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M

etabolic engineering for biomass-based fuel or chemical
production has focused almost exclusively on mesophilic
host organisms, although now thermophilic hosts are also being considered, as molecular genetic tools become available
(1–4). Thermal bioprocesses can be advantageous for a variety
of reasons (5). Extreme thermophiles (optimum temperature
[Topt] of ⱖ70°C), in particular, could be especially strategic for
industrial processes, due to lower risk of contamination, facilitated product recovery, and reduced cooling costs, factors
which must be weighed against energy requirements to maintain bioprocesses at elevated temperatures (6, 7).
In principle, thermophilic metabolic engineering platforms
can potentially draw from an enzyme inventory encompassing a
broad temperature range (8–10). However, one must take into
account potential issues with synthetic pathways comprised of
heterologous enzymes with variable levels of thermoactivity and
thermostability. This factor can be exacerbated by the relative
scarcity of biochemically and biophysically characterized versions
of specific thermophilic enzymes of interest. As such, biocatalysts
may need to be recruited from sources with functional temperature ranges that are inconsistent with the thermophilic host, leading to incompatibility between the activity and stability among
enzymes selected for use in an engineered pathway. For example,
metabolic engineering of Caldicellulosiruptor bescii (Topt ⫽ 78°C)
for increased ethanol production utilized an enzyme from Clostridium thermocellum (Topt ⫽ 60°C), resulting in product formation only at 65°C or below (11). An additional challenge for metabolic engineering at any temperature is balancing biocatalytic
function among pathway enzymes. High-level expression of all
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heterologous genes in a pathway can lead to poor product titers
and yields, underscoring the need for tuning gene expression to
improve overall performance (12, 13). This strategy is often actuated through trial and error or combinatorial approaches, although more-deterministic computational methods have been
proposed (14, 15). Similarly, achieving commercially viable titers
and yields in thermophilic hosts will require strain optimization,
which becomes challenging as the functional properties of constituent pathway enzymes become more disparate.
Biological butanol production has received significant attention lately, driven by concerns about energy sustainability and
anthropogenic global climate change (16–18). n-Butanol has long
been utilized as a solvent and feedstock for chemical production
processes, but it can additionally be used as a drop-in gasoline
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n-Butanol is generated as a natural product of metabolism by several microorganisms, but almost all grow at mesophilic temperatures. A synthetic pathway for n-butanol production from acetyl coenzyme A (acetyl-CoA) that functioned at 70°C was assembled in vitro from enzymes recruited from thermophilic bacteria to inform efforts for engineering butanol production into thermophilic hosts. Recombinant versions of eight thermophilic enzymes (␤-ketothiolase [Thl], 3-hydroxybutyryl-CoA
dehydrogenase [Hbd], and 3-hydroxybutyryl-CoA dehydratase [Crt] from Caldanaerobacter subterraneus subsp. tengcongensis;
trans-2-enoyl-CoA reductase [Ter] from Spirochaeta thermophila; bifunctional acetaldehyde dehydrogenase/alcohol dehydrogenase [AdhE] from Clostridium thermocellum; and AdhE, aldehyde dehydrogenase [Bad], and butanol dehydrogenase [Bdh] from
Thermoanaerobacter sp. strain X514) were utilized to examine three possible pathways for n-butanol. These pathways differed in
the two steps required to convert butyryl-CoA to n-butanol: Thl-Hbd-Crt-Ter-AdhE (C. thermocellum), Thl-Hbd-Crt-Ter-AdhE
(Thermoanaerobacter X514), and Thl-Hbd-Crt-Ter-Bad-Bdh. n-Butanol was produced at 70°C, but with different amounts of
ethanol as a coproduct, because of the broad substrate specificities of AdhE, Bad, and Bdh. A reaction kinetics model, validated
via comparison to in vitro experiments, was used to determine relative enzyme ratios needed to maximize n-butanol production.
By using large relative amounts of Thl and Hbd and small amounts of Bad and Bdh, >70% conversion to n-butanol was observed in vitro, but with a 60% decrease in the predicted pathway flux. With more-selective hypothetical versions of Bad and
Bdh, >70% conversion to n-butanol is predicted, with a 19% increase in pathway flux. Thus, more-selective thermophilic versions of Bad, Bdh, and AdhE are needed to fully exploit biocatalytic n-butanol production at elevated temperatures.
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FIG 1 Enzymatic pathway for n-butanol formation. Abbreviations: Thl, ␤-ketothiolase (EC 2.3.1.16); Hbd, 3-hydroxybutyryl-CoA dehydrogenase (EC
1.1.1.35); Crt, 3-hydroxybutyryl-CoA dehydratase (EC 4.2.1.55); Bcd/Etf, butyryl-CoA dehydrogenase/electron transfer protein; Ter, trans-2-enoyl-CoA
reductase (EC 1.3.1.44); Bad, aldehyde dehydrogenase (EC 1.2.1.10); Bdh, alcohol dehydrogenase (EC 1.1.1.1); AdhE, bifunctional acetaldehyde dehydrogenase/alcohol dehydrogenase; Fdox, oxidized ferredoxin; Fdred, reduced
ferredoxin.

highest temperature for native n-butanol production is 58°C in
Clostridium thermosaccharolyticum (33), although trace amounts
are produced by Pyrodictium abyssi (Topt ⫽ 110°C) (34). In engineered organisms, n-butanol has been produced by Thermoanaerobacterium thermosaccharolyticum and T. saccharolyticum at
55°C (Table 1). To date, there is only one report of n-butanol
being produced by an extreme thermophile growing above 60°C.
Pyrococcus furiosus, a hyperthermophile (Topt ⫽ 100°C), was metabolically engineered to produce alcohols via a hybrid pathway
assembled in vivo, based on thermophilic versions of enzymes
related to those found in C. acetobutylicum (35). Production of
ethanol and n-butanol resulted in low titers, yields, and selectivities at 60°C, due in part to the fact that enzymes from microbial
sources with Topt values of 60 to 75°C were utilized (35). In this
work, we use a reaction kinetics model, informed by in vitro-measured enzyme biochemical and biophysical (i.e., thermostability)
properties, to explore possible routes to improving n-butanol–
ethanol selectivity in engineered strains of P. furiosus or other
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replacement due to its superior fuel properties; n-butanol has an
energy density and octane number similar to those of gasoline
(19–21). Thermophilic production of volatile products, such as
fuel alcohols, allows for the possibility of facilitated product removal. The use of thermophilic organisms would be a favorable
match for most separation processes recovering butanol from dilute fermentation broth, including distillation, gas stripping, and
pervaporation (22). For example, for a solution of n-butanol (20
g/liter) in water, the relative volatility increases from 5.6 at 30°C to
16 at 70°C, as predicted by the UNIQUAC model (AspenPlus,
v8.0; Aspen Technology, Inc., Bedford, MA). Thus, gas stripping
to concentrate n-butanol from a dilute solution in a fermentor
would be greatly facilitated by using a thermophilic host.
n-Butanol is produced natively by multiple fermentative bacteria in the genus Clostridium; in fact, Clostridium acetobutylicum
fermentation was the primary method of butanol production until petroleum-based processes became more cost-effective (19). In
native producers, n-butanol is made from acetyl coenzyme A
(acetyl-CoA), using electrons donated from NADH via a fiveenzyme pathway composed of a ␤-ketothiolase (Thl; EC 2.3.1.16),
3-hydroxybutryl-CoA dehydrogenase (Hbd; EC 1.1.1.35), 3-hydroxybutyryl-CoA dehydratase (Crt; EC 4.2.1.55), butyryl-CoA
dehydrogenase (Bcd/Etf), and a bifunctional acetaldehyde dehydrogenase/alcohol dehydrogenase (AdhE; EC 1.2.1.10 and 1.1.1.1)
(Fig. 1) (19, 23, 24). All of the enzymes are NADH dependent, with
the exception of Bcd/Etf, which catalyzes an electron-bifurcating
reaction to transfer electrons from two molecules of NADH to
oxidized ferredoxin (Fdox) and crotonyl-CoA (2 NADH ⫹ Fdox ⫹
crotonyl-CoA ¡ 2 NAD⫹ ⫹ Fdred2⫺ ⫹ butyryl-CoA) (23). Using
this native pathway, along with other modifications, clostridia
have been metabolically engineered for increased butanol production, with titers reported up to 19 g/liter (Table 1) (25–27).
n-Butanol production has also been engineered into a diverse
set of more genetically tractable mesophiles, with the highest
batch titer reported in Escherichia coli at 15 g/liter (Table 1). The
pathway was adapted for E. coli by replacing Bcd/Etf with a trans2-enoyl-CoA reductase (Ter; EC 1.3.1.44) to balance ferredoxin
metabolism (24). Ter directly uses NADH to reduce crotonylCoA, alleviating the need to recycle reduced ferredoxin produced
by Bcd/Etf, while making the reaction irreversible and thus providing a “kinetic trap” in the pathway (28, 29).
All organisms producing significant amounts (⬎0.1 g/liter) of
n-butanol, engineered or not, also produce large quantities of ethanol. In cases where the C. acetobutylicum enzymes are used for the
aldehyde/alcohol dehydrogenase activity (e.g., E. coli, C. acetobutylicum, and Thermoanaerobacterium saccharolyticum), more nbutanol is produced relative to ethanol than when native aldehyde/alcohol dehydrogenase enzymes are used (e.g., Lactobacillus
brevis and Saccharomyces cerevisiae). This effect is likely due to the
increased selectivity of C. acetobutylicum AdhE, Bad, and Bdh for
four-carbon substrates (30, 31). Additionally, increased production of reducing equivalents or knocking out genes encoding enzymes that produce more oxidized fermentation products, both of
which change the host’s redox balance, can increase n-butanol
production (1, 24, 32). Thus, the ratio of ethanol to n-butanol
production seems to depend upon the specificity of the aldehyde
dehydrogenase (Bad or AdhE) and alcohol dehydrogenase (Bdh
or AdhE) for four-carbon substrates, although redox balancing of
substrates and fermentation products also plays a role.
Reports of butanol production in thermophiles are sparse. The
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TABLE 1 n-Butanol production by selected native and engineered microorganisms
Temp (°C)

Clostridium acetobutylicum (native)
Clostridium thermosaccharolyticum (native)
Clostridium acetobutylicum (engineered)
Escherichia coli
Thermoanaerobacterium thermosaccharolyticum
Thermoanaerobacterium saccharolyticum
Lactobacillus brevis
Saccharomyces cerevisiae

37
58
37
37
55
55
30
30

Pseudomonas putida
Synechococcus elongatus
Bacillus subtilis

30
30
37

a
b

Butanol titer
(g/liter)

Ethanol titer
(g/liter)a

Reference

17
1.9
19
15
0.38
0.85
0.30
0.25b
0.0025
0.12
0.030
0.024

0.92
5.1
2
2
0.86
1.8
4.6
4–8
NR
NR
NR
NR

26
33
27
24
67
1
68
69
70
71
72
71

NR, not reported.
Using a modified leucine synthesis pathway instead of the clostridial pathway.

thermophilic hosts. The model provided key insights into how
enzyme characteristics, relative enzyme concentrations, and enzyme stability impact selectivity for n-butanol production relative
to the less-desired product ethanol. It also defines the desired kinetic properties for specific enzymes in a hybrid thermophilic
pathway to maximize n-butanol formation.
MATERIALS AND METHODS
Materials. Strains and vectors used for cloning included competent E. coli
NovaBlue cells and competent E. coli Rosetta 2(DE3) cells (EMD Millipore, Billerica, MA) and pET-28b, pET-21b, and pET-46 Ek/LIC cloning
kit. The primers were purchased from IDT (Coralville, IA). Reagents and
devices used include the following: acetyl-CoA, acetoacetyl-CoA, (S)-3hydroxybutyryl-CoA, crotonyl-CoA, butyryl-CoA, butyraldehyde, acetaldehyde, NADH, 1 mg/ml bovine serum albumin protein standard, and
protein molecular mass standards (Sigma-Aldrich, St. Louis, MO); buffer
components, medium components, and GelCode blue stain reagent
(Thermo Fisher Scientific, Pittsburgh, PA); NuPAGE 4 to 12% Bis-Tris
protein gels and BenchMark protein standards (10 to 220 kDa) (Life
Technologies, Grand Island, NY); Bio-Rad protein assay dye reagent
(Hercules, CA); QIAquick PCR purification and QIAprep spin miniprep
kits (Qiagen, Inc., Valencia, CA); restriction enzymes, Gibson assembly
master mix, and Quickload DNA ladder (1 kb) (New England BioLabs,
Ipswich, MA); Amicon Ultra 10K centrifugal filter units (EMD Millipore,
Billerica, MA); HisTrap HP, HiLoad Q-Sepharose XK 16/10, HiLoad Superdex 200 pg 26/600, and Superdex 200 10/300 GL fast-performance
liquid chromatography (FPLC) columns (GE Healthcare); ZB-WAXplus
capillary gas chromatography (GC) column (30 m long, 0.53-mm inner
diameter [ID], 1-m film thickness) (Phenomenex, Torrance, CA).
Recombinant production of pathway enzymes. TTE0544 (crt),
TTE0548 (hbd), TTE0549 (thl), Teth514_1935 (X514-bdh), and
Teth514_1942 (X514-bad) were amplified by PCR from genomic DNA
(gDNA) (Caldanaerobacter subterraneus subsp. tengcongensis DSM 15242
or Thermoanaerobacter sp. strain X514 ATCC BAA-938) using primers
shown in Table S1 in the supplemental material and ligated into pET-46
Ek/LIC. Cthe_0423 (C. thermocellum adhE [Ctherm-adhE]) was amplified
by PCR from C. thermocellum ATCC 27405 genomic DNA and ligated
into pET-21b between the NdeI and XhoI restriction sites. Teth514_0627
(Thermoanaerobacter sp. strain X514 adhE [X514-adhE]) was amplified
from gDNA by PCR and ligated into pET-28b between the NcoI and
XhoI restriction sites using Gibson assembly (36). Stherm_c16300
(ter) was codon optimized for E. coli and synthesized (Life Technologies)
and then ligated into pET-28b between the NcoI and NotI restriction sites.
Competent E. coli NovaBlue GigaSingles cells were transformed with ligation products and plated on LB agar medium containing appropriate
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antibiotics. Colonies were cultured in liquid LB medium with appropriate
antibiotics, and extracted plasmids were sequenced by Eton Bioscience,
Inc. (Durham, NC) or Genewiz, Inc. (Research Triangle Park, NC).
Competent E. coli Rosetta 2(DE3) cells were transformed with expression vectors and plated on LB agar with appropriate antibiotics. Single
colonies were cultured overnight in ZYM-5052 autoinduction medium
(37) at 37°C with 275 rpm rotary shaking. Expression cultures were harvested by centrifugation at 6,000 ⫻ g for 10 min, resuspended in lysis
buffer (300 mM NaCl, 50 mM sodium phosphate, 1 mM MgCl2, 20 mM
imidazole, 10% glycerol [pH 8.0]), and lysed with a French press pressure
cell at 16,000 lb/in2. Lysis buffer for Ctherm-AdhE and X514-AdhE also
contained 3 mM dithiothreitol (DTT), and 0.5 mM phenylmethanesulfonyl fluoride. Crude homogenate was incubated at 60°C for 30 min to
precipitate most E. coli proteins and then centrifuged at 25,000 ⫻ g for 20
min to obtain cell extracts.
All recombinant enzymes were first purified by immobilized metal
affinity chromatography at room temperature using 1-ml HisTrap HP
columns. Buffers had the same composition as lysis buffer, and protein
was eluted with a linear gradient of 20 to 500 mM imidazole. Active fractions were pooled, concentrated, and exchanged into 25 mM Tris-HCl, 1
mM MgCl2, and 3 mM DTT (pH 8.0) using 10,000 (10K) centrifugal
filters, mixed with an equal volume of glycerol, and stored at ⫺20°C.
Crt was further purified by anion-exchange chromatography at room
temperature on a HiLoad Q-Sepharose XK16/10 column in 25 mM TrisHCl, 1 mM MgCl2, and 10% glycerol (pH 8.0) and eluted with a linear
gradient of 0 to 1 M NaCl. Fractions from peaks with activity were pooled,
concentrated, and stored as described above.
Ctherm-AdhE and X514-AdhE were further purified by gel filtration
chromatography at 4°C on a HiLoad Superdex 200 pg 26/600 column in
50 mM sodium phosphate, 150 mM NaCl, 1 mM MgCl2, 3 mM DTT, and
10% (vol/vol) glycerol (pH 7.8). Active fractions were pooled, concentrated, and stored as described above.
Enzyme activity assays. All enzyme assays monitored consumption of
NADH spectrophotometrically at 340 nm, using an extinction coefficient
of 6,300 M⫺1 cm⫺1 (38). All assay reactions were performed in 120-l
volumes in quartz cuvettes with 1-cm path length. The enzyme was preheated with 100 mM morpholinepropanesulfonic acid (MOPS)-KOH
(pH 7.9 at 22°C) and 0.3 mM NADH, and the reaction was started by the
addition of substrate. Assays of the two AdhE enzymes were carried out at
60°C, and all other assays were conducted at 70°C. Thl and Crt do not
oxidize NADH, so coupled assays with Hbd and Ter were used, respectively, where at least 10-fold excess of the coupled enzymes ensured that
Thl and Crt would be rate determining. Michaelis-Menten kinetic parameters and standard errors were determined using the R package (R Foundation for Statistical Computing) with nlstools (39).
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k1

k2

E→ E1 (␤)→ Ed
where E is the fully active enzyme, E1 is an intermediate with lower activity
␤, Ed is inactive enzyme, and k1 and k2 are rate constants. The fractional
activity y at time t is modeled by
y(t) ⫽ [1 ⫹ ␤k1 ⁄ (k2 ⫺ k1)] exp(⫺k1t) ⫺ ␤k1 ⁄ (k2 ⫺ k1) exp(⫺k2t)
(1)
In the case where there is no active intermediate (E1), the equation
reduces to first-order decay:
y(t) ⫽ exp(⫺k1t)

(2)

Enzyme inactivation data were fit to equation 1 unless ␤ or k1 were
indeterminate, in which case equation 2 was used.
In vitro n-butanol production. For in vitro conversion of acetyl-CoA
to n-butanol, the reaction mixture contained MOPS-KOH buffer (100
mM, pH 7.9 at 22°C), acetyl-CoA (5 mM), NADH (40 mM), and enzymes
(various concentrations). The reaction mixtures were incubated at 60°C
or 70°C for 45 min and then cooled on ice. The internal standard 2-butanol was added to a final concentration of 250 g/ml, and the mixtures
were analyzed for alcohol production by gas chromatography. All reactions were run in triplicate.
Gas chromatography. Alcohols were quantified with a Shimadzu GC2014 gas chromatograph equipped with a ZB-WAXplus capillary column
(30 m long, 0.53-mm ID, 1-m film thickness) and flame ionization detector. The GC oven temperature was initially held at 40°C for 2 min,
increased to 240°C at 20°C/min, and held for 9 min. The injector and
detector temperatures were held at 310°C and 250°C, respectively. Nitrogen was used as the carrier gas at a column flow of 30 cm/s. Sample
volumes of 0.5 l were injected with a 1:10 split ratio using an AOC-20i
autosampler.
Kinetic modeling and optimization. The concentrations of pathway
intermediates over time were modeled by constructing a system of differential mass balance equations based on known reaction stoichiometry,
rate law expressions, and enzyme parameters reported below (see Tables 4
and 5). Any unknown parameters were estimated using literature on homologous enzymes. Reactions with calculated equilibrium constants
greater than 100 (⌬G°= ⬍ ⫺11.4 kJ/mol at pH 7.0) were modeled as
irreversible; all other reactions were modeled as reversible. The differential equations were solved using the ode15s function in MATLAB (version
R2011b; Mathworks, Inc.) for given initial compound concentration enzyme concentrations. Enzyme inactivation was modeled by adjusting the
enzyme concentrations over time according to equation 1.
To predict optimized enzyme ratios, the model was used to construct
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a nonlinear optimization problem to minimize an objective function,
which was the final ratio of ethanol to butanol after the reaction had
proceeded to completion. The objective function was minimized by
changing the enzyme concentrations subject to two constraints. First, the
total enzyme mass was fixed. Second, the minimum allowed concentration of any enzyme was set to 10% of the concentration used for the base
case, where the base case used enzyme concentrations such that each enzyme was present at the same activity of 0.2 U/ml. For each case, the
minimization problem was solved 50 times using randomized enzyme
concentrations to avoid local minima.
Other methods. Protein concentrations were determined by the
method of Bradford using Bio-Rad protein assay dye reagent with bovine
serum albumin as the standard (41). SDS-PAGE was done using NuPAGE
4 to 12% Bis-Tris polyacrylamide gels with MOPS buffer and stained with
GelCode blue. Enzyme molecular masses were determined by size exclusion chromatography with a Superdex 200 10/300 GL column, using buffer containing 50 mM sodium phosphate, 150 mM NaCl, 1 mM MgCl2, 1
mM DTT, and 10% (vol/vol) glycerol (pH 7.8) at 0.5 ml/min.

RESULTS

Selection of thermophilic enzymes for hybrid pathway. Because
no extreme thermophile contains all of the enzymes necessary for
n-butanol production from acetyl-CoA, genes encoding such enzymes from multiple sources are obviously required. Additionally,
few of the required enzymes from extreme thermophiles have
been characterized. Therefore, a homology search strategy was
used to select potential extremely thermophilic candidates for
each type of enzyme (Table 2), as reported previously (35). Three
variations of the pathway can be constructed from these enzymes,
which vary only in the identity of the enzyme(s) used to catalyze
the last two pathway steps: Ctherm-AdhE, X514-AdhE, or Bad and
Bdh (Fig. 1). All three pathway variations use Ter, rather than the
NADH- and ferredoxin-dependent bifurcating Bcd/Etf system
that is found in native n-butanol producers. Use of the Bcd/Etf
system as part of the pathway in vivo would produce reduced
ferredoxin, which would then have to be reoxidized by the host,
leading to a potential imbalance in ferredoxin metabolism; substituting Ter for the Bcd/Etf system avoids this ferredoxin imbalance.
Production of enzymes from hybrid pathway. Each enzyme
was heterologously expressed in E. coli and isolated to a purity of
⬃80% or greater, as determined by SDS-PAGE image densitometry (Fig. 2 and Table 2). Ctherm-AdhE and X514-AdhE purified
by immobilized metal affinity chromatography (IMAC) contained low-molecular-mass contaminants, most of which were removed by size exclusion chromatography. These low-molecularmass bands were also observed in IMAC-purified AdhE after
expression under anaerobic conditions or at reduced temperature
(18°C or 30°C). Anion-exchange chromatography likewise could
not remove these bands, indicating that the polypeptides comprising these bands have pIs that are very similar to the pI of the
full-length AdhE. Thus, these low-molecular-mass bands are
likely the result of AdhE degradation by E. coli and do not represent native E. coli proteins, since heat treatment and IMAC alone
were able to purify most of the other enzymes to homogeneity.
Although Ctherm-AdhE activity has been characterized in cell extracts (42, 43), purified forms of Ctherm-AdhE and X514-AdhE
have not been previously characterized.
Kinetic parameters for enzymes in the hybrid n-butanol
pathway. The kinetic parameters (Vmax and Km) of each purified
enzyme were determined in vitro, using NADH as the reductant,
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A range of at least six different substrate concentrations was used for
each enzyme. Thl was assayed on 50 to 5,000 M acetyl-CoA and a final
enzyme concentration of 1.4 g/ml, with the coupled Hbd enzyme at 66.7
g/ml. Hbd was assayed on 3 to 500 M acetoacetyl-CoA and 0.4 g/ml
enzyme. Crt was assayed on 25 to 5,000 M 3-hydroxybutyryl-CoA and
0.3 g/ml enzyme, with the coupled Ter enzyme at 186 g/ml. Ter was
assayed on 10 to 1,000 M crotonyl-CoA and 2.2 g/ml enzyme. Thermoanaerobacter sp. strain X514 Bad (X514-Bad) was assayed on 10 to 500
M acetyl-CoA or 5 to 500 M butyryl-CoA, with 5.3 g/ml enzyme.
X514-Bdh was assayed on 0.25 to 20 mM acetaldehyde or 0.1 to 20 mM
butyraldehyde with 3.1 g/ml enzyme. X514-AdhE was assayed on 5 to
500 M acetyl-CoA, 5 to 500 M butyryl-CoA, 0.625 to 20 mM acetaldehyde, or 0.625 to 20 mM butyraldehyde, with 16.25 g/ml enzyme.
Ctherm-AdhE was assayed on 10 to 500 M acetyl-CoA, 10 to 500 M
butyryl-CoA, 0.5 to 40 mM acetaldehyde, or 0.625 to 40 mM butyraldehyde, with 20 g/ml enzyme.
To determine enzyme thermostability, enzyme was incubated in 100
mM MOPS-KOH (pH 7.9 at 22°C) and 0.3 mM NADH at 60°C or 70°C
for times ranging from 1 min to 19 h. Following the incubation, residual
enzyme activity was assayed at 70°C. Enzyme activity over time was fit to
a two-step enzyme inactivation mechanism (40):

Thermophilic Production of n-Butanol In Vitro

TABLE 2 Hybrid thermophilic n-butanol pathway enzymes

Growth
Topt
Thermophile
(°C)
Enzyme Query genea locus tag

Source thermophilic
microorganism

Caldanaerobacter subterraneus 75
75
subsp. tengcongensis
75
Spirochaeta thermophila
68
Clostridium thermocellum
60
Thermoanaerobacter sp. strain 60
60
X514
60

Thl
Hbd
Crt
Ter
AdhE
AdhE
Bad
Bdh

CA_C2873
CA_C2708
CA_C2712
TDE_0597
CA_P0035
CA_P0035
Cbei_3832
CA_C3298

TTE0549
TTE0548
TTE0544
STHERM_c16300
Cthe_0423
Teth514_0627
Teth514_1942
Teth514_1935

Monomer MMb
(kDa)

Homology to
Enzyme
query
Sequence- SDS- Purityc MMd
Molecular
(Cov-ID-Pos)e predicted PAGE (%)
(kDa)
assembly
99-68-83
99-70-84
98-60-80
98-56-73
99-64-82
99-53-72
92-50-68
99-29-49

43.6
32.8
30.0
45.4
97.2
97.7
51.7
44.0

42.3
34.4
29.7
47.1
94.3
94.9
52.4
40.4

98
86
79
83
81
79
88
82

158
206
92
43
254
535
265
79

a

CA, Clostridium acetobutylicum; TDE, Treponema denticola; Cbei, Clostridum beijerinckii.
MM, molecular mass.
c
Determined by SDS-PAGE image densitometry.
d
Determined by gel filtration chromatography.
e
Cov-ID-Pos, percent coverage, percent identity, and percent positives.
b

Ctherm-AdhE
(IMAC, SEC)
X514-AdhE
(IMAC, SEC)

Bdh (IMAC)

Bad (IMAC)

Ter (IMAC)

Crt (IMAC, AEC)

Hbd (IMAC)

Thl (IMAC)

M
(kDa)

Ladder

to facilitate insight into operation of the assembled pathway
(Table 3 and Fig. 3). The kinetics of all enzymes were determined at 70°C with the exception of the two AdhE enzymes,
which were assayed at 60°C due to the observed decrease in
Ctherm-AdhE activity after less than 1 min when assayed at
70°C. The three alcohol dehydrogenases examined here, X514Bdh, Ctherm-AdhE, and X514-AdhE, were assayed by their aldehyde reduction activity. All have low Vmax and high apparent
Km values on both acetaldehyde and butyraldehyde (Fig. 3A).
These enzymes have kcat/Km values ranging from 2.4 ⫻ 103 to
7.1 ⫻ 103 M⫺1 s⫺1 for butyraldehyde, 2- to 7-fold higher than
that for acetaldehyde, making them only slightly specific for
butyraldehyde. The NADH-dependent Bdh from C. acetobutylicum has kcat/Km values of 304 and 6.1 M⫺1 s⫺1 on butyraldehyde
and acetaldehyde, respectively, making it highly specific for butyraldehyde (44). Similarly, NADPH-dependent Bdh from Clostrid-

220
160
100
80
60
50
40
30
20
10

FIG 2 SDS-PAGE analysis of purified enzymes. The positions of molecular
mass markers (M) (in kilodaltons) are shown to the left of the gel. Abbreviations: IMAC, immobilized metal affinity chromatography; AEC, anion-exchange chromatography; SEC, size exclusion chromatography.

October 2015 Volume 81 Number 20

ium beijerinckii has high specificity, with a kcat/Km 100-fold higher
for butyraldehyde than for acetaldehyde (45). X514-Bdh, CthermAdhE, and X514-AdhE, as well as C. acetobutylicum Bdh, all have
Km values for aldehydes above 2 mM, well above the intracellular
butyraldehyde concentration measured in C. acetobutylicum,
which was less than 1 mM (46). Thus, rates of ethanol or n-butanol production in Thermoanaerobacter sp. strain X514, C. thermocellum, and C. acetobutylicum are in the linear portion of the
Michaelis-Menten curve and, therefore, sensitive to acetaldehyde
or butyraldehyde concentration. This may help draw the pathway
toward alcohol production due to the near-irreversibility of the
reaction, although much of the maximum aldehyde reductase activity would be underutilized (44). An additional issue is that none
of the alcohol dehydrogenases examined here have any strong
preference for butyraldehyde over acetaldehyde, which is important for maintaining pathway selectivity for production of n-butanol relative to ethanol.
Similarly, the three aldehyde dehydrogenases, X514-Bad,
Ctherm-AdhE, and X514-AdhE, which were assayed by their acylCoA reduction activity, are not highly specific for either acetylCoA or butyryl-CoA (Fig. 3B). Neither AdhE examined here
showed significant preference for butyryl-CoA over acetyl-CoA as
a substrate, with nearly identical kcat/Km values for both substrates.
However, X514-Bad shows some substrate specificity, with
kcat/Km for butyryl-CoA 15-fold higher than that for acetyl-CoA.
This is similar to the Bad found in C. beijerinckii, which has a
kcat/Km 7-fold higher for butyryl-CoA than for acetyl-CoA (47).
These results suggest that using X514-Bad would allow greater
selectivity for production of n-butanol relative to ethanol than
either of the two AdhE enzymes.
The Vmax of the recombinant, His-tagged Ctherm-AdhE reported here has an activity of 2.2 ⫾ 0.3 U/mg for acetaldehyde
reduction (Table 3), much lower than expected considering that
the reported activity of AdhE in C. thermocellum cell extract is
7.7 ⫾ 0.1 U/mg using a similar assay (42). Reported acetaldehyde
reductase activities of purified AdhE from a variety of organisms
vary widely. Recombinant versions of AdhE from C. acetobutylicum and Thermoanaerobacter ethanolicus have activities of 0.18
and 2.6 U/mg, respectively, similar to or much less than the value
obtained here for Ctherm-AdhE (48, 49). In contrast, native puri-
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TABLE 3 Kinetic parameters of n-butanol pathway enzymesa
Locus tag

Substrate

Km (M)

Vmax (U/mg)b

kcat/Km (103 M⫺1 s⫺1)

Thl

TTE0549

Acetyl-CoA

271 ⫾ 48

74.2 ⫾ 3.1

199 ⫾ 36

Hbd

TTE0548

Acetoacetyl-CoA

18.7 ⫾ 3.4

64.1 ⫾ 2.9

1,880 ⫾ 350

Crt

TTE0544

3-Hydroxybutyryl-CoA

107 ⫾ 19

533 ⫾ 18

2,490 ⫾ 430

Ter

Stherm_c16300

Crotonyl-CoA

49.9 ⫾ 14.1

63.1 ⫾ 3.9

956 ⫾ 276

Ctherm-AdhE

Cthe_0423

Acetyl-CoA
Butyryl-CoA
Acetaldehyde
Butyraldehyde

11.5 ⫾ 1.0
15.0 ⫾ 3.1
7,760 ⫾ 2,240
6,920 ⫾ 870

2.01 ⫾ 0.04
1.41 ⫾ 0.07
2.21 ⫾ 0.26
9.53 ⫾ 0.48

283 ⫾ 26
152 ⫾ 32
0.46 ⫾ 0.15
2.27 ⫾ 0.30

X514-AdhE

Teth514_0627

Acetyl-CoA
Butyryl-CoA
Acetaldehyde
Butyraldehyde

9.40 ⫾ 1.16
5.71 ⫾ 0.66
22,000 ⫾ 4,800
3,230 ⫾ 20

2.20 ⫾ 0.06
1.38 ⫾ 0.03
14.1 ⫾ 1.6
14.0 ⫾ 0.3

381 ⫾ 48
394 ⫾ 46
1.09 ⫾ 0.30
7.11 ⫾ 0.49

X514-Bad

Teth514_1942

Acetyl-CoA
Butyryl-CoA

83.6 ⫾ 31.6
27.2 ⫾ 6.3

5.31 ⫾ 0.64
26.4 ⫾ 1.6

55.3 ⫾ 21.7
833 ⫾ 198

X514-Bdh

Teth514_1935

Acetaldehyde
Butyraldehyde

3,330 ⫾ 850
2,030 ⫾ 340

10.6 ⫾ 0.9
14.1 ⫾ 0.7

2.37 ⫾ 0.59
5.13 ⫾ 0.89

a
b

Uncertainties represent one standard error.
1 U ⫽ 1 mol of product formed/min. All Vmax values were determined using 0.3 mM NADH as a cofactor.

fied AdhE from E. coli, Geobacillus thermoglucosidasius, and Entamoeba histolytica have higher acetaldehyde reductase activities of
9.9, 51, and 320 U/mg, respectively, although the E. coli activity is
only ⬃5-fold greater than the Ctherm-AdhE activity (50–52). The

native forms of AdhE are known to form large multimeric structures called spirosomes containing 20 or more AdhE monomers
(50–52). The spirosomes are hypothesized to enhance catalytic
efficiency through substrate channeling of acetaldehyde or by sta-

1000

Crt

100
Thl

kcat (s-1)

Ter
Hbd

A
X514-AdhE (C4)
Bad (C4-CoA)

X514-AdhE (C2)
Bdh (C4)

10

B

Bad (C2-CoA)

Bdh (C2)

X514-AdhE (C2-CoA)

Ctherm-AdhE (C4)

Ctherm-AdhE (C2)

Ctherm-AdhE (C2-CoA)
X514-AdhE (C4-CoA)

Ctherm-AdhE (C4-CoA)

1
1 μM

10 μM

100 μM

1 mM

10 mM

100 mM

KM

FIG 3 Kinetic parameters of n-butanol pathway enzymes in log space. The broken lines represent constant values of kcat/Km. Substrate abbreviations: C2,
acetaldehyde; C4, butyraldehyde; C2-CoA, acetyl-CoA; C4-CoA, butyryl-CoA. Each error bar represents one standard error.
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Enzyme

Thermophilic Production of n-Butanol In Vitro

TABLE 4 Inactivation parameters of n-butanol pathway enzymesa
Inactivation parameterb
70°C

60°C
⫺3

Enzyme

0.70 ⫾ 0.06
0.13 ⫾ 0.01
0.68 ⫾ 0.05

k1 (10
min⫺1)

k2 (10
min⫺1)

3.36 ⫾ 0.65
0.20 ⫾ 0.08
4.17 ⫾ 1.06
4.59 ⫾ 0.48
315 ⫾ 174
385 ⫾ 21
1169 ⫾ 178
622 ⫾ 225

6.88 ⫾ 1.71
60.5 ⫾ 3.2
32.8 ⫾ 3.7

t1/2 (min)
206
3,470
166
151
52.1
2.18
0.59
11.0

␤

0.43 ⫾ 0.04
0.58 ⫾ 0.03

k1 (10⫺3
min⫺1)
2.12 ⫾ 0.34
0.10 ⫾ 0.09
0.10 ⫾ 0.12
0.32 ⫾ 0.08
204 ⫾ 38
370 ⫾ 65
2.52 ⫾ 0.06
1.03 ⫾ 0.08

k2 (10⫺3
min⫺1)

t1/2 (min)

5.49 ⫾ 2.55
10.6 ⫾ 1.4

327
6,930
6,930
2,170
9.49
16.9
275
673

a

Enzyme inactivation data were fit to a two-step enzyme inactivation model or a simple first-order inactivation model. The two-step enzyme inactivation mechanism or one-step
inactivation model were calculated by using the following equations:
y(t) ⫽ [1 ⫹ ␤k1 ⁄ (k2 ⫺ k1)] exp(⫺k1t) ⫺ ␤k1 ⁄ (k2 ⫺ k1) exp(⫺k2t)
and
y(t) ⫽ exp(⫺k1t)
b

Uncertainties represent one standard error. t1/2, half-life.
c
With butyryl-CoA as the substrate.
d
With butyraldehyde as the substrate.

bilizing the protein (51), which may explain some of the discrepancy between activities reported for native and recombinant
forms. Clearly, the native form of Ctherm-AdhE should be studied
further to resolve the discrepancy between activities of the recombinant version and native cell extract.
Enzyme stability. Because of the importance of enzyme stability in thermophilic metabolic engineering applications, the stability of each enzyme at pH 7.9 and 60°C or 70°C was determined.
Enzyme inactivation data were fit to a two-step enzyme inactivation model or a simple first-order inactivation model if it provided
an adequate fit (Table 4). Thl, Hbd, Crt, and Ter inactivate slowly
at 70°C, with half-lives longer than 2 h, and are extremely stable at
60°C with half-lives greater than 6 h, consistent with the fact that
they come from organisms with Topt values of ⱖ70°C. Because
X514-Bad, X514-Bdh, and both AdhE enzymes are from microorganisms with Topt values of 60°C, it was not surprising that they
inactivated quickly at 70°C. Ctherm-AdhE was particularly unstable at 70°C with a half-life of ⬍1 min, although it is quite stable at
60°C with a half-life of 275 min. The Bad enzyme quickly decreases to 70% residual activity at 70°C and 43% activity at 60°C,
but then it is inactivated much more slowly. The Bdh enzyme
behaves similarly to Bad at 60°C, but it loses most of its activity
within a few minutes at 70°C. These results indicate that CthermAdhE is not stable enough for use in a host growing near 70°C.
In vitro assembly of n-butanol pathway. To confirm that the
purified enzymes can be used together to produce n-butanol, they
were assembled in vitro. Two variations of the pathway were examined, differing only in the enzymes used to convert butyrylCoA to n-butanol: Thl-Hbd-Crt-Ter-Bad-Bdh, and Thl-HbdCrt-Ter-AdhE (Thermoanaerobacter strain X514). The pathway
variant using Ctherm-AdhE was not examined because of its poor
stability at 70°C, making it unsuitable for use in an extremely
thermophilic host, such as P. furiosus, growing at 70°C or above.
Enzymes for the Bad/Bdh and X514-AdhE pathways were mixed
in equal proportions based on specific activity, corresponding to
the molar enzyme proportions seen in Fig. 4A. These enzyme mix-
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tures were incubated at 60°C and 70°C with a high acetyl-CoA
concentration (5 mM) and a stoichiometric excess of NADH (40
mM) to allow complete conversion of acetyl-CoA and accurate
quantification of the resulting alcohols by gas chromatography.
The theoretical maximum conversion of acetyl-CoA to alcohols
(100%) was achieved by both pathways (Fig. 4B and C). However,
the enzyme mixtures had a low selectivity for n-butanol production, with the Bad/Bdh and X514-AdhE pathways converting 28%
and 5% of carbon to n-butanol, respectively, with the balance
being ethanol.
Pathway kinetic modeling and optimization. To gain further
insight into the operation of the complete pathway, a kinetic
model was implemented using measured enzyme parameters and
appropriate rate law expressions (Tables 5 and 6). The model predicts species concentrations over time for given initial substrate
and enzyme concentrations. While kinetic models have been used
to examine a variety of metabolic pathways, including the acetone-butanol-ethanol (ABE) pathway in C. acetobutylicum, most
kinetic models have required fitting parameters to data from batch
fermentation experiments (53, 54). In contrast, our model used a
priori-determined kinetic parameters for individual enzymes; no
parameters were adjusted to fit measured n-butanol or ethanol
production by the assembled pathways.
The primary goal for using the kinetic model was to identify
ways to increase the selectivity of n-butanol production versus
ethanol production. The final concentrations achieved in the
modeled reaction can be used to determine the selectivity, defined
as the molar ratio of carbon in n-butanol to carbon in ethanol.
One strategy for increasing the selectivity is to change the enzyme
ratios, which is analogous to changing the relative expression levels of enzymes in vivo. Optimum enzyme ratios for n-butanol
selectivity could be determined by searching the enzyme concentration space to minimize the final ethanol concentration. The
optimization search was subject to a fixed total enzyme mass, an
approximation of the cellular energy investment in the pathway
enzymes.
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80%
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Act.

Opt.
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D
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B
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Cbei-Bad, Eq. Act.
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FIG 4 Measured and predicted alcohol production for in vitro assembly of pathway enzymes. (A) Molar enzyme proportions of each pathway variant for equal
activities of each enzyme and optimized ratios for maximum n-butanol selectivity. (B) Measured (experimental [Expt]) and model-predicted (Pred) production
of alcohols in vitro at 60°C using high enzyme loading for predicted reaction completion in 5 min. (C) Production at 70°C using high enzyme loads. (D)
Production at 70°C using low enzyme loads for predicted reaction completion in 30 min, also compared with model predictions without accounting for enzyme
inactivation (No Inact). (E) Model predictions of alcohol production using hypothetical thermostable versions of C. beijerinckii Bad (47) and C. acetobutylicum
Bdh (44). Each error bar represents one standard error.

The results of the model-predicted enzyme ratio optima for
each pathway variant (X514-Bad/X514-Bdh or X514-AdhE) are
reported in Fig. 4A. In each case, the model predicts that using
high relative concentrations of Thl and Hbd, along with a low
relative concentration of Bad or AdhE, results in the highest selec-
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tivity for n-butanol. The optimum enzyme ratios were tested in
vitro, using a total enzyme load such that n-butanol production is
predicted to be complete in 5 min to minimize the effects of enzyme inactivation. The optimized Bad/Bdh pathway was able to
convert 73% and 69% of acetyl-CoA to n-butanol at 60°C and
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TABLE 5 Enzyme-catalyzed reaction rate expressionsa

Rate expressions were adapted from reference 73. For all equations, except bi bi ping pong, terms involving inhibition constants were eliminated from rate
expression. When possible, the kcatfwd/(Keq kcatrev) term (where fwd is forward, rev is reverse, and Keq is the equilibrium constant) was eliminated from the
denominator using a Haldane equality. kcatfwd and kcatrev (second⫺1) are turnover numbers. A,B. . .E (moles/liter) are the substrate, product, and enzyme
concentrations. KA, KB. . . (moles/liter) are Michealis constants. KIP and KIQ (moles/liter) are inhibition constants. The equilibrium constant at standard
conditions is Keq (moles/liter)n, where n is the sum of stoichiometric coefficients for the reaction.

70°C, respectively, corresponding to selectivities of 2.6 and 2.3
(Fig. 4B and C and Table 7), a nearly 3-fold improvement in butanol production over the equal activity case. Likewise, the optimized X514-AdhE pathway was able to achieve 61% and 55%
conversion to n-butanol at 60°C and 70°C, corresponding to selectivities of 1.3 and 1.1, a 12-fold improvement in n-butanol production. The Bad/Bdh pathway with optimized ratios was able to
produce more n-butanol than the X514-AdhE pathway, likely because of the higher specificity of X514-Bad for butyryl-CoA than
X514-AdhE. Model results for both pathways using the optimized
and nonoptimized (equal activity) conditions are in good agreement with experimentally determined n-butanol and ethanol concentrations (Fig. 4B and C).
A drawback to using the low concentrations of Bad or AdhE
required for high selectivity in the optimized cases is a decrease in
the overall specific productivity of the pathway, defined as the
average rate to produce 90% of the final alcohol concentration per
gram of enzyme. For both the Bad/Bdh and X514-AdhE pathways,
the overall alcohol productivity is lower for the optimized enzyme
ratios than when using equal activity, illustrating a trade-off between pathway selectivity and pathway flux.
To show the effects of enzyme inactivation on the system, in
vitro n-butanol production was carried out at 70°C with a lower
enzyme load, adjusted so that n-butanol production is predicted
to be complete in 30 min (Fig. 4D). As expected, under these
conditions, both pathways failed to convert all of the acetyl-CoA
to alcohols as a result of inactivation of Bad, Bdh, or X514-AdhE.
The kinetic model also predicts incomplete conversion, although
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the agreement with experimental data is not as good as for the
5-min time scale reactions, possibly as a result of uncertainties in
the measurement of enzyme inactivation parameters. If enzyme
inactivation is not included in the model, complete conversion is
predicted, primarily in the form of ethanol production. Interestingly, in the case of the Bad/Bdh pathway, n-butanol production is
much higher relative to ethanol production than would be the case
if all the enzymes were stable, leading to a higher selectivity for
n-butanol. This example illustrates how the interplay between enzyme ratios and enzyme stability can increase the selectivity of the
pathway, albeit at the cost of conversion efficiency.
To examine the time course predictive capability of the model,
reactions with the optimized Bad/Bdh pathway were carried out at
60°C and sampled over time, with enzyme loads adjusted so that
n-butanol production is predicted to be completed in 75 min. The
resulting time course profiles of alcohol production compare well
with the model (Fig. 5). n-Butanol production is complete after
about 1.5 h, consistent with model predictions, with ethanol production completing in about 3 h. The model predicts the final
ethanol concentration extremely well, although it does somewhat
overpredict the final n-butanol concentration.
Model predictions using hypothetical Bad and Bdh. While
optimizing enzyme ratios for the X514-Bad/X514-Bdh and X514AdhE pathways allowed ⬎70% of the carbon in acetyl-CoA to be
directed to butanol, it came at the cost of pathway productivity.
We took advantage of our kinetic model to examine the effects of
using hypothetical Bad and Bdh enzymes with increased specificity to C4 substrates on pathway selectivity by adjusting kinetic
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TABLE 6 Enzyme kinetic parameters used in modela
Kmb
Enzyme

Rate law

kcatfwd (s⫺1)

kcatrev (s⫺1)

Substrate

Concn(M)

Thl

Bi bi ping pong

53.9

987d

C2-CoA
AcAc-CoA
CoA

271
33
15

AcAc-CoA

Irreversible bi

35

Crt

Uni uni

267

Ter

Irreversible bi

47.7

X514-Bad

Ordered bi ter

4.54 (C2-CoA)

116 (C2)f

22.7 (C4-CoA)

573 (C4)f

267e

Reference(s)

2.8 ⫻ 10⫺5

This work; 74

18.7

(180)

This work

3HB-CoA
Crot-CoA

107
30

0.22

This work
75

Crot-CoA
NADH

49.9
38.9

(1.2 ⫻ 109)

This work

C2-CoA
C4-CoA
C2
C4

83.6
27.2
3,700
3,700

0.14 M

This work

6.0 M

47

C2
C4

3,330
2,030

(790)
(2,200)

This work

133
73

X514-Bdh

Irreversible bi

7.7 (C2)
10.4 (C4)

Ctherm-AdhE

Ordered bi ter

3.3 (C2-CoA)
2.3 (C4-CoA)
3.6 (C2)
15.4 (C4)

82.2 (C2)f
57.8 (C4)f

C2-CoA
C4-CoA
C2
C4

11.5
15.0
7,760
6,920

0.14 M
6.0 M
(790)
(2,200)

This work
47
This work

3.6 (C2-CoA)
2.3 (C4-CoA)
23.0 (C2)
22.9 (C4)

90.3 (C2)f
56.8 (C4)f

C2-CoA
C4-CoA
C2
C4

9.4
5.71
22,000
3,230

0.14 M
6.0 M
(790)
(2,200)

This work
47
This work

Irreversible bi

X514-AdhE

Ordered bi ter
Irreversible bi

a

Abbreviations: C2-CoA, acetyl-CoA; AcAc-CoA, acetoacetyl-CoA; 3HB-CoA, 3-hydroxybutyryl-CoA; Crot-CoA, crotonyl-CoA; C2-CoA, butyryl-CoA; C2, acetaldehyde; C4,
butyraldehyde; CoA, coenzyme A.
b
Km values for NADH, NAD, and CoA are assumed to be 50 M unless otherwise specified.
c
Equilibrium constants calculated using eQuilibrator (76) at pH 7.9 and ionic strength of 0.1 M. The italic values shown in parentheses do not affect the reaction rate, because the
reaction is modeled as irreversible.
d
Based on reference 74, assuming a constant ratio of kcatfwd to kcatrev.
e
Assumed to be equal to kcatfwd.
f
Based on reference 47, assuming a constant ratio of kcatfwd to kcatrev.

parameters in silico. The Bad and Bdh enzyme kinetic parameters
were adjusted to match the substrate specificities of the mesophilic
enzymes C. beijerinckii Bad (Cbei-Bad) (47) and C. acetobutylicum
Bdh (Cacet-Bdh) (44), which are known to be more specific for C4
substrates. The kinetic model was used to predict selectivity of a

pathway composed of these hypothetical thermostable and C4specific enzymes for cases using equal activity of each enzyme and
for model-predicted optimum enzyme ratios (Fig. 4A and E). The
equal activity case using these hypothetical enzymes resulted in
16% conversion to n-butanol, corresponding to a low selectivity

TABLE 7 Pathway selectivity and productivitya

Enzyme
ratios

Selectivity (n-butanol/ethanol
ratio)b

Specific productivity (mol of C/h/g of enzyme)
(predicted)c

Measured

Predicted

n-Butanol

Ethanol

Overall

X514-Bad/X514-Bdh

Equal activity
Optimized

0.41 ⫾ 0.02
2.59 ⫾ 0.02

0.14 ⫾ 0.06
1.80 ⫾ 0.11

35
53

95
12

112
45

X514-AdhE

Equal activity
Optimized

0.05 ⫾ 0.01
1.31 ⫾ 0.01

0.02 ⫾ 0.01
1.82 ⫾ 0.06

9.4
21

99
2.8

102
13

Cbei-Bad/Cacet-Bdh

Equal activity
Optimized

0.19
2.88

12
29

2.1
0.4

2.7
3.2

Pathway variant

a
b
c

For reactions run at 60°C, 5-min reaction time scale.
Moles of carbon in the n-butanol/ethanol ratio.
Average rate to produce 90% of the final alcohol concentration.
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FIG 5 In vitro production of ethanol and n-butanol using X514-Bad/X514-

of 0.2. When optimized enzyme ratios are applied, conversion to
n-butanol and selectivity increase to 74% and 2.9, respectively,
slightly higher than measured for the X514-Bad/X514-Bdh pathway. Importantly, however, the increase in selectivity for the CbeiBad/Cacet-Bdh pathway did not come at the cost of pathway productivity; instead, a slight increase in productivity is accomplished
(Table 7). This illustrates the need for thermophilic versions of
these enzymes with higher specificities for C4 substrates to allow
efficient n-butanol production.
DISCUSSION

We show herein the successful in vitro assembly of a hybrid enzymatic pathway for n-butanol production based on the synthetic
pathway recently established in the thermophile P. furiosus (35).
Two variants of the pathway, one using Bad and Bdh from Thermoanaerobacter sp. strain X514, and another using AdhE from the
same organism, could produce n-butanol from acetyl-CoA and
NADH. While we did not examine the Ctherm-AdhE pathway
variant for butanol production because of the enzyme’s poor thermal stability, Ctherm-AdhE has been used for engineered production of ethanol in Caldicellulosiruptor bescii (11). However, no
ethanol production was observed at growth temperatures above
65°C, an unsurprising result in light of the extreme thermal lability
of the enzyme at 70°C reported here.
Each pathway also produced ethanol as an undesired side
product because the Bad, Bdh, and AdhE enzymes are not specific
for their C4 substrates. The approach using equal activity of each
enzyme in the reaction resulted in low selectivities for n-butanol
production ranging from 0.05 to 0.41, with ethanol as the major
reaction product, accounting for 72 to 95% of the total carbon.
The selectivity of both pathways could be increased in vitro by
using high relative concentrations of Thl (28 mol%) and Hbd (46
mol%) and low concentrations of X514-AdhE (2.5 mol%) or
X514-Bad (4.2 mol%) and X514-Bdh (8.6 mol%). This strategy
could be applied in vivo by adjusting enzyme expression levels via
promoter strength, ribosomal binding sequences, and gene copy
number. Adjusting enzyme expression levels has been used to
improve production of a variety of target molecules (55–57).
Expression of the Bad/Bdh pathway in the extreme thermophile P. furiosus resulted in roughly equal activities of each enzyme, as measured in cell extracts at 60°C (35). Using the measured activities in cell extracts, our kinetic model predicts a
butanol selectivity of 0.22, close to the observed in vivo n-butanol
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Bdh pathway with optimized enzyme ratios at 60°C and low enzyme loads
(predicted n-butanol production complete in 75 min). Each error bar represents one standard error.

selectivity of ⬃0.11. As methods for changing heterologous enzyme expression in P. furiosus become available, this strategy can
be applied in vivo to increase n-butanol selectivity. However, the
increase in selectivity comes at the cost of pathway flux, a classical
trade-off in reaction engineering problems.
Clearly, one strategy for increasing the pathway selectivity for
n-butanol production without sacrificing flux is to use Bad and
Bdh enzymes with increased specificity for C4 substrates. The Bad
enzyme from C. beijerinckii and the Bdh enzyme from C. acetobutylicum, two mesophilic organisms that natively produce high nbutanol titers, are known to be more specific for C4 substrates than
the thermophilic enzymes examined here (44, 47). Using optimized enzyme ratios, the Cbei-Bad/Cacet-Bdh pathway allows the
highest selectivity for n-butanol production with an increased
pathway flux (Table 7). However, even though Cbei-Bad and
Cacet-Bdh are more selective, optimized ratios of the enzymes are
still required to achieve a high selectivity. Given the advantages of
using thermophilic hosts for easier downstream separations such
as gas stripping, it would be useful to develop a more selective
pathway for n-butanol production. Thermophilic Bad and Bdh
enzymes with increased specificity for C4 substrates could be developed with protein engineering strategies or searched for by
screening additional candidates in available genomes or even metagenomic sequences.
Another way to increase n-butanol selectivity, at least in vitro, is
the use of less stable enzymes, Bad and Bdh, for the aldehyde and
alcohol dehydrogenase steps. When the Bad/Bdh pathway was
used with optimized ratios at 70°C but with lower enzyme concentrations, a high selectivity was obtained (Fig. 4D). This strategy
takes advantage of transient behavior of the pathway: most of the
acetyl-CoA is pulled into the four-carbon branch of the pathway
early on in the reaction, as a result of the high proportions of Thl
and Hbd used. The resulting high concentration of butyryl-CoA
relative to acetyl-CoA, combined with the slight substrate specificity of Bad, causes most of the n-butanol to be produced quickly,
with ethanol production increasing only as butyryl-CoA becomes
depleted (also seen in Fig. 5). As a result, most of the n-butanol is
produced before any significant inactivation of Bad or Bdh occurs.
As the reaction proceeds, the Bad and Bdh enzymes are inactivated
and ethanol production slows to a halt, resulting in a much higher
n-butanol/ethanol ratio than would occur if the Bad and Bdh enzymes were stable. Whether this strategy could be used to increase
n-butanol selectivity in vivo, where metabolite concentrations exist in pseudo-steady-state, remains to be seen.
The ability of the kinetic model developed here to interrogate
aspects of the hybrid butanol pathway illustrates the power of
modeling approaches to provide insight into candidate pathways
for metabolic engineering projects. In this case, the model allowed
limitations of the pathway to become apparent, and it suggests
ways to overcome the limitations, e.g., by adjusting enzyme ratios
to improve selectivity. Kinetic models have been developed for a
variety of enzymatic pathways, such as glycolysis, sphingolipid
and ergosterol metabolism, and pentose phosphate pathway in the
yeast Saccharomyces cerevisiae (53), acetone-butanol-ethanol fermentation in clostridia (54, 58), and the Calvin cycle in plants
(59). Unlike the n-butanol pathway model introduced here, which
used a priori-determined enzyme kinetic parameters, most of
these kinetic models require parameter fitting to experimental
data of the operating pathway or organism (53). For example, the
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model of ABE fermentation pathways by C. acetobutylicum was fit
to experimental data of batch cultures on various sugars (54).
There are several reasons why kinetic models are often fit to
experimental data rather than using a priori-determined enzyme
kinetic parameters. The major reason is illustrated by a notable
exception to the use of parameter fitting for kinetic modeling: the
modeling of monolignol synthesis in Populus trichocarpa, in which
Michaelis-Menten kinetic and inhibition parameters were determined for 21 purified enzymes (60). The difficulty and effort required to purify and characterize each enzyme to be modeled is a
major undertaking. While not all enzymes have a large effect on
the overall pathway flux, identifying the crucial enzymes using
techniques, such as metabolic control analysis, still requires
knowledge of enzyme kinetic properties (61). An additional obstacle to the development of kinetic modeling can be the difficulty
in characterizing enzymes under in vivo-like conditions (62).
Recent calls have been made for more integration of top-down
genome-scale metabolic models, which can be used for constraint-based, system-wide analysis, with the bottom-up approach
of enzyme kinetic models, which are more descriptive and can
model a wider variety of conditions (53, 62, 63). Steps have been
taken toward developing integrated genome-scale kinetic models,
such as for E. coli (64), yeast (65), and Mycoplasma genitalium
(66). These models still rely on parameter fitting to estimate many
enzyme parameters. However, the existence of a large-scale metabolic kinetic model of an organism would be pivotal for identifying successful strategies for metabolic engineering.
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