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ABSTRACT OF THE THESIS 

 

 

Cell-Free Biofuel Production using an In Vitro Synthetic Biochemistry Platform 

and Quantification of Isobutanol Tolerance of Synthesis Enzymes 

 

 

by 

 

Liviu Iancu Jr. 

Master of Science in Bioengineering 

University of California, Los Angeles, 2016 

Professor James U. Bowie, Co-Chair 

Professor Gerard Chee Lai Wong, Co-Chair 

 

In recent years, the growing threat of anthropogenic climate change has raised interest 

in and incentivized the development of low-carbon fuel and energy technologies. Liquid 

biofuels, derived from harvested plant biomass, have the potential to provide substantial 

greenhouse gas (GHG) emission reductions to the transport sector and serve as alternatives to 

traditional petroleum-based fuels, like gasoline and diesel.  The production of these fossil fuel 

substitutes often times requires the use of microbial organisms, genetically manipulated to mass 

produce these fuels from fermentable sugars. However, in general, cell-based synthesis tends 

to be somewhat inefficient, due to, among other factors, the metabolic constraints of biological 

life and issues related to intermediate and product toxicity. Recently, a new method, termed 

synthetic biochemistry or in vitro metabolic engineering, has emerged as a solution to some of 

these challenges.  In this approach, the cell is essentially tossed out, and only the desired 

biochemical pathway is reconstituted in vitro, facilitating rapid bio-commodity production at high 
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yields and high titers. Using this approach and fourteen enzymes from the Embden-Meyerhof-

Parnas pathway, the valine biosynthesis pathway and the Ehrlich pathway, we have been able 

to demonstrate for the first time the complete conversion (100% yield) of the fermentable 

sugar, D-glucose, to the advanced biofuel molecule, isobutanol, and achieve titers of nearly 15 

g/L without the use of any living cells. Though several enzymes were found to be particularly 

susceptible to product inhibition at high concentrations of isobutanol and may need to be 

engineered for greater organic solvent tolerance to achieve higher titers in the future, the 

results demonstrated here lend credibility to the concept of cell-free synthetic biochemistry as 

an efficient method for high-yield biofuel production. 
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CHAPTER 1: Introduction and Thesis Statement 

1.1 The Threats of Anthropogenic Climate Change & the Need for Alternative 

Fuels 

Human activities within the last several hundred years have led to drastic environmental 

changes. As a result of its dependence on fossil fuels, unsustainable agricultural practices, and 

mass deforestation, modern society has essentially altered fluxes in the global carbon cycle and 

changed the composition of the world's atmosphere [1-5]. Today, atmospheric carbon dioxide 

concentration is at a historic 404 parts per million, more than 40% higher than pre-industrial 

era levels, and without serious interventions this value is only expected to increase, resulting in 

greater average global temperatures, higher sea levels, and more pronounced ocean surface 

water acidity than what is so clearly observable presently [6-11]. Such events will not only 

result in substantial biodiversity loss and ecological destruction, but incur a human cost, as 

increasingly prolonged droughts and heat waves lead to decreased food production and rising 

sea levels displace a disproportionately large fraction of people residing along the world's 

coastlines [11-16]. 

Currently, the transportation sector makes a sizeable contribution to this observed 

atmospheric carbon concentration increase. According to a 2015 International Energy Agency 

report, the transport sector accounts for more than 20% of global greenhouse gas (GHG) 

emissions, with 70% of this value being attributed to emissions from road vehicles (powered 

primarily by petroleum-based gasoline and diesel) [17,18]. Furthermore, this is an expanding 

sector. Construction of road vehicle infrastructure is on the rise, and vehicle ownership is 

expected to double in the coming decades, likely causing emissions to increase in 

commensurate measure [18].  Projections made by the Fourth Intergovernmental Panel on 

Climate Change (IPCC) conclude that without bold interventions, GHG emissions from the 
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transport sector will increase from the current emission rate of 7.0 gigatonnes of carbon dioxide 

equivalents per year (GtCO2 (eq)/yr) to 14 GtCO2 (eq)/yr by mid-century [18]. 

It is unlikely that any one policy measure or technological advancement on its own will 

be enough to drastically curb carbon emissions from this growing sector [18]. However, by 

approaching the issue from multiple angles simultaneously, reductions may be possible. In 

addition to implementing policies that promote sustainable pedestrian-friendly urban 

development, support the creation of low-carbon public transport systems, and press for 

advancements in vehicle fuel economy, modern-day transport sector GHG emission reduction 

goals may also be approached by concurrently investing in the development of low-carbon fuels 

[18]. 

Despite claims to the contrary, plant-based biofuels have the potential to be one such 

low-carbon solution to transport sector emissions. However, not all biofuels are created equally, 

and the degree to which a plant-based fuel can be considered environmentally sustainable will 

depend greatly on, among other factors, the energy crop being grown for fuel production and 

the agricultural practices employed during cultivation [19]. In the United States, the eco-friendly 

reputation of biofuels has been undoubtedly and understandably tarnished by corn ethanol, due 

largely to the effects of direct and indirect land use change on net GHG emissions and the 

source crop's requirement for energy-intensive nitrogen fertilizers, which have been linked to 

increases in nitrous oxide emissions, as well as a rise in nitrate pollution [20-23]. 

Still, corn is not the only feed source available for fuel production.  Recently, in the U.S., 

perennial grasses like Miscanthus x giganteus and Panicum virgatum, known commonly as 

North American switchgrass, have been garnering more and more attention [24,25]. These 

plants show particular promise as potential dedicated energy crops because of their lengthy 

canopy durations and their ability to produce large amounts of biomass per unit area (as high 
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as 61 metric tons per hectare according to one field study) [26,27]. They also possess the 

attractive capability of being able to sequester high amounts of carbon below ground on 

account of their long and extensive root systems, which can even render their cellulose-derived 

fuels carbon-negative under certain conditions, according to several life cycle assessment 

studies [19,28-31]. Also, because they are perennial grasses, they do not require tilling or 

annual replanting, which further minimizes energy inputs, and they can be quite versatile, 

growing and thriving on marginal or abandoned crop land, even without the use of expensive 

fertilizers [23,26]. Considering the fact that there is enough of this land in the American 

Midwest to support the production of 18 billion liters of biofuel from cellulosic sources annually, 

while at the same time achieving substantial GHG emission reductions, this is a noteworthy 

feature [23].  

In the United States, production of liquid fuels from cellulosic energy crops, like 

Miscanthus and switchgrass, has been largely unrealized. However, in recent years, the annual 

production of more than 2 million gallons of cellulosic liquid biofuels and the involvement of 

large players, like Abengoa, POET, and DuPont, in the field has given new validity to the 

concept and new technology [33-36]. As advancements in protein engineering produce 

cheaper, more efficient cellulases and as genomic breeding efforts yield more productive 

“designer” crops with increasingly accessible sugar polymers, hope exists that the biofuel 

industry will move away from corn, begin utilizing more carbon-negative, sustainable fuel crops, 

and actually achieve what it was designed to achieve – produce high quality liquid fuels and 

provide drastic cuts in transport sector carbon emissions [23,26,37-40]. 

1.2 Alternatives to Bioethanol and the Benefits of In Vitro Biosynthesis 

In the U.S., ethanol is the biofuel most commonly used in vehicles operating 

conventional Otto cycle engines, with current annual consumption reaching approximately 14 
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billion gallons, according to the most recent U.S. DOE Billion-ton Report [41].  However, as a 

fuel, ethanol has some rather unattractive features, most notably its low energy density (21.2 

MJ/L compared to the 31 MJ/L of gasoline), water miscibility, and high hygroscopicity [42-44].  

On account of these undesirable traits, incentives exist for identifying and producing adequate 

plant-based substitutes [42]. 

Recently, isobutanol has become a popular target for biofuel production, precisely 

because it retains many of the benefits of ethanol while simultaneously overcoming some of its 

limitations [42-44]. Like ethanol, isobutanol is an oxygenate, and blending this alcohol with 

conventional gasoline likely reduces the presence of soot particles and polycyclic aromatic 

hydrocarbons in tailpipe emissions [45,46]. In addition, its octane rating is comparable to that 

of ethanol, meaning gasoline mixtures containing this compound are less likely to produce 

engine knocking at high engine loads [42,44]. However, unlike ethyl alcohol, isobutanol has a 

minimal water solubility, and its low hygroscopicity decreases the likelihood of it pulling water 

from the surrounding atmosphere and causing corrosion to transportation infrastructure and the 

engine interior [42,44]. It also has a higher energy density than ethanol (26.5 MJ/L), ensuring 

that its presence at high concentrations in isobutanol-gasoline blends will not drastically 

compromise vehicle fuel economy [42,44]. Finally, it can be mixed at relatively high ratios with 

gasoline, with a study by the American Society of Mechanical Engineers finding that blends of 

even as high as 85% vol/vol isobutanol could be burned in standard direct-injection, spark-

ignition engines without risking engine performance or damage [42].  

Fermentation of plant sugars to produce isobutanol has already been successfully 

demonstrated in vivo. In 2008, Atsumi et al. were able to engineer a strain of E. coli capable of 

converting glucose to the C4 biofuel at high titers and high yields [44]. By essentially 

upregulating and introducing five genes from the valine biosynthesis pathway and Ehrlich 
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pathway and simultaneously knocking out a formate acetyltransferase gene, the researchers 

were able to achieve isobutanol production of 22 g/L in 112 hours, an 86% conversion of the 

starting sugar [44]. 

Such an achievement is notable. However, this method of genetically manipulating 

microbial organisms to overproduce commodity molecules and fuels like isobutanol comes with 

certain challenges. Recruiting single-celled organisms for biosynthesis often requires introducing 

or upregulating new or native biochemical pathways in a cell [44,47,48,51]. Such actions 

usually have unintended consequences, as biological life is immensely complex and human 

knowledge regarding interactions and phenomena at the biomolecular and cellular level is still 

largely incomplete [48,49]. New pathways can dysregulate native ones, compromising cell 

growth, and pathway intermediates from one organism may be toxic to a new host [48,49,51]. 

Transcriptional, translational, and post-translational regulations can also cause interference and 

suppress metabolic flux, making genome-wide gene knockouts and other manipulations 

necessary to achieve adequate bio-commodity production [49,50]. Furthermore, optimizing the 

expression of the individual enzymes in an engineered pathway can also be difficult and tedious 

work, as it may require the introduction of multiple plasmids and the fine tuning of promoters 

and ribosome binding sites [49-51]. Yet, even if all of these achievements can be made, yields 

may not approach the theoretical maximum, as a portion of starting carbohydrates will 

undoubtedly be set aside to maintain necessary metabolic functions and the myriad of 

competing and intersecting metabolic pathways within a cell will certainly siphon off 

intermediates from the desired pathway [49,52].  

As a solution to these issues, another method of biosynthetic production has emerged in 

recent years. In this approach, termed synthetic biochemistry or in vitro metabolic engineering, 

the cell is essentially tossed out, and only the desired biosynthetic pathway is reconstituted in 
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vitro [52,53]. Without all of the metabolic constraints of biological life or the presence of other 

pathways to complicate synthesis and produce undesirable byproducts, all carbohydrates or 

other starting materials can be channeled towards the production of a desired product, and 

yields can approach or even reach the theoretical maximum [49,50,54-56]. Furthermore, with 

the cell-free approach overall reaction rates can be greatly enhanced since no cell membranes 

or other barriers, other than diffusion, exist in an in vitro system that can slow the contact 

between substrate and pathway [52,56-58]. Product and substrate toxicity is also reduced 

because there are fewer components to inhibit in a cell-free system than in a living organism, 

and if an enzyme is found to be adversely affected by some pathway intermediate, it can be 

easily identified and swapped out for a more tolerant analog [52,59]. Such a feature makes 

these systems in general more robust, more tolerant to a wider variety of reaction conditions, 

and capable of achieving higher titers than modified cells [57,59]. Finally, the process of 

pathway optimization is greatly simplified as flux and intermediate buildup can be easily 

monitored and pathway modification becomes as simple as pipetting in more or less of a 

particular enzyme [49,52,60]. 

1.3  Thesis Statement 

On account of the features listed above, in vitro metabolic engineering appears to have 

the potential to serve as a powerful method for sustainable biofuel production. The capacity of 

the cell-free biosynthesis method to achieve high yields can have significant implications for 

profitability. This is because the selling prices of plant-based liquid biofuels are only slightly 

higher than those of the fermentable sugars used to produce them, and any deviation from an 

adequately high yield can be the difference between profit and financial loss [56,57,61,62]. 

High yields may also provide environmental benefits since higher yields translate to fewer 

carbohydrates (and in turn, fewer plants and smaller amounts of land) needed to achieve the 
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same results as a low-yield process. In addition, high titers can reduce costs associated with 

product separation and extraction (in general, the second most important factor determining 

selling prices of low-value goods), and the potential for cell-free biosynthetic systems to operate 

under a wide variety of reaction conditions means less money and energy needs to be devoted 

to detoxifying solutions of substrates, like acid-treated solutions of cellulose [57,63]. 

Despite these benefits, the cell-free approach has been largely ignored by mainstream 

science, and few studies have explored the potential of synthetic biochemistry to produce low-

value commodity chemicals and fuels [56]. This work seeks to correct this. Utilizing a fourteen-

component system of purified enzymes from the glycolysis, valine biosynthesis and Ehrlich 

pathways, we sought to determine whether or not the advanced biofuel molecule, isobutanol, 

could be produced at high yields and high titers from the simple sugar D-glucose without the 

use of living cells. In addition, this work also features a small section that explores the tolerance 

of the synthesis enzymes to isobutanol. The reason for investigating this was to identify which 

enzymes, if any, were particularly susceptible to product inhibition and denaturation, so that 

they may be either replaced or enhanced in future protein engineering studies.  

 

 

 

 

 

 

 

 

 



8 

CHAPTER 2: Cell-Free Biosynthesis of Isobutanol 

2.1  Pathway Design 

In order to produce isobutanol in vitro, a synthetic biochemical pathway had to be 

designed that would be capable of carrying out the necessary sugar-to-fuel conversion.  Though 

more creative freedom is generally possible for the design of cell-free metabolic pathways than 

for their in vivo counterparts, in vitro system engineering is still bound by certain design 

constraints [49,59].  The system in question must, of course, be capable of actually carrying out 

the desired biochemical conversion from start to finish. Before designing an in vitro pathway, 

one must ask if it has some basis in nature and if enzymes exist that are capable of facilitating 

all of the necessary step-wise biochemical reactions [56].  In addition, the system should be 

sustainable and capable of maintaining metabolic flux and bio-commodity production without 

constant maintenance and intervention [56].  In order for this to be achieved, in vitro pathways 

must usually be able to replenish stocks of necessary cofactors during the course of the 

reaction [56,59]. Hence, a sustainable synthetic biochemistry pathway should have built into it 

a means by which cofactors like ATP and NAD(P)H can be effectively enzymatically recycled or 

purged if build-up of one form of the co-factors occurs [52,56,64].  In addition, the pathway 

should be designed in a manner that minimizes by-product formation [56]. Towards this end, 

care should be taken in ensuring orthogonality in the pathway, and enzymes chosen as 

components in the engineered pathway should have affinity for only their intended substrates, 

and not some other intermediates [56]. Finally, pathway thermodynamics should be favorable, 

and irreversible reactions, like substrate decarboxylation reactions, should be introduced 

whenever possible in order to maintain flux and drive the overall reaction in the forward 

direction [53,56]. 
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With these principles in mind, the pathway illustrated in Figure 2-1 was designed. It is 

based on three metabolic pathways found in nature: the Embden-Meyerhof-Parnas pathway 

(standard glycolysis) (steps 1 through 9), the valine synthesis pathway (steps 10 through 12), 

and the Ehrlich pathway for fusel alcohol production (steps 13 and 14). This biosynthetic 

pathway, the enzymatic components of which are listed in Table 2-1, can be thought of as 

consisting of two modules: (1) a catabolic portion, which breaks down one D-glucose molecule 

into two pyruvic acid molecules while providing electrons and hydrogen for two molecules of the 

reducing cofactor NADP+; and (2) a build portion, which utilizes the two generated NADPH 

molecules to stitch together the resulting pyruvates and synthesize one isobutanol molecule.  

Because two molecules of ATP are produced for each round of standard glycolysis, the 

catabolic portion of this system had to be tweaked slightly to produce net zero ATP for each 

glucose-to-pyruvate conversion, lest ADP concentration during the course of the reaction 

diminishes and 3-carbon intermediates begin building up as a result. To make the catabolic 

portion stoichiometric in terms of ATP, a non-phosphorylating, NADP-dependent Gapdh enzyme 

from C. acetobutylicum (Ca) was chosen as a replacement for the standard phosphorylating 

NAD-dependent Gapdh protein common to central metabolism [65]. Using water and NADP+, 

this enzyme directly converts glyceraldehyde-3-phosphate (G3P) to 3-phosphoglycerate (3PG), 

eliminating the need for ATP-synthesizing phosphoglycerate kinase (Pgk) to be present in the 

metabolic pathway at all, and solving the ATP issue [65].  

Since the central thesis of this work is that synthetic biochemistry systems can 

theoretically outperform similarly engineered cell-based systems, in terms of yield and titer 

production, the build module was designed to mirror the isobutanol-generating metabolic 

pathway first introduced by Liao and colleagues into E. coli in 2008 [44]. This allows for side-

by-side comparison of the two approaches. However, slight modifications had to be made to 
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this portion of the pathway also. The earlier in vivo system utilized both NADH and NADPH for 

pyruvate-to-isobutanol conversion [44]. Originally, the system relied on NADPH-dependent 

ketol-acid reductoisomerase (IlvC) to convert acetolactate to 2,3-dihydroxyisovalerate and used 

a NADH-utilizing alcohol dehydrogenase (ADH) to reduce isobutanal to isobutanol in the final 

step of the pathway [44]. In order to simplify the system so that only one form of reducing 

cofactors would be used, the NADH-dependent enzyme in the final step needed to be swapped 

out for an alcohol dehydrogenase specific for NADPH. Following a literature review, several 

proteins were selected as replacement candidates for NADH-dependent ADH [66,67]. 

Ultimately, YahK from E. coli was chosen as the substitute on account of its high specific activity 

with substrate isobutanal and its low Km [67]. 

2.2  Piece-Wise Pathway Assembly 

With a tentative biosynthetic pathway in place, focus shifted towards piecewise in vitro 

assembly and testing to determine whether the system could adequately maintain metabolic 

flux. Towards this end, the 14-component pathway was first broken up into three distinct 

sections that could be easily monitored by spectrophotometric techniques [68]. In order to 

confirm the proper functioning of the first half of the catabolic module, Gs Glk, Gt PgiA, Ec PfkB, 

Sa Fba, Gs TpiA, and Ca GapN were combined with glucose and their cofactors (NADP+ and 

ATP) in 200 µL reaction volumes and assayed by a spectrophotometric enzyme-coupled assay 

(Figure 2-2). Flux was confirmed by an increase in absorbance at 340 nm, which corresponds to 

reduction of NADP+ to NADPH and implies production of 3-phosphoglycerate (3PG). Addition of 

glyceraldehyde-3-phosphate (G3P) to this in vitro pathway fragment at two times the 

concentrations of glucose showed a similar absorbance level change, indicating that the 

glucose-to-3PG conversion reaches completion and that no sugar molecules are trapped as 

pathway intermediates. 
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A similar experiment was performed to validate flux through the bottom half of the 

catabolic module (Figure 2-3). Pathway enzymes Gs iPgm, Ec Eno, and Rabbit Pyk were 

combined with their necessary co-factors and 3PG. Conversion of 3PG to pyruvate was 

determined by coupling the reaction to excess lactate dehydrogenase (LDH) from E. coli and 

NADH and monitoring the drop in absorbance at 340 nm. As in the previous experiment, the 

reaction is thought to have gone to completion as the addition of pyruvate to this reconstituted 

segment of the isobutanol synthesis pathway resulted in the same absorbance change seen 

after adding an equal concentration of 3PG. 

To validate flux through the build module, Bs AlsS, Ec IlvC, Ll KivD and Ec YahK were 

combined with 1 mM pyruvate and 1 mM NADPH. Since only one NADPH is oxidized during the 

conversion of 2 pyruvate molecules to one 2,3-dihydroxyisovalerate, only half of the reducing 

equivalents are expected to be oxidized in the assay. Indeed, this is what occurs, as indicated 

by only a partial drop in absorbance in Figure 2-4. Introducing Re IlvD, however, allows the 

reaction to proceed to the final aldehyde-reduction step and results in the complete oxidation of 

NADPH. 

2.3 Cell-Free Isobutanol Production from Glucose  

After determining that metabolic flux could be maintained through separate sections of 

the isobutanol synthesis pathway, all of the enzymes were combined in one reaction vessel to 

reconstitute the entire pathway, and focus shifted towards isobutanol production from glucose. 

Briefly, biochemical synthesis of isobutanol was achieved by combining the fourteen pathway 

enzymes, with their necessary co-factors and glucose, in 2-mL gas-tight vials and allowing the 

reconstituted in vitro pathway to carry out the sugar-to-fuel conversion for approximately 12 to 

14 hours at room temperature. The 200 µL reaction volumes were then overlaid with organic 

solvent (hexanes or 2-hexyl-1-decanol) to extract the produced isobutanol, and gas 
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chromatography (GC) was used to determine the presence of the C4 alcohol in the overlay. An 

authentic standard curve was employed to determine the quantity of isobutanol produced. 

Initially, yield and titers were quite small, as the in vitro pathway could only convert 

around one fifth of the starting glucose to isobutanol and produce approximately 20 mM of the 

fuel molecule (data not shown). However, after several iterations, significant improvements 

were made. Enzyme ratios and cofactor concentrations were optimized to a point where the 

system was able to convert 100 mM of glucose to isobutanol in 40 hours, a seemingly complete 

conversion of all of the sugar that was used to start the reaction. A residual sugar assay 

quantifying the presence of phosphorylated and nonphosphorylated sugars (glucose through 

glyceraldehyde-3-phosphate) found no remaining sugar in the reaction volume. Figure 2-5 

details the results of the time course experiment run in duplicate showing the complete 

conversion of glucose to the fuel molecule, as well the reaction conditions. Enzyme units added 

to the time course reaction volumes, as well as the assay conditions used to determine those 

units, are described in Table 2-2.  

Knowing that this synthetic biochemistry system could produce a moderate amount of 

isobutanol close to or at the theoretical maximum yield, efforts were then taken to improve the 

overall reaction rate and to achieve higher titers. Several enzymes – Gs iPgm, Rabbit Pyk, Ec 

PfkB, and Gs Glk – were exchanged for analogs from other organisms, and cofactor 

concentrations and reaction conditions were further optimized. Figure 2-7 shows the result of 

the latest, most successful time course experiment, and Table 2-3 describes enzymatic units 

added, as well as assay conditions for determining those values.  Comparing the initial slopes in 

the time course figures, it appears that the initial reaction rate was practically doubled in this 

latest iteration.  However, in this experiment, total sugar-to-fuel conversion unfortunately was 

not achieved.  Only about 80% of the starting sugar had been converted to the C4 alcohol, and 
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193 +/- 8 mM (~15 g/L) isobutanol were produced by the end of the time course.  A residual 

sugar assay was also performed (Figure 2-7) and showed that at the time of the last time point 

(66 hrs), 57 +/- 10 mM of unused sugar (both in the phosphorylated and nonphosphorylated 

forms) remained in the reaction solution. Though complete sugar-to-fuel conversion in this 

experiment was not achieved, the results from this time course still suggest that all of the sugar 

utilized by the synthetic biochemistry system was used entirely for the synthesis of    

isobutanol.  

2.4  Supplementing Reactions with Additional Cofactors 

A potential issue with using in vitro biochemical synthesis systems is that without any of 

the machinery of living cells, cell-free pathways have no way of replenishing their enzymatic 

components as they naturally lose activity.  At a certain point, metabolic flux through the 

pathway will cease as the most labile enzymes eventually denature and become inactive, halting 

the overall biochemical reaction before complete conversion has occurred. To test whether this 

was the case in the in vitro isobutanol production system (in time course II), reactions were 

again set up to convert 250 mM glucose to isobutanol, and after 24 hours, reactions were 

spiked with the various enzymes. However, the addition of no enzymes appeared to make a 

statistically significant difference in the titer at 48 hours (data not shown). As a result, answers 

were sought elsewhere. 

Another possible explanation for the premature plateau in isobutanol conversion lay in 

the stability of the cofactors, NADPH and ATP. Though these small molecules were found to be 

quite stable in a protein-free solution of pH 7.5 (Figure 2-8), the same pH as the reaction 

solution, it is possible that these cofactors could be made unusable by the presence of some 

adulterating ATPases or hydrogenases that may have contaminated enzyme stocks during the 

course of protein purification. To determine whether or not cofactor loss was a substantial 
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issue, 200 µL reactions were again set up in triplicates and allowed to convert glucose to 

isobutanol for approximately 24 hours, after which either 4 mM additional ATP, 4 mM additional 

NADP+ or a small volume of water (control) was added to each sample. After an additional 24 

hours, reactions were stopped, the product was extracted with hexanes, and isobutanol 

concentration was analyzed by gas chromatography. Figure 2-9 shows the results of the 

experiment, and suggests that ATP is the problem cofactor since spiking in this cofactor 

increased isobutanol concentration at 48 hours more than 40% when compared to the control 

group. An ATPase assay confirmed these suspicions, as the results showed the presence of 

contaminating ATPase in nearly all of the purified protein stock solutions, with strikingly high 

levels present in the Ec Eno and Ec IlvC stocks (Figure 2-10). Though further experiments are 

needed to determine whether or not cofactor loss is the primary cause of production cessation 

at 200 mM isobutanol, these last experiments suggest that ATPase contamination plays some 

part in the winding down of the overall conversion process. 
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Figure 2-1. Isobutanol Synthesis Pathway. Schematic of the engineered 14-step in vitro isobutanol synthesis 
pathway. The legend shows the enzymes corresponding to each step in the overall process. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

         LEGEND 
 

1. Gs Glk⋆, Sc HK‡                         6. Ca GapN⋆, Sm GapN‡       10. Bs AlsS 
2. Gt PgiA       7. Gs iPgm⋆, Ec dPgm‡       11. Ec IlvC 
3. Ec PfkB⋆, Gs PfkA‡       8. Ec Eno          12. Re IlvD 
4. Sa Fba        9. Rabbit Pyk⋆, Ec PykF‡      13.  Ll KivD 
5. Gs TpiA                                14. Ec YahK 
 
 

 
⋆ Enzymes used exclusively at the beginning of this work and in the first time course experiment. 

‡ Enzymes used exclusively in second time course experiment.  
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Figure 2-2. Monitoring Flux through the Top of the Catabolic Module. To verify conversion of glucose to 3PG 

and determine metabolic flux through the first half of the catabolic portion in the isobutanol production pathway, Gs 

Glk, Gt PgiA, Ec PfkB, Sa Fba, Gs TpiA, and Ca GapN were combined in a 200 µL reaction volume with 0.5 mM 

glucose, 1 mM ATP, 1 mM NADP+, 10 mM KCl, MgCl2, and 50 mM Tris-HCl pH 7.5, and absorbance at 340 nm, 

indicative of a reduction of NADP+ to NADPH, was monitored over time (solid red line). As a positive control, 1 mM 

G3P was added to the reaction instead of glucose (solid yellow line). Absorbance measurements from negative 

control assays, in which either Sa Fba, Ec PfkB, or glucose were excluded, are also shown above (solid, dotted, and 

dashed lines, respectively).  
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Figure 2-3. Monitoring Flux through the Bottom of the Catabolic Module. Flux through the second half of 

the catabolic module and conversion of 3PG to pyruvate was verified by coupling the reactions of Gs iPgm, Ec Eno, 

and Rabbit Pyk to that of Ec lactic dehydrogenase (LDH) and monitoring absorbance change at 340 nm, indicative of 

conversion of pyruvate to lactic acid, over time. The four enzymes were combined in 200 µL reaction volumes with 

0.25 mM MnCl2, 5 mM MgCl2, 10 mM KCl, 50 mM Tris-HCl pH 7.5, 0.8 mM NADH, 0.8 mM ADP and 0.8 mM 3PG (solid 

red line). As a positive control, 0.8 mM pyruvate (instead of 3PG) and a 100-fold dilution of Ec LDH were added to 

the assay mix (solid yellow line). Assays lacking either Gs iPgm, Ec Eno, or 3PG served as negative controls (solid, 

dashed and dotted black lines, respectively). 
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Figure 2-4. Monitoring Flux through the Build Module. To validate synthesis of isobutanol from pyruvate, build 

module enzymes (Bs AlsS, Ec IlvC, Re IlvD, Ll KivD, and Ec YahK) were combined with 0.5 mM TPP, 1 mM NADPH, 1 

mM pyruvate, 10 mM KCl, 5 mM MgCl2, and 50 mM Tris-HCl pH 7.5 in a 200 µL reaction volume at room 

temperature, and absorbance decrease at 340 nm (corresponding to oxidation of NADPH and production of 

isobutanol) was monitored over time (solid red line). Reactions lacking KivD (solid yellow line) and IlvD (solid black 

line) were included to show that the drop in absorbance at 340 nm was not just due to the activity of IlvC. A reaction 

lacking pyruvate (dotted black line) served as a negative control. 
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Figure 2-5. Cell-Free Isobutanol Production from Glucose over Time (Time Course I). Gas chromatography 

data showing concentration of isobutanol produced 4, 8, 20, and 40 hours after the addition of 100 mM glucose to 

the in vitro synthesis system. In addition to glucose, reaction volumes contained the enzymes of the catabolic and 

build modules, 2 mM NADP+, 4 mM ATP, 0.25 mM AMP, 0.25 mM TPP, 0.25 mM MnCl2, 10 mM glutathione (GSH) 

reduced, 5 mM KCl, 5 mM MgCl2, and 50 mM Tris pH 7.5. Reactions were set up in duplicates at room temperature, 

and error bars represent the value of one standard deviation at each time point. Concentration at each time point 

was determined by extrapolating from the standard curve displayed in the right hand corner of the figure, which 

plots known isobutanol concentrations against corresponding peak areas. Enzyme units added are listed in Table 2-2.      

. 
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Figure 2-6. Overlaid Representative Peaks at Different Time Points (from Time Course I) 
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Figure 2-7. Cell-Free Isobutanol Production over Time and Residual Sugar Assay (Time Course II).  
Graph indicating isobutanol production 6, 18, 30, 42, 54, and 66 hours after the addition of 250 mM glucose to the in 
vitro biosynthetic system. In addition to glucose, the reaction volumes contained the enzymes of the catabolic and 
build modules, 4 mM NADP+, 4 mM ATP, 0.25 mM TPP, 0.25 mM AMP, 1.5 mM GSH (reduced), 0.25 mM 2,3-
bisphosphoglycerate (2,3-BPG), 0.25 mM MnCl2, 5 mM MgCl2, 5 mM KCl, 50 mM Tris-HCl pH 7.5, and 0.5 mM free 
phosphate. Enzyme units added are listed in Table 2-3.  Reactions were set up in triplicates at room temperature, 
and error bars indicate the value of one standard deviation. The graph also shows average residual sugar 
concentration at each time point (solid orange squares), determined from a spectrophotometric residual sugar assay, 
also performed in triplicates. 
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Figure 2-8. Quantifying Cofactor Stability over Time. Graph depicting the relative stability of ATP and NADP+ 

under reaction conditions. Cofactors (ATP and NADP+) were incubated at room temperature in 0% or 2% vol/vol 

isobutanol solution containing 50 mM Tris-HCl pH 7.5, 10 mM KCl, and 5 mM MgCl2 for 200 hours, and their stability 

or usability was determined either by a direct or enzyme-coupled spectrophotometric assay, in which the tested 

cofactors were the limiting reagents and the change in absorbance (relative to the first time point at 0 hours) at the 

end of the assays corresponded to the level of degradation of the cofactors. NADP+ stability was determined by a 

glucose-6-phosphate dehydrogenase assay, and ATP stability was determined by a glucose-6-phosphate 

dehydrogenase-coupled glucokinase assay. Assays were performed in triplicates at room temperature, and error bars 

represent the value of one standard deviation from the average that is shown graphically. 
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Figure 2-9. Effects of Cofactor Supplementation on Isobutanol Titers. Graph depicting the relative amount 

of isobutanol produced in 48 hours after supplementing the in vitro system with 4 mM ATP, 4 mM NADP+, or a small 

volume of water 24 hours after initiating the reaction.  Reaction conditions were identical to those used in Time 

Course experiment II, see Figure 2-7. Reactions were performed in triplicates, and error bars represent the value of 

one standard deviation from the average that is shown graphically. 
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Figure 2-10. Assaying for Residual ATPase Activity in the Cell-Free System. Figure depicting the level of 

ATPase contamination in each of the enzyme purifications. The amount of residual ATPase activity in the stock 

enzyme solutions was determined by a spectrophotometric enzyme-coupled assay. In it, 5 uL of each enzyme 

purification were added to a 200 µL volume containing 10 mM KCl, 5 mM MgCl2, 50 mM Tris-HCl pH 7.5, 1 mM ATP, 

0.5 mM NADH, 1 mM PEP, an excess of Rabbit muscle pyruvate kinase and lactate dehydrogenase (Sigma), and 

absorbance at 340 nm was monitored for 2 hours. Drop in absorbance indicates ATPase contamination, as hydrolysis 

of ATP by adulterating ATPases allows for the enzymatic conversion of PEP to lactate and the oxidation of NADH to 

NAD+. A legend indicates which cell corresponds to which enzyme stock solution. An assay lacking any synthesis 

enzymes served as a negative control (C5). In each cell, the horizontal axis represents time (minimum: 0 hours; 

maximum: 2 hours), and the vertical axis represents absorbance at 340 nm. 
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Enzyme Abbreviation Source Organism 
Accession 
Number 

Expression 
Time (Hrs) 

Expression 
Temperature 

(oC) 

Glucokinase Gs Glk 
G. stearothermophilus 

ATCC12980 
KOR95707 18 37 

Hexokinase Sc Hk S. cerevisiae N/A N/A N/A 

Glucose-6-Phosphate Isomerase Gt PgiA 
G. thermodenitrificans 

NG80-2 
ABO68222 18 37 

Phosphofructokinase I Gs PfkA 
G. stearothermophilus                             

ATCC12980 
KOR92562 18 18 

Phosphofructokinase II Ec PfkB 
E. coli K12  

sp MG1655 
NP_416237  18 18 

Triose Phosphate Isomerase Gs TpiA 
G. stearothermophilus 

ATCC12980 
KOR95273 18 37 

Fructose-Bisphosphate Aldolase Sa Fba S. aureus subsp. aureus BAR10119 18 18 

Glyceraldehyde-3-Phosphate 
Dehydrogenase (NADP-dependent, 

none-phosphorylating) 
Sm GapN S. mutans NP_J721104 18 18 

Glyceraldehyde-3-Phosphate 
Dehydrogenase (NADP-dependent, 

none-phosphorylating) 
Ca GapN 

C. acetobutylicum 
 ATCC 824 

NP_350239 18 18 

Phosphoglycerate Mutase                                     
(2,3-bisphosphoglycerate-

dependent) 
Ec dPgm 

E. coli K12                                                              
sp MG1655 

NP_415276 18 37 

Phosphoglycerate Mutase                                     
(2,3-bisphosphoglycerate-

independent) 
Gs iPgm 

G. stearothermophilus 
ATCC12980 

KOR95274 18 37 

Phosphoenolpyruvate Hydratase Ec Eno E. coli K12 sp MG1655 NP_417259 18 18 

Pyruvate Kinase Ec PykF E. coli K12  sp MG1655 NP_416191 18 18 

Pyruvate Kinase Rabbit Pyk O. cuniculus N/A N/A N/A 

Acetolactate Synthase Bs AlsS B. subtilis subtilis 168 NP_391482 18 18 

Ketol-Acid Reductoisomerase Ec IlvC E. coli K12 sp MG1655 AKK14493 18 18 

Dihydroxy-Acid Dehydratase Re IlvD R. eutropha Q0K4J3 18 18 

∝-Keto-Isovalerate Decarboxylase Ll KivD L. lactis  subsp. Lactis CAG34226 18 18 

Alcohol Dehydrogenase (NADP-
dependent) 

Ec YahK 
E. coli K12 

ASKA collection 
N/A 3 37 

 
Table 2-1. Enzymes used in Isobutanol Synthesis Reactions. Table detailing the enzymes used in this work, 
the source organisms from which they are derived, their accession numbers, and expression conditions.  

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

 



26 

Enzyme 
Stock 

Concentration 
(mg/mL) 

𝛍L 
Added 

𝛍g 
Added 

Units Added 
( x 10-2 

𝛍mol/min) 

Coupling 
Enzyme(s) 

Assay 
Conditions ‡ 

Gs Glk 2.48 0.08 0.20 4.1 ± 0.3 
Rabbit 

PK/LDH** 
2 mM glucose, 2 mM ATP, 
2 mM PEP, 1 mM NADH 

Gt PgiA* 7.24 1.50 10.86 30 ± 10 Gs Zwf† 2 mM F6P, 1 mM NADP+ 

Ec PfkB 15.06 8.00 120.48 34 ± 7 
Rabbit 

PK/LDH** 

2 mM F6P, 2 mM ATP 
1 mM NADH, 2 mM PEP 

Sa Fba 9.15 8.00 73.20 335 ± 9 Ca GapN 2 mM FBP, 1 mM NADP+ 

Gs TpiA 12.75 1.00 12.75 N/A N/A N/A 

Ca GapN 9.27 10.00 92.70 10.0 ± 0.1 N/A 2.5 mM G3P, 1 mM NADP+ 

Gs iPgm 13.15 5.00 65.75 73 ± 3 
Ec Eno, Rabbit 

PK/LDH** 

13.2 mM 3PG, 0.25 mM MnCl2,  
1 mM ADP, 1 mM NADH 

Ec Eno 27.20 5.00 136.00 1700 ± 200 
Rabbit 

PK/LDH** 

1 mM 2PG, 2 mM ADP,  
1 mM NADH 

Rabbit 
Pyk 

7.00 10.00 70.00 49.4 ± 0.5 Ec LDH 
2 mM PEP, 2 mM ADP, 

1 mM NADH 

Bs AlsS 6.60 8.00 52.80 48 ± 2 Ec IlvC 
45 mM pyruvate, 0.25 mM NADPH,  

0.25 mM TPP 

Ec IlvC 7.89 8.00 63.12 19.9 ± 0.5 Bs AlsS 
45 mM pyruvate, 0.25 mM TPP, 1.5 
mM NADPH, 10 mM GSH (reduced) 

Re IlvD 16.95 8.00 135.60 13.0 ± 0.7 
Ll KivD,  
Ec YahK 

8 mM 2,3-DHIV, 0.25 mM TPP,  
1 mM NADPH 

Ll KivD 5.65 8.00 45.20 108 ± 2 Ec YahK 1 mM NADPH, 8 mM 2,3-DHIV 

Ec YahK* 2.18 16.00 34.88 7.2 ± 0.1 N/A 1 mM NADP+, 60 mM butanol 

‡ All enzymes assayed at room temperature in 200 𝛍L solution containing 10 mM KCl, 5 mM MgCl2, and 50 mM Tris-

HCl pH 7.5                                                                                                                         

* assayed in reverse direction                                     
† coupling enzyme was glucose-6-phosphate dehydrogenase from Geobacillus stearothermophilus                                                         
** Rabbit PK/LDH was a solution of pyruvate kinase and lactate dehydrogenase from Rabbit muscle (purchased from 
Sigma) 

Table 2-2. Enzyme Units for Time Course I. Table detailing the amounts (micrograms, microliters, and 

enzymatic units) of each enzyme added to each reaction volume in the first time course experiment, as well as the 

assay conditions used to determine enzymatic units. One unit was defined as the amount of enzyme needed to turn 

over one micromole of its substrate in one minute in the above reaction conditions. Enzyme assays were performed 

in triplicates. 
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Enzyme 
Stock 

Concentration 
(mg/mL) 

𝛍L 
Added 

𝛍g 
Added 

Units Added 
( x 10-2 

𝛍mol/min) 

Coupling 
Enzyme(s) 

Assay 
Conditions‡ 

Sc Hk 2.73 0.20 0.55 5.5 ± 0.8 
Rabbit 

PK/LDH** 
4 mM glucose, 1 mM ATP, 
1 mM PEP, 0.5 mM NADH 

Gt PgiA 5.70 3.00 17.10 200 ± 10 
Ec PfkB, Rabbit 

PK/LDH** 
4 mM G6P, 1 mM ATP,  

1 mM PEP, 0.5 mM NADH 

Gs PfkA 8.49 16.00 135.84 360 ± 70 
Gt PgiA, Rabbit 

PK/LDH** 
4 mM G6P, 1 mM ATP 

0.5 mM NADH, 1 mM PEP 

Sa Fba 9.84 8.00 78.82 310 ± 10 
Gs Gapdh,  

Gs Pgk 
4 mM FBP, 1 mM NAD+,  

10 mM free phosphate, 1 mM ADP 

Gs TpiA 12.75 2.00 25.50 N/A N/A N/A 

Sm GapN 16.09 1.50 24.14  13.5 ± 0.8 Gs TpiA 
4 mM DHAP,  
1 mM NADP+ 

Ec dPgm 12.16 3.00 36.48 180 ± 10 
Ec Eno, Rabbit 

PK/LDH** 
4 mM 3PG, 1 mM ADP, 

0.5 mM NADH 

Ec Eno 26.09 5.00 130.45 1900 ± 400 
Rabbit 

PK/LDH** 
4 mM 2PG, 1 mM ADP,  

0.5 mM NADH 

Ec PykF 16.39 10.00 163.90 50 ± 10 Ec LDH 
4 mM PEP, 1 mM ADP, 

0.5 mM NADH 

Bs AlsS 6.22 8.00 49.76 77 ± 9 Ec IlvC 
4 mM pyruvate, 0.5 mM NADPH,  

0.25 mM TPP 

Ec IlvC 21.43 16.00 342.88 81 ± 3 Bs AlsS 
4 mM pyruvate, 0.5 mM NADPH,  

0.25 mM TPP 

Re IlvD 11.58 8.00 92.64 36 ± 3 
Ll KivD,  
Ec YahK 

2 mM 2,3-DHIV, 0.25 mM TPP,  
0.5 mM NADPH 

Ll KivD 6.27 1.60 10.03 47 ± 5 Ec YahK 
4 mM α-KIV, 0.5 mM NADPH,  

0.25 mM TPP 

Ec YahK* 2.18 16.00 34.88 4.4 ± 0.5 N/A 54 mM isobutanol, 1 mM NADP+ 

‡ All enzymes assayed at room temperature in 200 𝛍L solution containing 10 mM KCl, 5 mM MgCl2, and 50 mM Tris-

HCl pH 7.5                                                                                                                        
* assayed in reverse direction                                                                                                                                                   

** Rabbit PK/LDH was a solution of pyruvate kinase and lactate dehydrogenase from Rabbit muscle (purchased from 
Sigma)  

Table 2-3.  Enzyme Units for Time Course II. Table detailing the amounts (micrograms, microliters, and 

enzymatic units) of each enzyme added to each reaction volume in the second time course experiment, as well as 

the assay conditions used to determine enzymatic units. One unit was defined as the amount of enzyme needed to 

convert one micromole of its substrate in one minute in the above reaction conditions. Enzyme assays were 

performed in triplicates. 
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CHAPTER 3: Assaying Synthesis Enzymes for Isobutanol Tolerance 

In addition to demonstrating the usefulness of a cell-free synthetic biochemistry 

platform to produce value chemicals at high yields, we also examined the tolerance of the 

synthesis enzymes to isobutanol. The purpose of quantifying tolerance of the proteins to the 

organic solvent was to identify targets for future protein engineering studies. Ideally, an in vitro 

biofuel synthesis system would be capable of producing and operating at high concentrations of 

isobutanol, since higher titers generally translate to lower processing and purification costs [56]. 

This can only be achieved if all pathway enzymes can operate adequately at such high product 

concentrations. In other words, the pathway is only as strong as its weakest, most labile link, 

and if just one enzyme loses significant activity at a high product concentration, the whole 

process will grind to a halt.  

To assay for stability and activity in the presence of isobutanol, the synthesis enzymes, 

with the exception of iPgm, TpiA, IlvD, KivD, and YahK were incubated in a solution containing 

either 0%, 4% or 8% vol/vol isobutanol and assayed for activity in the same concentration of 

isobutanol at various time points during a 32-hour time period. For assays utilizing coupling 

enzymes, measures were taken to first determine whether or not the coupling enzymes would 

be active at such high isobutanol concentrations. IlvD, KivD, and YahK were also incubated in 

either a 0%, 4% or 8% isobutanol solution, but all samples were assayed in a solution 

containing the same concentration of isobutanol (0.12% vol/vol), to eliminate the effects of 

product inhibition on the assay. Figure 3-1 and Figure 3-2 show the results of these assays, and 

Table 3-1 lists the assay conditions.  

 From the results, it appears that nearly all of the enzymes were to some degree 

negatively affected by isobutanol. Though around half of the proteins appeared to be relatively 

tolerant to the C4 alcohol in a 4% vol/vol solution, nearly all of the assayed enzymes had lost 
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75% or more of their initial enzymatic activity after being incubated in an 8% vol/vol isobutanol 

solution for 32 hours. Sc Hk, Sm GapN, Ca GapN, and Ll KivD seemed particularly susceptible to 

inactivation even at a concentration of 4% vol/vol isobutanol, as incubating these enzymes at 

this concentration resulted in a near complete loss of activity within 32 hours. Ec YahK, Ec PfkB, 

and Re IvD seemed to be resistant to inactivation. Incubating YahK and IlvD in 4% and 8% 

isobutanol appeared to have little effect on the overall stability of these enzymes after 30 hours. 

Interestingly, PfkB showed an increase in activity when incubated and assayed in 4% and 8% 

vol/vol isobutanol, even at the end of the time course.  
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Figure 3-1. Assaying Synthesis Enzymes for Isobutanol Tolerance I.  Figure showing the relative activities of 

the isobutanol synthesis enzymes (with the exceptions of iPgm, TpiA, IlvD, KivD, and YahK) in aqueous solution 

containing either 0%, 4% or 8% vol/vol isobutanol 0, 4, 8, 16 and 32 hours after incubation in solutions of the same 

alcohol concentration. Enzyme activities were determined either by direct or enzyme-coupled continuous 

spectrophotometric assays, in which oxidation or reduction of NAD(P)H through absorbance change at 340 nm was 

monitored over time. Maximum enzymatic rates (Vmax values) were calculated from the maximum observed 

absorbance change per unit time (greatest slope). Relative activity values of the enzymes at different time points and 

in the different assay conditions were calculated by normalizing those Vmax values to the Vmax value of the enzymes at 

0 hours in a 0% vol/vol isobutanol solution. Assays were performed in triplicates and the activity at each time point 

represents the triplicate average. Error bars represent the value of one standard deviation. Assay conditions are 

listed in Table 3-1. 
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Figure 3-2. Assaying Synthesis Enzymes for Isobutanol Tolerance II. Figure showing the relative activities of 

IlvD, KivD, and YahK in a low-isobutanol solution 0, 2, 5, 12 and 30 hours after incubating the enzymes in aqueous 

solution containing either 0%, 4%, or 8% vol/vol isobutanol. Enzyme activities were determined by enzyme-coupled 

continuous spectrophotometric assays, in which oxidation of NADPH through absorbance change at 340 nm was 

monitored over time. Relative activity values of enzymes at different time points and in the different assay conditions 

were calculated by normalizing Vmax values to the Vmax value of the enzymes at 0 hours in a 0% vol/vol isobutanol 

solution. Assays were performed in triplicates, and assay conditions are listed in Table 3-1. 
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Enzyme Substrate 
Coupling 

Enzyme(s) 
Assay 

Conditions 
Sc Hk 2 mM glucose Rabbit PK/LDH* 1 mM ATP,1 mM PEP, 0.5 mM NADH 

Gs Glk 1 mM glucose Rabbit PK/LDH* 1 mM PEP, 1 mM ATP, 0.5 mM NADH 

Gt PgiA 3 mM G6P Ec PfkB, Rabbit PK/LDH* 1 mM ATP, 1 mM PEP, 0.5 mM NADH 

Ec PfkB 2 mM G6P Gt PgiA, Rabbit PK/LDH* 1 mM PEP, 0.5 mM NADH, 1 mM ATP 

Gs PfkA 10 mM G6P Gt PgiA, Rabbit PK/LDH* 1 mM ATP, 0.5 mM NADH, 1 mM PEP 

Sa Fba 2 mM FBP Gs Gapdh, Gs Pgk 
0.5 mM NAD+, 10 mM free phosphate, 

1 mM ADP 

Sm GapN 1 mM DHAP Gs TpiA 1 mM NADP+ 

Ca GapN 2.5 mM DHAP Gs TpiA 1 mM NADP+ 

Ec dPgm 2 mM 3PG Ec Eno, Rabbit PK/LDH* 
0.25 mM 2,3-BPG, 0.5 mM NADH,  

1 mM ADP 

Ec Eno 1 mM 2PG Rabbit PK/LDH* 1 mM ADP, 0.5 mM NADH 

Rabbit Pyk 1 mM PEP Ec LDH 0.5 mM NADH, 1 mM ADP 

Ec PykF 1 mM PEP Ec LDH 0.5 mM FBP, 1 mM ADP,0.5 mM NADH 

Bs AlsS 2 mM pyruvate Ec IlvC 0.5 mM NADPH, 0.25 mM TPP 

Ec IlvC 2 mM pyruvate Bs AlsS 0.5 mM NADPH, 0.25 mM TPP 

Re IlvD 3.2 mM 2,3-DHIV Ll KivD, Ec YahK 0.5 mM NADPH, 0.5 mM TPP,  

Ll KivD 1.5 mM α-KIV Ec YahK 0.5 mM TPP, 0.5 mM NADPH 

Ec YahK 1.5 mM α-KIV Ll KivD 0.5 mM TPP, 0.5 mM NADPH 

* Rabbit PK/LDH was a solution of pyruvate kinase and lactate dehydrogenase from Rabbit muscle (purchased 
from Sigma) 

Table 3-1. Conditions for Isobutanol Tolerance Assays. Table listing the concentrations of the cofactors and 

substrates as well as coupling enzymes used in the isobutanol tolerance assays. All assays were performed at room 

temperature in aqueous solution containing 50 mM Tris-HCl pH 7.5, 10 mM KCl, 5 mM MgCl2 with either 0%, 4%, 8% 

vol/vol isobutanol. IlvD, KivD, YahK assays contained minimal isobutanol (0.12% vol/vol).  
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CHAPTER 4:  Discussion and Conclusion 

4.1  Discussion of Results and Future Directions 

The concept of using microorganisms as cellular factories for the production of 

commodity chemicals and therapeutics is as old as human history itself and has given us a 

range of goods, from beer to insulin. Recently, on account of the growing threats of 

anthropogenic climate change and an increased demand for cleaner, more sustainable energy 

sources, microbial organisms have been exploited to convert plant biomass into liquid fuels 

[44,69]. However, in general, cell-based synthesis tends to be somewhat inefficient, due to, 

among other factors, the metabolic constraints of biological life and issues related to 

intermediate and product toxicity [49,51,57]. Cell-free biosynthetic systems, on the other hand, 

are generally more robust and require only the presence of the desired biosynthetic pathway in 

a reaction vessel, precluding competition for intermediates with other metabolic pathways and 

promoting high yields [49,52,59].  Using a fourteen-component enzymatic system, we have 

been able to demonstrate for the first time the complete enzymatic conversion of glucose to 

isobutanol without the use of any living cells. Though 100% conversion was achieved with only 

a moderate amount of starting glucose (100 mM), this result does lend credibility to the concept 

of cell-free synthetic biochemistry as an efficient method of high-yield biochemical synthesis. 

Cell-free systems are not problem-free. Contaminating enzymes, like the 

uncharacterized ATPases found to have eluted with IlvC and Eno, have the potential to disturb 

metabolic flux, drain cofactor pools and jeopardize overall product synthesis if they are present 

at high enough concentrations. In order to provide reaction conditions capable of sustaining 

long-term synthesis and of reaching higher titers, future experiments may benefit from utilizing 

more advanced protein purification techniques. However, since such techniques can be 

prohibitively costly, another solution to this issue may be to engineer adaptability straight into 
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the in vitro system itself. For example, by introducing a small amount of phosphorylating NADP-

dependent GAPDH and phosphoglycerate kinase, conversion of glucose to isobutanol may 

produce a small excess of ATP – enough to stave off total hydrolysis of the cofactor by 

contaminating ATPases [70]. Similarly, if adulterating hydrogenases become a significant issue, 

enzymes of the pentose phosphate pathway could be introduced to produce a small excess of 

NADPH. However, the concentration of contaminating ATPases or hydrogenases will certainly 

vary from one batch of purified proteins to another, and as a result, the amount of 

supplementary enzymes added may need to be optimized for every reaction condition (for high 

and low amounts of ATPase contamination). This may be time-consuming. As a solution, 

software that models metabolic flux can be used to expedite the process [71]. 

Another issue with the in vitro approach is the inherent fragility of the enzymatic 

components of the system. Though one does not have to worry about maintaining healthy cells 

during in vitro biochemical synthesis, enzymes do have their limits and can lose a significant 

percentage of their initial enzymatic activity when exposed to high concentrations of certain 

organic compounds [72]. From the results of the organic solvent tolerance assays, it is clear 

that all tested enzymes, with the exception of Yahk, IlvD, and PfkB are negatively impacted by 

the branch chain alcohol to some extent. Both GapN enzymes and the alpha-keto-isovalerate 

decarboxylase seemed to also be particularly susceptible to loss of activity at 4% vol/vol 

isobutanol, suggesting that this concentration of isobutanol would be the highest achievable 

titer when using this combination of enzymes. The rapid drop in the activity of KivD following 

two hours of incubation in 4% vol/vol isobutanol also raises the question of whether or not this 

protein is susceptible to even lower alcohol concentrations and whether or not this susceptibility 

contributed to the conversion plateau observed in the second time course experiment.  Further 

tolerance experiments may need to be performed to verify this idea. 
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In order for this in vitro biofuel production method to produce higher titers than what 

has been achieved here, become commercially viable, and achieve cost competitiveness with 

petroleum-based fuels, it will be necessary to engineer the synthesis enzymes to not only 

tolerate isobutanol but to retain high activity at increased concentrations of the molecule for 

extended amounts of time. Plant-derived bio-fuels are relatively cheap products (on a mole by 

mole basis, costing only slightly more than fermentable sugars), which makes its selling price 

predominantly dependent on the cost of the carbohydrates used to synthesize them 

[56,62,73,74]. If a significant portion of carbohydrates are used to continually produce 

enzymes, less sugar will be available for sugar-to-fuel conversion, and fuel production cost may 

eat into profits, making the process unsustainable [75]. However, if the enzymes are 

engineered to have a turnover rate as high as that of industrial glucose isomerase, which 

produces approximately 1x106 kilograms of fructose for every one kilogram of enzyme utilized, 

the starting cost of the carbohydrate needed to produce the enzymes will be minimized, and 

synthesis process will become highly efficient [56]. If synthesis proteins are designed to tolerate 

the C4 alcohol at its solubility limit and can also be immobilized, selling prices can drop even 

lower since in these situations enzymes can be reused and product separation becomes 

extremely simplified – merely a matter of collecting the organic phase that naturally separates 

from the aqueous reaction volume [56].  

4.2 Conclusion 

From the results of the isobutanol synthesis experiments, it appears that cell-free 

synthetic biochemistry systems do have the capacity to produce biofuels at high yields and high 

titers. Furthermore, targets for enzyme engineering have been identified from the organic 

solvent tolerance assays. Ultimately, however, this work is simply a starting point, and while it 

gives validity to the concept of cell-free synthetic biochemistry as an efficient method of high-
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yield biochemical synthesis, others will need to take the results presented here and improve 

upon them by making the system more adaptable to enzyme contamination and more tolerant 

to high levels of isobutanol.  
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CHAPTER 5:  Experimental Section 

5.1  Amplification of Genomic DNA and Plasmid Construction 

The genes coding for the enzymes used in this work were amplified from genomic DNA 

by polymerase chain reaction (PCR) using the KOD Xtreme Hot Start DNA Polymerase system 

(EMD Millipore 71975). Table 2-1 lists the individual enzymes and the source organisms from 

which the DNA originated, as well as the corresponding accession numbers.  In order to 

facilitate Gibson assembly, sense and antisense primers (Addgene) were designed with 

additional 15-20 nucleotide-long overhang tags on their 5' ends, which would be 

complementary to the DNA sequences at the cut-sites of the plasmid into which they would be 

inserted.  Briefly, PCR was carried out in 50 µL reactions utilizing buffer conditions and 

polymerase concentrations specified by the vendor with the final reaction mixture containing 

100 ng genomic DNA, 0.3 µM sense primer and 0.3 µM antisense primer. Amplification was 

performed using the following thermocycling method: 2 minutes at 94 oC to activate the 

polymerase, 10 seconds at 98 oC to denature the DNA, 30 seconds at annealing temperature to 

allow binding of primer to the target gene, and 1 minute at 68 oC to allow for elongation. 

Following PCR, gel electrophoresis was performed to confirm amplification. Recovery of 

the amplified gene from the agarose gel was achieved by utilizing Qiagen’s Qiaquick PCR 

Purification Kit and the associate protocol (Qiagen 28104). In short, the band corresponding to 

the amplified genomic sequence was cut out of the gel and added to a volume of solubilization 

buffer, provided with the kit. After incubating at 65 oC for 10 minutes, the resulting gel was 

added to a spin column, centrifuged, and washed with 700 µL ethanol-containing wash buffer. 

Following a dry spin step, to ensure the removal of any excess wash buffer, the DNA was eluted 

with 30-50 µL water, and nucleotide concentration was determined by spectrophotometry (ND-

1000, Nanodrop). 
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All amplified genes were cloned into pET28 vectors (Novagen) cut at the the NdeI and 

XboI restriction sites to endow the inserted genes with sequences that would code for N-

terminal histidine tags. A revised Gibson assembly method was employed to construct these 

expression vectors [68]. In brief, 10-20 ng of vector DNA were combined with 20-50 ng of PCR-

amplified DNA (amplified genomic DNA) and 7.5 µL of assembly master mix (0.1 M Tris-Cl pH 

7.5, 0.2 mM dNTPs, 1 mM NAD+, 5% PEG 8K, 10 mM DTT, 10 mM MgCl2, 0.00375 U/µL T5 

exonuclease (Epicenter), 0.012 µL Phusion DNA polymerase (New England Biolabs Inc.), 4 U/µL 

Taq ligase (MCLab)) [68]. After mixing, the solution was incubated at 50 oC for 60 minutes. 

Unless otherwise stated, the chemicals used in the experiments described here were 

purchased from Sigma and were of chemical grade. 

5.2  Bacterial Transformation, Colony PCR, and Sequencing 

The assembled constructs described above were then used to transform BL21(DE3) E. 

coli cells (Agilent). 1-5 µL of plasmid DNA were added to 100 µL of chemically competent cells, 

left on ice for 30 minutes, heat shocked at 42 oC for 45 minutes, then again placed on ice for an 

additional 2 minutes. Following the addition of 900 µL LB-Miller growth media (BD Difco) and a 

recovery period of 60 minutes at 37 oC, the transformed cells were centrifuged, the resulting 

pellet resuspended in LB Miller media, and the cell solution plated on antibiotic-containing agar 

plates (50 ug/mL kanamycin (Fischer, BP905-6)). The cells were incubated overnight at 37 oC.  

After colonies had grown, they were picked and re-suspended in 15 µL water. PCR was 

performed using the diluted cells, T7 promoter primer (Addgene), and HotStart Taq Mastermix 

(Denville Scientific, CB4030-4 (1001077)), according to the manufacturer’s instructions. 

Insertion of the genes into pET28 vectors was confirmed by gel electrophoresis. If the results 

were positive, 5-mL cultures (25 g/L LB-Miller supplemented with 0.05 mg/mL Kanamycin) were 

set up from the appropriate re-suspended colonies and grown at 37 oC overnight. DNA was 
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isolated from the bacteria using a QIAprep Spin Miniprep Kit (Qiagen, 27104) and sequenced by 

the sequencing company Genewiz. 

5.3  Protein Expression and Purification 

With the exception of the S. cerevisiea hexokinase and Rabbit muscle pyruvate kinase, 

which were purchased from Sigma, and the alcohol dehydrogenase, YahK, which was obtained 

from an ASKA collection of E. coli K-12 clones overexpressing endogenous proteins (National 

BioResource Project, Japan), all enzymes used in the in vitro isobutanol production experiments 

were obtained by culturing the transformed E. coli BL21-Gold cells described above, chemically 

inducing them to overexpress the recombinant proteins coded for on their unique plasmids, and 

purifying the overexpressed proteins by affinity chromatography. In short, 1 to 2 liters of 

autoclaved bacterial growth medium, containing 25 g/L LB-Miller supplemented with 0.05 

mg/mL Kanamycin (0.034 mg/mL Chloramphenicol for cells expressing YahK), were inoculated 

with 5 mL of starter overnight culture (of the same composition). The cells were then incubated 

at 37 oC until an OD at 600 nm of 0.6 was reached. Overexpression of recombinant protein was 

induced with 333 µM isopropyl-beta-D-thiogalactopyranoside (Affymetrix), and the cells were 

grown for an additional 3 or 18 hours at either 37 oC or 18 oC. Table 2-1 describes the 

expression conditions for each unique strain.  

After fermentation, the cells were centrifuged for 30 minutes at 3500 rotations per 

minute (RPM) (Allegra X-15R Centrifuge, Beckman Coulter), and the cell pellet was re-

suspended in 25 mL of standard wash/lysis buffer solution (100 mM NaCl, 50 mM Tris pH 7.5 

buffer, and 5 mM imidazole). For cells overexpressing KivD, low-pH phosphate buffer (100mM 

NaCl, 5mM imidazole, 10mM phosphate pH 6-6.5) was used as the resuspension buffer instead. 

The cells, in their appropriate buffers, were then lysed by sonication (550 Sonic Desmembrator, 

Fischer Scientific). The lysate was centrifuged to remove the cell debris (30 minutes at 15,000 
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RPM using a Sorvall SS-34 Rotor in a Sorvall RC 5B Plus Centrifuge). Afterwards, the 

supernatant was collected, mixed with 4-5 mL of Ni-NTA agarose resin (Qiagen 30430), and 

gently rotated at 4 oC for 30 minutes, in order to allow the His-tagged protein to bind to the 

immobilized nickel. Following the incubation, the slurry was transferred to a column and washed 

with 30-35 mL of the appropriate wash buffer. The target protein was eluted with 4-5 mL 

elution buffer (10 mM phosphate pH 6-6.5, 250mM imidazole, 100 mM NaCl for KivD; 250 mM 

imidazole, 100 mM NaCl, 50 mM Tris pH 7.5 for all other proteins). The presence and activities 

of the target enzymes in the eluents were confirmed by SDS-PAGE and spectrophotometric 

enzyme activity assays. Enzyme concentration was determined measuring absorbance of the 

eluent at 280 nm (Nanodrop). 

5.4  Assaying for Activity in the Presence of and Stability after Incubation in  

Isobutanol 

Organic solvent tolerance of the enzymes was assessed by spectrophotometric assay in 

96-well plates on a SpectraMax M5 plate reader. Enzyme activity was assayed either by directly 

measuring an enzyme's inherent NAD(P)H oxidation or reduction potential, i.e. measuring the 

absorbance change at 340 nm per unit time, or by coupling the enzymatic reaction to a 

separate reaction that did carry out such a reduction or oxidation if such an oxidation or 

reduction was not inherent to the enzyme being assessed. Briefly, all synthesis enzymes, with 

the exception of IlvD, KivD, and YahK, were incubated at room temperature for 32 hours in 

10mM KCl, 5mM MgCl2 and 50 mM Tris pH 7.5 containing either 0%, 4% or 8% vol/vol 

isobutanol. At 0, 4, 8, 16 and 32 hours, the incubated enzymes were assayed in 200 µL of 

solution of the same isobutanol concentration with their given substrates, cofactors, and 

coupled enzymes (See Table 3-1 for assay conditions). Absorbance change per unit time was 

converted to concentration change per time using Beer's law. Vmax values were determined from 
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the regions of absorbance change per unit time with the greatest slopes. For assays utilizing 

coupling enzymes, measures were taken to first determine whether or not the coupling 

enzymes would be active in solutions of such high isobutanol concentration. If the activities of 

coupling enzymes were significantly hampered, more units were added to the assay mixture in 

order to ensure that the active coupling enzyme would be present in large excess (to ensure 

that we were in fact measuring the activity of the target enzyme and not the coupling 

enzyme(s)). Assays were run in triplicates against no-substrate and no-assayed enzyme controls 

and activities were normalized according to Vmax value of the enzyme in 0% isobutanol at the 

zero-hour timepoint. 

The enzymes IlvD, YahK, and KivD were also incubated either in a 0%, 4%, or 8% 

vol/vol isobutanol/aqueous solution. However, in order to minimize the effect of product 

inhibition, all enzymes from all three experimental groups were assayed in aqueous solution 

containing only 0.12% isobutanol. These enzymes were assayed 0, 2, 5, 12 and 30 hours after 

incubation by enzyme-coupled assay. 

5.5  Monitoring Metabolic Flux Through Pathway Segments 

To determine flux through the first half of the catabolic module, Gs Glk, Gt PgiA, Ec 

PfkB, Sa Fba, Gs TpiA, and Ca GapN were combined at room temperature in a 200 µL reaction 

volume (in a 96-well plate) containing 50 mM Tris-HCl pH 7.5, 10 mM KCl, 5 mM MgCl2, 1 mM 

ATP, 1 mM NADP+, and 0.5 mM glucose, and absorbance change at 340 nm (corresponding to 

reduction of NADP+ to NADPH and production of 3PG) was monitored over time using a 

SpectraMax plate-reader. Reactions excluding either PfkB, Fba or glucose served were also set 

up and monitored over time and served as negative controls. A reaction excluding glucose but 

containing 1 mM G3P served as a positive control.  
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  A similar experiment was performed to determine flux through the bottom of the 

catabolic module. To determine flux through this region, the reactions of Gs iPgm, Ec Eno, and 

Rabbit Pyk were coupled to that of E. coli lactate dehydrogenase (LDH) (Sigma), and decrease 

in absorbance at 340 nm (corresponding to oxidation of NADH and conversion of pyruvate to 

lactate) was monitored over time using a plate reader. In brief, Gs iPgm, Ec Eno, Rabbit Pyk, 

and LDH were combined in a 200 µL reaction volume at RT with 0.25 mM MnCl2, 10 mM KCl, 5 

mM MgCl2, 50 mM Tris-HCl pH 7.5, 0.8 mM NADH, 0.8 mM ADP and 0.8 mM 3PG and the 

reaction was allowed to proceed until completion. Reactions lacking either iPgm, Eno, or 3PG 

were also set up and monitored over time and served as negative controls. A reaction lacking 

3PG but including 1 mM pyruvate served as a positive control.  

To determine flux through the build module, Bs AlsS, Ec IlvC, Re IlvD, Ll KivD, and Ec 

YahK were combined with 0.5 mM TPP, 1 mM NADPH, 1 mM pyruvate, 10 mM KCl, 5 mM MgCl2, 

and 50 mM Tris-HCl pH 7.5 in a 200 µL reaction volume at RT, and absorbance decrease at 340 

nm (corresponding to oxidation of NADPH and production of isobutanol) was monitored over 

time using a plate reader. To ensure that isobutanol synthesis was being monitored and not just 

synthesis of alpha-keto-isovalerate or dihydroxyisovlaerate, reactions lacking either IlvD or KivD 

were also set up and monitored over time. A reaction lacking pyruvate but including all other 

components and cofactors served as a negative control. 

5.6 In vitro Isobutanol Production 

Isobutanol production was carried out in 200 µL reaction volumes in 2-mL gas-tight 

glass vials at room temperature. The concentrations and volumes of the enzymatic components 

and cofactors for the first time course experiment are listed in Figure 2-5 and Table 2-2. 

Concentrations and volumes of enzymatic components and cofactors used in the second time 

course experiment can be found in Figure 2-7 and Table 2-3. The reactions in the first time 
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course were set up in duplicates, and the reactions in the second time course were run in 

triplicates. At each time point, 300 µL of organic solvent (2-hexyl-1-decanol for the first time 

course and hexanes for the second time course) were added to the reaction mixture to act as a 

physical sink for the produced isobutanol. Vials were vortexed, the mixture was centrifuged, 

and the light organic phase was collected afterwards. The remaining aqueous layer was then 

heated to 90 oC for 2 minutes to terminate any enzymatic processes.  For the experiments in 

which cofactors were supplemented, reactions were again set up in triplicates according to the 

reaction conditions of the second time course experiment (See Figure 2-7 and Table 2-3). After 

24 hours, reactions were spiked with water (control), 4 mM additional NADPH or 4 mM 

additional ATP and left to react for an additional 24 hours before extraction with 300 µL 

hexanes. 

Isobutanol production was detected using a gas chromatograph equipped with a flame 

ionization detector (GC-FID) (HP5980II). 100 µL of the organic layer was injected using a 100-

µL gas-tight syringe into the chromatograph loaded with a PEG-coated column (HP-INNOWax, 

Agilent, part number: 19091N-113). The carrier gas was helium, which flowed at a rate of 5 

mL/min. The inlet temperature was set to 250 oC, while the detector temperature was set to 

300 oC. Initial oven temperature was 50 oC. After five minutes at 50 oC, the temperature was 

increased at a rate of 7.5 oC /minute until a temperature of 100 oC was reached. At that point, 

the temperature rate was increased to 20 oC/min until the oven reached a temperature of 260 

oC, where it remained for 6 minutes and 40 seconds. An authentic isobutanol standard was 

used to validate the presence of isobutanol in the reactions. A standard curve plotting known 

isobutanol concentrations against peak areas was used to convert the raw GC-FID data from 

the time course experiments to concentration in mM at particular time points. 
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5.7 Residual Sugar Assay 

Residual sugar (defined as glucose, glucose-6-phosphate, fructose-6-phosphate, 

fructose-1,6-bisphosphate, dihydroxyacetone phosphate and glyceraldehyde-3-phosphate 

remaining in reaction volume after isobutanol production had reached completion) was 

quantified by diluting the boiled aqueous phase that remained after isobutanol extraction from 

each sample at each time point, adding an aliquot of the diluted solution to a solution of Gs Glk 

(or Sc HK), Gt PgiA, Ec PfkB (or Gs PfkA), Gs TpiA, Sa Fba, and Ca (or Sm) GapN containing 5 

mM KCl, 5 mM MgCl2, 50 mM Tris pH 7.5 and excess ATP and NADP+ (final volume 200 µL), 

and tracking absorbance change at 340 nm in real-time using a plate-reader. After reactions 

had reached completion (absorbance had plateaued), final absorbance was subtracted from the 

average absorbance of 3 reactions that contained no diluted aqueous phase. A standard curve, 

plotting absorbance change against concentration, was generated by performing the above 

residual sugar assay with volumes of known sugar concentration and plotting sugar 

concentration against absorbance change. From this, residual sugar concentration in the 

aqueous phase of the samples was extrapolated. 

5.8 Determining Enzymatic Units Used in Isobutanol Synthesis Experiments 

In order to determine the enzymatic units needed to achieve the reported yields, the 

activities of the utilized enzymes were obtained by direct or enzyme-coupled 

spectrophotometric assays. See Table 2-2 and 2-3 for assay conditions. Again, if coupling 

enzymes were used, it was first determined that they would be present in large excess to 

ensure that the drop or rise in absorbance at 340 nm (indicative of reduction or oxidation of 

NAD(P)H) was attributed mainly to the activity of the enzyme being assayed and not the 

coupling enzyme. One unit was defined as the amount of enzyme necessary to turn over one 

micromole of substrate per minute under the given assay conditions (Tables 2-2 and 2-3). Units 
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were calculated from the maximum observed absorbance change per unit time using Beer’s law 

and known assay volumes. All assays were performed in triplicates and at room temperature. 

5.9 Cofactor Stability Assay and Residual ATPase Assay 

ATP stability was determined by spectrophotometric assay. The cofactor was incubated 

for 200 hours at room temperature in an aqueous solution containing 10mM KCl, 5mM MgCl2, 

and 50 mM Tris pH 7.5 with either 0% or 2% vol/vol isobutanol, to mimic the range of reaction 

conditions. At 0, 3, 12, 30, 54, and 200 hours, 0.5 mM of ATP from both conditions was added 

to a volume containing Gs Glk, Gs glucose-6-phosphate dehydrogenase, 50 mM Tris pH 7.5, 10 

mM KCl, 5 mM MgCl2, 2 mM glucose, and 2 mM NADP+ (final volume: 200 µL) and absorbance 

change at 340 nm was monitored using a plate reader. When the reaction had reached 

completion (and absorbance change per unit time had plateaued), the maximum absorbance 

value was recorded and standardized according to the path length in each well. Relative 

stability at each time point was determined by the normalizing these standardized maximum 

absorbance values at each time point to the maximum absorbance value of the ATP group 

incubated in 0% vol/vol isobutanol at the 0-hour time point. All assays were performed in 

triplicates at room temperature. 

NADP+ stability was determined similarly. However, in this assay, NADP+ was the 

limiting reagent (final concentration: 0.5 mM). The reaction volume also included 2 mM G6P but 

no glucose or Gs Glk.  All assays were performed in triplicates at room temperature. 

The presence of residual ATPase in each purification was determined by a 

spectrophotometric assay. 5 µL from each enzyme stock used in the second time course 

experiment was added to assay volumes containing 10 mM KCl, 5 mM MgCl2, 50 mM Tris-HCl 

pH 7.5, 0.5 mM NADH, 1 mM ATP, 1 mM PEP, and an excess of Rabbit muscle pyruvate kinase 

and lactate dehydrogenase (Sigma) (final reaction volume: 200 µL). Absorbance change at 340 
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nm was then monitored for each sample over the course of two hours at room temperature via 

plate reader. 
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