm was used

or the calculation of long range electrostatic interactions. The
ysis B: Enzymatic 98 (2013) 138– 144 139

time step for intramolecular forces was  chosen to be 1.25 fs. The
cut-off for non-bonded van der Waals interactions was 10 Å. For
temperature and pH dependent simulations, 1300 steepest decent
minimizing were coupled to simulated annealing steps preceding
the productive 1 ns MD run. Data resulting from the MD  simulations
were primarily analyzed by Yasara. Using these MD  boundaries,
temperature dependent protein unfolding simulations were car-
ried out at 85 ◦C using the modelled Ca-Hbd structure with omitted
substrate. In analogy structural changes occurring at pH 5, 7 and
10 were determined using the modelled Ca-Hbd structure in the
presence of the substrate acacCoA.

2.3. Cloning

The Ca-hbd gene (GeneBank No. AE001437.1) was  cloned
into the E. coli-compatible vector pCBRHisC [7] using BfuaI and
BsaI restriction sites. For amplification of Ca-hbd the upstream
primer 5′-CAGCAAGGTCTCTCATATGAAAAAGGTATGTGTTATAGGT
(BfuaI restriction site underlined) and the downstream primer 5′-
TTTTGAATAATCGTAGAAACCTTTTCCT GATTTTCTTCC were used.

2.4. Heterologous expression and enzyme purification for
enzymatic assays

Enzyme expression was performed using E. coli BL21 (DE3)
as host strain. Ca-Hbd was  expressed in LB media supple-
mented with 50 �g/ml kanamycin. After inoculation cells were
grown to OD600 = 0.5–0.7 at 37 ◦C and subsequently induced with
1 mM isopropyl-ß-d-thiogalactopyranoside (IPTG). For further cul-
tivation, the temperature was lowered to 25 ◦C for 20 h. Cell
lysates were prepared with Emulsiflex-B15 (Avestin, Mannheim,
Germany), cell debris was  removed by centrifugation (21,000 × g,
4 ◦C, 20 min) (Fig. S1). Protein purification was performed using
Ni2+-NTA resin. Desalting of the proteins was performed with
PD-10 columns (GE Healthcare, Munich, Germany). Protein con-
centration was  measured at 280 nm with unfolded protein in 8 M
Urea [16]. The necessary extinction coefficient was calculated by
the ExPASY ProtParam tool [17].

2.5. Enzyme assays

Activity of Ca-Hbd was measured at 340 nm via monitoring
the depletion or formation of NADH and NADPH, respectively.
The assays were performed in a microtiter plate format using
a monochromator equipped plate reader (Enspire, Perkin Elmer,
Rodgau, Germany). The reaction mixture excluding the protein was
incubated at the measured temperature. Hence, the pH-values of all
buffers were adjusted to the desired temperature according to Stoll
and Blanchard [18]. All controls and each enzymatic reaction were
performed in triplicate. In doing so, one unit of enzyme activity
was defined as the amount of enzyme necessary to convert 1 �mol
substrate per minute.

For the thermal-stability-assays, Ca-Hbd was stored over several
days at 40 ◦C, 50 ◦C, 60 ◦C, 70 ◦C and 80 ◦C in a water bath. Subse-
quently the assays were performed in reaction mixtures containing
50 mM Hepes (pH 7 at current temperature), 0.3 mM acacCoA and
0.3 mM NADH. Reaction mixtures for the determination of tem-
perature optima were prepared accordingly. Up to 65 ◦C activities
were determined at its current temperature. Measurements above
65 ◦C were done by incubating Ca-Hbd in a heating block for 15 min
followed by activity determinations at 50 ◦C.
For solvent-stability-assays, reaction mixtures contained
50 mM Hepes (pH 7 at 50 ◦C), 0.3 mM acacCoA, 0.3 mM NADH and
1-butanol (0–10%), ethanol (0–20%) or isobutanol (0–10%). All
assays were performed at 50 ◦C.
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ig. 2. Modelled Ca-Hbd structure. (A) Structural overview with the substrate acac
arked  as ß-sheets.

During the determination of pH-optima, a sodium acetate buffer
as applied for the pH-range 4–6, Tris buffer for pH 7–9 and Caps

uffer for pH 10–11 at 50 ◦C. The reaction mixtures contained
0 mM of current buffer, 0.3 mM acacCoA and 0.3 mM NADH or
.6 mM ß-hbCoA and 0.3 mM NAD+/NADP+.

.6. Kinetics of Ca-Hbd

Ca-Hbd was added with a final concentration of 0.75 �g/ml to
he reaction mixture, which contained 50 mM Hepes (pH 7 at 50 ◦C)
nd 50 mM  Caps (pH 10 at 50 ◦C), respectively. In case of the KM

etermination for NADPH the Ca-Hbd concentration was increased
o 9.4 �g/ml.

CoA substrates and cofactor amounts applied were 0.4 mM
cacCoA, 0.8 mM ß-hbCoA, 0.3 mM NADH and 0.3 mM NAD+,
espectively. For the inhibition studies, different amounts of NAD+

ere added to the reaction mixture. The kinetic parameters
M, vmax and kcat for each substrate and cofactor were deter-
ined by varying their concentrations and fitting the data to the
ichaelis–Menten equation by using Sigma Plot 12.5.

.7. Circular dichroism (CD) measurements

CD spectra were obtained with a JASCO spectropolarimeter,
odel J-715 (JASCO International Co., Tokyo, Japan). A quartz

uvette exhibiting a light path lengths of 0.1 cm and for temper-
ture regulation a thermocouple (JASCO) was used. Ca-Hbd was
issolved in 50 mM NaPi buffer (pH 7 at 20 ◦C) at a concentra-
ion of 0.21 mg/ml. All obtained spectra were corrected for buffer
ontributions and the final spectrum represents the average of 16
cans.

Also the Ca-Hbd temperature dependence was  analyzed at
25 nm.  During these experiments the temperature was increased
y a ramp of 0.75 ◦C/min using a Peltier thermocouple.

. Results and discussion

.1. Structural characterization of Ca-Hbd

At present, no crystal structure of a microbial Hbd involved
n butanol biosynthesis is available. Based on primary sequence
a-Hbd shows 44% identity to a probable Hbd from E. coli K12
pdb ID: 3MOG), for which a crystal structure is reported. How-
ver, the E. coli protein is involved in fatty acid catabolism and
ot in butanol formation. Additionally, the two  proteins show
nly minor convergence in secondary structure features. To iden-
ify a suitable structural scaffold for Ca-Hbd we applied multiple

equence profile alignments with the Ca-Hbd template using the
Hpred server, which employs profile Hidden Markov Models [14].

he selected protein scaffolds for sequence alignment and struc-
ure modelling gave e-values of 9 × 10−55–3.6 × 10−55, with Homo
d NAD+ as cofactor, (B) active site and (C) surface of Ca-Hbd. The Rossmann fold is

sapiens Hbd showing the highest secondary structural similarity.
Interestingly, the Homo sapiens Hbd catalyses the same reaction
as Ca-Hbd [19]. Using the alignment data and structure predic-
tion tools of the HHpred server, we were able to create a high
quality Ca-Hbd model. Subsequently, we applied the MUSTANG
algorithm [15] of the Yasara bioinformatics suite to carry out an
almost complete tertiary structural alignment of Ca-Hbd with the
Homo sapiens Hbd scaffold (pdb ID: 1F0Y). The tertiary structure
alignment between the two  enzymes resulted in an RMSD (root
mean square deviation) value of 0.324 Å over 277 aligned amino
acid residues with an overall 45.49% primary sequence identity. In
the resulting high quality Ca-Hbd model substrate and cofactor pos-
itions were adopted from structural data of human 3-hydroxyacyl
CoA dehydrogenase (Fig. 2). The structure of Ca-Hbd represents
a typical �/ß fold enzyme, which is dominated by �-helical bun-
dles that are linked by several unordered loops (Fig. 2A). Much
like other NADH/NADPH dependent dehydrogenases Ca-Hbd fea-
tures an extended ß-sheet domain, which contains the Rossmann
fold topology crucial for cofactor binding (Fig. 2A and B) [20]. Ca-
Hbd features opposing binding sites for each the acacCoA substrate
and NADH cofactor, respectively. The cofactor NADH is oriented
perpendicular to the acacCoA substrate, which potentially aids
electron transfer during acacCoA reduction (Fig. 2B). Ca-Hbd is a
globular protein with minimized solvent accessibility (Fig. 2C). Both
NADH and acacCoA are situated in binding pockets, which are only
partially shielded against the solvent, which may  influence their
stability under extreme pH and temperature conditions. To fur-
ther elucidate these effects we have applied biochemical methods
and state of the art molecular dynamics simulations to compliment
experimental observations.

3.2. Biochemical characterization of Ca-Hbd

3.2.1. Determination of pH optima
To compare the pH effects of Ca- and C. beijerinckii Hbd for the

native acacCoA reduction and the reversible ß-hbCoA oxidation we
examined both reactions over a broad range of pH-values, using an
established NADH assay [8,13].

The pH effects of the Ca-Hbd reaction with acacCoA and ß-hbCoA
as substrates were studied at 50 ◦C (Fig. 3).

The conventional reduction of acacCoA to ß-hbCoA occurs over
a wide pH range between 4 and 10 with a pHopt at 5. By contrast,
the reverse reaction, oxidation of ß-hbCoA to acacCoA with NAD+

as cofactor is catalyzed only within a small pH-range of 9.5–10.5
(Fig. 3) with a maximum at 10. The pH dependence of Hbd reaction
can be correlated with the physiology of microbial solventogen-
esis. In the primary fermentation phase (acidogenesis) clostridia

produce acids (i.e. acetate, butyrate) thereby lowering media’s
pH. Subsequently, the external pH of the medium shifts below 5
triggering clostridial metabolism to switch on solvent production
[21–25]. Therefore, synergies between the pH profile of Hbd and
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Fig. 4. Determination of temperature optimum and thermostability of Ca-Hbd.
Enzyme assays were performed in a range from 25 ◦C to 85 ◦C. (A) Temperature
wavelength scan from 10 ◦C to 90 ◦C (heating rate: 0.75 ◦C/min) at 225 nm was
obtained via CD spectrometer. (B) Superimposed CD-spectra of the temperature

◦ ◦ ◦ ◦

unfolding of solvent exposed protein structures. In contrast, buried
protein structures, such as the extended ß-sheet domain, harbou-
ring the catalytically relevant Rossmann fold and were protected

Table 1
Half-life activity of Ca-Hbd at 40 ◦C, 50 ◦C, 60 ◦C, 70 ◦C and 80 ◦C, respectively. The
remaining activity in per cent after 380 h is specified in the 3rd column.

T [◦C] Half-life [h] A0h/A380 h [%]

40 / 62
ig. 3. Effect of pH on the Hbd catalyzed reactions. 50 mM sodium acetate buffer
as  used for pH 4–6, 50 mM Tris buffer for pH 7–9 and 50 mM Caps buffer for pH

0–11 at 50 ◦C. Each activity is the mean of three repilciates.

he microbial physiology are essential for solvent production. This
otion is further corroborated by the fact that pH profiles of acac-
oA and ß-hbCoA conversion are almost identical between the Hbd
nzymes from C. acetobutylicum and C. beijerinckii, respectively.

To further clarify the pH effects on the reactivity of Ca-Hbd we
ave used MD  simulations to elucidate potential energy minimized
tructural changes of the enzyme at pH 5 and 10, respectively.
he structural overlay of pH dependent Ca-Hbd conformations (Fig.
2A) indicates only minor overall distortions in the enzyme struc-
ure. The calculated structural changes at pH 5 compared to pH 10
an be quantified by an RMSD value of 1.68 Å. However, two  outer
-helical domains, linked by a short loop (Fig. S2B), are responsible

or substrate binding and are slightly twisted at pH 10. This struc-
ural change results in a significant reorientation of the CoA moiety
f the substrate. This substrate repositioning in the active site may
ontribute to the preference for ß-hbCoA oxidation observed at pH
0. Hence, the MD  simulations support biochemical data on pH
ependent reaction reversal.

.2.2. Determination of temperature optima and half-life
For a stable butanol production process the application of highly

table enzyme systems to achieve relevant production rates are
equired [7]. Therefore, we closely examined the thermostability
f Ca-Hbd.

A  temperature dependent profile for the reaction of Ca-Hbd with
cacCoA and NADH as co-substrate is shown in Fig. 4A. The tem-
erature rise from 25 ◦C to 60 ◦C resulted in a 1.5-fold increase of
ctivity (Fig. 4A). At Topt (65 ◦C) an activity of 109 (±15) U/mg was
bserved. Above 65 ◦C Ca-Hbd activity gradually decreased.

The concurrent CD measurements supported the activity pro-
le, since protein unfolding was not observed up to 65 ◦C (Fig. 4A
nd B). Above 65 ◦C structural unfolding was detected with a ter-
inal unfolding point at 85 ◦C. Based on this data a Tm of 79 ◦C was

alculated.
Relevant activities for Ca-Hbd over extended timeframes

t ≤ 380 h) could be determined at 40 ◦C, 50 ◦C, 60 ◦C, 70 ◦C and
0 ◦C, respectively (Table 1), indicating that Ca-Hbd is a highly
hermostable enzyme. Interestingly, no definitive half-life could
e determined for Ca-Hbd in the temperature range of 40–60 ◦C
ven after 380 h (∼16 days). In this timeframe enzyme activity still
emained in the range of 62% (40 ◦C and 50 ◦C) to 67% (60 ◦C) with

espect to the starting values.

By contrast, at 70 ◦C the Ca-Hbd half-life activity could be
bserved after 42 h. Further, at 80 ◦C the half-life was  reached in
ess than 1 h, indicating irreversible protein unfolding which was
wavelength scan of Ca-Hbd at 30 C, 70 C and 90 C. Every 20 C a complete wave-
length scan was carried out. Values of CD spectroscopy are presented in mean
residue ellipticity ([�]MRW).

confirmed by CD measurements (Fig. 4A). To our knowledge this
is the first account of Ca-Hbd being an extremely thermostable
enzyme.

To further elucidate the structural features providing the
pronounced Ca-Hbd thermostability we applied MD simula-
tions to virtually expose Ca-Hbd to 80 ◦C over a defined
time period. Comparing the time dependent structural mod-
els indicate a significant decrease of solvent exposed outer
�-helical domains (t0 = 51.8% → tfinal = 34.8%) and their con-
version to unfolded turns (t0 = 8.2% → tfinal = 19.1%) and coil
topologies (t0 = 21.6% → tfinal = 29.1%). These structural changes
resulted in an increase of the calculated accessible surface
area (t0 = 13120.42 Å → tfinal = 13172.4 Å), consistent with partial
50  / 62
60  / 67
70  42 /
80  0.9 /
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Table  2
Kinetic parameters of Ca-Hbd. The standard deviation is stated in parentheses.

Vmax [U/mg] KM [mM]  Kcat [s−1] Kcat/KM

[M−1 s−1]

Acetoacetyl CoA 75.7 (±2.7) 0.11 (±0.01) 38.6 (±1.3) 3.5 (±0.2) × 105

ß-Hydroxybutyryl CoA 53.3 (±1.2) 0.29 (±0.01) 27.1 (±0.6) 9.4 (±0.1) × 104
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NADH 61.5 (±2.9) 

NAD+ 55.1 (±1.9) 

NADPH 3.31 (±0.27) 

rom unfolding (t0 = 16.7% → tfinal = 15.2%). The preservation of
uried structures of the enzyme active site provides extended cat-
lytic activity of Ca-Hbd at elevated temperatures. Therefore, MD
imulations corroborate biochemical and biophysical data on ther-
ostability of Ca-Hbd.
From a process-engineering perspective the extended ther-

ostability of Ca-Hbd would provide extended operation capacity
nd reduced enzyme costs in an optimally balanced, cell-free
utanol production process.

.2.3. Determination of catalytic properties
To elucidate the catalytic properties of Ca-Hbd the kinetic

onstants, substrate and cofactor specificities were determined.
ere we particularly focused on defining the catalytic limits of the
H dependent, reversible acacCoA reduction. For the first time this
tudy reports a comprehensive substrate and cofactor dependence
f a Ca-Hbd involved in butanol biosynthesis.

.2.3.1. Substrate specificities. When measured at its respective
H optimum, the Ca-Hbd catalyzed acacCoA reduction (162
±6) U/mg) is 5 times faster than the ß-hbCoA oxidation (31 U/mg;
ig. 3). Interestingly, assay data obtained at equal concentrations
f ß-hbCoA and NAD+, indicated that only 50% of the substrate
as converted during the reaction. Since commercial ß-hbCoA is

 racemic mixture, this data suggests that only a single enantiomer
s an active reactant. It has previously been reported that E. coli Hbd
s selective for the (S)-stereoisomer [11]. It is therefore reasonable
hat also Ca-Hbd is specific for the (S)-enantiomer of ß-hbCoA.

The kinetic data shown in Table 2 summarizes Ca-Hbd proper-
ies for specific reactions with acacCoA, ß-hbCoA, NADH, NAD+ and
ADPH, respectively.

In line with the previous observation KM value of the Ca-Hbd
eaction with its native substrate acacCoA (KM = 0.11 (±0.01) mM)
as one third of the value observed with ß-hbCoA (KM = 0.29

±0.01) mM),  which indicates a higher binding capacity of acac-
oA to the enzymes active site. Additionally, we have examined
a-Hbd cofactor specificities. Again Ca-Hbd shows a greater binding
apacity to the reductant NADH (KM = 0.14 (±0.02) mM)  compared
o the oxidant NAD+ (KM = 0.27 (±0.02) mM),  which indicates that
he native enzyme significantly favours the reduction of acac-
oA. Therefore, the reaction of acacCoA towards ß-hbCoA is both
inetically and thermodynamically (�G0 = −3.76 kcal/mol [26])
avoured, which drives the overall reaction towards butanol pro-
uction instead of fatty acid catabolism as observed for FadB2 [9].
e have collected our kinetic data series at pH 7, which is just

bove the pH optimum (pHopt 5) of Ca-Hbd. The main reasoning
or this experimental set-up was the enhanced stability of NADH
t neutral pH and the downstream opportunity to create a butanol
argeted enzyme cascade, which takes pH requirements of other
nzyme systems into account.

By contrast, reports on the catalytic properties of C. bei-
erinckii Hbd have measured kinetics at the pH optimum for

cacCoA reduction (pH 5.5) and ß-hbCoA oxidation (pH 9),
espectively. Additionally, reactions for C. beijerinckii Hbd were
ecorded at 26 ◦C, compared to 50 ◦C applied in this study.
herefore, a direct comparison of kinetic data for Ca-Hbd and
±0.02) 31.4 (±1.4) 2.3 (±0.2) × 10
±0.02) 28.1 (±0.9) 1.0 (±0.4) × 105

±0.07) 1.7 (±0.1) 3.8 (±0.4) × 103

C. beijerinckii Hbd is limited. Nevertheless, the specifity con-
stant for acacCoA reduction was  about 1000-fold higher in C.
beijerinckii Hbd (kcat/KM = 1.3 × 108 M−1 s−1) compared to Ca-Hbd
(kcat/KM = 3.5 × 105 M−1 s−1), while the respective KM value was
10-fold lower in C. beijerinckii Hbd (KM = 0.014 mM)  compared to
Ca-Hbd (KM = 0.11 mM),  respectively. This data set indicates that C.
beijerinckii Hbd has an improved catalytic efficiency and substrate
binding compared to Ca-Hbd under the respective experimental
conditions.

3.2.3.2. Cofactor specificities. To obtain a comprehensive data set on
the cofactor dependence for Ca-Hbd we  have examined the reaction
with NADH, NAD+, NADPH and NADP+ (Table 2 and Fig. S3).

Initial experiments indicate that Ca-Hbd has a clear prefer-
ence towards NADH as cofactor, since corresponding reactions
with NADPH resulted in an 18-fold decrease in activity. This
trend was  mirrored in the catalytic efficiency constants (kcat/KM)
for the NADH- (kcat/KM = 2.3 (±0.2) × 105 M−1 s−1) and NADPH-
linked reaction (kcat/KM = 3.8 (±0.4) × 103 M−1 s−1), respectively.
This suggests that NADH is the physiological co-substrate of Ca-
Hbd. When the reverse (oxidative) reaction with ß-hbCoA was
examined, NAD+ (kcat/KM = 1.0 (±0.4) × 105 M−1 s−1) was preferred
over NADP+, whose activity was  so low (catalytic activity = 0.005
(±0.001) U/mg) that no catalytic constants could be determined.
A direct activity comparison indicates that NAD+ (catalytic activ-
ity = 55.1 (±1.9) U/mg) reacts 11,000 times faster than NADP+.

The same cofactor preference was  observed for FadB2 from M.
tuberculosis [9]. While the cofactor preference of Ca-Hbd mirrors
that of C. beijerinckii Hbd, literature reports for C. saccharobutylicum
Hbd a very selective preference only for NADH as cofactor [27]. On
the contrary, C. kluyveri Hbd only accepts NADPH as its cofactor
[12].

3.2.3.3. Ca-Hbd cofactor and substrate inhibition. Kim and Copeland
reported the characterization of Rhizobium sp. strain CC 1192 acetyl
CoA acetyltransferase using a coupled enzyme reaction with com-
mercial 3-hydroxyacyl CoA dehydrogenase [28]. Their study eludes
that accumulation of NAD+ concentrations greater than 0.5 mM in
the reaction may  lead to Hbd inhibition.

In this study we  quantified this inhibitory effect for the first time.
The effect of product (NAD+) inhibition on the NADH dependent
acacCoA reduction to ß-hbCoA was  considered using steady-state
kinetic data (Fig. 5).

For each of the examined NAD+ concentrations (0–10 mM NAD+)
the KM and vmax values of the respective reactions decrease contin-
uously. In the absence of NAD+, KM and vmax values in the order of
0.11 (±0.01) mM and 75.7 (±2.70) U/mg were observed (Table 2).
By contrast, addition of 10 mM NAD+ respective KM and vmax val-
ues were reduced to 0.03 (±0.005) mM and 13.04 (±0.39) U/mg,
respectively.

The double-reciprocal plot of v0 plotted versus the concentra-
tion of acacCoA results in a set of parallel lines (Fig. 5), which allows

deduction of a Ki value of 2.0 mM for NAD+ addition. Kinetic data
indicates that NAD+ acts as an uncompetitive inhibitor, suggesting
that Ca-Hbd contains two distinct binding sites, for acacCoA/ß-
hbCoA and the cofactor pair NADH/NAD+, respectively. Therefore,
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Fig. 5. Steady state kinetic characterization of Ca-Hbd. Double-reciprocal plots
monitoring NAD+ product inhibition with respect to NADH. Each activity is the mean
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he kinetic data set for NAD+ inhibition is consistent with current
tructural model of Ca-Hbd (Fig. 2).

Colby and Chen reported that C. beijerinckii Hbd is inhibited
y acacCoA at concentrations as low as 20 �M [13]. Their study
howed that the substrate inhibition can be relieved by addition
f NADH concentrations in excess of 20 �M.  In this study a simi-
ar effect could be observed. However, for Ca-Hbd a slight decrease
n activity could also be determined when NADH was  supplied at
imiting concentrations (data not shown).

.2.3.4. Determination of solvent tolerance. In order to construct
fficient butanol production systems, enzymes with high solvent
olerance are required. This study examined the solvent tolerance
f the Hbd enzyme family for the first time. Consequently, Ca-Hbd
as also tested for its stability towards the process relevant alco-
ols ethanol, butanol and isobutanol [7]. Hbd retained 50% activity

n the presence of 20% (v/v) ethanol, 9% (v/v) butanol and 10% (v/v)
sobutanol (Fig. S4). The significant solvent tolerance of Ca-Hbd is
f particular process relevance for both cell and cell-free butanol
roduction methods.

C. acetobutylicum ATCC 824 can produce 7.9 g/l butanol, whereas
. acetobutylicum NRRL B591 only produces 2.6 g/l butanol [29].
hus C. acetobutylicum ATCC 824 belongs to the best butanol pro-
uction strains, but its growth is inhibited by 50% at 0.9% (v/v)
utanol. By a stepwise enrichment procedure a more butanol-
olerant mutant was found, which growth is halved by 1.9% (v/v)
utanol [29]. Hbd from C. acetobutylicum ATCC 824 remains 44%
f its native activity at even 10% (v/v) butanol and 50 ◦C. Fur-
hermore, at butanol concentrations above 10% (v/v) (20 ◦C) a
iphasic butanol/water system is formed spontaneously. Within
he biphasic system Ca-Hbd’s activity could easily increase again,
ecause most butanol is removed from the water phase and
ubsequently accumulated in the upper organic phase. There-
ore, decreased influence of the product’s toxicity as observed for
a-Hbd, is an outstanding process advantage particularly when
ell-free enzyme cascades are applied for butanol production
30].
. Conclusions

Butanol is a next generation building block for renewable chem-
cal and biofuel processes due to its enhanced energy content
ysis B: Enzymatic 98 (2013) 138– 144 143

and hydrophobicity compared to first generation fuels such as
ethanol. Current, cell-based butanol production systems are not
mass efficient due to side products (ethanol and acetone). Addi-
tionally, these cell based systems are limited in their productivity
due to end-product toxicities. An alternative to cell-based produc-
tion approaches are cell-free enzyme cascades which potentially
can convert monomeric sugars into butanol with much higher
yields. Subsequently, these features allow for simplified, energy
efficient product recovery [7]. However, both robust cell and cell-
free production systems require upstream identification of process
relevant enzyme systems, which preferentially show enhanced
solvent and thermostability as well as good catalytic features.
Although the physiology of cell based butanol production has been
investigated in detail, the enzyme systems involved in butanol pro-
duction have only been marginally characterized both structurally
and biochemically. This study focused on identification and cor-
relation of biochemical and structural features of the Ca-Hbd, an
important enzyme in butanol biosynthesis. We  have applied state
of the art structural modelling procedures to create a high qual-
ity model of Ca-Hbd. To our knowledge this is the first structural
model of the microbial Hbd family, involved in butanol biosyn-
thesis. The enzyme structure shows a globular overall structure
with maximal packing of secondary structure. As with all NADH
dependent dehydrogenases, Hbd harbours a Rossmann binding
domain, which is embedded into an extended ß-barrel fold. The
substrate binding site located in a linked �-helical domain, which
is placed opposite the cofactor binding site. Subsequently, we
have attempted to correlate Hbd biochemical properties to its
structural features. This is the account of catalytic features of a
purified, recombinant Ca-Hbd capable of the reversible, pH depen-
dent reduction of acacCoA over a pH range of 5–9. The reverse
reaction with ß-hbCoA occurs only at pH 9–11 and is 5 times
slower than the reaction with acacCoA. This suggests that Ca-Hbd
preferentially acts in butanol synthesis direction and is not part
of the ß-oxidation catabolism of the fatty acid, where ß-hbCoA
is a key intermediate. The catalytic constants indicate that the
enzyme shows a clear preference to NADH/NAD+ as a cofactor,
while only residual activity with NADPH could be observed. Inter-
estingly, we  could identify NAD+ as a non-competitive inhibitor
of the Hbd reaction with acacCoA. This indicates that in butanol
biosynthesis acacCoA conversion to ß-hbCoA is tightly controlled.
Therefore, in any cell-free butanol biosynthesis approach the sub-
strate flux from the master intermediate acetylCoA over acacCoA
to ß-hbCoA requires definitive cofactor balancing to enable effi-
cient conversion of respective CoA intermediates towards butanol
as the end product. The kinetic data for NAD+ inhibition indicates
that the enzyme has distinct binding sites, for cofactor and sub-
strate, respectively. This data was  consistent with the structural
features of our Hbd model. Next to comprehensive character-
ization of Ca-Hbd substrate and cofactor specificities, we have
characterized the thermo- and solvent stability of the enzyme
family for the first time. Interestingly, Ca-Hbd is extremely ther-
mostable with an apparent Tm of 79 ◦C and an activity half of 1 h
at 80 ◦C. Further, Ca-Hbd is surprisingly solvent stable. At butanol
concentrations up to 10% (v/v) 45% activity are remaining over
extended time periods. Together features such as thermo- and
solvent stability are extremely important for enzyme systems to
be selected for targeted cell and cell-free butanol production sys-
tems. Therefore, Ca-Hbd is an excellent candidate for creating
improved biotechnological butanol production processes. Addi-
tionally, at 10% (v/v) butanol forms a biphasic system with water,
which would allow simple gravimetric separation of the butanol
product from the aqueous reaction phase. The pronounced thermo-
and solvent stability of Ca-Hbd is routed in its compact, globu-

lar protein structure, which we could demonstrate using our Hbd
model.
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