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Abstract

Although fossil fuels are currently the most economical source of energy,
alternative energy sources are being explored as replacements for fossil fuels.
Millions of dollars are spent on ethanol research. However, the energy content of
ethanol is only two-thirds that of gasoline. Butanol, another alternative biofuel, has
similar energy content compared to gasoline. Bacteria in the genus Clostridium are
known for their ability to produce butanol well into the stationary phase of growth
and grow in readily available and inexpensive media. Clostridium produce butanol
from a variety of five and six carbon sugars, one of which is xylose. The goal of this
research was to develop methods to optimize butanol production. To achieve this,
two separate but complementary approaches were taken. First, a model was
developed and verified to guide the selection of optimal parameters. Second,
proteins that are activated at various stages of the fermentation process were
identified. Associated genes can be targeted for enhanced protein expression in
future research. The mathematical model is based on the known xylose-butanol
fermentation pathway and Michaelis-Menten enzyme kinetics. Experiments were
conducted using the bacterium Clostridium beijerinckii in bench-top shakers to
verify the model and calibrate parameters of the model. Once the model was tested
against data collected from experimental runs, it was used to simulate butanol
production over a range of conditions to predict optimal parameter values. Since
the simulation and empirical results give parameters for maximum butanol
production, this interdisciplinary approach shows great promise for the future
economical production of biofuels.



Introduction

Clostridium beijerinckii is an anaerobic, gram positive, endospore-forming
bacterium. The bacterium is a mesophile; it grows at moderate temperatures,
usually between the temperatures of 25°C and 40°C. Like all microorganisms, it
has a lag phase in which no growth occurs, a log phase in which the bacteria are
growing exponentially, a stationary phase in which no noticeable growth is
observed, and a death phase in which the growth is seen to decline.

Clostridium beijerinckii, like most other bacteria in the class Clostridia, has the
ability to ferment the solvents acetone, butanol, and ethanol. C. beijerinckii is
known for its ability to grow in relatively inexpensive media and for its ability to
produce solvents, mainly butanol, well into their log phase of growth. For these
reasons, C. beijerinckii was chosen for this research. Since endospores have the
ability to survive for several years, the bacterium is easy to research once acquired.
The bacteria can ferment a large variety of carbon sources such as glucose,
cellobiose, galactose, and mannose to produce carboxylic acids, and eventually
solvents such as acetone, butanol, and ethanol. Of these solvents, butanol, is viewed
as a very promising source of reusable fuel. Due to the rising costs of gasoline,
scientists have begun looking at butanol-fermenting bacteria as an alternative to
gasoline[1, 2]. Butanol was chosen as a possible replacement or addition to gasoline
for several reasons. Butanol has many advantages over other fuels derived from
fermentation such as ethanol. The energy content of ethanol is 30% less than that
of butanol and butanol’s energy content is very similar to that of gasoline. Butanol
also has a low vapor pressure, which makes its shipment possible by use of existing
gasoline supply channels. It is also less flammable, less hazardous to handle, and
easily mixed with gasoline [7]. Unfortunately, the production of butanol above a
certain concentration has proven to be toxic to the bacteria. This results in lower
than optimal butanol concentrations, or decreased productivity, and increased
fermentation times when compared to ethanol fermentation [26]. Eventually, the
bacterium ceases to produce butanol, and the butanol causes the bacterium’s cell
membrane to lyse, killing the cell. This is caused by an alteration in the fatty acids
in the bacterium’s cell membrane, which causes the bacterium’s cytoplasm to leak
out of the cell. The toxicity of butanol is the major factor limiting the profitability
of butanol-fermenting bacteria [1, 2, 30].

The Clostridium fermentation process normally has two distinct phases: an
acidic phase and a solventogenic phase. The acidic phase is growth associated and



includes the lag and exponential phases of the bacterial growth curve. In this first
phase, bacteria are converting carbon sources to acetic and butyric acid. The
solventogenic phase consists of the uptake of these acids produced in the acidic
phase and converts the acids into butanol, acetone, and ethanol. This phase is also
relatively non-growth associated. Each phase has a distinct set of enzymes involved,
and many of the enzyme interactions are unknown. It can also be noted that it is
not possible to skip the first phase of the fermentation process.

There are several ways to increase butanol production. One way is the
separation and extraction of butanol itself. One example of this method is
liquid-liquid extraction. In this procedure, the fermentation broth contains a layer
of organic solvent, usually an alcohol containing a long carbon chain. Since butanol
is more similar to the organic layer than to the aqueous layer (fermentation broth),
the butanol separates into the organic layer, allowing the bacteria (which remain in
the aqueous layer) to ferment larger amounts of butanol. The organic layer
containing the desired product, butanol, can be easily separated by means of
distillation. Unfortunately, most organic solvents are toxic to the bacteria, and
those that come in contact with the organic layer during fermentation are often
killed [1, 2, 6, 8, 9, 18]. Therefore, nontoxic organic solvents are used, but they are
often expensive to produce.

Ideally, the carbon source for C. beijerinckii is completely composed of biomass.
Previous studies have used a variety of vegetation types for sources of carbon [27,
31-38]. Due to its fast growth rate and its ability to grow in tightly packed
conditions, wood is an ideal carbon source. Wood is composed of four main
components: cellulose, hemicellulose, lignin, and ash. Using a process called
autohydrolysis, wood chips are hydrolysed under high pressure using water.
Another similar process called acid hydrolysis uses acid to break apart the cellulose
and hemicellulosic bonds. In both processes, hemicellulose, acid soluble lignin, and
ash are removed from the wood, while a very large portion of lignin and cellulose
remain in the wood. During autohydrolysis and acid hydrolysis, hemicellulosic
bonds are broken apart, resulting in a variety of simple sugars, such as xylose. This
liquid hydrolysate can be used as liquid media to ferment butanol. However, the
acid soluble lignin in the hydrolysate often contains phenolic compounds that
inhibit acetone, butanol, and ethanol production by Clostridia[28, 29, 12]. However,
several procedures which may remove the majority of these compounds have been
studied [10-17]. The remaining portion left in the wood chips (mostly cellulose and
lignin) can be used as a heat source in the process. Several recent studies suggest



separating the phenolic compounds in the acid-soluble lignin from the hydrolysate
and selling them as antioxidants can be profitable [19-25]. Currently,
pharmaceutical companies synthetically produce antioxidants. This procedure may
lead to a cheap, natural way to produce antioxidants. Overall, this entire process
results in a new, energy-efficient method that will decrease carbon emissions
significantly.

Materials and Methods

Clostridium beijerinckii ATCC 35702 was grown in 500mL screw top
Erlenmeyer flasks with 250 mL of growth media and placed in a bench-top shaker
at 37°C. In a separate case, it was grown in a 7-liter fermentor at 37°C. Growth
media used during fermentations consisted of: various concentrations of xylose
(40g/L - 80g/L), 5.0g yeast extract, 0.68g anhydrous Ko H POy, 1g KHyPO,, 1g
MgSO4 xTH>0, 0.5g FeSOy, 0.1g aminobenzoic acid, 3.0g ammonium acetate. The
flask was filled to the 1-Liter mark with deionized water. Fermentors were sparged
with nitrogen for 30 seconds to create anaerobic conditions. Samples were taken at
24, 48, 72, 96, and 144 hours. 15 mL from each flask were placed in 15 mL
centrifuge tubes at each time point and measured for turbidity (OD 600). Samples
were then centrifuged at 8,000 rpm for 15 minutes. The supernatant was removed
and placed in another 15 mL centrifuge tube for future data measurements and
calculations. The samples were stored in a freezer at —20°C. Bacterial cell pellets
were resuspended in 1x TBS and centrifuged at 8,000 rpm for 15 minutes. The
composition of the supernatant was analyzed using High Performance Liquid
Chromatography (HPLC). The pelleted cells were resuspended and lysed using
sonication, and proteins were purified and subsequently separated using
electrophoresis on a one-dimensional 12% polyacrylamide gel.

Model Development

Based on the metabolic pathway shown in Figure 1, Shinto [4,5] developed a
mathematical model using a system of 20 differential equations. The model includes
all the reactions for each enzyme complexes indicated by arrows labeled R1-R25 in
Figure 1. We developed a simplified system of 7 differential equations to model the
conversion of xylose to butanol in Clostridium beijerinckii. Our model includes only
3 products and 3 intermediates as seen in the schematic (Figure 2).
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Figure 1: This figure shows the metabolic pathway of xylose into many intermediates
and products. This diagram was used by Shinto[4,5] to show the pathways their
mathematical model goes along.
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Figure 2: The figure above shows the pathway that converts xylose to acetate, ace-
tone, biomass, butyrate and butanol. It is based on figure 1. The main difference
between the two models is that we grouped all the intermediates that we can not get
experimental data into one intermediate that we called CoA enzyme complex.



Table 1: Variables and Initial Conditions

Variable Substance Initial Conditions
X Xylose Xo
Ar Acetate 3
A Acetone 0
Br Butyrate 0
B Butanol 0
M Biomass 10
C CoA Enzyme Complex 0

These products and two of the intermediates were chosen because they could be
measured in the supernatant using High Density Liquid Chromatography. Also,
because lactate and ethanol are not produced in significant quantities, we neglected
them in our simplified model. The remaining intermediate, labeled CaA enzyme
complex in figure 2, is a hybrid of all of the intermediate steps between xylose and
the 3 products and 3 intermediates that were grouped together. This simplification
is justified under the assumption that there is a limiting reaction in the reactions
among the intermediates that makes all of these reactions proceed at this slower
rate.

Important sequences of enzyme reactions were modeled using combined
Michaelis-Menten reactions, and the system of equations (1)-(8) are given.
Competition between substrates and products were incorporated as forms of
inhibition in the xylose consumption and the biomass production. The parameters
in the model were selected, so that the model fit the data for all initial conditions
for which we collected data. Basically the enzyme reactions denoted Ry, R3, Ry,
and Rog — Ros from Figure 1 are combined into a single chemical reaction, namely

X% c

where

VXM
Ki+X(1+£)

In most reactions the initial substance does not form into the product on its own; it

@1

uses enzymes to facilitate the process. So the reaction X R C, may actually be
E+X % Exc % C+E



This equation was formed using the basic Michaelis-Menten reaction equation,

£ - Svmam
dt S+ K,

where S' is the concentration of the substance substance and P is the concentration
of the product. This simplified reaction is justified by letting V; and K; be the
effective maximum reaction rate and Michaelis-Menten constant respectively for the
limiting values for the 9 reactions that convert xylose to Acetyle-CoA. This
equation can be formed under the assumptions that the total concentration of
enzyme is constant and there is no net rate of change of the enzyme complexes.

Butanol inhibits the growth of cellular cultures and thus reduces the amount of
Xylose metabolized. So we added the (1 + K%) term to represent this inhibition.
When there is more butanol, the (1 + K%) term will increase, which causes % to
decrease, slowing down the rate xylose is metabolized. This is a type of competitive

inhibition.

Notice in Figure 2 that the reactions for both Acetate and Butyrate are
denoted by double sided arrows. That means that they both are formed from the
CoA Enzyme Complex, and then they also make CoA Enzyme Complex. Since they
involve different enzymes, they are modeled using two Michaelis-Menten reaction
equations, one for each direction of the reaction shown in equation (2). The basic
form of the Michalelis-Menten reaction equation was used to model the butanol,
biomass, and acetone produced since there was no significant inhibition detected.
Then to account for the death phase of the cells, a death coefficient Kg times the
concentration of biomass, M was subtracted from the biomass equation.

This system of equations is balanced. So for example, when xylose is
metabolized to CoA, the rate that CoA is changing will be the negative of the rate
of change of xylose. Thus, the rate of change of CoA will be the sum of the negative
rates of change of xylose, butanol, butyrate, acetone, and acetate plus the negative
rate of change of the biomass not including the death coefficient.

We also multiplied each equation by the biomass, M. This takes into account
the effect that a culture that has more cells will produce more of each product and
consume more of each initial substance. So the biomass M represents the number of
cells in the culture at any given time.
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The system of differential equations were solved numerically using XPPAUT.

Simulations of the model are shown in Figure 3 along with the results of our
experiment. The lines represent the numerical results, and the points represent data
taken from cultures and analyzed using HPLC. The parameters (V; and Kj) used in
the numerical computations are identical for all cases in Figure 3. The parameters

used are as follows:

Vi = 08
Vo = 0.1
Vs = 0.1
Vi 1
Vs 1
Ve = 6.5
Vie = 0.2
Vii, = 10.2

3100 Ky =1
0.135 Ko 95500
100 K = 1550
0.5

0.5

0.4

20

0.004



Results

We hypothesized that an increase in the xylose concentration initially fed to the
bacteria in the small-scale shaker flasks would result in an increase in butanol
production. However, it was found that the initial concentration of xylose had little
effect on the amount of butanol formed. These results are shown in Figure 5. In
fact, it appears that using a 60g/L xylose solution results in almost twice as much
butanol production than any other experimental group, including those with a
higher concentration of initial xylose. Each trial which was fed a different initial
concentration of xylose resulted in roughly the same amount of butanol produced.
Rather than an increase in butanol production, an increase in the amount of xylose
present in the growth media resulted in an increase in xylose consumption and,
therefore, an increase in the biomass formed. The use of xylose as a substrate
accounted for the incomplete consumption of the xylose. There are known to be
certain rate-limiting intermediate reactions in the Pentose Phosphate Pathway that
cause this occurrence. It is hypothesized that this pathway can be improved upon,
though, with future genetic manipulations (Gu et al. [3]).

When scaled up to a 7-liter bioreactor, the culture, which was fed an initial
concentration of 40 g/L xylose, consumed about 30 g/L xylose and produced
roughly 9 g/L butanol. These results are illustrated in Figure 7. In this trial, the
xylose consumption is 50% greater than in the small flasks, and the butanol
production is 100% greater. One possibility for the greater success rate in the 7-liter
fermenter may have to do with the differing amounts of oxygen in the flasks and the
fermenter. The shaker flasks were sparged with nitrogen every 24 hours in order to
rid the cultures of oxygen. However, in order to do this, the lids of the flasks are
taken off and then put back on. In this process, oxygen could well have entered the
flasks. In the fermenter, however, a stream of nitrogen was constantly flowing
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Figure 3: These graphs depict the concentrations of starting materials and products
at various times throughout each experiment. The title of each graph gives the initial
concentration of xylose fed to the bacteria. The solid curves represent the numerical
projections for xylose consumed and product formed. The symbols express the uptake
of xylose and formation of product in each experiment. The numerical results for each
data set were determined using the same parameters. The initial concentrations for
each data set were set as the initial concentrations given by the experiments. All of
the trials were run in triplicate, and the data, which consisted of measurements of
concentrations, turbidity, and the weight léf biomass formed, were collected every 24
hours for 144 hours. The blue curves and blue triangles represent the concentrations
of xylose consumed throughout the trials. These concentrations were calculated by
subtracting the concentrations of xylose calculated or measured at each point in
time from the initial concentrations of xylose. The curves and symbols representing
butanol and biomass concentrations give the concentrations of each produced.
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Figure 4: The graphs above show the experimental results for the amounts of acetic
acid, butyric acid, and acetone produced for each initial concentration of xylose fed to
the bacteria. The titles of the graphs indicate the initial concentrations of xylose, and
all concentrations are given in g/L. All of these experiments were run in triplicate,
and data were collected every 24 hours for 144 hours.
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Figure 5: This figure shows the maximum amounts of xylose metabolized and biomass
and butanol produced at any time during each experiment with respect to initial con-
centrations of xylose in the growth media. The xylose metabolized is calculated by
subtracting the concentration of xylose at the time point from the initial concentra-
tion of xylose.

Figure 6: Fermentor culture in 7-liter Figure 7: Flask cultures on incubated
BIOFLO-110 bioreactor. shaker table.
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Figure 8: This figure shows the concentrations of xylose, butanol, and biomass in the
7-Liter bioreactor as they change with time. The graph also compares experimental
results with numerical, or mathematically predicted, results. The symbols represent
experimental results, while the solid curves represent numerical results. All parameter
values are the same as those used in Figure 3 with the exception of V; and K5. Here,
V} is increased by a factor of two, and Kj is increased by a factor of three. Note that
the amount of butanol produced in the bioreactor is significantly greater than the
amount of butanol produced during any trial in the shaker flasks.
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Figure 9: This figure shows the concentrations of butyrate, acetate, and acetone
in the 7-Liter fermentor at various times during the experiment. The figure com-
pares experimental results, denoted by symbols, with numerical projections, shown
by curves. All parameter values are the same as those used in Figure 4, except, here,
V1 is increased by a factor of two and K5 is increased by a factor of three.
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through the bioreactor, and the bioreactor was never exposed to the atmosphere.
Thus, the oxygen levels in the bioreactor were seemingly much lower in the
fermenter than in the flasks. This may have resulted in greater butanol production
in the fermenter. It is interesting to note, however, that the biomass concentration
remained about the same in both the shaker flasks and the 7-liter fermenter.

The proteins at each time interval for each experiment were analyzed using 1-D
gels. Our preliminary gels show distinct differences in protein expression over the
duration of the fermentation. These differences may be related to the formation of
different end products over the course of the reaction. We can also predict that
additional proteins expressed at later time points may be related to solvent or acid
resistance.
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Figure 10: 1-D gel protein profiles. The first number represents the concentration of
xylose in g/L. The second number indicates the time each sample was taken.

Discussion

In future research, we would like to extend the mathematical model to include
additional sugar sources, alternate substrates, pH, and more complex enzyme
kinetics. We would also like to run a more detailed proteomic analysis of protein
assays. It would also be interesting to manipulate the pH of intermediate reactants
(e.g., butyric and acetic acid) during fermentation. We are also trying to identify
causes for differences observed between flasks and 7-liter bioreactor. We are also
going to complete a sensitivity analysis on the math model.
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