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Producing fuels and chemical intermediates with cell cultures is severely limited by low
product concentrations (<0.2%(v/v)) due to feedback inhibition, cell instability, and lack of
economical product recovery processes. We have developed an alternate simplified produc-
tion scheme based on a cell-free immobilized enzyme system. Two immobilized enzymes
(keto-acid decarboxylase (KdcA) and alcohol dehydrogenase (ADH)) and one enzyme in
solution (formate dehydrogenase (FDH) for NADH recycle) produced isobutanol titers 8 to
20 times higher than the highest reported titers with S. cerevisiae on a mol/mol basis. These
high conversion rates and low protein leaching were achieved by covalent immobilization of
enzymes (ADH) and enzyme fusions (fKdcA) on methacrylate resin. The new enzyme system
without in situ removal of isobutanol achieved a 55% conversion of ketoisovaleric acid to
isobutanol at a concentration of 0.135 (mole isobutanol produced for each mole ketoisovale-
ric acid consumed). Further increasing titer will require continuous removal of the isobuta-
nol using an in situ recovery system. © 2015 American Institute of Chemical Engineers

Biotechnol. Prog., 32:66-73, 2016

Keywords: isobutanol, cell free, in vitro, biofuels, alcohol production

Introduction

The toxic effects of higher order alcohols on the cell (Esche-
richia coli, Clostridium, Saccharomyces cerevisiae, brown
microalgae, blue-green algae, and others) has been observed at
concentrations as low as 2% (v/v) for ethanol' and 0.2% (v/v)
for isobutanol.” Isobutanol can impact many of the intercon-
nected metabolic pathways within the cell.? To overcome feed-
back inhibition, toxicity, low titers, and other problems
associated with in vivo synthesis of biofuels, researchers have
investigated cell-free in vitro systems. Zhang et al. proposed in
vitro systems for producing hydrogen, butanols, and other bio-
fuels.* Isolating the enzymes directly responsible for the pro-
duction of a bioderived fuel allows one to focus on optimizing
the reaction without the need to optimize a complex full live
cell system. Guterl et al. developed a reaction cascade to pro-
duce isobutanol using nine purified enzymes.” These systems
demonstrate the potential of in vitro synthesis of biofuels.
Such in vitro cascades with enzymes free in solution, however,
have limitations: recycling a cofactor,® enzyme stability” and
recovery of the purified desired product’ are all challenging.
The immobilized system presented here focuses on addressing
the problem of enzyme stability and removal of the desired
product. An immobilized reaction system allows for the liquid
reaction mixture to be easily removed from the covalently
immobilized enzymes. This system renders alcohol/water
separation easier because the solution is protein-free.

Correspondence concerning this article should be addressed to G. Belfort
at belfog@rpi.edu.
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Enzymes that are not able to retain activity when immobi-
lized require molecular engineering to improve their activity
and stability. Specifically, when keto-acid decarboxylase
(KdcA) [EC number 4.1.1.72] is overexpressed and purified, it
self-aggregates; this results in a loss of activity. One strategy for
engineering an enzyme is to create specific modifications, or
site specific mutagenesis through rational or semi-rational
design.10 This method, however, requires a detailed understand-
ing of the link between the protein sequence and stability and
activity. Also, a detailed understanding of the relationship
between protein structure and function, or kinetic activity, is
often unavailable. Highly stable, soluble proteins like super
folded green florescent protein (GFP)'' and stabilized maltose
binding domain (MBD)'? have been fused to proteins to
increase their solubility. By increasing the solubility of the
desired proteins, their expression was increased.'"'? Thus, GFP
or MBD could be coupled to an unstable protein to increase sol-
ubility and possibly lessen protein-protein self-interactions.' "'
Therefore, we chose this approach to stabilize immobilized
KdcA and retain its activity. Previous work has shown that alco-
hol dehydrogenase (ADH) [EC number 1.1.1.1] can be immobi-
lized onto different surfaces and retain its enzymatic activity.’
Additionally, directed evolution can be employed to increase
the activity of the enzymes. For example, the Arnold lab engi-
neered ADH to have a 40-fold increase in its enzymatic activity
versus wild type.'®> These active mutated enzymes have the
potential to greatly increase the production of an immobilized
enzyme system; however, here, we have used commercially
available wild-type ADH from Saccharomyces cerevisiae.

In this work, we focused on an immobilized enzyme system
and characterized and optimized the activity of two enzymes

© 2015 American Institute of Chemical Engineers
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Figure 1. Two-step enzymatic production of isobutanol with
cofactor recycling.

(KdcA, ADH) (Figure 1) involved in the conversion of ketoi-
sovaleric acid, a nontoxic cellular intermediate, via isobutyral-
dehyde to isobutanol, a valuable product that is toxic to cells.
Additionally, we explored how isobutanol concentration and
temperature affected the in vitro kinetic activity of the
enzymes. These two factors can have dramatic effects on
enzyme stability, reaction reversibility, and enzyme activity.
Hence we assume that these in vitro stability experiments will
act as a surrogate for immobilized stability. Fusion proteins,
developed to assess stability of KdcA, were overexpressed
and purified. They exhibited higher conversion kinetics and
increased stability when immobilized compared with the
mutants developed after one round of screening. Finally by
stabilizing KdcA, a fully immobilized two-step production
scheme to convert ketoisovaleric acid to isobutanol was
demonstrated.

Methods

Materials

All materials and reagents were used as received. All buffers
were at physiological pH and room temperature unless speci-
fied otherwise. Alcohol dehydrogenase from Saccharomyces
cerevisiae [A3263] (ADH, 146.8 kDa, pl 5.4), B-nicotinamide
adenine dinucleotide (NADH), formate dehydrogenase from
Candida boidinii, (FDH), ketoisovaleric acid, formate, isobu-
tyraldehyde, thiamine pyrophosphate (ThDP), and buffer salts
were purchased from Sigma-Aldrich Chemicals (Milwaukee,
WI). Methacrylate resin (Relizyme HFA403/S) [100-300
micron] was purchased from Itochu Chemicals America
(White Plains, NY). Gas chromatography column: 25346
SUPELCO SPB®-5 Capillary GC Column L X I.D. 15 m X
0.53 mm, df 5.00 pm was purchased from SUPELCO (Mil-
waukee, WI).

Table 1. Fusion Protein Primers*
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Fusion protein development

A vector with the genes for super folded GFP and stabilized
MBD was obtained from Dr. Marlene Belfort’s research group,
University at Albany, State University of New York, Albany,
NY. Primers (Table 1) were created to amplify the GFP, MBD,
and KdcA genes. The initial gene fragments were PCR amplified
from their respective vectors. The full fusion protein gene was
then PCR amplified using the 22 base pair overlapping sequence
designed in the primers for the fused protein (GFP or MBD)
gene and the KdcA gene. The full genes were digested with
Xhol and Ndel and ligated with digested pet17b vector using 74
DNA ligase. The ligation mixtures were transformed into chemi-
cally competent ToplO or BL21(DE3) cells. The genes were
fully sequenced to verify the presence of the KdcA gene.

96-Well plate KdcA fusion protein activity assay

The reaction mixture contained: 125 pL buffer A (50 mM
potassium phosphate buffer, pH 6.8, 2.5 mM MgSO4,
0.1 mM ThDP), and 25 pL. 1 mg KdcA or fusion protein/mL
buffer A. The assay was started by addition of 50 puL ketoiso-
valeric acid 120 mM in buffer A (final concentration 30 mM)
to each well. Kinetic activity was followed (37°C) by observ-
ing the consumption of ketoisovaleric acid, as demonstrated
by the decrease in absorbance at 340 nm over time.

Fusion protein analysis

Each fusion protein was expressed in 100 mL of AI media."*
His-GFP-KdcA (HGK) and MBD-KdcA-His (MKH) were puri-
fied using Ni-NTA; MBD-KdcA (MK) was purified using
immobilized amylose chromatography. Kinetic constants were
determined by assaying the activity of the fusion proteins with a
range of ketoisovaleric acid concentration (0—250 mM). The sta-
bility of the enzymes was tested using the procedure above. The
HGK fusion protein was assayed at three protein concentrations
(5, 2, and 1 mg/mL) and two replicates each (n = 6). The MK
fusion protein was assayed at two protein concentrations (2 and
1 mg/mL) and two replicates (n = 4). The MKH fusion protein
was assayed at two protein concentrations (2 and 1 mg/mL) and
two replicates (n = 4). The wild-type KdcA was assayed at one
protein concentration (1 mg/mL) and two replicates (n = 2).

Temperature stability of KdcA

Solutions (2 mL) 100 pg/mL KdcA (overexpressed and
purified) were heated to various temperatures listed below

Primer Nucleotide Sequence Melting Temp Kel % GC

His_GFP_Fusion_5' AGC TGA CAT ATG GGC TCC TCT CAT CAT CAT CAC CAC CAC 70 40
TCA TCA GGC AGC AAA GGA GAA GAA CTT TTC ACT G

GFP_KdcA_Fusion_3' [CCC GCG CCC TGG AAA TAC AGG T|TC TCG TTG TTG 70 46
TTA TTG TTA TTG TTG TTG TTG TTC GAG CTC GAA
TTT TTG TAG AGC TCA TCC ATG CCA TG

KdcA_Fusion_5 [ACC TGT ATT TCC AGG GCG CGG G]TT ACA CCG TTG GCG AC 70 67

KdcA_GFP_Fusion_3' AGC TGA GGA TCC TCA TTT ATT CTG TTC GGC AAA C 72 33

His_MBD_Fusion_5’ AGC TGA CAT ATG GGC TCC TCT CAT CAT CAT CAC CAC CAC 72 33
TCA TCA GGC AAA ATC GAA GAA GGT AAA CTG GTA ATC

MBD_KdcA_Fusion_3' [CCC GCG CCC TGG AAA TAC AGG T]TC TCG TTG TTG TTA 72 29
TTG TTA TTG TTG TTG TTG

Ndel His_5' AGC TGA CAT ATG GGC TCC TCT CAT C 74 52

*Qverlap (22 bp, melt 72°C, 64% GC) [sequence inside square brackets].

"Temperature calculated based on GC content.



68

for 10 min in glass vials using a heating block (Isotemp
125D, Fisher Scientific, Pittsburgh, PA). The vials were
allowed to cool to room temperature in ambient conditions.
Temperatures for KdcA: room temperature (22°C), 35°C,
45°C, 50°C, 55°C, 60°C, 65°C, and 70°C. Once cooled, 200
pL aliquots of the enzyme solutions were each pipetted into
eight wells of a 96-well plates and assayed. Fifty microliters
of ketoisovaleric acid 120 mM in buffer A (50 mM potas-
sium phosphate buffer, pH 6.8, 2.5 mM MgSO4, 0.1 mM
ThDP) (final concentration 30 mM) was added to each well
to start the reaction. KdcA converts ketoisovaleric acid
(ABS 340 nm) to isobutyraldehyde. Kinetic activity was
tracked by observing the decrease in absorbance over time.

Alcohol tolerance of KdcA

0, 0.1, 0.6, 1, 2, 6, 10, 16, and 20 pL isobutanol (0%,
0.1%, 0.3%, 0.5%, 1%, 3%, 5%, 8%, and 10% isobutanol);
90, 89.9, 89.4, 89, 88, 84, 80, 74, or 70 pL buffer A, respec-
tively; and 60 pL. 1 mg KdcA/mL buffer A (final concentra-
tion 300 pg/mL) were added to wells of the 96-well plate.
50 pL ketoisovaleric acid 120 mM in buffer A (final concen-
tration 30 mM) was added to each well to start the reaction.
KdcA converted ketoisovaleric acid to isobutyraldehyde;
ketoisovaleric acid absorbs light at 340 nm and isobutyralde-
hyde does not. Kinetic activity was tracked by observing the
decrease in absorbance over time.

One-step methacrylate resin immobilization

Amino-epoxy methacrylate resin (50 mg) was rehydrated
on an end-over-end mixer with di-H,O for 1 h, and then cen-
trifuged and resuspended in 1 mL (3 mg of HGK, MK, or
MKH/mL buffer A) protein solution for 12 h. Resin particles
were centrifuged and the supernatant assayed at 280 nm to
determine protein concentration. Amino-epoxy methacrylate
resin was washed with fresh buffer, and then assayed accord-
ing to the 96-well plate assay conditions described below.
Kinetics of immobilized enzyme was compared with that for
equivalent enzyme free in solution.

96-Well plate KdcA fusion protein activity assay

The reaction mixture contains: 125 pL buffer A (50 mM
potassium phosphate buffer, pH 6.8, 2.5 mM MgSO4,
0.1 mM ThDP), and 25 pL 25 mg particles/mL buffer A.
The assay was started by addition of 50 pL ketoisovaleric
acid 120 mM in buffer A (final concentration 30 mM) to
each well. Kinetic activity was followed (at 37°C) by observ-
ing the consumption of ketoisovaleric acid, as demonstrated
by the decrease in absorbance at 340 nm over time.

Immobilization of KdcA and ADH for full immobilized
reaction scheme

Amino-epoxy methacrylate resin (50 mg) (Resindion,
Roma, Italia) was rehydrated on an end-over-end mixer with
Di-H,0O for 1 h, and then centrifuged and resuspended in
1 mL (5 mg ADH/mL buffer A, 2, 1, or 0.5 mg KdcA/mL
buffer A w/glycerol, or KdcA fusion (MKH)) protein solu-
tion for 12 h. Resin particles were centrifuged and the super-
natant assayed at 280 nm to determine protein concentration.
Amino-epoxy methacrylate resin was washed with fresh
buffer, and then assayed according to the 96-well plate assay
conditions described above. Conversion kinetics of the
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immobilized enzyme was compared with that of the equiva-
lent enzyme free in solution.

ADH/amino-epoxy methacrylate resin and MKH/
amino-epoxy methacrylate resin assay with
cofactor recycling

Low concentration system mimicking our previous test
conditions (above): 100 mg of amino-epoxy methacrylate
resin with immobilized ADH and 100 mg of amino-epoxy
methacrylate resin with immobilized MKH were resuspended
in 1 mL of stock reaction mixture (64 pmol ketoisovaleric
acid, 250 pg FDH, 1.2 pmol NADH in buffer A, and either
70 pmol of formate (with formate case) or equivalent vol-
ume of water (without formate case) was added to the reac-
tion. Full reaction volume: 1 mL.

High concentration system developed to facilitate in situ
removal of isobutanol: 100 mg of amino-epoxy methacrylate
resin with immobilized ADH and 100 mg of amino-epoxy
methacrylate resin with immobilized MKH were resuspended
in 5 mL of stock reaction mixture (320 pmol ketoisovaleric
acid, 250 pg FDH, 6 pmol NADH in buffer A, and 1,500
pmol of formate). Full reaction volume: 5 mL.

The mixtures were then placed in 1.5 mL Eppendorf tubes
in an end-over-end mixer (Mini-Tube Rotator, Fisher Scien-
tific, Pittsburg, PA) for 24 h. The contents of the reaction
mixture before and after incubation with the resin were
determined by gas chromatography (GC) analysis.

Results and Discussion

KdcA fusion protein development in solution

Super-folded GFP or previously stabilized MBD was
genetically fused to wild-type KdcA, according to the proce-
dure outlined above. GFP and MBD were selected because
they have previously been shown to increase the solubility
of proteins.'>'> The enzyme is fused to the stabilizing pro-
teins by a short flexible peptide linker with no protease sites
that is coded at the genetic level and is present in the full
fusion after it is expressed. In order to determine the impact
of the fused proteins on enzyme kinetics and ascertain which
fusion protein exhibited the greatest improvement in activity
and stability over wild-type, enzymatic activity was tracked
by observing the consumption of ketoisovaleric acid over
time. Since the reaction is a one-to-one reaction with no sig-
nificant side product, substrate consumption is inversely cor-
related with product formation. This relationship was
independently confirmed using gas chromatography (GC)
analysis of the product; the total amount of ketoisovaleric
acid consumed was equal to the amount of product formed
within the detection limit and error of the GC (0.1 mM
and = 0.5 mM, respectively). From these measurements, and
the supporting GC data, we obtained how the total substrate
consumption per time depends on substrate concentration
(Figure 2).

From the kinetic activity data, Ky; and k., were calculated
(Table 2). Ky is the Michaelis constant and is defined as the
concentration of the substrate at which half the maximum
velocity of the rate is obtained. The enzymatic conversion or
turnover frequency, k.., is defined as the max velocity of
the reaction divided by the enzyme concentration. The malt-
ose binding protein-keto-acid decarboxylase (MK) fusion
showed the best substrate consumption over time; this
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Figure 2. Ketoisovaleric acid specific activity for different fusion proteins as a function of substrate concentration.

Wild-type KdcA (A) (n = 2), HGK(®) (n = 6), MKH (O) (n = 4), and MK (ll) (n = 2) substrate consumption. Fit lines are calculated
using non-linear regression modeling of the Michaelis—Menten equation.

Table 2. Michaelis-Menten Kinetic Constants

Wild-type ~ HGK MK MKH
Ky (mM) 22+8 41410  30+11  60%30
kea (1/5) (X10% 58002 16%25 2413 2003

enzyme construct had the highest enzymatic activity
(kear =24+ 1.3 X 10* s ') (Table 2). The his-tagged fusion
of keto-acid decarboxylase and green fluorescent protein
(HGK) and maltose binding protein-keto-acid decarboxylase-
his-tag fusion (MKH) had similar enzymatic activity
(ke =16 =25 X 10* s7! and 20 £0.3 X 10* s~', respec-
tively). Wild-type KdcA had the lowest activity
(keat = 5.8 0.02 X 10* s71) and also exhibited substrate
inhibition due to inactivation of the enzyme by the substrate
(Figure 2). We found that the Ky, increased from 22 mM to
between 30 and 60 mM for the fusion proteins. The change
in Ky is not statistically different. This small change is opti-
mal; it means that the substrate does not need to be at a
higher concentration to reach the maximum rate of conver-
sion. Additionally, we report that the turnover frequency
increased 2.5- to 4-fold over that for the wild-type.

By coupling a stable protein like GFP or MBD to KdcA,
we were able to decrease protein-protein interactions. The
reduced propensity of the protein to aggregate, indicated by
no increase in turbidity of the solution after storage, resulting
in an increase in solubility. This increase in the solubility
allowed for the enzyme to exhibit higher apparent activity.
Wild-type KdcA shows substrate inhibition. Since the sub-
strate was an acid, at higher concentrations it could destabilize
the purified enzyme and induce loss of activity. The MK
fusion protein shows the best activity; this is because it is
fused to only one protein with no histidine tag. The HGK and
MKH fusions have hexyl-histidine tags attached. In the buffer

solution, the his-tag is deprotonated (weakly negatively
charged) and the acid is negatively charged. This could
explain why, when we add the his-tag, the activity drops
slightly. Ultimately, the fusion proteins exhibited high activity
in solution.

KdcA fusion protein thermal and solvent stability
in free solution

The fusion proteins show significantly faster kinetics in
solution versus that for wild-type (Table 2). Wild-type KdcA
loses 50% of its activity after being heated for 10 min to
45°C and nearly all of its activity at 50°C (Figure 3A). The
fusion proteins retain over 50% activity at 50°C and does
not lose all kinetic activity until 60°C. In addition to the
increase in thermal stability, the fusion proteins show stabil-
ity in the presence of isobutanol. Wild-type KdcA starts to
lose activity at 0.3% (v/v) isobutanol, whereas the fusion
proteins do not show any loss of activity until above 1% (v/
v) isobutanol (Figure 3B). The increased activity and stabil-
ity analysis results with temperature and isobutanol as surro-
gates suggest that the fusion protein would retain some of its
activity when immobilized.

The fusion proteins showed increased tolerance to heat
and isobutanol over that for wild type in free solution. The
presence of a coupled stable protein like GFP or MBD
helped keep the enzyme soluble. As the conditions of the
system become less favorable, the KdcA begins to become
unstable; however, the GFP and MBD remain stable and
help keep the enzyme active for longer. Without the stabiliz-
ing fused protein partner, the enzyme’s instability induces
aggregation. The fusion protein was not observed to keep
KdcA stable under all the conditions tested; this indicates
that there is a point at which the KdcA portion of the fusion
loses native structure, resulting in a loss of function.
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Figure 3. KdcA thermal and solvent stability.

A. Heat stability; 2 mL solution were heated to various temperatures for 10 min in glass vials. The vials were allowed to cool to room temperature
in ambient conditions. Once cooled, 200 pL aliquots of the enzyme solutions were each pipetted 96-well plates and assayed. B. Isobutanol tolerance;
KdcA and KdcA fusion proteins were assayed in the presence of different amounts of spiked isobutanol.

KdcA fusion protein immobilization stability

Equal amounts of each KdcA fusion protein was reacted
with amino-epoxy methacrylate resin, resulting in covalently
immobilized enzymes. The amounts of immobilized protein
varied: 7 nmol of wild-type KdcA was immobilized on
250 mg of amino-epoxy methacrylate resin, 11 nmol of MK
was immobilized on 250 mg of amino-epoxy methacrylate
resin, 12.75 nmol HGK was immobilized on 250 mg of
amino-epoxy methacrylate resin, and 13.25 nmol of MKH
was immobilized on 250 mg of amino-epoxy methacrylate
resin. Currently, the mechanism behind the varying immobi-
lization densities of each protein is not well understood.
Each immobilized enzyme sample was compared with equiv-
alent amounts of enzyme free in solution. Figure 4 shows
that the wild-type enzyme loses all activity when immobi-
lized. All the fusion proteins retained activity when immobi-
lized. MKH gave the best kinetics and best immobilization
(53 nmol of enzyme/g of resin) (Figure 4D); therefore, we
selected it to be used in our fully immobilized enzyme
system.

The addition of GFP or MBD was enough to stabilize the
KdcA during immobilization. Also, the MKH fusion exhib-
ited higher activity when immobilized than the other two
constructs. Lastly, the MKH fusion immobilized to a greater

extent. The higher degree of immobilization leads to a
greater amount of enzyme per resin particle; therefore, there
were more catalytic sites in the same volume of resin. The
increased immobilization amount was likely due to the fact
that there is a portion of other protein on both sides of
KdcA: MBD on one end, and the his-tag on the other. The
immobilization reaction was between an epoxy and a free
NH, group. The most solvent exposed residues would be the
first to react. By creating more solvent exposed sections on
the two sides of the enzyme, one can bias the immobilization
to those sites rather than to the KdcA structure, where it
could disrupt the stability of the enzyme. The MKH fusion
is used below to complete the two-step immobilization reac-
tion system

Low concentration immobilization reaction scheme

In order to assess the impact of cofactor recycling on the two-
step immobilized enzyme system, we compared the ability of
the reaction to go to completion in the absence and presence of
NADH recycling (without and with addition of formate, respec-
tively) (Figure 1). When limited cofactor NADH (1.2 pmol) and
64 umol of ketoisovaleric acid were reacted with immobilized
MKH, immobilized ADH, and FDH in solution, without for-
mate, only the intermediate (isobutyraldehyde) was produced
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Figure 4. KdcA activity immobilized on amino-epoxy methacrylate (M) versus free in solution ().

A. Wild-type keto-acid decarboxylase (wild type). B. His-tag-green florescent protein keto-acid decarboxylase (HGK). C. Maltose binding domain

keto-acid decarboxylase (MK), and D. Maltose binding domain keto-acid decarboxylase his-tag (MKH) enzymatic activity.

Table 3. Small-Scale Reaction with Immobilized ADH, Immobilized KdcA and FDH in Solution*

Keto-isovaleric acid (pmol)

NADH (pumol)

Isobutyraldehyde (pumol) Isobutanol (pmol)

Starting reaction mixture 64 1.2 - -
Reaction w/o formate Negligible Negligible 62+12 Negligible
Reaction w/formate Negligible 0.73 £0.16 29*+22 35£22

*1 mL reaction volume containing 100 mg resin with immobilized ADH, 100 mg resin with immobilized MKH, and 250 pg FDH reacted on an end-

over-end mixer for 24 h at 22°C.

(Table 3). The same system reacted with 74 pmol formate and
isobutanol was produced. There was a 55 = 3.5% conversion
from acid to alcohol after 24 h. From a mass balance, the cofac-
tor was recycled about 30 times before the reaction reached
steady state.

Our goal was to use a two-step immobilized enzyme system
with cofactor recycling to produce isobutanol. When the cofac-
tor (NADH) was limited in concentration, the reaction only
produced the isobutyraldehyde intermediate (Table 3). Isobuta-
nol was only produced when formate was added to regenerate
the cofactor. We find that the conversion of isobutyraldehyde
to isobutanol was, however, incomplete. Initially, formate con-
centrations were set slightly above the concentration of the
starting substrate. Formate is an inexpensive sacrificial sub-
strate; therefore, it can be added in excess. To determine why
the reaction system did not proceed to completion, we
increased the scale of the reaction and added the regenerating
substrate (formate) in great excess. We expected the system
with increased concentrations to produce more alcohol. The
increased amount of formate should drive the final reaction
towards the alcohol product. This is detailed below.

High concentration immobilization reaction scheme

To drive the reaction to completion, formate was added in
greater excess and the reaction as a whole was scaled up to
produce a larger theoretical percent of isobutanol. Ketoisova-
leric acid (320 pmol) was reacted with 6 pmol of NADH
and 1,500 pmol of formate. If the reaction were to go to
completion, a total of 2% (v/v) of isobutanol would theoreti-
cally be produced. At 24 h the reaction reached a steady
state with 57 pmol of starting material, 162 pmol of interme-
diate, and 101 pmol of alcohol (Table 4). These concentra-
tions were determined via absorbance at 340 nm for the
starting material, and from gas chromatography peaks for the
intermediate and product. The resulting concentration of
isobutanol was 0.5% (v/v); this result demonstrates that the
second reaction is reversible'®!” and the presence of a sig-
nificant concentration of isobutanol and isobutyraldehyde
inhibits the first reaction. By using an in situ removal tech-
nique, such as pervaporation, the reaction could be driven to
completion.

The reaction system produced a final concentration of
0.5% (v/v) isobutanol. Unreacted starting material (acid) and
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Table 4. High Concentration Reaction Scheme with Immobilized ADH, Immobilized KdcA, and FDH in Solution*

Ketoisovaleric Acid (umol) NADH (pmol) Isobutyraldehyde (pumol) Isobutanol (pmol)
Starting reaction mixture 320 4 - -
Reaction cofactor recycling 57*2.1 2*1.1 162+ 1.8 101+ 1.8

*1 mL reaction volume containing 100 mg resin with immobilized ADH, 100 mg resin with immobilized MKH, and 250 pg FDH reacted on an end-

over-end mixer for 24 h at 22°C.

Table 5. Isobutanol Titers from In Vivo and In Vitro Production without in situ product removal

Mole Isobutanol/

Host Cell Titers (g/L Culture) Titers (% (v/v)) Substrate Mole Substrate* References
Saccharomyces cerevisiae 1.62 0.2 Glucose 0.038 2
Clostridium cellulolyticum 0.66 0.082 Cellulose - 18
Saccharomyces cerevisiae 0.635 0.08 Glucose 0.016 19
In vitro - 0.095 Glucose 0.412 7
In vitro - 0.2 to 0.5 Ketoisovaleric acid 0.316 This work

*Max theoretical yield: 1 mol of isobutanol/mole of substrate.

intermediate (aldehyde) were still present in the solution. The
first reaction involved the conversion of the acid to aldehyde
(Figure 1). This reaction produced CO,, and was nearly irre-
versible because of the creation of a dissolved gas product. The
second reaction involved the conversion of the aldehyde to the
alcohol. This reaction is a reversible reaction; in natural sys-
tems ADH is used to deprotonate an alcohol to produce an
aldehyde.17 Even with the driving force imposed by FDH, the
reaction will still reach equilibrium. The reason the initial sub-
strate was still present was likely due to the build-up of the
aldehyde and alcohol, which are solvents that can harm the sta-
bility and affect the activity of the KdcA fusion protein.

Current isobutanol production titers obtained by in vivo sys-
tems amount to 1.62 g/L of culture; this concentration leads to
a 0.2% (v/v) of isobutanol in the cell media (Table 5). Our
novel in vitro immobilized enzyme system run at the low con-
centration levels described in Table 3 was able to produce
0.2% (v/v) isobutanol. By simply increasing our feed concen-
tration fivefold, 0.5% (v/v) concentration of isobutanol was
achieved. In vivo systems have production limitations because
of the toxicity and inhibition of the isobutanol. Krause et al.
engineered Corynebacterium glutamicum to over produce
ketoisovaleric acid.?® The bacteria generate 22 g of ketoisova-
leric acid/L of culture. If this is the starting concentration,
which is an order of magnitude higher than the isobutanol
titers, the immobilized enzyme system should theoretically
produce 14 g/L or 1.75% (v/v) of isobutanol. By combining
higher starting concentration with in situ product removal, an
order of magnitude increase in isobutanol production could
possibly be reached.

In situ isobutanol removal—pervaporation

Many options for removal of n-butanol have been reported
in the literature, but the number of options studied for isobu-
tanol is much lower. Adsorption,>'~> gas stripping,”®*’ and
pervaporation®®2’ have all been evaluated for n-butanol.
Below we summarize the main results from a separate paper
that focused on the removal of isobutanol (6% (v/v)) from
aqueous solution using pervaporation.30 Membrane materials
have a large effect on the efficiency of alcohol removal by
the pervaporation (PV) process.31 By evaluating the proper-
ties of the materials, one can determine how diffusivity and
sorption properties change. Traditional PV membranes often
employ an ultrathin layer of a homogeneous silicone rubber,

e.g., polydimethylsiloxane (PDMS).>' These membranes are
limited to a single surface chemistry and need to rely on
membrane doping”” to achieve selectivity and separation. Our
novel hydrophobic brush membrane exhibited a total flux, J,
of 0.8 =0.15 LMH (L/m? h); this is comparable to the fluxes
for commercial PDMS membranes SilS and Sil20 of
J=07%x006 LMH and 1*x0.11 LMH, respectively.
However, the selectivity for the brush membrane was
o =10.1 £0.86 compared with « =6.7 =0.11 and 6.7 = 0.05
for Sil5 and Sil20 respectively.m’32 This new class of mem-
brane can be utilized with our reaction system to create in
situ removal of isobutanol from the system. The Liao group
has employed gas stripping to remove isobutanol from an
Escherichia coli fermentation system and obtained final titers
of 0.082% (v/v).'"®* We speculate that by adding PV to our
production system we will be able to increase our titers from
0.5% (v/v) to 1.25% (v/v), far above of 0.2, 0.082 and 0.08%
(v/v) reported for in vivo systems.” > The Liao group has in
other cases been able to achieve 0.675% (v/v)** and 6.25%
(v/v)*> when employing in situ removal of isobutanol.

To overcome substantial challenges with in vivo formation
of isobutanol, an alternate simplified cell-free immobilized
enzyme system was developed and successfully tested. This
involved immobilization and characterization of two enzymes
needed to convert ketoisovaleric acid to isobutyaldehyde
(KdcA) and then to isobutanol (ADH). Immobilizing ADH
with high activity was relatively easy. However, KdcA needed
to be fused with stabilizing proteins (GFP and MBD) to retain
stability and activity. Fusion proteins of KdcA exhibited
increased activity and stability even when immobilized or
exposed to increasing temperature or isobutanol concentra-
tions. By coupling GFP or MBD to KdcA, the solubility of
the protein also increased. This increase in solubility was
largely due to a reduction of KdcA self-interactions. By mak-
ing the enzyme more soluble, higher kinetic activity and
increase stability was obtained. Ultimately, MKH was the
easiest fusion to purify and immobilize. This fusion protein
was used in conjunction with immobilized ADH to produce a
two-step immobilized enzyme reaction system.

The enzyme FDH functions well in solution as a cofactor
with a recycling mechanism. The reaction system with free
FDH and cofactor recycling achieved a final concentration of
0.5% (v/v) isobutanol. The in vitro system did not go to com-
pletion because under limited cofactor conditions the final
reaction (aldehyde to alcohol) was reversible. This production
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method can be driven to completion in which isobutanol is
continuously removed from the reaction vessel. In situ removal
of isobutanol is critical for our system to be viable. In a sepa-
rate manuscript we discuss detailed methods of removing alco-
hols from aqueous environments and how atmospheric plasma
graft polymerization can be used to create new surface func-
tionality on membranes. These new hydrophobic brush mem-
branes achieve better isobutanol separations than commercial
silicone membranes.

Acknowledgments

The authors acknowledge the Department of Energy (Grant
No. DE/SC0006520) for funding. The authors thank Dr.
Robert DiCosimo (DuPont Corporation, Wilmington, DE) for
his suggestion of Relizyme methacrylate resin supports and
Dr. Marlene Belfort (University at Albany, State University of
New York, Albany, NY) for the vector with the genes for super
folded GFP and stabilized MBD.

Literature Cited

1. Fischer C, Kleinmarcuschamer D, Stephanopoulos G. Selection
and optimization of microbial hosts for biofuels production.
Metab Eng. 2008; 10:295-304.

2. Matsuda F, Ishii J, Kondo T, Ida K, Tezuka H, Kondo A. Increased
isobutanol production in Saccharomyces cerevisiae by eliminating
competing pathways and resolving cofactor imbalance. Microb Cell
Fact. 2013; 12:119.

3. Stephanopoulos G, Aristidou AA, Nielsen JHI, Nielsen J. Meta-
bolic Engineering: Principles and Methodologies. San Diego,
CA: Academic Press; 1998.

4. Zhang YHP, Myung S, You C, Zhu Z, Rollin JA. Toward low-
cost biomanufacturing through in vitro synthetic biology:
bottom-up design. J Mater Chem. 2011; 21:18877—-18886.

5. Zhang YHP. Simpler is better: high-yield and potential low-cost
biofuels production through cell-free synthetic pathway biotrans-
formation (SyPaB). ACS Catal. 2011; 1:998-1009.

6. Zhang Y, Sun J, Zhong JJ. Biofuel production by in vitro syn-
thetic enzymatic pathway biotransformation. Curr Opin Biotech-
nol. 2010; 21:663-669.

7. Guterl JK, Garbe D, Carsten J, Steffler F, Sommer B, Reille S,
Philipp A, Haack M, Rihmann B, Koltermann A. Cell-free met-
abolic engineering: production of chemicals by minimized reac-
tion cascades. ChemSusChem 2012; 5:2165-2172.

8. Zhang Y. Production of biocommodities and bioelectricity by
cell-free synthetic enzymatic pathway biotransformations: chal-
lenges and opportunities. Biotechnol Bioeng. 2010; 105:663-677.

9. Grimaldi J, Collins C, Belfort G. Toward cell-free biofuel pro-
duction: stable immobilization of oligomeric enzymes. Biotech-
nol Prog. 2014; 30:324-331.

10. Chica RA, Doucet N, Pelletier JN. Semi-rational approaches to
engineering enzyme activity: combining the benefits of directed
evolution and rational design. Curr Opin Biotechnol. 2005; 16:
378-384.

11. Magliery TJ, Lavinder JJ, Sullivan BJ. Protein stability by num-
ber: high-throughput and statistical approaches to one of protein
science’s most difficult problems. Curr Opin Chem Biol. 2011;
15:443-451.

12. Wood DW, Derbyshire V, Wu W, Chartrain M, Belfort M,
Belfort G. Optimized single-step affinity purification with a self-
cleaving intein applied to human acidic fibroblast growth factor.
Biotechnol Prog. 2000; 16:1055-1063.

13. Bastian S, Liu X, Meyerowitz JT, Snow CD, Chen MMY,
Arnold FH. Engineered ketol-acid reductoisomerase and alcohol
dehydrogenase enable anaerobic 2-methylpropan-1-ol production
at theoretical yield in Escherichia coli. Metab Eng. 2011; 13:
345-352.

14. Studier FW. Protein production by auto-induction in high-
density shaking cultures. Protein Expr Purif. 2005; 41:207-234.

73

15. Gromek KA, Meddaugh HR, Wrobel RL, Suchy FP, Bingman
CA, Primm JG, Fox BG. Improved expression and purification
of sigma 1 receptor fused to maltose binding protein by altera-
tion of linker sequence. Protein Expr Purif. 2013; 89:203-2009.

16. Ganzhorn, A, Green, D, Hershey, A, Gould, R, Plapp, B.
Kinetic characterization of yeast alcohol dehydrogenases. Amino
acid residue 294 and substrate specificity. J Biol Chem. 1987;
262:3754-3761.

17. Hayes JE, Velick SF. Yeast alcohol dehydrogenase: molecular
weight, coenzyme binding, and reaction equilibria. J Biol Chem.
1954; 207:225-244.

18. Higashide W, Li Y, Yang Y, Liao JC. Metabolic engineering of
Clostridium cellulolyticum for production of isobutanol from
cellulose. Appl Environ Microbiol. 2011; 77:2727-2733.

19. Avalos JL, Fink GR, Stephanopoulos G. Compartmentalization of
metabolic pathways in yeast mitochondria improves the production
of branched-chain alcohols. Nat Biotechnol. 2013; 31:335-341.

20. Krause FS, Blombach B, Eikmanns BJ. Metabolic engineering
of Corynebacterium glutamicum for 2-ketoisovalerate produc-
tion. Appl Environ Microbiol. 2010; 76:8053-8061.

21. Ezeji TC, Qureshi N, Blaschek HP. Bioproduction of butanol
from biomass: from genes to bioreactors. Curr Opin Biotechnol.
2007; 18:220-227.

22. Zheng YN, Li LZ, Xian M, Ma YJ, Yang JM, Xu X, He DZ.
Problems with the microbial production of butanol. J Ind Micro-
biol Biotechnol. 2009; 36:1127-1138.

23. Qureshi N, Saha BC, Hector RE, Dien B, Hughes S, Liu S, Iten L,
Bowman MJ, Sarath G, Cotta MA. Production of butanol (a bio-
fuel) from agricultural residues: Part II. Use of corn stover and
switchgrass hydrolysates. Biomass Bioenergy 2010; 34:566-571.

24. Wiehn M, Staggs K, Wang Y, Nielsen DR. In situ butanol
recovery from Clostridium acetobutylicum fermentations by
expanded bed adsorption. Biotechnol Prog. 2014; 30:68-78.

25. Wu J, Zhuang W, Ying H, Jiao P, Li R, Wen Q, Wang L, Zhou
J, Yang P. Acetone—butanol—ethanol competitive sorption simu-
lation from single, binary, and ternary systems in a fixed-bed of
KA-I resin. Biotechnol Prog. 2015; 31:124—134.

26. Ezeji, T, Qureshi, N, Blaschek, H. Production of acetone, buta-
nol and ethanol by Clostridium beijerinckii BA101 and in situ
recovery by gas stripping. World J Microbiol Biotechnol. 2003;
19:595-603.

27. Fatehi, P. Recent advancements in various steps of ethanol,
butanol, and isobutanol productions from woody materials. Bio-
technol Prog. 2013; 2:297-310.

28. Strathmann H, Gudernatsch W. Continuous removal of ethanol
from bioreactor by pervaporation. Extractive Bioconversion
1991; 67-89.

29. Valentinyi, N, Cséfalvay, E, Mizsey, P. Modelling of pervapora-
tion: parameter estimation and model development. Chem Eng
Res Des. 2012; 1:174—183.

30. Grimaldi J, Imbrogno J, Kilduff J, Belfort G. New class of syn-
thetic membranes: organophilic pervaporation brushes for organ-
ics recovery. Chem Mater. 2015; 27:4142-4148.

31. Liu X, Li Y, Liu Y, Zhu G, Liu J, Yang W. Capillary supported
ultrathin homogeneous silicalite-poly (dimethylsiloxane) nano-
composite membrane for bio-butanol recovery. J Membr Sci.
2011; 369:228-232.

32. Liu XL, Li YS, Zhu GQ, Ban YJ, Xu LY, Yang WS. An orga-
nophilic pervaporation membrane derived from metal-organic
framework nanoparticles for efficient recovery of bio-alcohols.
Angew Chem Int Ed. 2011; 50:10636—10639.

33. Grimaldi J, Imbrogno J, Kilduff J, Belfort G. Hydrophobic
Brush Membranes for Filtration Based on Solution-Diffusion
Mechanism with Aplications to Pervaporation (PV) & Reverse
Osmosis (RO). US Provisional Patent, 2014.

34. Lin Paul P, et al. Consolidated bioprocessing of cellulose to isobuta-
nol using Clostridium thermocellum. Metab. eng. 2015; 31:44-52.

35. Baez A, Cho KM, Liao JC. High-flux isobutanol production using
engineered Escherichia coli: a bioreactor study with in situ prod-
uct removal. Appl Microbiol Biotechnol.2011; 90:1681-1690.

Manuscript received Oct. 14, 2015, and revision received Nov. 7,
2015.



