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ABSTRACT

Improved processing of biomass as a feedstock for plastics, liquid fuels, and other value-
added products is an essential step towards an environmentally sustainable energy economy. The
deconstruction of biomass is regarded as one of the main hurtles to the economic viability of
biomass processing facilities. ITonic Liquids (ILs) are a promising class of solvents for the
degradation of cellulosic biomass due to their ability to dissolve/solvate the cellulose substrate
and improve access for enzymes and other catalysts. One favorable trait of ILs is that they have
negligible vapor pressure and are relatively stable at elevated temperatures, which allow for
increased reaction kinetics and increased lifetime through solvent recycling. It is believed that a
synergistic system of cellulase enzymes, water, and ILs and/or a catalytically enabled IL water
binary mixture could greatly enhance the efficiency of biomass processing for production of
biofuels and value-added chemicals/materials.

This research provides novel molecular-level insights into various interactions between
cellulase enzymes, cellulosic substrate, ionic liquids and water. Initial studies of the protonatable
residues within the active site of a thermophilic cellobiohydrolase, Melancarpus albomyces (Ma
Cel7B), were found to impact the substrate conformation, which are tied closely to the optimum
pH for hydrolytic activity. The activity of hyperthermophilic endoglucanase enzymes in IL are
shown to be diminished through competitive binding, dampened protein fluctuations, and
decreased conformational sampling of the bound substrate. The solvation of cellulosic
compounds in various ILs was also studied, and indicated preference for dihedral orientations
around the glycosidic bond and ring puckering conformations similar to those in cellulase active
sites. Subsequent studies have shown that adding triethoxy to the cation decreases viscosity and

inhibition of enzymes relative to dialkyl-imidazolium ILs while retaining the ILs favorable
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solvation and conformational characteristics. Expanding on our previous studies, a carboxylic
acid functionalized IL was developed to mimic the inverting glycoside hydrolase active sites for
simultaneous solvation and saccharification of cellulose without enzymes or added catalysts.
This novel IL has been evaluated with ab initio calculations and long-time molecular dynamics,

and indicates a promising new approach to the solvation and sachharification of biomass.
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CHAPTER 1 : INTRODUCTION

1.1 Motivation for Thesis

Depletion of the Earth"s natural non-renewable resources (i.e. petroleum resources), and
the associated release of sequestered carbon and other green-house gas emissions, are driving
development of new technologies for reducing our environmental footprint and dependence on
non-renewable resources.' Studies have shown that since the industrial revolution CO,
concentration in the atmosphere has been increasing exponentially (Figure 1.1).> This drastic
increase in green-house gas has far reaching consequences to the Earths climate and current
environmental balance.’ Clearly a carbon-neutral feedstock for the production of transportation

fuel and value added chemicals would be an indispensable part of developing a sustainable

global feedstock.
Atmospheric Concentration of
Carbon Dioxide (1744-2005)
400
375 {
350
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Figure 1.1. Atmospheric CO, concentration since the industrial revolution.”



In addition to concerns related to greenhouse emissions there have historically been many
political and military conflicts over access to petroleum resources.” Countries with domestic
sources of energy sufficient for self-sustainability are better equipped to handle such conflicts in
a sensible manner. As of 2014 the USA imports over 9 million barrels per day of petroleum and
only exports about 4 million barrels per day.® The consumer culture in the US heavily relies upon
readily available liquid fuels for transportation, heating, and general operation of daily activities.
A domestically attainable source for a renewable feedstock that can replace/supplement
excessive needs for petroleum would help relieve tensions related to securing a long-term
petroleum supply.

Lignocellulosic biomass is a promising renewable and domestically grown feedstock that
holds the possibility of reducing our overall demands for petroleum. Lignocellulosic biomass
conversion is a technology receiving significant attention due to its sustainability as a feedstock,
potential carbon-neutral life-cycle, and the versatility of possible products such as liquid fuels,
biodegradable plastics, and chemicals.”® Ideally, the carbon released from using bio-derived
products is absorbed from the atmosphere into plants, which will later be used to make
bioproducts.” This process will more encourage a balance in the atmospheric CO; as opposed to
the use of sequestered carbon sources such as coal and petroleum.' Additionally, because
lignocellulosic biomass processing utilizes the entire plant the yield of value-added products per

acre is twice that of partial plant use such as corn-ethanol."’

1.2 Applications of Biomass

Lignocellulosic biomass utilization is an attractive proposition due to the widespread

abundance of biomass, favorable environmental impacts, as well as ease of adapting current



infrastructure to accommodate products (i.e. biofuels).!" Another benefit of biomass utilization,
especially in the case of liquid transportation fuel, is the use of already existing pipelines, pump
stations, and liquid fuel motor technologies, which account for a large monetary investment over
the past century. Studies have shown that the United States is capable of producing enough
biomass to continually meet the current demand for liquid fuels, food, livestock feed, and fiber
without drastic modification to current land usage practices.'>"® Liquid fuels for transportation
alone represents the majority of petroleum used in the USA'* and a biomass economy could

13,12,15,1
replace much of the current need for petroleum'*'*!*!°

thus creating a renewable supply of fuel,
invigorating local economies, and reducing the release of sequestered carbon and other harmful

emissions.'’
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Figure 1.2. Carbon cycle for blomass economy. Pr0V1des process flow context for the
saccharification steps on which this thesis is focused. US biomass map adapted from NREL
technical reports'®

||.




The general process flow for biomass processing is depicted in Figure 1.2. The biomass-
rich areas are colored more darkly and show feasible locations for processing plants.'® Usually
the biomass is preprocessed before enzymatic deconstruction, which consists of grinding, and
acid or ionic liquid (IL) pretreatment in order to increase surface area, remove lignin and
hemicelluloses, and to make the cellulosic material more accessible to enzymes." Alternative
processes to enzymatic deconstruction include pyrolysis and gasification, which can be used to
convert the biomass to anhydrous sugars and further reduced products, however these techniques
require prohibitively high energy input. In general, enzymatic saccharification uses less energy
than high temperature processes, but takes significantly more time as the enzyme cocktails (i.e.
endoglucanases, exoglucanases, and [-glucosidases) hydrolyze glycosidic bonds between
saccharide monomers.”’ An alternative to the biological methods is to use high temperatures (i.e.
pyrolysis),”! inorganic catalysts (e.g. metal chlorides,”” or ethyl-metals®), or acids.'”** Each
method shows promise in particular areas, but also has its own unique challenges. The building
block chemical products from cellulosic deconstruction like glucose and 5-
hydroxymethylfurfural (HMF) can be fermented to form ethanol or post processed to form a
variety of plastics, chemicals, and/or biofuels.”

While biomass as a feedstock is a promising renewable option there remain several issues
to be resolved before these processes will see wide spread use.”® One main issue is the economic
viability of these processes, which is adversely contributed to by competition with land, water,

and food resources; conversion technology, and distribution costs.””

In order for biomass usage
to become ubiquitous, the processes must reach a point where it becomes cheaper to harvest and

process biomass than to drill for and process petroleum. The recent decline in oil prices driven in

part by events in the middle east and increased shale oil production have resulted in the closure



of many biomass plants across the United States, that were unable to compete with the low
market cost of petroleum.”*~° To improve the economics of biomass processing several advances
need to be made including improvements to the hydrolytic activity of cellulases and the
increased solubility of substrate in non-aqueous solvents. The use of advanced solvents has the
potential to greatly enhance the speed and efficiency of biomass deconstruction thereby reducing
the cost and amount of enzymes required in addition to reducing the size of reactors required for
nominal throughput. Due to the complex nature of lignin, hemicellulose, and the structure of
cellulose, which contribute to the recalcitrant nature of biomass, there are many possible
pathways for significant improvement in processing and the eventual realization of a renewable

feedstock for the production of value added chemicals and liquid transportation fuel.

1.3 Lignocellulosic Recalcitrance

The recalcitrance of lignocellulosic material primarily arises from its crystalline structure,
strong inter- and intra-molecular hydrogen bonding'* (Figure 1.3 B), and the surrounding
protective hemicellulose and lignin components.”’ Furthermore, as shown in Figure 1.3 A, the
way cellulosic chains stack on top of each other exposing hydrophobic regions (decreasing
aqueous solubility) and aligning the hydroxymethyl group with neighboring saccharide rings
(protecting the glycosidic bond from solvent and catalyst interactions) adds to the overall
recalcitrance of the material.’> The effect of these configurational differences are illustrated by
the fact tht the 1,4-B-glycosidic bonds (the [ anomeric orientation aids hydroxymethyl group h-
bonding and stacking configurations) found in cellulosic materials are much harder to break
down as compared to the 1,4-a-glycosidic (switched stereochemistry of the anomeric carbon, but

otherwise identical) bonds found in easily digested carbohydrates.” In addition to protecting the



glycosidic bond the structural properties of cellulose also prohibit the mutarotation that occurs
during spontaneous temporary ring cracking®® allowing shifts of the anomeric configuration
(switching between a and ). Together these features contribute to the recalcitrant nature of
lignocelluosic biomass and the relatively large energy input and long-time requirements for

deconstruction.
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Figure 1.3. Crystalline cellulose depicting intra- and inter-molecular hydrogen.*

Degradation of lignocellulose typically relies on environmentally detrimental solvents
and/or high temperatures to overcome H-bonding interactions that stabilize the crystalline
structure. Pretreatment solvents include strong acids, strong bases, or ILs. One IL of choice is 1-
ethyl-3-methylimidazolium acetate [EMIM'] [OAc’], which shows significant promise in

35,31
k B

disrupting cellulose"s H-bonding networ and can solvate over 15% by weight cellulose.*
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One major benefit of ILs are their immeasurably low vapor pressures, which enables the
possibility of high recovery due to negligible evaporation loss. Upon washing and recycling of

the IL (or acid) it is observed that the cellulose will partially recrystallize as depicted in Figure

1.4.
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Figure 1.4. Disruption of crystalline cellulose by ionic liquid pretreatment.”’

Despite partial recrystallization of the cellulosic structure and the formation of cellulose
IT the resulting structure has an enhanced amorphous character as compared to the original
material,”’ the lignocellulose and hemicellulose are more separated from the cellulose,” and
subsequent enzymatic and non-enzymatic hydrolysis occurs at a faster rate than when compared

to untreated substrate.®® The amorphous cellulose is thought to be hydrolyzed faster than



crystalline cellulose primarily due to increased accessibility of the substrates to the catalysts.*®
ILs however pose an issue in that care must be taken when removing the IL from the cellulose
because even small concentrations of IL are observed to deactivate industrially relevant enzyme

cocktails.”

1.4 Enzymatic Hydrolysis of Biomass

Enzymatic hydrolysis is a relatively low energy input method to degrade lignocellulosic
biomass as compared to alternatives such as; supercritical water*’, pyrolysis*', or gasification®'.
Enzymatic methods for the deconstruction of cellulosic biomass generally operate at lower
temperatures than chemical methods due to the limitations imposed by an aqueous environment
and the enzymes.** Cellulases obtained from the fungal species Trichoderma reesei (Tr) are
some of the fastest enzymes for cellulosic deconstruction in terms of hydrolytic activity.**
However, a more detailed understanding of enzyme-solvent and enzyme-substrate interactions is
needed to improve the catalytic activity and operating constraints of cellulase enzymes via
protein engineering and the design of task-specific solvents. An enhanced understanding of these
complex enzymes is crucial to unlocking the potential of lignocellulosic material as a renewable
and sustainable feedstock for our future fuel and chemical requirements.

There are many varieties of cellulase enzymes including endo-cellulases that cleave
internal bonds creating reducing and non-reducing ends, exo-cellulases (sometimes called
cellobiohydrolases) that processively move along the cellulose strand cleaving bonds at regular
intervals producing either cellobiose or cellotetrose units, and beta-glucosidases that convert
short oligomers to single glucose units.*> There are many different species that produce their own

versions of these cellulases; some noteworthy examples are:



e Melanocarpus albomyces Cel7B, (MaCel7b) a thermophillic enzyme with high
homology to the industrially relevant Tr Cel7A.*

e Pyrococcus horikoshii (Pho EG) a hyperthermophillic endoglucanase from deep
ocean trenches off the coast of Japan that shows notable tolerance to IL in
aqueous solutions.*’

e Thermotoga maritima (Tma Cel5A) a family 5 type cellulase that is also
hyperthermophillic, which is nominally faster (i.e. higher activity) than Pho EG,
but less tolerant to the presence of ILs in solution.*®

A thorough evaluation of these enzymes in different solutions could elucidate structural
insights that may be used to improve the hydrolytic activity and IL tolerance of enzymes via
protein engineering. One particular avenue of research towards these goals is directed
mutagenesis on cellulases, which has resulted in improved thermostability, thereby enabling
enzymatic hydrolysis of cellulose at higher temperatures, resulting in significant advantages in
an industrial setting since mass transport and Kkinetics are enhanced with increasing
temperature.*’ Thermostability is also advantageous because it has been shown to correlate with

. 50,49
tolerance to ILs and salt concentrations.”

1.5 lonic Liquids and Enzymatic Hydrolysis

By definition an IL is any substance that is an ionic salt by nature and in the liquid phase
at a temperature of 100°C or below. The term has been used since at least 1943 and in recent
years has become a topic receiving an ever increasing amount of attention”'. ILs have been found
to have many applications owing to their broad range of properties and tunability’” including use

in biomass processing,”® fuel cells,”* battery electrolytes,” solvents,”® and CO, capture.”’ In



regards to biomass applications alkylimidazolium-cation based ILs with either chloride or acetate
anions, such as 1-ethyl-3-methyl-imidazolium acetate ([EMIM'] [OAc]), are popular due to
their ability to dissolve large amounts of cellulose (over 15% w/w) and relatively straight
forward syntheses.”® EMIM" OAc™ was first used for cellulose dissolution in 1980.” Research
into ILs has increased significantly since the turn of the century as can be seen by the number of

publications with “ionic liquid” found in the abstract (Figure 1.5).
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Figure 1.5. The exponential increase of publications on Ionic Liquids since 1980 according to
“Google Scholar” records.

ILs are especially attractive due to the broad tunability of their chemical and physical
properties including viscosity, pH, electrochemical potential, and task specific tailored
functionality.”> Many studies have investigated ILs" ability to disrupt the hydrogen bonding of
the lignocellulosic substrate thus making it more accessible to enzymatic degradation,®02%¢!:6263
The use of ILs during pretreatment is now expanding to include ILs being used as solvents
during hydrolysis alongside enzymes that can tolerate the presence of IL in solution.®*¢>

Combining the pretreatment and saccharification steps reduces the number of processing steps

required and potentially the reactor residence time. The process flow out of the combined
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solvation/saccharification reactor requires that an antisolvent, such as ethanol or additional water,
be added to the glucose/IL/water mixture, which causes the simple sugar products to precipitate
out of solution. After filtration the IL can be heated, separating the IL and antisolvent due to the
vast disparity in their vapor pressures, or else the IL can be separated out using an electrodialysis
unit.®” Although the boiling of a fluid is energy intensive, the choice of ethanol as a co-solvent is
reflected in its low boiling point and low heat of vaporization as compared to water. Then the IL
and antisolvent can be recycled back into their respective process flows as shown in Figure 1.6.
Cellulase
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H,0:IL Anti-solvent

(e.g. shortchain alcohols)

@ Sugar: Anti-solvent

Pre-Processing mixture

|:[> |:> Liquid
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vent
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Figure 1.6. Process flow for enzymatic hydrolysis using ILs as a co-solvent.

This complimentary use of tolerant enzymes and IL solvation allow for the use of higher
operating temperatures (i.e. 90°C < T < 190°C) and higher loadings of substrate in solution due
to increased substrate solubility, which results in an increased rate of reaction. Higher
temperatures are achievable in ILs because these ILs have almost immeasurably low vapor

pressures™ and at temperatures favorable to hyperthermophillic enzymes the energy input is still
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significantly less than used for pyrolysis or gasification techniques. The advantage of using

higher temperatures is readily seen in the Eyring equation (equation 1.1)

— (1.1)

where kg is the Boltzmann constant, T is the temperature, h is Planck”s constant, AG* is the
Gibb"s free energy to surmount the activation barrier, and R is the universal gas constant. An
increase in temperature provides a proportional increase in the prefactor as well as increasing the
exponential term, which leads to the generally observed doubling of reaction rate with an
increase of 10°C.

Assuming that substrate binding is reversible, that the concentration of substrate is much
higher than the concentration of the enzyme, and if the substrate binding is fast enough
(questionable) to be approximated in equilibrium, the rate law is expected to obey Michaelis-

Menten type kinetics as shown in equation 1.2

(1.2)

where k¢, is the apparent 1* order rate constant, [E]o is the total enzyme concentration, [S] is the
accessible substrate concentration, and Ky, is the Michaelis constant. It is clear than an increased
concentration of the substrate results in an increasrd overall rate of the reaction. At first this
increase is proportional to [S] until [S] reaches similar or greater magnitudes than Ky at which
point the rate begins to asymptotically approach a maximum value. Thus the benefits of
increased substrate solubility and increased operating temperature on the rate of reaction are
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readily apparent. Faster hydrolysis of biomass allows for use of smaller reactors for the same
throughput production decreasing the capital costs on production facilities.

In addition to the benefits of temperature and substrate solubility some ILs are believed to
contribute to lowering the activation energy of hydrolysis.” In this regard ILs have been seen to
affect the conformation of the substrate in ways that may facilitate acid-catalyzed hydrolysis of
the glycosidic bond.® Research indicates that the puckering of the glucose ring is shifted from a
*C, (chair conformation) to a °S, (skewed boat conformation) in the presence of ILs, which is

1.72 . . 1
707172 This shift to a skewed conformation

also seen at the -1 subsite in cellulase enzymes.
extends the glycosidic bond via the endo-anomeric effect”” making it more susceptible to
hydrolysis.”

The use of ILs with enzymatic saccharification brings with it many challenges including
the observation that ILs can completely deactivate cellulase enzymes even when present in small
concentrations. However, some cellulases are more tolerant to ILs providing an avenue forward
for the development of IL tolerant enzymes and ILs that are enzyme stabilizing. Experimental
studies have observed that the relative activity of cellulase enzymes in the presence of ILs
positively correlates with halotolerance and thermophillicity,” and prevalent negatively charged
residues on the surface of the enzyme increase tolerance to salts.”” As a general trend the more
active fungal enzymes are less tolerant to ILs than bacterial versions.”” However, due to the
higher operating temperature range available with hyperthermophillic enzymes and the higher
substrate loading due to the use of IL co-solvents it is hypothesized that a favorable environment
may be achieved that results in enhanced deconstruction rates as compared to traditional enzyme

bioreactors.”® Hyperthermophillic enzymes such as Pyrococcus horikoshii endoglucanase (Pho

EG),”,*” and Thermotoga maritima Cel5A (Tma Cel5A)* are two promising enzymes that have

13



been observed to remain active even in dilutions of EMIM"™ OAc™ of up to 15% v/v,”® whereas by
comparison the fungal enzyme Tr Cel7A retained no measurable activity in dilutions of EMIM"
OAc™ that were >10% v/v.”> Evaluation of the active site of Pho EG for the purpose of
discovering the structural properties responsible for IL tolerance have identified, via site
mutations, that the disulfide bonds are necessary for catalytic activity and only minimally affect
the thermal stability of the enzyme.” However, many of the specific enzyme interactions
resulting in tolerance to ILs remain unknown.

As an alternative to experimental mutation studies, simulations provide a means to
evaluate molecular-level interactions that lead to IL tolerance. In this regard simulations have
proven to be useful in identifying why some cellulase systems are more effective than others.*
Course graining techniques such as block modeling have been used to speed up MD simulations
by treating multi-atom units as a single entity. In this case each glucose unit monomer and each
protein residue, would be one object with its own associated charge distribution and forcefield.
By sacrificing system detail these simulations can run for much longer time scales than typical
MD.* Block modeling simulations have been performed to investigate the synergy of endo, exo,
and BG type cellulases® and have found that a delicate balance of enzyme concentrations are
required to maintain optimal quantities of each type of preferred substrate for each type of
enzyme. These simulations, while insightful, have illuminated the need for more detailed
simulations that can identify critical molecular-level information. Fully atomistic models have

been used to interrogate the flexibility and processivity of several cellulase enzymes®***** as

well as evaluating the hydrogen bonds and substrate binding in the catalytic groove.***7

Jaeger
et. al. has conducted simulations on the Tma Cel5SA and Pho EG systems and reported loss of

secondary structure for the Tma and Pho over the course of 500 ns, indicating the possible
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deactivation mechanism for the enzymes. The authors conclude that surface charge distribution
was the main driving force,*® but there remains significant uncertainty around the mechanism of
how deactivation occurs and the statistical relevance of their findings. Despite the observations
of Jaeger et al., Pho EG has been experimentally observed to recover nearly 100% of its catalytic
activity after exposure to high concentrations of IL,” indicating that less extreme mechanisms
other than denaturation are likely responsible for the decrease in activity.

Possible mechanisms for the decrease in activity include competitive inhibition from IL
molecules, reduced enclosing loop fluctuations due to interactions with the IL, disruption of
native enzyme conformational sampling, competition between solvation of the substrate by ILs
and substrate stabilization in the enzyme active site, and potential shifts in critical catalytic
residue pK, values. These questions warrant further investigation of cellulase-IL interactions as
they may lead to enhanced fundamental understanding of enzyme-water-IL-substrate interactions
and possible avenues for enhanced biomass deconstruction. Retaining sufficient catalytic activity
in an IL environment is hypothesized to result in a significant improvement in biomass
processing techniques for sustainable production of value-added products that were previously

reliant upon petroleum feedstocks.

1.6 Catalytic Hydrolysis in lonic Liquids

Several researchers have investigated the inclusion of catalysts with IL solvents to
simultaneously solvate and hydrolyze cellulose without a pretreatment step.”>*** In 2007, Zhao
et. al. were among the first to implement a strong acid mixed with an IL (1-Butyl-3-
methylimidazolium Chloride) on cellulose samples. They observed glucose yields between 20-

39% and total reducing sugar yields between 62-73% in under an hour at 100°C.*® Binder and
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Raines later wrote about using the IL 1-Ethyl-3-Methylimizaolium Chloride, mixed with strong
acid, at slightly elevated temperature, with limited amounts of water, in order to react the
cellulose rapidly.® They found that by controlling water content it was possible to control the
selectivity of products 5-hydroxymethylfurfural (HMF) vs. glucose while also obtaining high
conversions in just a couple hours.”” Like glucose, HMF is a good chemical precursor for fuels
and other value added products and is generally easier to extract from IL solvents than glucose,
however HMF is somewhat limited in that it is typically harmful to biological (i.e. fermentation)
type upgrading schemes.*” Additions of metal chloride catalysts have been shown to dramatically
increase rates of cellulose degradation, however they also degrade the glucose product.® Metal
Chlorides increase selectivity of HMF over glucose by facilitating the mutarotation of glucose,
isomerization to fructose, and the subsequent reaction to HMF.® Microwave assisted reaction
with zeolite catalyst has also shown dramatic increase in hydrolysis rates reaching 36.9% yield
of glucose in just 8 minutes.”® Currently, there is a thrust in the research for solid catalysts (e.g.
carbon materials with highly acidic groups), which could be separated more easily from the
reducing sugars than homogenous solvents, however there is difficulty obtaining efficient access

%87 To date, the depolymerization of

for the large cellulose molecules to the catalyst surface.
cellulose to glucose or degradation to other building block chemicals under economically

. .. . 87
feasible conditions remains a challenge.

1.7 Scope of Thesis

This thesis employs detailed modeling coupled with experimental data from literature for
the evaluation of various interactions of ILs, water, cellulase enzymes, and the cellulose substrate.

Although biomass conversion is a well-established and investigated field and the relatively
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newer fields evaluating the use of ILs has a significant foundation of publications, most of these
studies have focused on ILs for pretreatment techniques, and substrate solvation properties.”’
Relatively few papers address the impact of aqueous dilution on the substrate-water-IL
interactions and overall solvation characteristics,”” which is important information required for
the efficient integration of ILs with enzymes in a single reactor. Even fewer studies have
investigated functionalizing the IL to be both the solvent and a homogenous catalyst for
hydrolysis of cellulose. Knowledge of these interactions can feed into protein engineering for
improved enzyme properties in highly ionic environments conducive to efficient processing of
biomass and solvent engineering for improved IL-mediated reactions. The research addresses 3
main hypotheses:

1. IL-enzyme interactions result in observed decreased conformational sampling and protein
fluctuations, which are hypothesized to manifest in a decrease in enzyme activity.

2. The IL binds to the active site region of the enzyme blocking access to substrate resulting
in a decrease in the observed enzyme activity.

3. An IL could be tuned to mimic the active site of enzymes including skewing the pucker
of the -1 ring, nucleophilic stabilization of the anomeric carbon, and acid donation to the
glycosidic bond. Such an IL is hypothesized to perform cellulose decrystallization and
saccharification rapidly and efficiently.

Several studies have been performed to address these hypotheses and are outlined in the
following chapters. In general this thesis begins with an overall methods section followed by key
contributions of atomistic interactions of a model enzyme (Melanocarpus albomyces Cel7B) in
water. Next the impact of ILs on thermophilic endoglucanase enzymes from Pyrococcus

horikoshii and Thermatoga maritima are discussed. The focus then shifts towards the IL itself,
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how it solvates cellulose, the impact of enzyme-friendly polyethylglycol functional groups on the
cation, the impact of dilution with water, and how an IL can be tuned to hydrolyze cellulose.
Finally, the thesis finishes with a recap of the completed work and suggests potential future
studies that could stem from this work.

Chapter 2: General methods employed. This chapter covers all the basic methods
employed throughout the thesis including MD, metadynamics, umbrella sampling, replica
exchange, Molecular Mechanical Poisson Boltzmann Surface Area (MM/PBSA), Quantum
Mechanics (QM), and the associated assumptions and governing equations underpinning each
technique.

Chapter 3: The impact of active site protonation on substrate ring conformation in
Melanocarpus albomyces cellobiohydrolase Cel7B. This study was published in the journal of
Physical Chemistry, Chemical Physics and describes the hydrogen bonding network in the active
site of a thermophilic cellobiohydrolase and how that protonation scheme changes with pH and
its impact on the substrate conformation and priming for hydrolysis.

Chapter 4: The mechanisms of deactivation for hyperthermophilic endoglucanases in
dilutions of ionic liquids. Although this work has not yet been published, the manuscript is in
preparation. The results correlate molecular level interactions and inform the logic behind why
these enzymes are “turned off” in the presence of IL and how tolerance to small amounts of IL is
achieved.

Chapter 5: In silico insights into the solvation characteristics of the ionic liquid 1-
methyltriethoxy-3-ethylimidazolium acetate for cellulosic biomass. The triethoxy IL shows
promise as a pretreatment solvent because while it retains many of the same solvation

characteristics as the commonly cited dialkyl imidazolium ILs, it has increased transport
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properties (i.e. lower viscosity), and decreased deactivation of enzymatic activity. These results
were published in the journal of Physical Chemistry, Chemical Physics.

Chapter 6: Impact of water-dilution on the solvation properties of the ionic liquid 1-
methyltriethoxy-3-ethylimidazolium acetate for model biomass molecules. In biomass processing
facilities water is commonly suggested as an antisolvent to precipitate the sugars and there are
very non-linear behaviors with solvent-sugar interactions in regard to dilution. These interactions
were characterized and reported for the whole range of dilutions in the Journal of Physical
Chemistry B.

Chapter 7: Computational evaluation of cellulosic compound hydrolysis using a
functionalized biomimetic ionic liquid. This chapter has been submitted to ChemSusChem for
peer review and publication. It delves into catalysis of the hydrolysis reaction by means of
functionalization of an ionic liquid specifically to mimic the immediate environment of an
inverting type glycoside hydrolase enzyme active site around the glycosidic bond of cellulosic
oligomers. The autocatalytic, biomimetic IL is interesting from a basic science perspective as
well as potential to directly be used in industrial biomass conversion schemes to replace the need
of enzymes and separate pretreatment for saccharification processes.

Chapter 8: Conclusions and future relevance. This chapter provides a very brief recap of
the key results and findings included in this thesis and highlights follow-on studies that
demonstrate the continuing impact of this research. This includes a succinct introduction to work
that is already underway, developing multi-state empirical valance bond parameters for reactive
MD of proton transfer in the biomimetic IL solvent and hydrolysis of cellulosic oligomers, and

experimental validation thereof.
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CHAPTER 2 : GENERAL METHODS EMPLOYED

This chapter aims to provide a basic introduction of the methods employed in this thesis
and direct the interested reader where to find more details if desired. Throughout this thesis many
computational methods have been utilized. Specific details of the method parameters used for
each study are included in the appropriate chapters, while a more general overview of the basic
principles for each method is presented in the following sections of this chapter. Particularly, the
underlying fundamental assumptions and useful attributes for each technique are discussed

below.

2.1  Molecular Dynamics (MD)

MD employs the Newtonian laws of motion to describe the dynamic behavior of
molecules. The method requires that forcefields be parameterized that reproduce the equilibrium
and flexibility of bonded atoms and match experimentally measurable observables such as
solvation energy, density, and diffusion coefficients. Using the forcefield parameters assigned to
each atom, the MD engine calculates the potential energy of the system as a summation of

bonded and non-bonded terms using equation 2.1.

2 2 —_— = 2.1
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where bonds, angles, and dihedrals represent the bonded terms and the Van der Waals, and
coulombic terms represent the non-bonded terms. Due to the simplicity of the potential energy
function the derivative of the potential with respect to the atomic coordinates is also calculated
along with the potential energy. The subsequent summation over each atom, i, yields the net

force, Equation 2.2, acting on that atom

_ (2.2)

where F; is the force acting on atom i, V is the total system potential energy, and r; is the
Cartesian coordinates for atom 1. Once the forces are evaluated the acceleration, Equation 2.3, of

each atom is determined

(2.3)

where mi is the mass of atom i, and ~is the acceleration of atom i. At the onset of a MD
simulation the initial velocities for each atom are assigned per a Boltzmann distribution at the
desired simulation temperature. Knowing the initial coordinates, velocities, and the acceleration
(by means of the force) on each atom one can use an integrator to propagate the system forward
in time thereby obtaining new coordinates and velocities. Generally, a time step of 1
femtosecond (fs, 1 x 10" seconds) is used to ensure an adequate frequency of re-evaluating the
forces to maintain system stability, which is based on the fasted bond frequency of the system.
The calculation is then repeated millions of times and post analysis is then conducted to extract

statistics on the system evolution, orientations, and distributions.
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Various methods to improve the computational tractability of MD simulations have been
implemented over the years and include algorithmic shortcuts like neighbor lists, mesh Ewald
sums, and many more that are discussed in these references.”>”*”* Also, algorithmic support for
parallelization and GPU"s has drastically improved the simulation speeds along with hardware
advances in processing power.”””® Currently, with the right supercomputer resources, a fully
atomistic simulations can be modeled for a system of millions of atoms on the millisecond time
scales.

MD data can be very useful for identifying the molecular interactions that result in
important macroscopic observables. The necessity of running long time simulations is to obtain
ensemble-averaged results that account for all of the phase space. The phase space can be
described as all the possible orientations, configurations and velocities in the appropriate
distribution. In a way, MD is a form of integration, but unlike simple integrals we all learned in
calculus how to solve explicitly, MD is finding the result of integrating millions of co-dependent
variables at once and forming a Boltzmann-weighted distribution of the states.

While MD is a powerful tool it has several limitations. One of which is that most MD
relies on a fixed bonding topology, and thus cannot model bond breaking or bond forming (i.e.
reactions). Another limitation is that conformational changes that require significant energy to
transition into are unlikely to be sampled without user-imposed biasing factors. There are other
techniques that can be used in combination with MD to overcome these obstacles such as

metadynamics, umbrella sampling, and replica exchange.
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2.2  Metadynamics

Metadynamics is a form of biased sampling that helps MD systems to overcome large
energy barriers to explore the phase space for a set of user-defined collective variables.
Metadynamics applies a bias to the simulation by depositing a small hill of energy into the
potential at a specific collective variable location when visited, thus disfavoring the system from

visiting that location. The small hill of energy is defined by equation 2.4

5 y —L 2 2.4)

where V(s,t) is the biasing potential, s; is the collective variable, k; is the deposition rate, W(k;) is
the height of the Gaussian, and o; is the Gaussian width. As these hills build up, adding energy
to the system, the previously impassable energy barriers become passable and new regions of
configuration phase space can be explored. By keeping track of how much and where each of
these hills of energy were added with respect to the collective variables the free energy of the
system along the collective variables can be calculated. The biasing can be performed on
multiple collective variables at the same time producing multidimensional free energy
landscapes. These free energy landscapes are used to understand the conformational tendencies
of molecules in diverse molecular environments, and the transition barriers between different
configurations.”’

Metadynamics is a great tool for analyzing the energy surface of two or more collective
variables. On the other hand, it can be difficult to quantify the level of convergence, hence the
accuracy, of the calculated free energy landscape. In addition, if too large of a biasing potential is

added from the accumulation of many small hills of energy the system may begin exploring
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unphysical conformations. Therefore, it is important to check metadynamics simulations for
stability towards the end of the simulation. Well-tempered metadynamics is a modification that
decreases the height of the added hills of energy as the simulation progresses, which makes for
more efficient convergence of the free energy landscape and less likely to produce unphysical

conformations late in the simulation.”®

2.3 Umbrella Sampling

Umbrella sampling is another form of biased MD that enhances sampling of phase space
and may be used to produce free energy plots, but unlike metadynamics, which has a potential
that evolves in time, the umbrella potential is static. In umbrella sampling, many “windows” are
created for each system. Each window is an identical simulation box and bonding topology with
the only differences being the initial coordinates, velocities, and the biasing potential that is
determined by the equilibrium value and spring constant of the applied bias on the collective
variable being studied. A harmonic potential, such as equation 2.5, is used to constrain the

collective variable of each window around a specific value.

— (2.5)

where V(x) is the biasing potential, k;, is the spring constant, x is the collective variable, and X is
the equilibrium value of the bias harmonic on the collective variable. The constraint should be
tight enough that the desired configuration attribute is mostly maintained, but also loose enough
that there is overlap with the neighboring windows. The number of windows, and the grouping
of windows should also be tuned such that each window has significant overlap with neighboring
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windows. As the systems are simulated, producing ensemble averaged statistics, the Weighted
Histogram Analysis Method (WHAM)® can be used to calculate the shape and slope of a piece
of the free energy curve at each window based on the deviation of the observed configuration
values as compared to the equilibrium of the applied bias. Then each window can be pieced
together to assemble an entire free energy plot of the biased collective variable.

Umbrella sampling is especially useful when examining one collective variable at a time.
Spawning many windows for a full grid of multiple collective variables quickly becomes

computationally intractable.

2.4  Replica Exchange

Replica exchange uses environmental stimuli such as temperature or pH to increase phase
space exploration of MD as opposed to the external biases applied by metadynamics and
umbrella sampling. Replica simulations are run in parallel that have identical bonding topologies
and box dimensions but have a range of an environmental variable, typically temperature. Based
on a user-defined frequency, the neighboring replicas will be compared for similarity, and if the
metropolis criterion is satisfied, generally the coordinates from each system will be switched,

thus exposing new conformations to the environment of interest. The metropolis criterion is:

where C ) ¢ ) (2.6)
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where is the probability of exchange, B is the inverse Yoltzmann constant times
temperature, E(q) is the kinetic and potential energies of the replicas, and n, m, I, and j are
permutations of the replicas. Equation 2.6 amounts to saying that the likelihood of exchange is
related to the ratio of the change in energy of exchanging the replicas compared to the thermal
energy of the systems following a Boltzmann distribution, and if the energy of exchanging the
replicas is negative, the systems are guaranteed to exchange.'” Temperature, as the
environmental variable, is often used to increase the chance of overcoming a high-energy barrier
between conformations while differing pH replicas are often used to calculate ensemble-
averaged pKa"s for proteins and other macromolecules. The number of replicas used should be
enough to span the desired range of sampling while maintaining enough overlap/similarity to
achieve an adequate exchange rate. Typically, a 50% exchange success rate is a good target.
Based on the sampling in each replica a Boltzmann calculation can evaluate the energetics of
different observed configurations. Replica exchange simulations improve the sampling of MD
and are especially useful when the desired sampling is difficult to describe with a collective
variable. The downside of replica exchange is that it tends to be very computationally expensive

running many replicas for each simulation.

2.5  Molecular Mechanical Poisson Boltzmann Surface Area (MMPBSA)

MMPBSA is a method by which to estimate binding energy between a receptor and a
ligand. The principle is that since free energy is a state function the free energy difference
between the bound and the unbound states will be the same whether calculated directly or

indirectly. Therefore, to avoid solvent-solvent interaction energies from dominating the
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calculated difference in energies between states the change in energy can be calculated as shown

in equation 2.7

(2.7)

where is the change in free energy of binding in explicit solvent, is
the change in free energy of binding without solvent, is the change in free energy

of solvating the complex, is the change in free energy of solvating the ligand, and

101

is the change in free energy of solvating the receptor.” This method assumes

that the conformational sampling is similar between the bound and unbound states as it pulls
both from the same trajectory. Many frames are extracted from an MD simulation of the bound
receptor-ligand complex and subjected to the process in equation 2.7 to calculate an ensemble-

averaged binding energy. Compared to Thermodynamic Integration (TT),'*>'*

or Free Energy
Perturbation (FEP),'” MMPBSA is a very rapid calculation but not as accurate.'® MMPBSA is
not recommended for quantitative binding energy measurements, however, for comparing the

relative affinity of varied ligands to receptors MMPBSA is a great tool.'*>!%

2.6 Quantum Mechanics (QM)

QM is used to calculate the energetics of small molecular systems, including reactions.
QM is relatively unique in the computational realm in that is does not generally rely on empirical

parameterization in order to match experimental results. Instead, QM maps out the electronic
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structure of molecules and reactions based on solving approximations of the wave function via

the Schrodinger equation, equation 2.8

— (2.8)

where z is the wave function, H(t) is the Hamiltonian, and h is the reduced Planck"s constant.
The accuracy of the approximation depends on the level of theory and the basis set used in the
calculation. Most levels of theory come in two flavors; Molecular orbital theory (MO or ab
initio), and Density Functional Theory (DFT). Ab initio techniques calculate Z based on the
Hartree Fock method and various corrections based on the level of theory for improved accuracy
especially pertaining to electron correlations. DFT skips calculating Z and instead solves for z7,
which is the electron density. Generally, DFT is faster to calculate than higher order electron
correlation corrected methods such as MP2, and is generally found to be as computationally
expensive as HF methods. Although relatively faster than the MP2 method, DFT calculations
are found to yield geometries and thermodynamic properties of equivalent accuracy to MP2,
although reaction barrier energies may often be underestimated. Currently, DFT and ab initio
calculations are limited to very small system sizes, generally less than 200 atoms. Although QM
is limited to small systems there are methods, such as quantum mechanical/molecular
mechanical (QM/MM), that combine QM-level accuracy and reaction possibilities with MD
system sizes. More information comparing the ab initio, DFT, and semi empirical techniques can
be found in the paper by Mlynsky et. al.'”’

QM results are very useful in determining reaction pathways, thermodynamic barriers,

theoretical spectra (e.g. infrared, UV-Vis, and NMR), charge distributions, and optimized
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geometries. QM is also used to generate many of the parameters used in MD forcefields.
Forcefield parameters are used in MD to define the flexibility of bonds, angles, and dihedrals of
molecules as well as their coulombic and Van der Waals interactions. These parameters for the
most part are derived from QM calculations, and may be refined by empirical factors in order to

make the MD match experimental observables more closely.
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CHAPTER 3 : THE IMPACT OF ACTIVE SITE PROTONATION ON SUBSTRATE RING
CONFORMATION IN MELANOCARPUS ALBOMYCES CELLOBIOHYDROLASE CEL7B

Reproduced with permission from Physical Chemistry Chemical Physics,
the Royal Society of Chemistry Journals, and the coauthors.

Timothy C. Schutt,* Vivek S. Bharadwaj,? David M. Granum,® C. Mark Maupin*

3.1 Abstract

The ability to utilize biomass as a feedstock for liquid fuel and value-added chemicals is
dependent on the efficient and economic utilization of lignin, hemicellulose, and cellulose. In
current bioreactors, cellulases are used to convert crystalline and amorphous cellulose to smaller
oligomers and eventually glucose by means of cellulase enzymes. A critical component of the
enzyme catalyzed hydrolysis reaction is the degree to which the enzyme can facilitate substrate
ring deformation from the chair to a more catalytically active conformation (e.g. skewed boat) at
the -1 subsite. Presented here is an evaluation of the protonation state for critical active site
residues (i.e. Glu212, Asp214, Glu217, and His228) in Melanocarpus Albomyces (Ma)
wellobiohydrolase wel7y on the substrate"s orientation and ring conformation. It is found that the
protonation state of the active site can disrupt the intra-enzyme hydrogen bonding network and
enhance the sampling of various ring puckering conformations for the substrate ring at the +1

and -1 subsites. In particular it is observed that the protonation state of Asp214 dictates the
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accessibility of the glycosidic bond to the catalytic acid/base Glu217 by influencing the ¢/z
dihedral angles and the puckering of the ring structure. The protonation-orientation-conformation
analysis has revealed an active site that primarily utilizes two highly coupled protonation
schemes; one protonation scheme to orient the substrate and generate catalytically favorable
substrate geometries and ring puckering conformations and another protonation scheme to
hydrolyze the glycosidic bond. In addition to identifying how enzymes utilize protonation state
to manipulate substrate geometry, this study identifies possible directions for improving catalytic

activity through protein engineering.

3.2 Introduction

Cellulose is the most abundant polymer on earth and thus unlocking its potential is key to
a renewable and sustainable feedstock for the production of liquid fuels and value-added
chemicals.'® However, breaking down cellulose to cellobiose and glucose is hindered by its
inherent recalcitrant nature.'” The recalcitrance of lignocellulosic material primarily arises from
its crystalline structure, strong inter- and intra-molecular hydrogen bonding (H-bonding), and the

. . . . 110
surrounding protective hemicellulose and lignin components.

Degradation of cellulose
typically relies on solvents and/or high temperatures to overcome H-bonding between sheets as
well as inorganic catalysts''', supercritical water*’, pyrolysis, or gasification''? to break the
strong B-glycosidic linkages. Enzymatic methods for the deconstruction of cellulosic biomass
operate at lower temperatures than chemical methods due to the limitations imposed by the use

of proteins.'” '

Cellulases obtained from the fungal species Trichoderma reesei are
considered to be some of the best enzymes for cellulosic deconstruction, both from an enzyme

production and enzyme activity standpoint.** However, a more detailed understanding of
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protein-protein and protein-substrate interactions is needed to improve the catalytic activity and
operating constraints of cellulase enzymes via protein engineering. An enhanced understanding
of the complex enzymes is crucial to unlocking the potential of lignocellulosic material as a
renewable and sustainable feedstock for our future fuel and chemical requirements. For example,
directed mutations on cellulases have resulted in improved thermostability, thereby enabling
enzymatic hydrolysis of cellulose at higher temperatures, which has significant advantages in an
industrial setting since mass transport and kinetics are enhanced with increasing temperature.
Advancements in understanding how protonation state affects substrate conformation will be of
interest not only to the cellulose community, but also for renewable energy, enzymology, and
carbohydrate science.

While experimental efforts have been used to optimize the activity, cloning, and
expression of cellulases''?, computational modeling and simulation studies have proven to be
insightful in revealing, at a molecular level, why particular cellulase enzyme systems achieve

5

higher catalytic activity than others'" in addition to revealing insights into the substrate

16

conformational preferences in glycosidases.''® Analyses of the electrostatic energies''’,

threading'"®, and procession'" of enzyme-substrate systems have led to increased understanding

of the kinetic factors of enzymatic digestion. Fully atomistic simulation studies have been used

120-122

to investigate the flexibility and processivity , active site pKq values'?’, hydrogen bonding

123'124, product inhibition characteristics, and

and substrate binding in the catalytic groove
thermostability'>"*® for several cellulase systems and other related enzymes'”’. Ma Cel7B
cellobiohydrolases are known to catalyze hydrolysis by a double displacement net retaining
mechanism and therefore the ring conformation at the -1 subsite is instrumental in facilitating the

74, 128-130

hydrolysis reaction as observed by QM/MM calculations. Experimental X-ray data has
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revealed that the sugar in the -1 subsite adopts a *°B (boat) and/or a °Sy (skewed boat)

BIB2 0 The distorted ring at the -1 subsite is hypothesized to facilitate the

conformation.
simultaneous proton transfer from Glu217 to the glycosidic bond oxygen and the nucleophilic
attack on the sugar ring at the -1 subsite by Glu212.'* However, there is no consensus in
literature whether the distortion of the ring conformation is due to steric or electrostatic
interactions. The molecular dynamics studies presented here reveal how protonation states of the
active site residues, and the resulting shifts in the electrostatic environment in addition to the
surrounding H-bonding environment, impacts the substrate orientation and ring puckering
conformation. In addition, two dominant protonation states are identified where the first
protonation state orients the substrate and induces a distorted ring conformation and the second
protonation state, which is catalytically primed with a proton on Glu217, initiates the hydrolysis
reaction. The detailed knowledge pertaining to the role of specific residues on substrate

conformation is needed to help inform directed mutagenesis for developing improved enzymes

with greater stability and overall activity.

3.3 Methods

Docking of Substrate to Ma Cel7B

The systems evaluated in this study were created from the crystal structure of the
cellobiohydrolase I from Melanocarpus albomyces (Ma Cel7B; PDB ID: 2RFW)."** To obtain

the substrate-enzyme complex the approach outlined in our previous work was implemented.lzo’

22 n brief, a 10-glucose oligomer was used as the flexible ligand and docked to the rigid Ma

135

Cel7B crystal structure using the AutoDock 4.2 software program. °~ The docked conformatons

with the lowest energies were then compared to the aligned structure of Ma Cel7B and the
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crystal structure for Trichoderma reesei (Tr) Cel7A (PDB ID: 7CEL)"°, which was co-
crystalized with a 9-glucose oligomer in the active site. Tr Cel7A provides a check for the
resulting docked structures due to the fact that both enzymes have extensive structural similarity
resulting in good alignment. The docked substrate configuration with the best agreement to the
substrate docked to Tr Cel7A was then selected for further simulations.

Constant pH MD Simulations

Constant pH MD (CpHMD) simulations of the substrate bound Ma Cel7B were
previously conducted to evaluate the active site residue pKj values and enzyme dynamics.'*"'*
Those simulations are further evaluated here with respect to the substrate ring conformation in
the active site for pH values of 3, 6, and 8. Provided here is only a brief description of the

120,122 137 and theoretical background'**'* have

CpHMD simulations since the methodologies
been reported previously. The CpHMD simulation methodology enables the coupling of protein
dynamic motions with the ionization state of protonatable amino acids at a given environmental
pH all in the framework of a coupled molecular dynamics and Monte Carlo algorithm. The

Metropolis accept/reject criterion is based on the protonation transition free energy, which is

given by Equation 3.1:

AG =kgT (pH — pK, ) In10+AG, - AG, G

where kg is the Boltzmann constant, T is the temperature in Kelvin, pH is the specific
solvent pH, pKa ref is the pK; of the reference coumpound, 4Ge is the electrostatic component of
the protonation transition energy, and AGerer is the electrostatic component of the protonation

transition energy for the reference compound.
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In the current simulations the Monte Carlo algorithm was used every two time steps to
sample the protonation states of 17 ionizable residues (i.e. D35, Y109, Y145, Y171, D173, D179,
K181, D198, E212, D214, E217, H228, Y247, E262, E368, E367, and Y370) lining the active
site tunnel. The Ma Cel7B enzyme was described by the parm99SB force field'*’, the cellulose
oligomer was described by the Glycam06 force field'*, and the ionizable residues were
described by the constant pH force field. For the CpHMD simulations the solvent was modeled
with a Generalized-Born (GB) implicit solvent model with a salt concentration of 0.1 M and a
nonbonded cutoff of 30 A as implemented in the AMBER 12 package.'**'** 1**!*3 The substrate
docked systems were initially minimized for 4000 steps using the steepest descent algorithm
followed by 5 ns of equilibration and a production run of 70 ns. For all calculations the
temperture was set at 300K, the SHAKE algorithm'** was used to restrain bonds containing

hydrogen atoms, and the global timestep was set to 2 fs within the leapfrog integrator.

Table 3.1. Energetically feasible protonation schemes of active site residues.
A B C D E

Optimal >7 49 48 <4 43
pH

Probability | s50, 500, 0206 15% 10%
atpH6

Residue A B C D E

GLU 212 - - - - -
ASP 214 H - H - -
GLU 217 - H - H -
HIS 228 - - H H H

"The optimal pH was determined by evaluating the
probability of each protonation scheme as a
function of pH using the modified Henderson-
Hasselbalch (Hill"s) equation with the pK, values
and Hill coefficients reported in Granum et al.'”
The probabilities of each protonation scheme at pH
6 are reported as observed from CpHMD.
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Classical MD Simulations

The classical, fixed protonation state, Molecular Dynamics (MD) simulations were
performed using the AMBER12 package'** and the aformentioned (section 2.1) substrate bound
Ma Cel7B system. The enzyme-substrate system was initially solvated with waters described by
the TIP3P force field'**, which resulted in a total system with dimension of 71 A x 71 Ax 71 A.
The fixed protonation state systems were created based on the five most probable protonation
states as determined from the CpHMD simulations at pH=6 (Table 3.1)."° In all protonation
schemes the Glu212 remains unprotonated, which is in line with its role as the nucleophilic
residue during hydrolysis."*® The five systems depicting the different protonation schemes (i.e.
SysA, SysB, SysC, SysD, and SysE) were subjected to 2000 steps of steepest descent
minimization followed by 2000 steps of conjugated gradient minimization. The minimized
systems were then equilibrated in the isobaric isothermal (NPT) ensemble for 5 ns at a pressure
of 1 atm. The equilibrated systems were then run for 100 ns in the canonical ensemble (NVT),
which constituted the production runs. The SHAKE algorithm was used to restrict bonds
containing hydrogens and a global timestep of 2 fs was used within the leapfrog integration. All
simulations were conducted at a temperature of 300 K and used the Langevin thermostat with a
collision frequency of 2 ps™'. In addition to the enzyme-substrate systems, a system containing a
fully solvated substrate molecule (i.e. 10-glucose oligomer) in TIP3P water was also simulated
following the protocol outlined above. Analysis of the entire canonical ensemble trajectories was

147

performed using ptraj'** and the Visual Molecular Dynamics'*’ (VMD) software packages. For

the H-bond analysis the bond distance between donor and acceptor was set to < 3 A and the bond
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angle to < 20°. The Cremer Pople'*® analysis was used to evaluate the ring puckering and utilized
an in-house code.

Molecular Mechanical Poisson-Boltzmann Solvent Accessibility Calculations

In order to estimate the overall binding energies and residue-substrate interactions, the
MD trajectories were also post-processed using the molecular mechanics Poisson-Boltzmann
solvent accessibility (MM/PBSA) method as implementation in AMBER12.'%"'%° The analysis
was conducted using 5,000 frames taken at intervals of 20 ps, and the binding free energies were

estimated by using Equation 3.2

AGbind = Gcomplex - (Greceptor + Gligand) (32)

where Geomplex, Greceptor and Giigand are the free energies for the 10-glucose oligomer when
bound to Ma Cel7B, isolated Ma Cel7B, and isolated 10-glucose oligomer, respectively. The free

energies were estimated according to Equation 3.3

G = Ebond + Evdw +E

elec +GPB +GSA _TSS (33)

where Epong is the energy contribution from bonds angles and dihedrals, Eyqw is the van
der Waals energy, Eelec is the electrostatic energy, Gpg and Gsa are the polar and non-polar
energy contributions, T is the temperature in Kelvin, and Ss is the solute entropy. A physiological
salt concentration of 0.15 M and an internal dielectric of 4 was employed for the MM/PBSA

149

calculations. " In addition to the substrate binding energy decomposition analyses was also

conducted, which provides insight into specific residue-substrate interactions.**">* A total of 29
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residues were included in the decomposition analysis, which consisted of the 17 protonatable
amino acids from the CpHMD simulations (section 3.3) as well as all other nearby residues

potentially involved in enzyme-substrate interactions as identified by Parkkinen et al.'**

3.4 Results and Discussion

Comparing the different protonation schemes of Ma Cel7B indicates interesting trends in
the substrate conformation, H-bonding network, accessibility of the glycosidic bond to the
acid/base residue Glu217, substrate binding free energy, and protein dynamics (i.e. loop
fluctuations), which are discussed in detail in the subsequent sections.

Conformational Analysis of Substrate
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Figure 3.1. Diagram showing the general mapping of the Cremer Pople ring puckering
characterization scheme. Figure adapted from Davies et al.''®
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The Cremer-Pople analysis'*® describes the different conformations for 6 membered rings
using the three polar variables, 8, @, and Q. The angles 6 and ¢ are generalized puckering angles
calculated from the ring coordinates and the Q value is the amplitude of puckering representing
the extent to which a particular conformation is exhibited '**. For the Cremer-Pople plots the
chair conformation is characterized by 6 values around 0° and 180° while the boat and skewed
boat conformations are present when 6 approaches 90°. The skewed boat and boat conformations
are alternatingly characterized by ¢ values every 30° starting with *°y at ¢ =0°.'** Figure 3.1
illustrates the common ring structures and their notations mapped on to the 6, ¢ coordinate
space.”6

The puckering of the substrate rings within the cellulase™s catalytic groove has been

observed experimentally and computationally'’" '**

, with the glucan ring at the -1 subsite
adopting the skewed boat conformation. It has been hypothesized that the skewed conformation
of the sugar ring results in the glycosidic bond being more easily accessible to the proton

donating acid/base residue Glu217'>

, thus priming the glycosidic bond for catalysis. Although
much is known about which residues stabilize the substrate in the active site (Figure 3.2), and
facilitate catalysis, the causal factors driving the ring transformation are not yet known. Here we
evaluate the impact of the protonation states of important active site residues on the substrate
ring conformation. The Cremer Pople analysis on the two substrate rings on either side of the
glycosidic bond to be hydrolyzed (i.e. +1 and -1 subsites) along with the @/z dihedral plots
around the glycosidic bond for the 5 energetically accessible protonation schemes are illustrated

in Figure 3.3. The analysis of a 10-glucan chain in water with no enzyme is also presented as the

control system.
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Figure 3.2. Sugar structure for a cellobiose fragment bound in the active site.

From the Cremer Pople plots, it is evident that there are significant changes in the sugar
conformation between the different protonation schemes. As expected, the control system almost
exclusively exhibited the chair conformation, which is the most energetically favorable
conformation for glucose in water.'>* The @/z plot for the control also identifies the primary
occupancy around @=-90° and z=-90° with some sampling around ¢=-90° and z=90°, which is

consistent with the energetic analysis of solvated sugars conducted by Bharadwaj et al."> It is
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observed that the substrate ring at the +1 subsite exhibits conformations shifted towards ¢=180°,
which corresponds to Bs o, in SysA, SysB, SysD, and SysE. However, SysC does not exhibit a
boat conformation for the substrate ring at the +1 subsite, which may be due to the shifted ring
conformation distribution at the -1 subsite, the overall active site charge distribution, and/or the
more open conformation for loops I and V. These various observations will be explored in more
detail in the subsequent sections of this manuscript.

The conformation of the substrate ring at the -1 and +1 subsite are of the most interest
since the glycosidic bond to be hydrolyzed resides between these two rings. It has been
suggested in literature that the reaction path for Cel7B hydrolysis requires the substrate ring at
the -1 subsite to adapt the boat conformation as a precursor to the subsequent hydrolysis of the
glycosidic bond.” Simulation of the various protonation schemes clearly indicates that the
substrate ring at the +1 subsite adopts the B3y conformation and the substrate ring at the -1
subsite adopts the B, s conformation (Figure 3.3), which agrees well with previous QM/MM
studies of the reaction pathway.'** This pair of boat structures places the hydroxymethyl O6 from
the substrate ring at the -1 subsite within H-bonding distance of the nucleophilic Glu212, which
in turn draws the hydroxymethyl group further away from the glycosidic bond. The @/z of the
glycosidic bond is found to be around ¢=180° and z=180°, which is energetically unfavorable in
an aqueous solvation environment'>, and results in a bent glucan chain that is postulated to make

the glycosidic bond easier to break.
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Figure 3.3. Cremer Pople Analysis of cellulose substrate inside the active site tunnel for each
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protonation scheme and for the control system: fully solvated substrate.
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For the substrate ring at the -1 subsite, SysC is the only protonation scheme that doesn“t
exhibit exclusively a skewed boat or boat conformation, and is found to sample the chair and
envelope conformations. This observation is of import because it illuminates the role of specific
residue"s protonation states on ring conformation stability, and points to the role of electrostatics
in dictating the adopted ring conformation for the substrate ring at the -1 and +1 subsites.
Analysis of the various protonation schemes reveals that placing the right amount of protons in
the correct position (i.e. protonated Asp214 and His228) the electrostatic environment, and to
some extent the H-bonding environment around Asp214, can be manipulated to partially
stabilize the chair conformation. Clearly, if the ring conformation was solely dictated by steric
interactions the ability to manipulate ring conformations by adjusting protonation states would
not be possible. It is interesting to note that SysC, based on geometric analysis, is the least
conducive for catalysis amongst the five analyzed protonation schemes, and it was reported to be
the highest in free energy (i.e. least probable) of the 5 protonation schemes as determined from
CpHMD simulations.'?® This energetic observation points to the optimization of the active site
residue's pKj values such that the substrate orientation and ring conformation has been optimally
refined for catalysis at a pH of 6.

MM/PBSA Decomposition Binding Free Energy

Table 3.2. Interaction energy from MM/PBSA between residue and substrate in kcal/mol and
standard deviation.

Resid SysA SysB SysC SysD SysE

Glu212  -19(1) -16(3) -15Q2) -15(4) -18(2)
Asp2l4  22)  -53)  0(1)  -133) -10(2)
Glu217  -153) -42) -85 -4(1) -93)
His228  0(1)  -2(1) 0Q2) -12) 0Q)

Asp262  -12(5) -12(3) -12(3) -12(3)  -1(5)
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Changes in the individual contributions to substrate binding at the active site, calculated
using MM/PBSA indicates that Glu212 is the strongest stabilizing interaction between residues
and substrate, and that Glu217 has reduced favorable interactions with the substrate when it is
protonated (SysB and SysD) as compared to when it is unprotonated. While Glu217 needs to be
protonated to initiate the hydrolysis reaction, the partial negative charge of the unprotonated
Glu217 is found to be more favorable for binding the substrate, especially in the case of SysA.
The dominant role of Glu212 is partially due to the hydroxyl hydrogen off of the sugar methyl
group, which H-bonds to Glu212. This H-bond interaction is found to hold the sugar in a twisted
orientation such that the glycosidic bond is accessible to the proton donating residue Glu217.
This observation would indicate that mutating Glu212 to Asp212 may result in decreased
substrate binding due to an increase in the distance between the residue and the substrate. Also,
the direct effect of protonating Asp214 on substrate binding can be seen when Asp214 is
protonated, as in SysA and SysC, where Asp214 has very little interactions with the substrate.
The last residue of the coupled active site, His228, is found to have very minor interactions with
the substrate, irrespective of its protonation state. This minor contribution in stabilizing substrate
binding is to be expected since His228 is situated on the perimeter of the active site, although
His228 does play a critical role, when protonated, as it can donate a proton to the nearby Asp214
that can then donate the proton to Glu217. The importance of the auxiliary residues Asp214 and
His228 were also highlighted by Yongchao et al."*® who found for a Family 9 cellulase that these
residues play an important role in a H-bonded network with the catalytic acid/base residue.

An encouraging point of validation for the MM/PBSA analysis is the identification of

Asp262 in stabilizing substrate binding. It has been noted'* that Asp262 interacts with the
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substrate ring at the +1 subsite, which plays a role in the release of the cellobiose product and is
important for the processive motion of the enzyme. The role of Asp262 is linked to the binding
of the cellobiose product, and is believed to contribute to the product inhibition characteristics of

the enzyme. This is in agreement with the presented MM/PBSA results that indicate Asp262 as a

major contributor to substrate binding.

Hydrogen Bond Analysis

Table 3.3. Hydrogen bonding® with the -1 glucan ring site.
Hydrogen Bonding to Ring -1

H-Bond SysA SysB SysC SysD SysE
Asp214 O to Glu217 O 8% 100% 20% 0% 3%
Ring +1 O3 to Glu217 O 64% 38% 54% 69% 46%
Ring -1 O3 to Glu212 O 50% 68% 71% 55% 81%
Ring -1 06 to Glu212 O 51% 68% 31% 78% 65%
Ring -1 02 to Glu212 O 0% 0% 21% 0% 0%
Specific Zones of SysC: s, Bs °E ‘c,
Ring -1 O3 to Glu212 O 72% 73% 66% 73%
Ring -1 06 to Glu212 O 9% 62% 37% 0%
Ring -1 02 to Glu212 O 42% 0% 0% 58%

*H-bonding is considered to occur only when the angle is less than 20° and the
distance is less than 3 A.

The observed variations in the ring conformations amongst the different protonation
schemes could be due to varying enzyme-substrate interactions dictated by the differing charged
environments. In order to elucidate how the specific enzyme-substrate interactions change
between the various protonation schemes, H-bond analysis was performed. Enzyme-substrate H-
bond analysis has identified specific hydrogen bonds that contribute to the stabilization of the
substrate and may influence the conformation of the substrates ring at the -1 subsite. SysC,
being the only protonation scheme in which the sugar at the -1 subsite did not completely shift to
the boat conformation reveals significant differences in the H-bonding percentage with Glu212

as compared to the other systems evaluated in this study, Table 3.3. The second Oxygen (O2) of
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the substrate ring at the -1 subsite was observed to H-bond with Glu212 for around half of the
simulation time replacing the typical hydroxymethyl oxygen (O6) interaction with Glu212. To
investigate if the changes observed in H-bonding correlate with the change in ring conformation,
the trajectory for SysC was parsed into four data sets based on the distinct regions in the Cremer
Pople diagram and then the H-bonds were reanalyzed for each sugar conformation. It is found
that when the sugar ring is in the chair conformation, Glu212 H-bonds with the O2 atom of
substrate's ring at the -1 subsite, and not with the sugar‘s O6 atom. Surprisingly, the skewed
conformation also exhibited a hydrogen bond between Glu212 and O2 of the substrate's ring at
the -1 subsite, while the purported catalytically active substrate conformation, B, s, as well as the
observed envelope intermediate conformations did not exhibit the O2-Glu212 H-bond. The B; s
and envelope intermediate conformations did possess H-bonding interactions similar to the other
four protonation schemes, namely a H-bond between the O3 in the substrate's ring at the -1
subsite and Glu212. It is hypothesized that less time spent in the boat conformation will result in
an overall decreased activity as ring distortion is hypothesized to lower the activation energy for
the hydrolysis of the glycosidic bond. This result is not too surprising given that SysC is favored
by conditions below the optimal pH, perhaps in part indicating why Ma Cel7B is deactivated in
relatively acidic solutions. In addition, the ability of SysC to stabilize the formation of the chair
conformation indicates that protonation states of the active site play a major role in the enzyme's

ability to manipulate the ring puckering of the substrate.
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Figure 3.4. Percentage of time spent in skewed conformation of each ring at different pH's during
dynamic protonation simulations (CpHMD). The three pH values depicted are pH=3(0),
pH=6(0), and pH=8 ().

The percentage of time spent in the skewed (80° < 8 < 100°) conformation for each
substrate ring observed from CpHMD simulations, which enabled the dynamic protonation of all
ionizable residues in the active site tunnel, is displayed in Figure 3.4. Most notably, at the pH of
6 the system exhibits the highest percentage of skewed conformations for the substrate"s ring at
the -1 subsite. In the constant protonation state simulations SysA, SysB, SysD, and SysE
exclusively sampled the skewed conformation for the substrate"s ring at the -1 subsite whereas
with dynamic protonation, the skewed conformation was observed for only 52% of the
simulation time. Together these observations further support the hypothesis that the active site
protonation strongly impacts substrate ring conformations. The lower probability of skewed boat
occurrences in CpHMD, as opposed to the fixed protonation MD, is due to the dynamic nature of
the active site protonation states. In the case of the CpHMD, the active site dynamically shifts
between many protonation schemes with the five presented in Table 3.1 being the most
commonly sampled schemes. In contrast, the fixed protonation state simulations give only a

response of the substrate to an ideal fixed protonation scheme. Therefore, one would expect that
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the wpHMD"s substrate would spend a certain amount of time responding to the changing
environment resulting in an overall lower percentage of time spent occupying one particular ring
conformation.

Using the pK, and Hill coefficient values determined from the CpHMD titration
simulations'?’, the modified Henderson-Hasselbalch (Hill's) equation was used to calculate the
trends in probability of a given protonation scheme for various pH values (Figure 3.5). The
values from Hill*s equation are meant to illustrate relative trends in the probability of each
protonation scheme over a continuous pH range in contrast to the discrete point pH values
observed from CpHMD. Inspection of Figure 3.5 reveals a cross over point between SysA and
SysB just below a pH of 6, which is the optimal pH for Ma Cel7B.">” The protonation scheme in
SysA, which is the most conducive to orienting the substrates ring at the -1 subsite into a
favorable geometry for the hydrolysis reaction, is found to be in balance with protonation
scheme in SysB, which corresponds to the protonated acid/base residue. The protonated
acid/base residue is a key prerequisite for catalysis because this residue donates its excess proton
to the substrate during the hydrolysis reaction;'* thus when Glu217 is protonated it will be
referred to as ,primed” for catalysis. This interplay between SysA and Sysy refines our earlier
hypothesis on the coupled active site residues (i.e. Glu212, Asp214, Glu217, and His228) by

incorporating the substrate geometry and ring conformations.'** '

The current hypothesis now
focuses on SysA and SysB as the dominant protonation schemes, which favorably orients the
substrate (SysA) and then transfers a proton from Asp214 to Glu217 to prime the catalytic
acid/base residue (SysB). As seen in the H-bonding analysis between Asp214 and Glu217

presented in Table 3.3, it is observed that the extra proton on Glu217 is H-bonded with the

Asp214 residue during the entire simulation for SysB. However, in SysA the Asp214 and Glu217
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residues were observed to H-bond only 8% of the simulation time. In both SysA and SysB an
ample number of opportunities to transfer a proton between one another were observed. It is
noted that H-bonding between Glu217 and the substrate was seen to decrease in SysB as
compared to that of SysA.

Interatomic Distance Analysis

100% -

80%

60% -

Probability

400/0 b

20% -

0%

45 48 51 54 57 6 63

Henderson-Hasselbalch (Hill"s) equation. The graphs depicts SysA (—), Sysy (--++), Sysw (—
—), SysD (— - —), and SysE (— - - —) over the relevant pH around the optimal enzyme pH.

Ab initio simulation studies have revealed that the Glu212 residue attacks the carbon at
the base of the glycosidic bond on the substrate's ring at the -1 subsite (C1), thereby facilitating
proton transfer from Glu217 to the glycosidic oxygen."® Interatomic distance analyses were
used to evaluate accessibility of the glycosidic bond to the active site acid/base residue and the
nucleophile (Figure 3.6). The protonation scheme in SysA was found to bring the Glu217
oxygens closer to the glycosidic bond than any of the other protonation schemes. This increased
accessibility presumably decreases the activation energy for hydrogen transfer from the acid/base

residue to the glycosidic bond thus favorably impacting the hydrolysis reaction.
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Figure 3.6. Interatomic distance plots for Glu212 and Glu217 OE1 oxygen (dotted) and OE2
oxygen (solid) to the C1 on the substrate and glycosidic oxygen respectively for each protonation
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using N = 47270.[r2 r’g(r)dr.
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Figure 3.7. The RMSF of all 5 protonation schemes over all the residues of Ma Cel7B.

Interestingly, SysA also constrains the conformation of the substrate's ring at the +1
subsite (i.e. closest ring to Glu217) to the B; o conformation. It is found that SysA creates a more
tightly bound substrate (Table 3.2) that also displays more favorable distance distributions
between substrate and both the nucleophile Glu212 and the acid/base Glu217. This is in contrast
to the other four protonation schemes, which only loosely constrain the conformation of the

substrate's ring at the +1 subsite and sample a wide range of @ values. These observations
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support the hypothesis that SysA is the most conducive for setting up the substrate for the
hydrolysis reaction prior to the hydrogen transfer from the Asp214 to Glu217 and ultimately to
the glycosidic bond. In SysA, the interatomic distances also reveal that the C1 carbon atom is not
bifurcated by the two oxygens of Glu212. Although either oxygen may interact with C1, both
oxygens do not simultaneously interact with C1. The interatomic distances clearly indicate that
one oxygen is closer (~5 A) and points towards the glycosidic bond while the other oxygen is
further away (~7 A). For the protonation schemes where Glu217 is protonated (i.e. in SysB and
SysD) it is found that the distance between Glu217 and the glycosidic bond reside at a greater
distance (>6 A) indicating that the hydrogen resides between the Glu217 oxygen and the
glycosidic bond (i.e. H-bonded). The interatomic distances for SysA are found to possess the
closest interaction distance between the substrate”s glycosidic bond and Glu217, which is either
the result or the cause of a tight @/z dihedral distribution for the glycosidic bond (¢=-90°,
Z=90°) that exposes the linkage to Glu217. Yased on our previous wpHMD and kinetic modeling
studies, it is hypothesized that SysA, which is the lowest energy protonation scheme and
therefore the most common protonation scheme with substrate bound at pH=6, represents the
initial stage of the hydrolysis reaction. Starting from SysA there would then be a proton transfer
from the Asp214 to Glu217 that would prime the enzyme for the hydrolysis reaction. The proton

transfer scheme proposed by Granum et al.'*®

accounts for this behavior as well as dynamic
fluctuations of the enzyme.

Root Mean Square Fluctuations

An analysis of the root mean square fluctuations (RMSF) is an important way to link the

impact of the protonation scheme to the overall protein dynamics, which has been hypothesized

122

to correlate to enzymatic activity. “* The RMSF in Figure 3.7 shows that loop regions enclosing
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the active site tunnel i.e. residue numbers 189-206 (loop I) and 387-409 (loop V) are
significantly impacted by the protonation scheme in the active site.'** Loops I and V are the two
loops residing over the top of the active site tunnel and are involved in stabilizing bound
substrate through various non-covalent interactions in addition to their position and flexibility
(i.e. clamping down). The fluctuations for SysA and SysB are found to be the highest in the
regions around loop I, whereas SysA has very low fluctuations of the loop V region. Fluctuations
of loops I and V are thought to be related to processivity and binding of the substrate in the
active site groove.

An interesting trend observed in the simulations is that loop V possesses reduced
flexibility for SysA as compared to the other four schemes. Fluctuations in the substrate itself are
also smallest in SysA with the glycosidic bond fluctuating by only half an angstrom (data not
shown). Based on the observations of the RMSF, the loops enclosing the active site (i.e. loop V
and loop 1) are found to modulate the overall character of the active site from groove to tunnel.
The closing of the loops (i.e. clamping down) has been linked to the protonation of residues in
the interior of the enzyme and an overall stabilization of the bound substrate. From a molecular-
level this is observed by a reduced RMSF for the loop regions and a smaller separation distance

122 As a metric for how closed or open these two loops are, the

between the respective loops.
distance between the alpha carbons of residues 195 and 397 was measured for each simulation
frame. The choice of residue 195 and 397 was made because these are the closest two residues
residing on either distal loop. Analysis of this distance reveals that SysC and SysE are
significantly more open with distances of 29.6 + 4 A and 28.4 + 4 A, respectively, as compared

to an average of 20.7 = 3 A for the other three systems. Figure 3.8 highlights visually, the

position of these loops relative to the catalytic tunnel of Ma Cel7B occupied by a 10-glucan
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cellulose oligomer as well as illustrates the conformational change in the shape of loop V visible
in SysC and SysE related to the opening of the loops.

The fluctuation of loops I and V have been found to be partially dependent upon the
protonation scheme of the active site as determined by the charge coupling analysis from
CpHMD simulations of Ma Cel7B when substrate was bound in the active site tunnel.'** From
the CpHMD and fixed protonation state MD it is observed that the presence of substrate disrupts
the native H-bonding network and causes a dramatic increase in the enzymes overall flexibility,
which is most pronounced at pH = 6. The trends observed by Granum et al.™ 2% are also
observed in the current simulations where relatively high flexibilities of loop I is observed for
SysA and SysB. Experimentally, the optimal pH for Ma Cel7B is around 6, which corresponds to
SysA and SysB (Figure 3.5) while SysC and SysD represent a lower (<4.8) pH scenario and
exhibit a decreased flexibility in loop L."*7 This reduced flexibility in loop I at lower pH values is
due in part to the aforementioned charge coupling stabilization, which is consistent with the

Cremer Pople results as well as the MM/PBSA results discussed previously.

3.5 Conclusions

This study illustrates how the active site protonation schemes in Ma Cel7B
cellobiohydrolase impact the sugar ring conformation of the bound substrate as well as @/z
dihedrals of the glycosidic linkage, which have significant implications for the catalytic reaction.
It is found that the lowest energy protonation scheme of the active site, SysA, favorably orients
the substrate so as to expose the glycosidic bond to Glu217 while simultaneously orienting the
substrate's C1 in proximity to Glu212. Exposure of the glycosidic bond in SysA was achieved

primarily through bending of the sugar chain by means of the ¢/z dihedral angles around the
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glycosidic bond. In addition, the ring conformation is found to also aid accessibility of the
glycosidic oxygen to the acid/base residue as evidenced in interatomic distance and Cremer
Pople analyses. The final pre-catalytic step would then contain the single proton transfer event
from Asp214 to Glu217 (SysA to SysB), which would catalytically prime the enzyme. Further
evaluation of the system with respect to relatively low pH values has indicated that the H-
bonding network around the active site is disrupted by acidic conditions, which may explain the
decreased activity of Ma Cel7B in solutions of pH less than 6.

To improve the overall activity of Ma Cel7B enzymes the mutation of Asp262 to Ala262
is hypothesized to help reduce product inhibition by encouraging release of the cellobiose
product after hydrolysis as seen both in the MM/PBSA results and the H-bond analysis, and as
previously suggested by Silveria et al.'"* The fluctuation and shape of the enclosing loops around
the active tunnel were also found to be correlated to substrate binding energy in addition to the
effective active site pH. The linking of the active site protonation scheme to the substrate
orientation in the active site and ring conformation has expanded our understanding of the active
site for glycosidases and how they utilize ionizable residues during catalysis. Utilizing the

. 120, 122
conclusions from Granum et al.”™

and the insights from this work, it is proposed that
mutations removed from the active site, and in the vicinity of His228, would be ideal to shift the
optimal pH of the enzyme while still retaining the ability of the active site to favorably
manipulate the substrates ring conformation. The results presented here further our
understanding of protein-protein and protein-substrate interactions for glycosidases in particular

and enzymes in general in addition to providing crucial information pertaining to biomass

processing studies.
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CHAPTER 4 : THE MECHANISMS OF DEACTIVATION FOR HYPERTHERMOPHILIC
ENDOGLUCANASES IN DILUTIONS OF IONIC LIQUIDS

Manuscript is being prepared for submission to the Journal of Chemical Physics
and is reproduced here with permission from the coauthors.

Timothy C. Schutt®, C. Mark Maupin®

4.1 Abstract

It is hypothesized that a synergistic system of cellulase enzyme, water, and ionic liquids
(ILs) could greatly enhance the efficiency of biomass processing for production of biofuels and
value added chemicals/materials. However, cellulase enzymes are known to be deactivated to
various degrees when in the presence of ILs, although the mechanism of deactivation is unclear.
It has been observed previously that thermophilic and halophilic enzymes are more tolerant to
ILs than the faster fungal enzymes, and different ILs cause varying degrees of deactivation to the
various enzymes. Presented here is a two-pronged approach: 1) using observations from
simulations of hyperthermophilic endoglucanases to identify key aspects of IL tolerance, and 2)
engineering the IL by side-chain modification to be less detrimental to the enzymatic activity. To
this end, fully atomistic simulations of various IL, water, and enzyme mixtures have been used to
elucidate the various molecular-level interactions between enzyme and solvent that result in

enzyme deactivation and/or inhibition. The simulations revealed the impact of ILs on dynamic
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fluctuations and on binding at the active site, which are believed to be the two primary modes of
enzyme deactivation in IL mixtures. It is found that IL molecules impede the fluctuation of loops
around the catalytic groove in the hyperthermophilic endoglucananses, and facilitate partial
uncoiling of bent a-helices at the surface of the enzymes. The surface charges on the enzyme
near the catalytic groove are shown to retain water molecules limiting the access of the IL to the
surface and improving the tolerance to IL in solution. Addition of ethylglycol groups to the tail
of IL cation is shown to decrease adverse impacts on the enzyme"s fluctuations and binding to
the active site. This research has the potential to inform the development of synergistic methods
for the deconstruction of cellulosic material that are more rapid and more economical than

current methods.

4.2 Introduction

The study of cellulase activity and deactivation in Ionic Liquids (ILs) is important to
making conversion of biomass more economical in a renewable energy market. Biomass is a
plentiful, and potentially carbon-neutral fuel source when considering the full carbon cycle from
CO; released from combustion of biofuels and the CO, absorbed during photosynthesis and
sequestered into materials made from biomass. Current techniques for breaking down cellulose

159,160 e 40 -
’ supercritical water,” pyrolysis,

into simple sugars include inorganic catalysts,
gasification,"' and enzymatic saccharification strategies, which can be costly in terms of both
time and energy.”® ILs, together with enzymatic hydrolysis, provide promising alternatives that
may speed up the processing and cut operational costs.'®' Some pretreatment processes currently

employ strong acids to disrupt the inter- and intra-hydrogen bonded network in cellulose crystals,

while newer approaches are using ILs that are known to solvate hydrophobic cellulose based on
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the IL"s acidity'®® and structure.'®® Typically, the pretreated cellulose is then degraded using
enzymatic saccharification to form simple sugars that can be fermented or post processed into

value added products.'®

In the process of utilizing cellulose to make fuel, the pretreatment and
degradation steps constitute around 50% of the overall cost and therefore represent an obvious
place to focus efforts to improve on the economic viability of renewable, biomass-derived
products.'®

ILs are promising solvents due to their wide range of tunability and their ability to solvate
large amounts of cellulosic substrate,'°*'*"'® for example 1-ethyl-3-methylimidazolium acetate
is capable of solvating up to 27% (w/w) cellulose, whereas by comparison in water cellulose is
nearly completely insoluble.'® It has also been observed that halide containing ILs in the
presence of additional acid are capable of breaking the B-glycosidic linkages'’® at high
temperatures. Thermal decomposition of cellulose in a wide array of ILs have been characterized
for use in high temperature industry processes.”® Most of all, the ILs are known for separating
the cellulose oligomers, precipitating out lignin, and enhancing enzymatic access to the
substrate.”®!"""'"? Enzymatic saccharification that follows after pretreatment with ILs proceeds

173,60 However, the substrate needs to be

much more rapidly than on non-pretreated cellulose.
thoroughly washed after pretreatment and in doing so much of the substrate crystallinity is
restored.'” The substrate needs to be washed because even small amounts of IL can inhibit
cellulase enzyme cocktails from proceeding at normal saccharification rates. An additional
potential issue is that ILs tend to be very viscous and the addition of carbohydrate only
exasperates the issue.*®

Nonetheless, if ILs and cellulases could be modified to work synergistically in the same

reactor there could be tremendous opportunities for improved kinetics and economics of biomass
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degradation steps. Some hyperthermophilic cellulases such as those from Pyrococcus horikoshii
and Aspergilus sp have been seen to retain sufficient activity in IL-water binary mixtures up to
15% IL (w/w).”"'* A detailed understanding of the interactions between enzymes and ILs will
lead to enhanced knowledge related to enzyme deactivation, and result in engineered proteins
and modified ILs that operate at high enzyme activity while in high IL concentrations. Once the
cellulose is broken into component glucose units the ILs can be regenerated by addition of water
or volatile alcohols to precipitate out the sugars for further processing to HMF, biofuels, or other
value-added products.'”'7® ILs have immeasurably low vapor pressures so the antisolvent can
be boiled off without losing any IL such that the IL may be recycled back into processing with
minimal losses. Electrodialysis units also present a viable alternative to boiling off the remaining
antisolvent.'”” The synergy of enzyme and IL as well as cost of the IL are crucial for the
economic viability of biomass processing'’® and requires a greater understanding of the
interactions between ILs, water, and proteins.

Experimental studies assay a wide range of enzyme pH and temperature conditions to
identify optimum conditions for each enzyme as outlined by Dashtban et. al.'” It has been
observed that relative activity in the presence of ILs correlates with halotolerance and
thermophillicity™® and prevalent negatively charged residues on the surface of the enzyme
correlate with an increased tolerance to salts.”™ As a general trend more active enzymes are
less tolerant to ILs,”” but the synergistic impact of the IL improving substrate access might
outweigh the slower kinetics, therefore some groups have begun to experimentally probe the

3918064 Datta et. al. determined that Thermatoga

possibility of using enzymes and ILs together.
maritima (Tma) and Pyrococcus horikoshii (Pho) exhibit catalytic activity in IL concentrations

as high as 20% by weight.”
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Simulations have proven to be useful in analyzing why some cellulase systems are more
effective than others especially as computer resources become more available.*® Block modeling
has been conducted to elucidate the synergy of endo and exo type cellulases,” while fully
atomistic models have investigated the flexibility and processivity of well characterized
enzymes,*>® and the impact of hydrogen bonds and substrate binding in the catalytic groove.'™!
Interactions between the ionic liquid and the cellulosic substrate have also been studied and tend
to identify the anion as the most active part of the IL in solvating sugars.'**'** Jaeger et. al. have
reported on the impact ILs have on hyperthermophilic endoglucanase structures and saw some
loss of secondary structure and correlated tolerance to ILs with surface charges on the enzyme.*

The scope of this manuscript covers two hyperthermophillic endoglucanases paired with
water dilutions of three imidazolium-based ILs in a two-pronged approach to identify 1) enzyme
characteristics that improve tolerance to ILs, and 2) IL characteristics that lessen the deactivation
of ILs. The two hyperthermophilic endoglucanases were selected because data on the
experimental activity in IL dilutions exists in the literature and they have varied degrees of
tolerance to IL. The three ILs were chosen based on single ion exchanges from the well-studied
1-Ethyl-3-Methylimidazolium Acetate to be able to distinguish the impact of switching the
cation from the impact of switching the anion. The switched cation is functionalized with a
triethoxy tail in place of the methyl group off of the imidazolium ring, which has been
experimentally observed by Zhao et. al. to be less detrimental to the activity of lipase enzymes
while still retaining many of the favorable IL solvation characteristics.'®* It is hypothesized that
this IL will also benefit cellulase enzymes by solvating substrate and inhibiting the enzyme

activity less than the commonly used alkyl-imidazolium ILs. Fully atomistic simulations are
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utilized to resolve atomic interactions and glucan conformation inside the active site, and the

roles of solvent interactions at the enzyme"s surface.

4.3 Methods

Molecular dynamics (MD)

To study the interactions between enzymes and dilutions of IL as solvent, molecular
dynamics simulations were run including two family 5 type endoglucanases from
hyperthermophilic organisms; one from Pyrococcus horikoshii (Pho)” and one from
Thermatoga maritima (Tma).* The solvent mixtures consisted of three ILs: 1-Ethyl-3-
Methylimidazolium Chloride ((EMIM'] [CI]), 1-Ethyl-3-Methylimidazolium Acetate ((EMIM ]
[OAcT), and 1-MethylTriethoxy-3-Ethylimidazolium Acetate ([Me(OEt);EtIM '] [OAc]), diluted
with water at weight percentage mixtures of 5%, 15%, 30%, and 50%. Each system was run at 3
different temperatures ranging from room temperature, 300K, to the optimal temperature of the
hyperthermophilic organism Pho, 369K, and one temperature point in between, 334K, to ensure
adequate sampling and allow calculation of entropic contributions. The simulations included
both unbound enzymes and enzymes that were docked with a 10-glucan oligomer in the catalytic
groove for a total of 144 systems plus 12 control systems solvated by water. Force field, charge
distribution and structure files for the ILs were created using Gaussian09'® and Antechamber'®®

according to previously published methods.**’® Protein databank (Pdb) structures for the

|.77 |-48

enzymes were obtained at www.pdb.org from Kim et. al.”" and Pereira et. a The substrate
bound systems were created with a 10 glucose chain oligomer in the active site and equilibrated
using steered MD. The steered MD was used to position the 10-glucan oligomer in a fashion

similar to glucans observed in X-ray crystallography of similar enzymes.”® After the oligomer
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was in position the system was allowed to equilibrate for 5 ns of simulation time until the
oligomer remained in position without an external biasing potential. All molecular dynamics
simulations were run in Amberl12,'"” while each system was assembled in packmol,'®® and
converted to amber format by tleap. The Na' ions were added to balance the residual charge of
the enzyme, and the systems were minimized by at least 2000 steps of steepest descent and
equilibrated through 10 ns of simulation in the iso-baric iso-thermal ensemble (NPT). The
production run simulation was carried out using the canonical (NVT) ensemble for 100 ns and
writing out data every 2 ps. All simulations utilized a time step of 2 fs and employed the

SHAKE algorithm'®.

Cations Anions
!‘. %if ‘I‘
1-Ethyl-3-methylimidazolium Chloride
[EMIM] [cr]

- X

1-Methyltriethoxy-3-ethylimidazolium  Chloride
[Me(OEt),EtIM*] [CI]

Figure 4.1. Structures of the ion pairs that constitute the ILs: ((EMIM ] [CI], [EMIM'] [OAcT,
and [Me(OEt);EtIM '] [OAcT.
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a) Thermotoga maritma

Figure 4.2. Cartoon representation of the hyperthermophilic endoglucanase enzymes being
investigated each with a 10-glucan oligomer docked into the catalytic groove. a) Thermatoga
maritima (Tma). b) Pyrococcus horikoshii (Pho).
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Molecular Mechanical Poisson Boltzmann Solvent Accessibility (MM/PBSA)

MM/PBSA was employed to determine the approximate binding energies between the
Tma or Pho enzymes and the 10-glucan oligomer via the post processing technique developed in
Amber. Although MM/PBSA can be unreliable for determining absolute values for binding
energy, it is a useful method for determining the relative binding strength of different ligands or
the same ligand in different environments.'” The free energy of binding is calculated as the
difference between the free energy of the enzyme and oligomer individually and the free energy
of the bound complex. Each free energy is calculated as the sum of the bonded terms, Van der
Waals, electrostatics, polar, non-polar terms, and entropic contributions for each frame. The
dielectric and salt concentration parameters were set to 5 and 0.15 M, respectively. A
decomposition analysis characterizing the contributions of individual residues was also carried
out for residues within 6 A of the +1 and -1 glucan rings in the active site of the enzyme. For Pho
these residues were: 123, 129, 130, 168, 169, 220, 241, 265, 267, 272, 310, 345, 379-385. For
Tma these residues were: 18, 22, 94, 134, 170, 171, 199, 203, 207, 208, 251, 311-315.

Simulation Analyses

Analyses were performed using cpptraj190 for root mean square fluctuations (RMSF), root
mean square displacement (RMSD), and radial pair distribution functions (RDF), while VMD'*’
was used for generation of Volmaps, visualizations, and identification of charged residues, and

loop locations, in the enzymes. An in-house Cremer Pople code was applied to the substrate

coordinates to quantify the ring conformations in the active site.”
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4.4 Results and Discussion

Root Mean Square Fluctuations (RMSF)

Comparing the structural behavior of the hyperthermophilic endoglucanase enzymes in
different concentrations of ILs reveals interesting trends correlating to their experimental activity.
One of the key metrics for solvent interactions observed in MD is the dynamic flexibility of the
enzymes which can be characterized by the RMSF values of pertinent sections and loops of the

. . 2
enzyme in solution.**®

RMSF is a measure of the structural flexibility on a per-residue basis that
can elucidate specific regions of the enzyme on which to conduct more detailed investigations.
Additionally, the RMSF of distal loop regions has been hypothesized to be important in enabling
endoglucanases to access substrate and consequently correlate to enzymatic activity.® The
RMSF plots for Tma and Pho with a 10-glucan oligomer bound in the active site groove and
exposed to varying concentrations of IL are shown in Figures 4.3 and 4.4, respectively.

There are some general trends across the IL concentrations that are independent of the
enzyme; for example, it is readily apparent and intuitive that as temperature is increased the
RMSF values generally increase. Naturally with higher kinetic energy there will be more
fluctuation of the enzyme"s loops. Perhaps less obvious, is the trend that, regardless of which IL,
as the concentration of IL is increased, the RMSF values tend to decrease. Another interesting
observation is that the [Me(OEt);EtIM ] [OAcT] IL, in general, shows larger fluctuations than the
other two ILs.

More specific to each enzyme, are which residue ranges are most impacted. In the case of
Tma (Figure 4.3), the region around residues 15-22 is the first to be dampened by the presence of

IL and is observed to be almost completely damped by just 5% w/w IL. This residue region

corresponds to a distal loop forming part of the catalytic groove wall, which presents a high
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concentration of exposed oxygens with partial negative charges that strongly interact with the

bulky cations resulting in limited mobility in the presence of IL.

Root Mean Square Fluctuation Values of Tma (A)
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Figure 4.3. Color-map RMSF plots for Tma with a 10-glucan oligomer bound in the active site,
solvated in the varying ILs, concentrations, and temperatures.
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Root Mean Square Fluctuation Values of Pho (A)
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Figure 4.4. Color-map RMSF plots for Pho with a 10-glucan oligomer bound in the active site,
solvated in the various ILs, concentrations, and temperatures.



Contrary to most sections of the enzyme which decrease conformational sampling with
increased IL concentration, the region of Tma with residues 98-102 can be seen in the RMSF"s to
be susceptible to an increase in fluctuations with addition of IL. Residues 98-102 form a 180°
bend in an 0-helix on the surface of the enzyme and the mixed polar and non-polar charges of the
IL seem to stabilize partial uncoiling of the o-helix containing mixed polar and non-polar
residues. It is possible that this reversible, structural change of the a-helix could have an impact
on activity. Contrarily, in the case of Pho (Figure 4.4), far fewer changes are observed in the
fluctuations. Pho endoglucanase is much less perturbed by the presence of IL as evidenced not
only by the RMSF"s, but also by the experimental activity measured by Datta et. al. which shows
nearly constant activity against CMC in up to 15-20% [EMIM ] [OAcT] by weight.*

In addition to substrate-bound enzymes, the root mean square fluctuations of both
enzymes without substrate were analyzed in order to observe the differences between the
substrate bound and unbound states. The bound enzyme system exhibited higher flexibility than
the free enzyme system as seen in Figure 4.5. This is not solely a trait for these
hyperthermophilic endoglucanases but has also been observed in Glycosidehydrolase family 7
enzymes ° and in a family 7 cellobiohydrolase.® In concentrations of IL ranging from 0% to
50% in water the free enzyme fluctuations remain relatively constant for both enzymes studied as
compared to the dampening observed in the substrate-bound cases.

For the enzyme bound system it was observed that increasing IL concentrations caused a
decrease in the RMSF, as seen in the contour plots of Figures 4.3 and 4.4 but more markedly
noticeable and easier to interpret in Figure 4.6. There are periodic zones of low fluctuation in
both Pho and Tma that correspond to the inner parts of the enzyme. Neither substrate nor solvent

greatly perturb these regions of high stability as they are protected in the interior of the enzyme
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Figure 4.5. Comparison of RMSF plots of Pho solvated by water with substrate Bound (black)
and Free Enzyme (Red).

from solvent exposure. Interestingly the RMSF of the bound enzyme in 50% ionic liquid is very
similar to the RMSF of the unbound enzyme in water. In other words, the impact of the substrate
being bound and increasing the dynamic fluctuations is nearly cancelled out by the impact of IL

molecules dampening the fluctuations.
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Figure 4.6. RMSF of substrate-bound Pho showing the dampening impact of increasing
concentrations of IL. 5% (black) and 50% (red) [Me(OEt)3EtIM ] [OAc] solvents.
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Figure 4.7 highlights the similarities and differences of the dampening effects caused by
substrate loss, and ionic liquid addition. The dampening of the motion looks similar throughout
the entire enzyme, except for the motions of residues 125-130 and 350-355, which corresponds
to the distal loops surrounding the active site groove, which are significantly decreased by the
addition of IL, whereas removal of the substrate does not dampen these particular motions as
much. It has been reported that fluctuations of homologous loops enclosing the active site of a
cellulase enzyme (Melanocarpus albomyces Cel7B) are correlated with the active site being
primed for hydrolysis.”” The rigidity of these two loop regions when exposed to ILs may be
partially responsible for the enzyme®s deactivation through limitations to accessing and
maneuvering the substrate into the catalytic groove. The correlation between fluctuation of these

two loops and the relative activity (measured by Datta et. al.)*® with IL concentration is shown in

Figure 4.8.

RMSF {(Angstroms)

0 100 200 300
Residue Number

Figure 4.7. Comparison of the RMSF dampening effects observed for unbound Pho
endoglucanase solvated by water (green) versus substrate-bound pho enzyme solvated by 50%
[Me(OEt);EtIM '] [OAcT] (blue) as well as the difference between the two (red).
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Figure 4.8. Correlations between the fluctuations of loop regions 125-130 (red squares), loop
region 350-355 (green triangles), and the relative enzyme activity (blue diamonds) plotted versus
concentration of [EMIM '] [OAc].

Looking at the overall level of fluctuation for the bound substrate has provided a rough
correlation to enzymatic activity. In Table 4.1 the average fluctuation over the whole enzyme is
shown. Experimental observations show that Pho is more IL-tolerant than Tma to alkyl
imidazolium ILs.** The fluctuations match this trend with a 17% decrease in flexibility of Tma
in 15% [EMIM '] [OAcT] compared to Pho with a 7% decrease in flexibility in the same solvent.
However, it is notable that the [Me(OEt);sEtIM ] cation decreases the flexibility of Pho more
than [EMIM ] [OAc] does while the same cation decreases flexibility of Tma less than [EMIM ']
[OAc’]. This observation is important because it lends insight into the mechanism of IL
tolerance. Pho has 8 positively charged residues on the periphery of the active site groove
whereas Tma has 4 positively charged residues on the periphery of the active site groove. Higher

50,75,86
2" For enzyme surfaces

surface charges have been linked to halophillicity and IL-tolerance.
with a reduced number of exposed residues, the hydrophobic tail of alkyl ILs favors interactions

with the enzyme rather than with aqueous solvent. This inhibits loop fluctuations of less charged

residue sequences hence explaining in part why Tma is more deactivated by alkyl imidazolium
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ILs than Pho is. The more highly charged surface of Pho is more hydrophilic than the less
charged surface of Tma, and at the surface of the enzyme there is a competition for solvation
between water and IL molecules. As the IL concentration is increased the IL molecules begin to
outcompete water molecules for surface interactions with the enzymes, and upon significant
decrease of water molecules the energetic preference towards IL-solvation dominates. As
compared to Tma, Pho is more tolerant to higher concentration of IL because it*s more highly
charged surface favors interaction with water molecules more so than does the surface of Tma.
These surface charges shift the equilibrium of solvent competition for the surface interaction.

The choice of ILs was intended to clarify the individual impacts of switching the cation
and separately switching the anion for different ionic species. Starting from the well-studied
[EMIM'] [OAcT] the cation was exchanged with a [Me(OEt);EtIM ] cation, while alternatively
the other IL system switched the [OAc’] for a [CI] anion. It was observed that the
[Me(OEt);EtIM'] cation impedes the fluctuations of Tma less than the [EMIM ] cations because
the surface interaction energy of the [Me(OEt);EtIM'] cation is relatively weaker than [EMIM ]
cations. In bulk fluid phase the [EMIM ] cation and similar alkyl-imidazolium-based ILs tend to
phase separate at the nanostructural level where the hydrophobic tails aggregate with other

P! In the case of the [Me(OEt);EtIM'] cation, however, the phase

hydrophobic species.
separation is far less pronounced'®® and similarly the binding to the enzyme is less strong
enabling greater loop fluctuations of Tma with the [Me(OEt);EtIM "] cations as compared to with
[EMIM'] cations. In the case of the more highly charged surface of the Pho enzyme, the
hydrophilicity of the [Me(OEt);EtIM'] cation tail is no longer a disadvantage to surface binding

and there is little difference observed in the dampening of fluctuations between the [EMIM '] and

the [Me(OEt);EtIM ] cation.
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Table 4.1. Average RMSF values of whole enzyme in various dilutions of IL.

Average RMSF Bound Pho Average RMSF Bound Tma
[EMIM'] [EMIM] [MeOEBE(IM] [EMIM'] [EMIM'] [MecOEGEM]
1L% [CI] [OACT] [OAC] 1IL% [CT] [OAC] [OACT]
0% 1.726 1.726 1.726 0% 1.904 1.904 1.904
5% 1.738 1.749 1.616 5% 1.746 1.620 1.865
15% 1.650 1.602 1.567 15% 1.589 1.529 1.647
50% 0.930 0.916 0.779 50% 0.841 0.815 0.826
Average RMSF Unbound Pho Average RMSF Unbound Tma
[EMIM] [EMIM] [MeOEBE(IM] [EMIM] [EMIM'] [MeOEGEM]
IL% [CI] [OAC] [OACT] 1IL% [CIT] [OACT] [OAC]
0% 0.562 0.562 0.562 0% 0.581 0.581 0.581
5% 0.519 0.497 0.506 5% 0.577 0.559 0.581
15% 0.500 0.506 0.500 15% 0.545 0.532 0.561
50% 0.453 0.451 0.456 50% 0.489 0.487 0.472

Observed Correlations

The decreased fluctuations in the enzyme structures were seen to correlate to zones with
high affinity for interaction with the IL solvent. Volmaps produced in VMD show these zones of
high probability occupancy by specific solvent species. Figure 4.9 shows a cation occupying the
catalytic groove and another at the base of distal loop regions enclosing the active groove. The
presence of cations at these locations is hypothesized to contribute to the competitive inhibition
as well as limited movement of those loops in concentrated IL solutions. The [OAc’] anions
appear to play a lesser role in inhibiting the fluctuations however experimentation has shown that

the [CI] anions are detrimental to enzymatic activity.
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Figure 4.9. Volmap of Pho (white) in 50% [Me(OEt)3EtIM '] [OAc] without substrate bound.
Isosurfaces represent regions of space with a minimum occupancy probability of around 20% for
the cation (steel-blue), anion (orange), and water (blue).

Throughout the simulations of the free enzyme systems, a cation ([Me(OEt);EtIM] or
[EMIM ']) molecule was constantly seen to be bound in the active site region interacting with
negatively charged aspartic acid and glutamic acid residues in the vicinity. Such behavior
strongly suggests that competitive inhibition is another factor decreasing the enzymatic activity
of cellulases in IL solutions. When simulations of the bound enzyme system were analyzed
similar observations of the cation interacting at the base of distal loops was observed.

Fluctuations decreased very similarly to the unbound system as the IL. concentration increased to

50%. Additionally, the binding of the substrate in different solvent conditions was characterized.
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Figure 4.10. Volmap of Pho (white) in 50% [Me(OEt)3EtIM ] [OAcT] with a 10-glucan oligomer
bound into the catalytic groove. Isosurfaces represent regions of space with a minimum
occupancy probability of around 20% for the cation (steel-blue), anion (orange), and water
(blue).

The substrate binds into a catalytic groove, as shown in Figure 4.10, which is an
energetically favorable region for the cellulose substrate to reside. Binding to the substrate is
important in order to restrain the oligomer long enough for hydrolysis to occur, however it is also
important that the enzyme-substrate-complex be able to unbind, leaving the substrate, so that the
enzyme can transition towards another cleavage site elsewhere on the substrate. MM/PBSA was
used to determine the relative strength of binding between the cellulose oligomer and residues
surrounding the active site and it was found that there is an inverse correlation between the
binding strength under environmental conditions and the experimental activity under those

conditions. Datta et. al. have published some experimental data on the activity of these enzymes

in various IL dilutions, and while the data does not cover the entire range of conditions simulated
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in this study, there is overlap with the tests run in 0%, 5%, 15%, and 50% w/w of the IL:
[EMIM'] [OAc].” These results for Tma are plotted alongside the relative binding strength in
Figure 4.11. The binding energies were calculated using MM/PBSA so more attention should be
given to the relative difference in values rather than the absolute binding energy value.'®
Accordingly, the energies were normalized by dividing by the most favorable binding energy (-
67 kcal/mol) so as not to be confused with quantitative results. This data supports the hypothesis

that increased enzyme-substrate binding is more detrimental than helpful to the hydrolytic

activity in these systems.
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Figure 4.11. Correlation of relative binding strength of the oligomer at the active site of Tma at
369K (red squares) and the enzymatic activity (blue diamonds) with respect to the concentration
of [EMIM '] [OAcT].

Amidst the simulations that were performed there was an interesting trend that developed
between the computed root mean square displacement (RMSD) of Tma with substrate bound in
the active site and the experimental activity of Tma under those conditions. Namely, as RMSD
increased the experimental activity decreased proportionately and both were approximately

linear plotted against [EMIM'] [OAcT] IL concentration, Figure 4.12. This trend means that as

more [EMIM'] [OAcT] IL is added to the solvent, more deviation from the initial structure is
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likely to occur. This correlation suggests that although the [EMIM'] [OAcT] IL was shown to
limit fluctuations of the distal loops of each enzyme, the presence of the IL is encouraging
greater variations of the relative loop alignments. A similar finding was reported by Jaeger et. al.
when they tested non-substrate-bound enzymes.*

All RMSD values remained within plausible flexibility limits (<2 A) and stayed mostly
level throughout the 100 ns simulations suggesting that the enzymes were not denaturing on this
timescale. Experimental measurements show that these enzymes regain their activity
significantly after incubation in high concentrations of [EMIM'] [OAc] IL, which is further

evidence the enzymes are not irreversibly losing structure.*
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Figure 4.12. Correlation of the RMSD of Tma at 369K (red squares) and the enzymatic activity
from Datta et. al. (blue diamonds) with respect to the concentration of [EMIM '] [OAcT].

Interestingly, dilutions of the [Me(OEt);EtIM'] [OAc] IL exhibited a lesser increase in
the RMSD of Tma than dilutions of the [EMIM'] [OAc] and [EMIM] [CIT] ILs (1.2 A on
average as compared to 1.5 A and 1.5 A, respectively). This would suggest, based on the
aforementioned correlation, that the [Me(OEt);EtIM ] [OAc’] IL would be less detrimental to the

activity of Tma than the [EMIM '] [OAc’] and [EMIM'] [CI] ILs. Based on the combination of
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the relatively decreased RMSD of Tma in [Me(OEt);EtIM '] [OAc’], the increased fluctuation of
pertinent loops from the RMSF analysis, and the idea that [Me(OEt); EtIM'] [OAc] IL has been

194,192 . . .. .
9192 {5 retain favorable solvation characteristics for cellulosic

shown in other studies
compounds; it is hypothesized that continuing down this research avenue of increasing the
compatibility of enzymes and IL could bring technology closer to rapid, single-pot hydrolysis

reactions with ILs making the substrate more accessible and enzymes quickly catalyzing

glycosidic cutting.

4.5 Conclusions

The atomistic simulations have revealed several important interactions that contribute to
the mechanism for cellulase deactivation in ILs. RMSF values increased throughout the entire
exterior regions of the enzyme when substrate was loaded into the active groove while the core
of the enzyme remained stable. Up to 15% (w/w) IL has little effect on the RMSF values of Pho
and more substantial effect on the RMSF values of Tma as a result of solvent competition for
surface interactions especially with charged residues. Possible competitive inhibition was
observed in the simulations without a bound substrate and MM/PBSA results suggest relative
binding energies of the substrate in the active site are inversely related to enzymatic activity. The
rate at which Tma unbinds from the substrate in order to move to a new cleavage site seems to
play a stronger role in the overall activity than the rate at which the Tma binds to the substrate. It
is hypothesized that there is an inverse correlation between the RMSD and the enzymatic activity
as result of reversible shifts in the relative orientation of loops, at least for Tma, and that the
[Me(OEt);sEtIM '] [OAc] IL is less detrimental to enzymatic activity as correlated with decreased

competitive binding and decreased RMSD shifts on average.
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MD - molecular dynamics,

IL —ionic liquid,

[EMIM '] — 1-ethyl-3-methyl imidazolium,

[BMIM '] — 1-butyl-3-methyl imidazolium,

[OMIM ] — 1-octyl-3-methyl imidazolium,
[Me(OEt);EtIM '] — 1-methyltriethoxy-3-ethyl imidazolium,
[OAc] — acetate anion,

[CI'] — chloride anion,
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CHAPTER 5 : IN SILICO INSIGHTS INTO THE SOLVATION CHARACTERISTICS OF
THE IONIC LIQUID I-METHYLTRIETHOXY-3-ETHYLIMIDAZOLIUM ACETATE FOR
CELLULOSIC BIOMASS
Reproduced with permission from Physical Chemistry Chemical Physics,

the Royal Society of Chemistry Journals, and the coauthors.

Timothy C. Schutt,” Vivek S. Bharadwaj,® Govind A. Hegde,® Adam J Johns,*® C. Mark Maupin™

5.1 Abstract

Lignocellulosic biomass is a domestically grown, sustainable, and potentially carbon-
neutral feedstock for the production of liquid fuels and other value added chemicals. This
underutilized renewable feedstock has the potential to alleviate some of the current socio-
economic dependence on foreign petroleum supplies while stimulating rural economies.
Unfortunately, the potential of biomass has largely been underdeveloped due to the recalcitrant
nature of lignocellulosic materials. Task-specific ionic liquids (ILs) have shown considerable
promise as an alternative non-aqueous solvent for solvation and deconstruction of lignocellulose
in the presence of metal chloride catalyst or enzymes. Recently it has been hypothesized that
adding oxygen atoms to the tail of an imidazolium cation would alleviate some of the negative

characteristics of the ILs by increasing mass transport properties, and decreasing IL deactivation
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of enzymes, while at the same time retaining favorable solvation characteristics for
lignocellulose. Reported here are fully atomistic molecular dynamic simulations of 1-
methyltriethoxy-3-ethylimidazolium acetate ([Me-(OEt);-Et-IM"] [OAc7]) that elucidate
promising molecular-level details pertaining to the solvation characteristics of model compounds
of cellulose, and IL-induced side-chain and ring puckering conformations. It is found that the
anion interactions with the saccharide induce alternate ring puckering conformations from those
seen in aqueous environments (i.e. 'Cy4), while the cation interactions are found to influence the
conformation of the A dihedral. These perturbations in saccharide structures are discussed in the
context of their contribution to the disruption of hydrogen bonding in cellulosic architecture and

their role in solvation.

5.2 Introduction

Cellulosic biomass has been shown to have great potential as a feedstock for processes
previously reliant on petroleum products; however, unlike petroleum, biomass is a renewable
resource and available domestically in large quantities that would otherwise be waste (i.e.
secondary mill residues, urban wood waste, etc).”®'® Atmospheric CO, has been diverging
rapidly from previous levels since the industrial revolution,” which is causing much concern
about the use of petroleum-based products’, and kindling the hope that biomass may be able to
alleviate some of the atmospheric carbon.'”'® A major reason biomass processing
technologies have not become ubiquitous is due to the recalcitrant nature of cellulose,’’ often
requiring long reaction times or strong acids, which tend to be prohibitively expensive for large

180,196

scale operations. Methods for the pre-treatment of biomass, and the introduction of

enzymatic cocktails have considerably reduced cellulosic recalcitrance by breaking down the
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crystallinity of the feedstock, and depolymerizing the cellulose into soluble sugars.’’® Among
pretreatment methods it has been found that ionic liquids (ILs) can be very effective at disrupting
intermolecular hydrogen bonding, dissolving crystalline cellulose, as well as facilitating the
formation of value added products.”****"263 ] g are salts that are liquid at room temperature and
represent a broad class of solvents with the ability to be tailored for task-specific applications.”
Choice of the ion pairs and addition of different functional groups into the IL"s molecular
structures provide an extensive phase space for development of a wide variety of desired
properties tuned for applications in electrochemistry,”> CO, sequestration,”’ fuel cells,”* and
reaction solvents,’ % to name a few.

In biomass applications the alkyl-imidazolium acetate and alkyl-imidazolium chloride
ILs have shown promise with relatively high cellulose solubility, the ability to decrystallize
cellulose, and relatively high thermal stability allowing for elevated reaction temperatures, and
efficient recycling of solvent.”>' Ries et. al. report that 1-ethyl-3-methylimidazolium acetate,
([EMIM'] [OAcT]) can solvate up to 15 wt% cellulose at 20°C™® as compared to aqueous systems
in which cellulose is almost completely insoluble.'”” Several research groups have reported
glucose yields in excess of 90% using [EMIM ] [OAcT?#19%2% and [BMIM'] [C172"2 during
pretreatment. Studies suggest that the ILs disrupt the strong hydrogen bonding network in
crystalline cellulose, consequentially preparing the substrate for processive motion by cellulase
enzymes. The result of which increases the kinetics and overall yields by enhancing available
substrate concentrations, and allowing fewer enzyme molecules to get stuck in inactive

64,66,65

configurations on the substrate. In addition to modifying the substrate, Binder et. al.

reported that ILs have hydrolytic activity in the absence of any enzymes. These studies were
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conducted with careful control of the water content in solution and yielded nearly 90%

conversion of cellulose to glucose in 4 hours at 105°C.%
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Figure 5.1. Diagram of the IL, glucose, cellobiose, and important dihedral angles.

Despite their promising characteristics the aforementioned ILs suffer from high
viscosities, high cost, and the observation that even in very dilute circumstances they can cause

39201 Dye to their

severe deactivation of cellulase enzymes used in downstream processing.
versatility, it is possible to modify ILs with various functional groups in addition to changing ion
pairs in an effort to tune the properties of the ILs.> In this work the alkyl tail has been exchanged
with an oligo(ethoxy) tail on an imidazolium cation forming 1-methyltriethoxy-3-
ethylimidazolium acetate ([Me-(OEt);-Et-IM'] [OAc]) (Figure 5.1). This IL has been

investigated for its effect on fluid properties and solvation characteristics in model cellulose

systems. Comparisons to alkyl-imidazolium based ILs have elucidated differences in the free
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energy for the A dihedral, which is in part responsible for disrupting the recalcitrant H-bonding
network of crystalline cellulose.®’ In addition it is found that the free energy surfaces for the ¢
and z dihedrals (Figure 5.1) around the glycosidic bond are modified, which has been correlated
to the accessibility of solvent and catalyst molecules to the glycosidic oxygen for hydrolysis of
the 1,4-B-linkage.”*"® Furthermore, the conformational puckering of the ring, as coordinates
established by Cremer and Pople,”” has been observed to be perturbed in IL solvents, and has
been shown to impact the activation energy barrier for hydrolysis of similar biopolymers.®*****

Experimentally, [Me-(OEt);-Et-IM '] [OAc] has been observed to work as an equal or better pre-
treatment than [EMIM ] [OA¢.2"! Additionally research has been conducted indicating that the
oligo(ethoxy) functional groups cause the IL to be less detrimental to the activity of lipase
enzymes.'** However little is known about this IL"s behavior in a pure bulk fluid phase, and the
interactions with cellulosic compounds. Enhanced knowledge in this area may reveal alternate

paths forward with respect to making the processing of biomass feedstock more environmentally

sustainable, and more economically feasible as compared to petroleum sources.

5.3 Methods

In an effort to better understand the solvation environment created by [Me-(OEt);-Et-
IM'] [OAcT], and oligo(ethoxy) functionalized ILs in general, biased and unbiased all-atom
molecular dynamics (MD) have been conducted. Umbrella sampling, metadynamics, and
unbiased MD were performed in Amber 12" and when applicable used the PLUMED?*

package.
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Unbiased Molecular Dynamics

Cellobiose and glucose were used as the cellulosic model compounds, and were solvated

in either pure IL or pure water using the Packmol'®®

program. The TIP3P force field was used to
describe water, while the Glycam06h'*' force field was used for cellobiose and glucose. The
TIP3P water model was chosen due to it"s use in the development and vetting of GLycam06h'*!
as well as for consistency with previously published work which also used TIP3P.% ™!
Gaussian09'® and antechamber'®® were used to determine point charges for the [Me-(OEt);-Et-
IM'] [OAcT] IL force field in accordance with the RESP method?*® and previously published
work (Appendix B Table B1).2"2% Although some studies suggest that an 80% scaling factor be
applied to the charges for improved prediction of transport properties,””'° for these simulations
the full-scale charges were used in accordance with the parameterization laid out by
Sambasivarao et. al., which has shown considerable accuracy in the prediction of densities,
torsion potentials, and free energy of activation.”'' The molecular geometries and force constants
that were used to describe the IL came from GAFF,212 which has been shown to be accurate for
many ILs.*” The 3 IL systems created in packmol,'® consisted of 643 IL pairs along with
cellobiose, glucose, or no solute. Additionally, aqueous systems were created for glucose and
cellobiose each solvated by 7,653 water molecules. All systems were cubic with 61.5 to 65.8 A
box length which corresponds to a saccharide concentration of 0.0071 to 0.0058 mol/L. The
systems were initially minimized for 2000 steps with the steepest descent algorithm followed by
2000 steps of conjugated gradient minimization.'®® The systems were then cycled three times for
250 ps each between the isobaric, isothermal ensemble (NPT) at 300 K and 1 atm, and the

isochoric, isothermal ensemble (NVT) at 500 K. The cycling between the NPT and NVT

ensembles has been found to be an efficient means to mix and relax viscous and/or highly
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entangled systems.?'>® The densities of the systems were then allowed to equilibrate in the
isobaric, isothermal ensemble (NPT) over a 5 ns simulation at a pressure of 1 atm and a
temperature of 300 K. The equilibrated systems were then subjected to a production run for 100
ns in the canonical (isochoric-isothermal) ensemble (NVT). An additional 20 ns of simulation
was conducted in the microcanonical (NVE) ensemble to allow for the calculation of diffusion
parameters without bias from a thermostat. In all calculations the electrostatic interactions used
a 10 A cutoff for short range interactions and particle mesh Ewald for long range interactions. A
Langevin thermostat was used to maintain the temperature at 300 K or 500 K using a collision
frequency of 2 ps™. The SHAKE algorithm'® was employed to constrain hydrogen bond lengths,
which allowed for the use of a 2 fs time step, while the leapfrog algorithm was used for the

integration of the equations of motion.”

Calculation of the IL Order Parameters

Order parameters were calculated and used to characterize the nanostructure of the IL.

214

The Heterogeneity Order Parameter (HOP)™ " is a measure of a system“s degree of phase

separation, and it is calculated by:

Ns Ns

HOP= 3" S exp(-r,2/207)
Ns == (5.1)

where rjj is the distance between sites i and j and o = L/ N,'?, L is the box length of the simulation
cell, and Ns is the number of sites for which the HOP is being computed. Systems with sites

located far apart from each other (i.e. equally distributed) will have large values of rjj and thus
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low HOP values, whereas systems that are clustered will have on average smaller values of rj;
and result in a relatively large HOP value.

The Orientational Correlation Function (OCF)*"

is a measure of the relative spatial
preference of cation tails within a given radius of each other. It is calculated based on the dot
product of the vectors pointing from the head of the cations to the terminal carbon on the cation"s
tail. The dot product is squared and averaged over all cation pairs throughout the entire
simulation and normalized such that an OCF of 0 means the vectors are completely random with
respect to each other at that separation distance, an OCF of 1 means the vectors are completely

correlated (either parallel or anti-parallel), and any negative values would imply a preference

toward perpendicular alignment. In equation form the OCF is:

OCF = <[3(Fr)@)z —1} /2>

(5.2)

where u(r;) is the unit vector pointing from the cation head to the cation tail of the cation i, and

the correlation is averaged over all cation pairs as a function of distance between the cation pairs.

Well-tempered Metadynamics

Well-tempered metadynamics was used to determine the free energy surfaces as a
function of the @ and z dihedral angles (Figure 5.1), which characterize the orientation of the
glycosidic bond in the cellobiose system (¢ = O5-C1-04-C4 and z = 01-04-C4-C5). In addition
to the dihedrals about the glycosidic bond, the ring puckering free energy surface was also
evaluated in the glucose system using the 6 and ¢ collective variables defined by wremer and

203

Pople® and depicted by Iglesias-Fernandez et. al. (Figure 5.2).°** The parameters for well-
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tempered metadynamics were chosen based on previous simulations on the alkyl-imidazolium IL
systems63, and utilized a maximum hill height of 0.15 kcal mol™”, a Gaussian width of 1 A,

application of Gaussians every 500 ps, a bias factor of 15, and a time step of 0.5 fs.

(o]
N\ Chair conformation
Boats and C (=0

skewed boats
(6=90°)

-

R

—_——
—_——— -

Envelope and
C half envelopes
Chair conformation 4 (6=45°0r 135°)

(6=180°) oy

Figure 5.2. Cremer Pople coordinates for ring puckering based on figure from Iglesias-Fernandez
et al. 2015.%"*

All simulations were conducted for at least 45 ns and were terminated when the resulting
free energy surfaces changed by an average of less than 0.5 kcal mol™ in an additional 5 ns of
simulation (i.e. converged to within 0.5 kcal mol™). It should be noted that there are methods for
refining the convergence of shorter metadynamics simulations, like described by Autieri and
Sega et. al.,*'**"” however for this study, brute-force long-time well-tempered metadynamics
was employed. One such method for enhanced convergence is to run umbrella sampling on top
of the metadynamics energy bias to ensure a level exploration of the CV however this becomes

prohibitively costly in multi-dimensional systems.
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Umbrella Sampling

In addition to metadynamics, umbrella sampling was used to evaluate the potential of
mean force (PMF) that describes the A dihedral (O6-C6-C5-05), which is used to monitor the
configuration of the hydroxymethyl group in saccharides. For the glucose system 37 windows
spaced every 10° from -180° to +180° were simulated with a restraining force on the A dihedral
of 30 kcal mol™ rad™. The equilibrated systems from the unbiased MD trajectories were used as
starting points for these simulations. Each window was then simulated for 8 ns, and a PMF as a
function of A was generated using the weighted histogram analysis method (WHAM).?* All

simulations used the SHAKE algorithm'®’ and employed a time step of 2 fs.

5.4 Results and Discussion

Properties from Molecular Dynamics

Some properties of the bulk ionic liquid estimated from simulations are listed in Table
5.1. In similar IL systems the GAFF as well as the OPLS and the RESP method for forcefields
and charge parameterizations have been shown to reproduce measureable quantities (i.e.
densities, diffusions, etc) with relatively high accuracy.®??**!#21%2% Ap experimental density for
[Me-(OEt);-Et-IM'] [OAc] is unavailable as of yet in literature for comparison, however the
density of the equilibrated system (1.13 g/mL) is comparable to the density of [EMIM '] [OAcT]
both in simulation® and experiment220 (1.13 and 1.12 g/mL, respectively).. Although no
experimental diffusion values for this IL were found in the literature, the viscosity has been

2

published®', and using the Stokes-Einstein-Sutherland relation®** it is possible to estimate the

viscosity from the diffusivity and radius of gyration of constituent species.””> The calculated
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viscosity (98 mPa s at 300K) is in close agreement with the viscosity measured by Zhao et. al.
for this IL (92 mPa s at 293K).**! It is interesting to note that without scaling the point charges of
the IL in this system the transport properties of the liquid were accurately predicted, whereas in
contrast; for many other ILs, it has been found that a scaling factor of 0.8 applied to the charges
was needed in order to improve calculation of transport properties.?'**%° Perhaps the [Me-(OEt)s-
Et-IM"] [OAcT] does not need to have its charges scaled as a result of the modified chemistry,
and/or the use of a higher level of theory and basis set in the point charge calculation as
compared to typical GAFF point charges calculated from RESP. Despite the longer tail length
[Me-(OEt);-Et-IM "] [OAc] benefits from a lower viscosity than [EMIM'] [OAc] or [BMIM ]
[OAc] (162 mPa s*** and 646 mPa s**°, respectively), which results in an increase to mass
transport properties while the longer tail has been shown to decrease deactivation of lipase

enzymes.'®*

Table 5.1. Bulk properties of lonic Liquid

Property [Me-(OEt);-Et-IM"] [OAc]  Units
Sim. Density 1.13 g/mL
Sim. Cation Diffusion 8.9E™" m*/s
Sim. Anion Diffusion 73E" m*/s
Sim. Viscosity (@300K) 98 mPa s
Exp. Viscosity (@293K)**' 92 mPa s

Interestingly, the diffusivities of the cation and anion are similar (8.9 and 7.3 10™* m’/s
respectively) despite a large discrepancy in molecular size with the smaller anion being the

slightly slower of the two ions, which is in agreement with other ILs systems.” It has been
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suggested that this phenomenon is caused by strong electrostatic forces between the anion and
the cation head, which renders the effective size of the anion as the sum total of the two ions.***
In addition, the radial distribution function (RDF), Figure 5.3, indicates a coordination number of
0.93 for the first solvation shell (r < 3.5 A) implying that most [OAc’] are bound in a 1:1 ratio to
a cation head within this region of space. Additionally, a strong secondary solvation shell is
observed indicating a high level of atomic ordering in the ILsolution. The RDF indicates that the
second solvation shell for the cation encompasses an additional 3 anions which implies ion pairs
form in tri-coordinated structures with their nearest neighbor ion pairs while the cation tails
constitute the remainder of the free space. This nanostructuring is somewhat analogous to the
polar-apolar nanostructure observed in alkylated ILs although to a significantly lesser extent,

which will be elucidated using order parameter analysis in the next section.
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Figure 5.3. Radial distribution functions in the bulk liquid phase for the cation head to the anion
(dash), and Cation tail terminal carbon to cation tail terminal carbons (solid). Grey lines denote
the integration boundaries and the bulk density value.

The RDFs for tail-tail interactions (Figure 5.3) reveal some tendency for aggregation,

particularly between the terminal carbons as seen by a 1% peak coordination number of 1.9
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molecules. In Alkyl-imidazolium ILs clustering has been observed to occur for longer tail
lengths, which form hydrophobic regions within the liquid.*”***** In the case of the
oligo(ethoxy) IL there are no micelle-like formations, but narrow tortuous regions composed

213 it was seen

exclusively of the cation tail-atoms do evolve. Using an in-house clustering code
that the IL tail regions are interconnected throughout the entire simulation box. It is hypothesized
that in order to minimize viscosity of an imidazolium-based IL a balance must be found in the

charge distribution of the tails that minimizes cohesive interactions of the tails while maximizing

solvation of the charged groups allowing for optimal molecular mobility.

Order Parameters

Macro-scale liquid properties are greatly impacted by the nanostructure of the solution
and one measure of the nanostructure in ionic liquids is the HOP.*'* The HOP characterizes
clustering by quantifying a weighted distance between pertinent molecules in a simulation. It is
observed (Figure 5.4) that the oligo(ethoxy) tail induces less heterogeneity (i.e. less clustering) as

compared to alkyl imidazolium ILs""

of similar tail length. It is hypothesized that the added
hydrophilictiy of oxygens in the cation tail favor greater dispersion of charged species in tail
domains and vice versa. Interestingly, the viscosity and density of the [Me-(OEt);-Et-IM '] [OAc”
] IL is most similar to an alkyl imidazolium IL of tail length 2 (i.e. [EMIM'] [OAc]), while the
HOP nanostructure of [Me-(OEt);-Et-IM"] [OAc’] most resembles an alkyl imidazolium IL of

tail length 7 (by interpolation). This would imply similar fluid dynamic properties like the

shorter chain but nano-phase separation like the longer chain.
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Figure 5.4. Plot of the heterogeneity order parameter (HOP) for the anion (square), cation head
(circle), and cation tail (triangle) as a function of tail length. Although not an Alkyl tail, for sake
of comparison, [Me-(OEt)3-Et-IM+] [OAc-] is shown here above the tail length of 10 (open
symbols), while the connected data points are for 1-alkyl-3-methyl-imidazolium acetate ILs
(filled symbols).
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Figure 5.5. Plot of the OCF order parameter of the cation for [EMIM+] [OAc-] (dotted),
[BMIM+] [OAc-] (dash), [OMIM+] [OAc-] (dot-dash), and [Me-(OEt)3-Et-IM+] [OAc-] (solid).
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Another measure of the nanostructure of the IL is the OCF order parameter,””’ which
characterizes the relative orientation of cation tails as a function of the distance between them. At
very close distances the OCF (Figure 5.5) is negative suggesting a preference for the tails to be
perpendicular to each other. This result is reasonable considering that the charged cation heads
will repel each other, disallowing parallel orientations, and at r < 4 A between the centers of
mass of the cations there isn“t space for the tails to orient anti-parallel. In the region between 4 A

<r <9 A the alkyl imidazolium IL"s""

exhibit a trend of increasing peak OCF with increasing
tail length. The [Me-(OEt);-Et-IM "] [OAcT] IL however exhibits drastically reduced orientation
preference of the cation tails in comparison to the alkyl imidazolium ILs. Beyond 12 A the OCF
values for all 4 ILs converged to 0 suggesting that liquid-crystal*"> formation is not taking place
at this temperature for these ILs.

The combined observation that the HOP for [Me-(OEt)s-Et-IM'] [OAcT] is similar to that

1 and the OCF is drastically smaller, suggests that despite a

of alkyl-imidazolium ILs
comparable amount of tail clustering, the tail domains in [Me-(OEt)s-Et-IM'] [OAcT] are

considerably more chaotic than alkyl-imidazolium IL tail domains which is hypothesized to

contribute to the lower relative viscosity in [Me-(OEt);-Et-IM'] [OAcT].

Solute-Solvent Interactions

In the literature, imidazolium ILs have been said to utilize a nanostructured solvation
mechanism wherein the polar and apolar phases preferentially solvate different aspects of the
solute. "' To a certain extent the [Me-(OEt)s-Et-IM'] [OAcT] IL tail does phase separate,
although to a significantly lesser extent as previously shown for imidazolium ILs. It is observed

that the IL"s cation tail does interact favorably with the less polar regions of cellulosic

96



compounds, similar to the nanostructured solvation mechanism, while the highly ionic portions
of the IL preferentially solvate the hydrophilic regions. However, the semi-polar nature of the
cation tail creates some unique characteristics in the solvation mechanism, which will be further

explored in subsequent sections.

Omega Dihedral

The interactions of the bulk IL [Me-(OEt);-Et-IM'] [OAcT] create a unique environment
that has experimentally been shown to solvate up to 12 wt % cellulose,?*' a solubility on par with
leading ILs for cellulose pretreatment.””' One feature that has been linked to the solvation of
cellulose is the disruption of intermolecular hydrogen bonds involving the hydroxymethyl group
of glucose monomers.”***** The omega dihedral characterizes the position of the hydroxymethyl
group with respect to the glucose ring and there are two primary conformations: gauche-gauche
(GG) and gauche-trans (GT). The GG conformation occurs when A=-60 degrees and represents a
higher propensity for intermolecular hydrogen bonding.*** The GT conformation occurs around
A=60 degrees and is most common in IL-solvated environments.” A study on the break-up of
bundled cellulose fibrils by Rabidaeu et. al. has determined that the intrastrand hydrogen
bonding needs to be broken before the interstrand hydrogen bonds can be broken for detachment
of the strand from the fibril.>** Furthermore, the anion is the first to penetrate the region between
cellulose strands and then subsequently the cation follows resulting in disruption of the cellulosic
hydrogen bonding network and strand dissolution.?** Similarly in [Me-(OEt)s-Et-IM"] [OAc’] the
anion is seen to bind the strongest to the saccharide, while the cation is drawn in by the anion,
and the cation“s presence results in destabilization of the GG conformation. The potential of

mean force (PMF) for the omega dihedral (Figure 5.6) shows that both GG and GT
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conformations should be present in equal amounts when in water and an increasing
destabilization of the GG conformation with an increase in tail length for alkyl-imidazolium ILs.
This destabilization upon an increase in tail length has been hypothesized to originate from the
cation“s steric hindrance while being attracted to the ring oxygen of glucose.®® In [Me-(OEt);-Et-
IM'] [OAc] the GG conformation is destabilized as compared to water, but only by about 0.34
kcal/mol, which is significantly less than observed in [EMIM'] [OAcT] (1.58 kcal/mol) or longer
alkyl-imidazolium cations ([BMIM'] [OAc] = 2.62 kcal/mol; [OMIM'] [OAc] = 3.04
kcal/mol).®* The incorporation of the oligo(ethoxy) tail in place of the alkyl group has resulted in

a solvent-solute interaction more similar to water than other ILs with respect to the A dihedral.

14
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Figure 5.6. Potential of Mean Force (PMF) for the free energy (within + 0.1 kcal/mol) of the
hydroxymethyl rotamer (A dihedral) for water (grey solid), [Me-(OEt)3-Et-IM+] [OAc-]
(dotted), [EMIM+] [OAc-] (solid), [BMIM+] [OAc-] (dash), and [OMIM+] [OAc-] (dot-dash)
[top]. RDFs showing the cation resides between the hydroxymethyl group (solid) and the ring
oxygen (dotted) and has little interaction with the hydroxyls (dash) [bottom].
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Whereas the cation is seen to not interact with hydroxyl groups elsewhere on the glucose
molecule, RDFs from the ring oxygen and hydroxymethyl group to the charged head of the
cation (Figure 5.6) exhibit a strong interaction. The steric hindrance of the cation"s tail when the
charged head resides between the hydroxymethyl group and the ring oxygen is the main
contributor to the destabilization of the GG conformation.®® Unlike alkyl tails the oligo(ethoxy)
tail interacts favorably with the hydroxyl of the hydroxymethyl group as seen in the RDFs and
through volmap (Figure 5.9) analysis, which indicates a side by side orientation of the cation tail
and the hydroxymethyl group. It is hypothesized that the competing effects of steric hindrance
and electrostatic attraction between the cation tail and hydroxymethyl group account for the
minimal destabilization of the GG conformation despite a relatively long tail length. It should be
noted that, in addition to solvent-glucan interactions, the entropy change between solvated
cellulose and crystalline cellulose is thought to contribute significantly to the favorable solvation

of cellulose in ILs.>*

Glycosidic Bond

In addition to disrupting the hydrogen bonding network and solvating large amounts of
cellulose, pretreatment solvents often cause contortion of the glycosidic bond.* Certain positions
of the glycosidic bond can expose the 1,4-f linkage to catalysts and subsequent hydrolysis, or
result in more amorphous recrystallized cellulose structures once the IL is removed through
washing, which results in greater access for aqueous enzymatic saccharification.®” The geometric
state of the glycosidic bond can be characterized by two dihedrals: ¢ (O5-C1-04-w4) and Z (w1-
04-C4-C5) (Figure 5.1), which together describe the relative orientation of the adjacent rings.

The @/z phase space has previously been subdivided into 3 distinct regions (Figure 5.7) in which

99



“A” dictates a mostly linear dimer, “{” has a bend in the dimer, and “O” represents a twisted

geometry. The glycosidic bond in [Me-(OEt);-Et-IM ]
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Figure 5.7. Free energy surface of conformations of the ¢ and z dihedrals about the glycosidic
bond (top left), and volmaps from MD simulations showing the interactions between cellobiose
and the acetate anions (top right, red), charged cation heads (lower left, orange), and cation
oligo(ethoxy) tails (lower right, blue). In each volmap isosurfaces depict an isovalue of 0.75.

[OAcT] possesses energy wells in the A and B regions while previous studies indicate that water

favors O>B>A and alkyl imidazolium ILs favor mostly O (Appendix B Figure B2).®’ In the

volmaps (Figure 5.7) and RDF (Figure 5.8) the cation charged head (black) is seen to reside in
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close proximity of the glycosidic bond while the flexible cation tail occupies the space between
the adjacent saccharide rings. The acetate anions have negligible direct interaction with the
glycosidic bond, but are seen to form H-bonds with the saccharide hydroxyls. Exchanging of the
cation alkyl tail for the oligo(ethoxy) tail disfavors the “O” conformation. The sharp twist in the
dimer characterized by the “O” region may be good for dissolution of the crystalline cellulose,
however the more linear structured of the “A” region that are favored in [Me-(OEt);-Et-IM"]
[OAc] may allow for more rapid disentanglement. This shift in the geometry around the
glycosidic bond may explain the experimentally observed enhancement of enzymatic hydrolysis
from cellulose pretreated with [Me-(OEt);-Et-IM'] [OAc] as compared to the alkyl-imidazolium

ILs.2"!

Radius (A)

Figure 5.8. RDF from the glycosidic bond to cation charged head (solid), and tail terminal carbon
(dash), and anion (dotted).

Ring Puckering

Ring puckering is an important response of saccharides to various solvents, and the

puckering of the ring to a skewed boat conformation has been linked to a decrease in activation
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energy for hydrolysis in the catalytic active site of cellulase enzymes.’' The mechanism for the
decrease in activation energy has been reported to come from the endo-anomeric effect
disfavoring the equatorial positions of larger substituent groups and consequently extending the
glycosidic bond length.”” 1In an aqueous environment the *C; chair conformation is the most
energetically favorable state (Appendix B Fig B3) for cellulosic rings as it places the
hydroxymethyl group in an axial position.”* The ring puckering free energy landscape is
perturbed by the [Me-(OEt)s-Et-IM"] [OAc’] IL (Figure 5.9) away from that seen in either bulk
water or alkyl-imidazolium ILs, most notable by the added presence of an energy well around
=330, 8=90 corresponding to the S, skewed boat conformation.
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Figure 5.9. Free energy surface of the Cremer-Pople puckering coordinates (¢,0) (top left) and
volmaps from MD simulations showing the interactions between glucose and the acetate anions
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(top right, red), charged cation heads (lower left, orange), and cation oligo(ethoxy) tails (lower
right, blue). In each volmap isosurfaces depict an isovalue of 0.75.

The interactions influencing ring puckering are primarily described by two interactions;
the H-bonding between hydroxyls and acetates, and the steric hindrance of the cation tail with
the hydroxymethyl group. Hydroxyl groups attached to the ring at carbon positions 1, 2, 3, and 4
are clearly H-bonded to acetate anions (Figure 5.9) and share one anion for every two hydroxyls.
An averaged RDF from the four hydroxyl groups (Figure 5.10) shows a peak at 3 A
corresponding to the most probable H-bonding distance between anion and H-bond donor (i.e.
hydroxyl). These interactions hold the hydroxyls in an equatorial position because one anion
cannot geometrically H-bond to two neighboring hydroxyls if they adopt axial positions. A
similar observation was made in a previous study on puckering in the IL [Bmim'] [C]] and
[Bmim'] [BF47] in which the Cl- anion was seen to induce a similar conformational shift in the
puckering as a result of strong hydrogen bonding with the hydroxyl groups.”*® As seen in the
RDF"s (Figure 5.10) the cation has a much more minor contribution to the solvation of the
hydroxyls and the cation tails avoid such regions altogether. In the volmaps (Figure 5.9) it can be
seen that the cation tails favor positioning above and below the sugar ring to maximize the
hydrophobic interactions with glucose. The location of the cation tail hinders the hydroxymethyl
group from being in an axial position in favor of a more equatorial conformation — thus lowering
the energy of a skewed boat conformation. It is hypothesized that stronger hydrogen bonding
with the anion, and longer, more hydrophobic cation tails would further energetically favor
skewed boat conformations. In polymerized glucose (i.e. cellulosic) systems the °S,
conformation would extend the glycosidic bond via the endo-anomeric effect making the

molecule more susceptible to hydrolysis.”* From this study it can be seen that tuning the H-
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bonding strength of the anion as well as the tail-length and hydrophobicity of the cation will play

a major role in the extent of modification to the ring puckering energy landscape.
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Figure 5.10. RDF from the hydroxyls of the glucose molecule to the anion (solid), and cation
charged head (dashed).

5.5 Conclusions

The important aspects of the task-specific, [Me-(OEt);-Et-IM'] [OAc], IL have been
systematically investigated addressing the solvation environment, as well as cellulosic
conformational and energetic changes induced by the presence of this IL. The acetate anion"s
interaction with the saccharide"s hydroxyl groups was seen to play a major role in the ring
puckering free energy landscape as well as bulk fluid properties such as viscosity. Strong
coordination between ions was also seen to favor tri-coordinated ion-pair packing. The
oligo(ethoxy) cation tail was seen to lower the viscosity of the IL as compared to similarly sized
alkyl tails, and contributes slightly to the favoring of the GT conformation for the A dihedral.

The imidazolium head of the cation was observed to influence the orientation of the glycosidic
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bond by occupying the space near the glycosidic oxygen as well as the ring oxygen, which is
hypothesized to result in highly amorphous cellulosic structures. Characterization of these
interactions helps to clarify the effect of tunable parameters in the IL solvent structure for
enhanced solvation and processing of cellulosic biomass.
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CHAPTER 6 : IMPACT OF WATER-DILUTION ON THE SOLVATION PROPERTIES OF
THE IONIC LIQUID I-METHYLTRIETHOXY-3-ETHYLIMIDAZOLIUM ACETATE FOR
MODEL BIOMASS MOLECULES
Reproduced with permission from Journal of Physical Chemistry B,

the American Chemical Society, and the coauthors.

Timothy C Schutt,*? Vivek S Bharadwaj,** Govind A Hegde,'* Adam J Johns,*> C Mark Maupin®®

6.1 Abstract

Many studies have suggested that the processing of lignocellulosic biomass could provide
a renewable feedstock to supplant much of the current demand on petroleum sources. Currently,
alkyl imidazolium-based Ionic Liquids (ILs) have shown considerable promise in the
pretreatment, solvation, and hydrolysis of lignocellulosic materials although their high cost and
unfavorable viscosity has limited their wide spread use. Functionalizing these ILs with an
oligo(ethoxy) tail has previously been shown through experiment to decrease the IL's viscosity
resulting in enhanced mass transport characteristics, in addition to other favorable traits
including decreased inhibition of some enzymes. Additionally, the use of co-solvents to mitigate
the cost and unfavorable traits of ILs is an area of growing interest with particular attention on

water as the presence of water in biomass processes is inevitable. Through the use of biased and
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unbiased molecular dynamics (MD) simulations, this study provides a molecular-level
perspective of the various solvent-solvent and solvent-solute interactions in binary mixtures of
water and 1-methyltriethoxy-3-ethylimidazolium acetate ([Me-(OEt);-Et-IM'] [OAcT]) in the
presence of model cellulose compounds (i.e. glucose and cellobiose). It is observed that at ~75%
w/w IL and water a transition in the nanostructure of the solvent occurs between water-like and
IL-like solvation characteristics. It is shown that H-bonding interactions between the anion and
water are a major driving force that significantly impacts the solvent properties of the IL as well
as conformational preferences of the cellulosic model compound. In addition, it is found that the
oligo(ethoxy) cation tail is responsible for the reduction in the propensity for tail aggregation as
compared to alkyl tails of similar length, which, combined with increased ionic shielding, results

in increased diffusion and enhanced water-like solvation characteristics.

6.2 Introduction

wellulose is the most abundant source of carbon on the earth"s surface® and constitutes a
significant percentage of readily available biomass material. In the US, more than 30 million
tonnes per year18 of excess biomass from forest residues, mill residues, and urban wood waste
are generated that could potentially be a feedstock for liquid fuels and other value added

. 195,31,196
chemicals.”””7 "

In addition to alleviating dependence on petroleum feedstock, biomass as a
feedstock has the potential for a carbon-neutral life cycle,” which could aid in stabilizing
atmospheric CO, concentrations. Mature technologies such as pyrolysis and gasification are

techniques that utilize biomass to generate heat and hydrocarbon precursors. However, the high

energy input requirements make these processes far from ideal.*' Enzyme-catalyzed processes
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and inorganic catalysis in alternative solvents are two technologies that possess potential for low
energy inputs, high efficiencies, and high yields for the deconstruction of cellulosic material.*!
Efficient solvation of lignocellulosic biomass is crucial in order to increase substrate
accessibility to catalysts such as enzymes, and increase the overall amount of substrate in the
reaction vessel (i.e. solid loading) while also reducing transport limitations. Accomplishing
quick and efficient deconstruction of cellulose is one of the main obstacles hindering the
economic viability of biofuels when compared to petroleum-based products. lonic Liquids (ILs)
present an attractive alternative to pure aqueous environments for the solvation and
deconstruction of cellulose, while also providing a wide range of tunable parameters through the
large array of possible cation and anion combinations (e.g. task-specific ILs). Recently,
imidazolium cations with two alkyl chains, such as 1-Ethyl-3-methylimidazolium ([EMIM'])
and 1-Butyl-3-methylimidazolium ([BMIM]), paired with acetate anions ([OAc]) have become
benchmark ILs for biomass processes.””'”"** The anion"s role as a strong coordinator to the
saccharide"s hydroxyls has been well researched, while the cation"s role is less clearly identified
with some experimental evidence that cellulose solubility is dependent on the presence of the

cation“s acidic proton.*

A quantum mechanical study has identified an energetically plausible
intermediate, highly reactive, carbene structure facilitating cellulose dissolution.?*® The length of
the cation tail has also been observed to impact the saccharide"s geometry with a significant
impact on intermolecular hydrogen bonding through the hydroxymethyl rotamer (A).** For this
study one of the alkyl groups of the cation is exchanged with a methyl-terminated ethyl glycol
trimer forming 1-methyltriethoxy-3-ethylimidazolium acetate ([Me-(OEt);-Et-IM'] [OAcT,

Figure 6.1 - adapted from previous work'** and rendered using VMD'*"). The [Me-(OEt);-Et-

IM'] [OAc] IL has been observed to possess reduced viscosity, 92 mPa s at 20°C,**' as
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compared to similar alkylated analogous (e.g. BMIM-OAc: 383 mPa s at 25°C)**', and the
capability of dissolving up to 80 wt% D-Glucose at 60°C.**' This IL has also been observed to
have few detrimental interactions with the lipase enzyme in concentrated solutions, a trait that is

also expected to extend to cellulase enzymes.'™*

Terminal Carbon

(Charge center)

Methyl-tri-ethoxy-ethyl-immidazolium
[Me-(OEt),-Et-Im’]

G ca
02—, 01
= c6 c3
(0] Cc2
05
Acetate c1

[OAC] Glucose
Glycosidic bond
c4\ C105
Ring 2 Ring 1
c5 VAL
04
Cellobiose

Figure 6.1. Diagram of the IL, glucose, cellobiose, and important dihedral angles. Figure
reproduced from previous publication.'™*

Addition of water to the IL-saccharide solution has been found to further increase
transport properties (i.e. decrease viscosity) while favorably impacting enzyme stabili'[y.39 While
high temperature pretreatment may be hindered by the limited thermal stability of [Me-(OEt)s-
Et-IM"] [OAc], the possibility of combined pretreatment/soluble access and enzymatic
saccharification with ILs and enzymes together poses the potential for drastic decreases in the
required processing time and cost. Unfortunately, the addition of water also decreases saccharide
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solubility in the binary mixture, thus making the effect of dilution an important aspect to
characterize.””'”'?® The lower viscosities and increased bio-compatibility of oligo(ethoxy)
functionalized ILs and water-dilutions thereof, offer significant promise for improving the
economic viability of cellulose deconstruction.

IL-water mixtures for the dissolution of cellulosic compounds have been investigated
before and some interactions have been identified related to the mechanisms behind solvation

.. . . 1,62
and precipitation of cellulosic compounds.®*®'®

It has been shown using molecular dynamics
that adding water as an antisolvent to regenerate [EMIM '] [OAC] after pretreatment processes
must transition through an intermediate step wherein the water molecules first preferentially
solvate the [OAC"] and then the hydroxyls of the saccharide forcing the cations away from the
first solvation shell.”** In our previous work on the solvation of cellulosic materials, the rotation
of the hydroxymethyl group (A dihedral — Figure 6.1 [adapted from previous work'®* and
rendered in VMD'*"]) was seen to be influenced by the size of the dialkylimidazolium®s tail. It
was found that larger tail lengths favored conformations with reduced intermolecular hydrogen
bonds as compared to dialkylimidazolium“s with shorter tails.®> Disrupting the hydrogen bonds
with the hydroxymethyl group and neighboring cellulosic strands is critical for chain break-up
and dissolution of cellulosic fibrils.”** Additionally, the contortion of the glycosidic bond (¢ and
Z dihedrals — Figure 6.1) was observed to shift in the presence of dialkylimidazolium acetate ILs
as a result of interactions between the cation and the glycosidic oxygen.®® Similarly, the [Me-
(OEt);-Et-IM'] [OAc] IL has been characterized in regard to its impact on these structural

194

parameters of the cellulosic materials’ ™" and has been observed to function on par or better than

201

benchmark IL"s in biomass pretreatment processes.” This study is unique in light of the IL

being studied, the impact of an oligoethoxy tail, the concerted use of several enhanced sampling
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techniques, and the insights gained towards understanding the nanostructure and its impact on
saccharide solvation in the presence of varying amounts of water. Very little detail is known
about the impact that dilution with water will have on the [Me-(OEt);-Et-IM'] [OAc] IL system
in regards to the fluid properties or how it will modify the interactions between solvent and
saccharide solute. A greater understanding of the impact dilution has on the solvation
characteristics is an important step towards designing an ideal IL for the economical

pretreatment and hydrolysis of cellulosic biomass.

6.3 Methods

Glucose and cellobiose were chosen as model cellulosic compounds to reduce the
complexity of the calculations and enhance the clarity of analysis and interpretations. The
simulations of glucose allow for the direct evaluation of solute-solvent molecular-level
interactions, along with ring puckering and omega dihedral distributions, without the
complicating factors of neighboring saccharide units. Simulations of cellobiose enable the
evaluation of neighboring saccharide interactions and the solvent environment around the
glycosidic bond. In order to study the solvation environment within dilutions of [Me-(OEt);-Et-
IM'] [OAcT, all-atom molecular dynamics simulations were performed in unbiased and the

umbrella sampling biased systems using the Amber 12"

software. The metadynamics
simulations used Amber 12 and the PLUMED 2.0** package plugin to apply the evolving bias

throughout the simulation time.
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Unbiased Molecular Dynamics

A total of 15 systems were created that encompassed systems with cellobiose, glucose, or
no solute in a solvent environment of 0% w/w, 25% w/w, 50% w/w, 75% w/w, or 100% w/w

[Me-(OEt);-Et-IM "] [OAcT] IL with water as the co-solvent when applicable (Table 6.1).

Table 6.1. System matrix and sizes.

IL Box
weight Waters lon Pairs  Length
(%) (A)

0 7653 0 61-62
25 7500 164 65-66
50 5000 321 65-66
75 2500 482 65-66
100 0 643 65-66

Solute: Each of the 5 systems in the table
were simulated in triplicate with one
simulation  containing cellobiose, one
containing glucose, and one system with no
solute.

The molecules were initially packed into a simulation box using the Packmol'® program.
The water molecules were defined by the TIP3P** force field while the glucose and cellobiose
molecules used the Glycam06h'*' force field. TIP3P was chosen as the water model because it
was used during the validation of Glycam06h'*' and also to allow direct comparison with
previously published studies which also use TIP3P.% 1 1%% The [Me-(OEt);-Et-IM'] [OAcT] IL
used GAFF*'? for the bond, angle, dihedral, and VDW terms while the charges were re-
calculated using the RESP method®®, Gaussian09'®, and antechamber’** in accordance with
previous publications 2%®194213223:1302%5 Gther oroups have reported on the benefits of scaling the
charges by 80% for increased accuracy in the prediction of ionic liquid properties;*'*** however,

they used the Hartree-Fock level of theory which does not account for electron correlation. For
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this study the charges were calculated using a level of theory, and basis set (MP2/cc-pVTZ),
same as the OPLS method, which includes the first electron correlation terms and has been

demonstrated to predict liquid dynamics of ILs very well.?"!

Thus the unmodified charges from
the RESP calculation were used without employing charge scaling techniques, and the
simulations accurately predict liquid properties. Additionally the GAFF parameters for the bonds,
angles, and dihedrals have been shown to reproduce experimental thermodynamic and transport
properties of similar ILs very accurately.”” After initial system creation, all 15 systems were
minimized for 2000 steps with the steepest descent algorithm followed by up to 2000 steps of
conjugate gradient minimization.'®® Next, the systems were subjected to alternating 250 ps
simulation runs in the isobaric isothermal ensemble (NPT) at 300 K and 1 atm, and the canonical
(isochoric-isothermal) ensemble (NVT) at 500 K in order to efficiently relax the viscous and/or
entangled systems.?'>®® Subsequently, the systems were run in the NPT ensemble at 1 atm and
300 K for 5 ns to ensure the density was converged. All system dimensions were cubic with final
box lengths between 65.2 A to 66.0 A. The production run simulations were carried out in the
NVT ensemble at 300 K for 100 ns with an additional 3 sets of independent 10 ns runs for each
dilution, which were used to determine solvent diffusion coefficients and relative errors. The
short range electrostatic interactions used a cut off distance of 10 A and particle mesh Ewald was
used for long range interactions. The temperature was maintained at 300 K or 500 K using a
collision frequency of 2 ps’ with a Langevin thermostat. Hydrogen bond lengths were
constrained by the SHAKE algorithm,'® which allowed for the use of a 2 fs time step. The

leapfrog algorithm was used for the integration of the equations of motion.”
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Calculation of the solvent Order Parameters: Order parameters were calculated and used to
characterize the nanostructure of the IL-water mixtures by methods outlined in previous

191, 194

publications. In order to quantify the degree of phase separation, the Heterogeneity Order

Parameter (HOP)*'* was calculated by equation 6.1

Ns N

HOP=NLZZeXp(— I’ij2 /20'2)

s = (6.1)

where rij is the distance between sites i and j and o = L/ N3, L is the box length of the simulation
cell, and Ns is the number of sites. Well distributed systems will have higher average
displacements between sites and thus low HOP values, whereas large HOP values come from
systems with low displacements between sites (€.g. highly clustered).

The angular preference of cation tails with respect to each other is quantified by the

Orientational Correlation Function (OCF).*"

When the cation tails are completely aligned (either
parallel or anti-parallel) the OCF will be 1, whereas if the cation tails are randomly aligned with

respect to each other the OCF will be 0, and if they prefer more perpendicular orientations the

OCF will be negative (e.g. at 90° OCF = -0.5). The OCF is given by equation 6.2

OCF = <[3(Tr)m)z —1} /2>

(6.2)

where u(r;) is the unit vector pointing from the cation head to the cation tail of the ith cation, and

the correlation is averaged over all cation pairs as a function of distance between the cation pairs.

114



The molecular ordering of water in the binary IL-water mixtures is quantified by the
Orientational Tetrahedral Order parameter (), and the Translational Tetrahedral Order
Parameter (Sx). The q parameter is a well-established method to identify angular order amongst
neighboring water molecules.”**** When q is 0 the angles between the nearest 4 water
molecules are completely random, whereas when q is 1 the angles make an iso-tetrahedron. The

q parameter is calculated by equation 6.3%>>%*

(6.3)

where i 1s the angle between the lines joining the jth and k™" oxygen atoms among the 4 nearest

252,254-256
Sk,

water molecules. Another order parameter, the incorporates the variance of distances

between the water molecule and its nearest 4 water molecule neighbors, is sensitive to the system

density,”’

and quantifies the homogeneity of water molecule packing. A S¢ value of 1
corresponds to a tetrahedral packing structure while values less than 1 correspond to increasingly

disordered structures. The S¢ parameter is calculated by equation 6.4

3 ar (6.4)

S, zl_li(rk _F)Z

where ry is the distance from the water oxygen being considered to the k™ neighboring atom, and

" is the mean of the distances to all four nearest water oxygens.
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Biased Molecular Dynamics

Well-tempered Metadynamics: Well-tempered metadynamics was used to determine the free
energy surfaces for contortion of the glycosidic bond (¢ = O5-C1-0O4-w4 and z = w1-04-C4-C5

203

dihedrals, Figure 6.1) and ring puckering (Cremer and Pople” coordinates ¢ and 6, Figure 6.2

[based on figure from Iglesias-Fernandez et. al.***]). Parameters for metadynamics simulations

6319 and consisted of a maximum hill height of 0.15 kcal

were chosen based on previous studies,
mol™”, a Gaussian width of 1 A, application of Gaussians every 500 fs, a bias factor of 15, and a
time step of 0.5 fs. All well-tempered metadynamics runs were conducted for a minimum of 45
ns and were checked for convergence by comparing changes in the free energy surfaces from the
last 2.5 ns of simulation. Average changes over the free energy surface in all systems were less
than 0.5 kcal mol™ indicating sufficient convergence and sampling of the simulation. It should be
noted that alternative methods®'®*'” have been developed to refine a free energy surface from

short-time metadynamics simulations however for this study; brute-force long-time well-

tempered metadynamics was employed to elucidate a converged free energy surface.
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Figure 6.2. Cremer Pople coordinates for ring puckering. Figure reproduced from previous
publication.'**
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Umbrella Sampling: Umbrella sampling was employed to quantify the free energy that describes
rotation of the A dihedral (06-C6-C5-O5) that corresponds to the orientation of the
hydroxymethyl group on glucose (Figure 6.1). For each glucose system, 37 windows were
spawned from the equilibrated MD systems and consisted of A dihedral values ranging from -
180° to 180° and spaced every 10° apart. The A dihedral value at each window was maintained
by a restraining force of 30 kcal mol” rad” and were simulated for 8 ns. The free energy
associated with the A dihedral was calculated using the weighted histogram analysis method
(WHAM).?® Umbrella sampling simulations used the SHAKE algorithm'® to constrain bonds

with hydrogen atoms, and permit a time step of 2 fs for computational efficiency.

6.4 Results and Discussion

Solvent-Solvent Interactions

Properties from Molecular Dynamics: Analysis of the unbiased simulation data yielded bulk
fluid values of the ionic liquid and water dilutions as shown in Table 6.2. The density of solution
increases with increasing IL concentration up to 75% IL w/w after which a further increase in IL
concentration results in a less dense binary mixture. This non-linear relationship has also been
observed both computationally and experimentally for alkylated imidazolium ILs.*%*%%220260
Although counter-intuitive this result is not an artifact of simulation methods, but rather it is an
observable phenomenon for similar ILs. For example, Chen et. al. experimentally measured
densities of [EMIM+] [OAC-] and water mixtures and reported a peak density at about 85% w/w

260 The mechanistic interactions

that was 0.01 g/cm’ greater than the density of the pure IL.
causing this density turnover can be elucidated with the simulation results. Not only do the

smaller water molecules efficiently solvate the bulky cations; it is also observed that the presence
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of water increases the number of H-bonds, with the strongest H-bond interactions occurring
between the acetate anion and the water molecules, which results in increased molecular packing.
Additionally, the waters shield the ionic charges from one another, which enables tighter packing
of anions especially with decreased electrostatic repulsion. While the charge screening also
decreases the interaction between cation and anion, (Figure 6.4), the added interstitial water
molecules increase solution density up to a point. The combination of these effects result in a

turnover point around 75% w/w IL that exhibits higher density than either pure IL or pure

191,2
water.'?#>®

Table 6.2. Diffusion and density values for IL-dilutions.
Cation Anion Water
IL  Density Diffusion Diffusion Diffusion
(wiw) (glcc)  (m?/s) (m?/s) (m?/s)
25 1.068 SE-10 8E-10 2E-09
50 1.109 9E-11 2E-10 7E-10
75 1.139 4E-12 TE-12 SE-11
100 1.133 3E-13 4E-13 -

The diffusion of the ions and water molecules were also calculated, and an increase in IL
concentration results in an exponential decrease in diffusion coefficients (Figure 6.3). Although
there is no data in literature for the diffusion coefficients of [Me-(OEt);-Et-IM '] [OAcT] IL, the

exponential trend agrees with results observed for alkylated imidazolium ILs. "’
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Figure 6.3. Diffusion constants for the cation (dotted), anion (dashed), and water (solid).

A radial distribution function (RDF) between the cation and anion (Figure 6.4) shows a
significant change in the amplitude for the cation-anion interaction peaks between pure IL and
diluted mixtures. The difference in the interaction peaks corresponds to a change in interaction
energy (approximated from the Boltzmann distribution law) from -0.9 kcal/mole in the pure IL
system to insignificant interaction energy in the dilute regime. It is found that the effective size
of the anion when solvated by water is significantly smaller than when associated with the cation,
which results in enhanced mobility. Evaluation of the water-anion interaction peak (Figure 6.5)
indicates maximum amplitude at 75% w/w IL, which corresponds to an interaction energy of -1.4
kcal/mol. It is observed that the solvating water around the acetate in the dilute systems

effectively shields the anion"s charge diminishing the formation of anion-cation pairs.
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Figure 6.4. Radial distribution function (RDF) for cation-anion interactions (from the midpoint
between the Nitrogen atoms and and the midpoint between Oxygen atoms for the cation and
anion respectively) in 100% w/w IL (solid-blue), 75% w/w IL (long dash-red), 50% w/w IL
(short dash-green), and 25% w/w IL (dotted-purple). The vertical grey line indicates the first
minima in the g(r) used as the upper bound in the CN calculation.
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Figure 6.5. RDF for anion-water interactions in 75% w/w IL (long dash-red), 50% w/w IL (short
dash-green), and 25% w/w IL (dotted-purple). The vertical grey line indicates the first minima in
the g(r) used as the upper bound in the CN calculation.
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Solvation of the anions by water also allows for shielding between neighboring anions at
interatomic distances otherwise too short, prohibited in pure IL due to electrostatic repulsion and
molecular packing. The Anion-anion RDF (Figure 6.6) depicts this shift and partially explains
the observed peak density around 75% w/w IL. At this dilution each anion has ~3 waters in
proximity of the negative charge as well as 1 additional anion within a 5 A radius, which allows
for a more efficient packing structure around the large cation molecules. Conversely, in pure IL,
the anions tend to remain more than 7 A away from each other alternating in the gaps between

cations, which are seen by comparing the solid lines of Figures 6.4 and 6.6.

r(A)

Figure 6.6. RDF for anion-anion interactions in 100% w/w IL (solid-blue), 75% w/w IL (long
dash-red), 50% w/w IL (short dash-green), and 25% w/w IL (dotted-purple). The vertical grey
line indicates the first minima in the g(r) used as the upper bound in the CN calculation.

Order Parameters for Liquid Nanostructure: Order parameters describe the short range
molecular ordering in solution specific to the given solvent molecules. The heterogeneity order

parameter (HOP) characterizes the degree of phase separation based on cation tail aggregation

while the orientational correlation function (OCF) quantifies the interaction between cation tails
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and how they are oriented relative to each other as a function of separation distance. In contrast
to the alkyl-imidazolium ILs the [Me-(OEt);-Et-IM'] [OAc] IL possessed very little tail
clustering or phase separation at all dilutions (Appendix C Figs C1-C3). This result was expected
as the additional oxygens in the tail increase the hydrophillicity of the tail, which favors a more
homogenous liquid packing as opposed to tail aggregation such as hydrophobic-hydrophillic
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Figure 6.7. Order parameters q and Sk characterizing the tetrahedral angle and distance
respectively of the nearest 4 neighboring water molecules as a function of dilution in [Me-
(OEt)3-Et-IM+] [OAc-] IL (solid line, square), and [OMIM+] [OAc-] (dashed line, triangle).'”!
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phase separation. More intriguing perhaps, is that despite the lack of tail aggregation the [Me-
(OEt);-Et-IM'] [OAc] IL disrupts the water structure to a similar degree as the alkyl
imidazolium ILs with similar tail length, in this case, 1-octyl-3-methylimidazolium acetate:
Figure 6.7.

As the IL concentration increases the q decreases, which represents a deviation of the
angular structure of the water molecules in the IL systems from the tetrahedral orientation that is
characteristic in bulk water. Similarly, the Sy parameter decreases as the IL concentration
increases, which implies a greater variation in the distances to the nearest 4 neighboring water
molecules (i.e. in bulk water with tetrahedral coordination the variation would be very small).
The addition of oxygens to the tail does not significantly change the degree of disruption of
water characteristics, thus it is hypothesized that the charge density in solution (i.e. presence of
charged species even including the ethoxy oxygen capable of accepting a H-bond from solvating
waters) is a greater factor than the development of a hydrophobic phase in disrupting these two
order parameters. That is to say, that the anions and the ethoxy oxygens, will form favorable H-
bonds with the surrounding water molecules thereby displacing water-water H-bonds and thus
changing the H-bonding landscape and observed nanostructure (Figure 6.5 and Appendix C
Figure C4). Therefore, due to the disruption of the water-ordering the water parameters q and Sy
are found to decrease in the [Me-(OEt);-Et-IM"] [OAc] IL in a similar fashion to the alkylated
imidazolium ILs, although for a different reason. While the alkylated imidazolium IL"s possess
significant tail aggregation for tail lengths similar to the [Me-(OEt);-Et-IM'] [OAc] IL, which is
hypothesized to be the driving factor for the decreasing q and Sk parameters, the [Me-(OEt);-Et-
IM'] [OAcT] IL does not indicate tail aggregation although it does form favorable H-bonds

between the ethoxy oxygen and the co-solvent.
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Solvent-Solute Interactions

Well-tempered Metadynamics — Glycosidic Bond: In addition to the solvent-solvent interactions
it is important to understand the solvent interactions with cellulosic model compounds in order to
elucidate favorable and unfavorable contributions to the solvation pretreatment and hydrolysis
processes. One metric for solvation is the contortion of the glycosidic bond as defined by the ¢ =
05-C1-04-w4 and z = wl1l-04-C4-C5 dihedrals. The @/z phase space has previously been
subdivided into 3 regions, “O” where the two neighboring glucoses are twisted relative to each

other, “A” a mostly linear dimer, and “y” a bent dimer (Figure 6.8).%'

In aqueous environments
the glycosidic bond has significant freedom to explore all three regions with a slight preference
for the B and O regions due to H-bonding of the hydroxyl ethyl group and ring oxygen. The free
energy surface is observed to remain virtually the same in 25% w/w and 50% w/w [Me-(OEt);-
Et-IM"] [OAcT] IL as in bulk water. Once the IL concentration reaches 75% w/w the free energy
surface is observed to drastically shift in favor of the B conformations. These bends in the
cellulosic chain are hypothesized to inhibit crystalline realignment of neighboring cellulose
chains during reconstitution of pretreated biomass leaving more accessible substrate for
enzymatic hydrolysis, which is in line with the experimentally observed enhanced dissolution of

22l The contortion of the glycosidic bond in pure IL has

cellulosic material for these ILs.
previously been reported to be caused by interactions between the glycosidic oxygen and the
cation resulting in steric hindrance of hydroxyl-methyl rotation, while the acetate anions interact
with hydroxyls on the saccharide creating the two energy wells observed.'”* With the addition of

a small amount of water (e.g. 75% w/w IL) the cation and its tail are observed to occupy the

space around the glycosidic bond, however, the water molecules® interaction with the anion
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competes with the anion“s interaction with the saccharide®s hydroxyl groups, which explains the
primary conformation in the B region (Appendix Figure CS5). In more dilute systems (e.g. 0% to
50% w/w IL) the water molecules displace the cation from around the glycosidic bond and

restore the saccharides mobility around this bond.
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Figure 6.8. Free energy surface for the ¢ and z dihedrals of the glycosidic bond in pure and
binary water-dilutions of [Me-(OEt)3-Et-IM+] [OAc-] IL.
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Well-tempered Metadynamics — Ring Puckering: The puckering of the ring is an important
feature of solvation due to the structural implications and lowering of the activation energy
barrier for hydrolysis. In catalytic active sites many cellulase enzymes are seen to favor a boat or

skewed boat conformation in the glucose ring at the -1 subsite (sugar ring next to the glycosidic
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Figure 6.9. Free energy surface for the ring puckering of glucose in pure and binary water-
dilutions of [Me-(OEt)3-Et-IM+] [OAc-] IL.
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259%, 50%

Figure 6.10. Volume plots for the 70% iso-surface indicating the probable locations of the water
molecules(blue), cation charged head (orange), cation tail (transparent gray), and acetate anion
(red).

bond to be cleaved), which results in a lowered activation energy barrier for hydrolysis.”"”> In

aqueous environments the *C; conformation is the most favorable and free energy surfaces are
found to be the same between water, 25% w/w IL, and 50% w/w IL. In pure [Me-(OEt);-Et-IM"]
[OAcT] IL two conformations are seen to be the most energetically favorable, which correspond
to the *C; and °S, conformations (Figure 6.9). The S, conformation was previously reported to

be stabilized by a combination of the acetate anion and saccharide"s hydroxyl interactions ,and
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the cation tail and saccharide"s hydroxymethyl group interactions.'**

In the presence of a 75%
w/w IL several changes occur to the saccharide®s ring puckering free energy surface, including
the emergence of a well in the *Sy conformation, and also the 'C4 conformation (Figure 6.9). At
the 75% w/w IL dilution the acetate ions are seen to H-bond with two hydroxyls each (e.g.
bridging type interaction), which is also seen in the pure IL system as well in ILs with [Cl-] as

the anion.>*¢

The main difference between the 75% w/w and the pure IL system is that the
saccharide"s hydroxymethyl group is found to interact with water in the 75% w/w IL system
more than the cation tail (Figure 6.10).

Analysis of the water solvating the saccharide®s hydroxyl groups (Figure 6.11) reveals
that the hydroxyl groups of glucose H-bond with the acetate anion with an interaction energy of
around -1.5 kcal/mol as compared to waters" interaction energy with the hydroxyls of -0.3
kcal/mol. At 75% w/w and pure IL the coordination numbers (1.1 and 0.9, respectively) show
that an acetate ion always remains in the first solvation shell of the saccharide”s hydroxyl groups.
When the mixtures become more dilute in IL it is found that the water molecules begin
outcompeting the acetate anions for the H-bond with the hydroxyl groups as evidenced by the
coordination number for acetate anions in the first solvation shell of the saccharide"s hydroxyl
groups having values of less than 1 for 25% w/w and 50% w/w/ IL (0.78 and 0.52, respectively).
At 75% w/w IL the acetate ions are more dominant with respect to the H-bonds with the

hydroxyls, and water is found to solvate the hydroxymethyl group. The net result of these

interactions is an approximately equal stabilization of the inverted ring puckering conformations.
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Figure 6.11. RDF plots from the free hydroxyls of the glucose ring to (Top) acetate anions, and
(Bottom) water molecules. Each line represents a different dilution, 25% (dotted-purple), 50%
(small dash-green), 75% (long dash-red), and 100% (solid-blue). The vertical grey line indicates
the first minima in the g(r) used as the upper bound in the CN calculation.

Umbrella Sampling — Hydroxymethyl rotamer: The A dihedral characterizes the orientation of
the hydroxymethyl group relative to the glucose ring and has been seen in previous work to be

impacted by solvation in pure ILs.”*'** The gauche-gauche (GG) conformation (A=-60°) has

been linked to intermolecular hydrogen bonding while the gauche-trans (GT) conformation
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represents the alternative stable conformation.*” In pure IL, alkylated imidazolium ILs tend to
cause a greater destabilization of the GG conformation than [Me-(OEt);-Et-IM'] [OAc] IL,
(about 4 kcal/mol for BMIM and OMIM as compared to 2 kcal/mol for [Me-(OEt);-Et-IM"]
[OAcT])."” The positively charged imidazolium is drawn towards the electronegative ring oxygen
which places the hydrophobic tail in the proximity of where the hydroxymethyl group would be
in the GG conformation thus destabilizing the GG energy well."> In the case of [Me-(OEt);-Et-
IM'] [OAcT] the tail is hydrophilic like the hydroxymethyl group and thus, although there is
some steric hindrance, the hydrophilicity has been hypothesized to explain the lesser degree of

destabilization observed by the ethoxy tail as compared to alkyl tails.'**

Potential of Mean Force (kcal/mol)

w Dihedral (degrees)

Figure 6.12. PMF for the rotation of the hydroxymethyl group of glucose (omega dihedral). Each
line represents a different dilution, 25% (dotted-purple), 50% (small dash-green), 75% (long
dash-red), and 100% (solid-blue).

In water, 25%, and 50% w/w IL the GG and GT conformations are equally represented.

However, at 75% w/w IL the GG conformation is preferentially observed (opposite of in pure IL).

Similar to the ring puckering, 75% w/w IL represents a balance between solvent competition for
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the interaction, although this time, while the cation still interacts with the ring oxygen and the
cation tail sterically hinders the GG conformation, the water in the system preferentially solvates

the hydroxyl group of the hydroxymethyl adding greater stabilization to the GG conformation.

6.5 Conclusions

In this study it was found that 75% w/w [Me-(OEt);-Et-IM'] [OAc] IL in water is a
turning point in dilution for the solvent nanostructure and solvation characteristics of cellulosic
compounds. In pure IL the ions coordinate strongly and pack together forming alternating
charged domains and cation-tail domains. Below 75% w/w IL the nanostructure of the solvent is
dominated by the hydrogen bonding of water molecules, which shield the interactions of the
charged molecules eliminating most of the structuring observed in pure IL systems. The free
energy surface for the glycosidic bond is seen to shift from a bimodal distribution in pure IL to a
single well at 75% w/w IL, which is significantly different from the more disperse free energy
surface obtained in bulk water, 25% w/w IL, or 50% w/w IL. The ring puckering at 75% w/w IL
also is seen to achieve a peak deviation from the free energy surface as compared to the bulk
water system as a result of water-acetate interactions, and water preferentially coordinating with
the hydroxymethyl group. The GG conformation of the A dihedral was most destabilized at 75%
w/w IL as a combined result of steric hindrance from the cation tail and stabilization of the GT
conformation by water coordination with the hydroxymethyl group. Understanding the impact of
water-dilution on oligo(ethoxy) functionalized ILs is an important stepping stone towards

creating a renewable, economical method for saccharification of lignocellulosic biomass.
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CHAPTER 7 : HYDROLYSIS OF CELLULOSIC COMPOUNDS USING A
FUNCTIONALIZED BIOMIMETIC IONIC LIQUID: A COMPUTATIONAL STUDY

Manuscript in preparation for submission to ChemSusChem.
Reproduced here with permission from the coauthors.
Timothy C. Schutt,"” Govind A. Hegde,*® Vivek S. Bharadwaj,*® Michael F. Crowley,” and C.

Mark Maupin®

7.1 Abstract

The solvation and saccharification of cellulose is a major cost-driver in the production of
biofuels and other value-added products that utilize biomass as feedstock. In the interest of
lowering these costs an innovative carboxylate-functionalized ionic liquid (IL) 1-propanoic-3-
methylimidazolium acetate ((COOH-Et-MIM ] [OAc]) was developed to emulate the active-site
environment surrounding cellulose in family 7 endo-cellulase inverting enzymes. Based on
computations, this IL is hypothesized to both solvate crystalline cellulose fibrils and rapidly
hydrolyze them to yield glucose at a rate faster than current enzymatic processes, and without the
need for chemical pretreatment. Activation energies for hydrolysis in the IL were calculated by

means of density functional theory (DFT) to be between 19 kcal/mol and 30 kcal/mol, depending
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on cation and anion participation, solvent orientation, and cellulose configuration. Based on
ensemble-averaging from long-time molecular dynamics (MD) of various cellulosic compounds
in IL-water binary mixtures, it was observed that configurations around the glycosidic bond that
are favorable for the hydrolysis reaction form frequently. Other important factors such as water
dilution effects, solvent-solvent proton transfer, and substitution of the acetate anion with the
more nucleophilic chloride anion are discussed regarding their impact on the hydrolysis reaction,
cellulose conformation, and solvent arrangement. Estimations based on DFT calculated
activation energies and the conformation distributions from MD, predict 80% conversion of
cellulose to glucose in less than a few hours at mild temperature (350 K). Details of the liquid
nano-structure are presented along with insights towards further optimization of this IL for

simultaneous solvation and saccharification of cellulosic compounds.

7.2 Introduction

Yiomass represents the largest source of carbon on the Earth"s surface and has great
potential to be a renewable feedstock that is more economical and sustainable than fossil based
sources.”*® Cellulosic conversion facilities have historically struggled to stay fiscally solvent in
large part due to the costs in overcoming the recalcitrant nature of the feedstock.?® In order to
address this difficulty, many schemes have been explored in literature including various
pretreatments®>*"®! followed by enzymatic deconstruction,”* or consolidated bioprocessing
(CBP).* Popular pretreatment solvents for both approaches include acids and ionic liquids (ILs),
which separate, and solvate cellulosic compounds from lignin and hemicellulose as well as

172,61

increase the accessible surface area of cellulose. After pretreatment the biomass must be

washed, as the enzymes are typically deactivated or denatured by the harsh conditions of the
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pretreatment.'”” After washing the substrate, enzymatic cocktails of exo-cellulases, endo-
cellulases, and cellobiohydrolases are added to break down cellulose to simple sugars.”® The rate
of saccharification depends on balancing the cost of enzyme loading versus the time and
equipment costs.”® The resulting simple sugars are then transferred to fermentation vessels to
produce bio-fuel or used in other processes for valorization to desired value-added chemicals. In
contrast, CBP uses a broth of organisms to both produce the cellulase enzymes to break down
biomass and to convert the simple sugars into products at the cost of even longer processing
times.*%*

Cellulase enzymes have been studied in detail through experimental and computational
methods to increase their activity and better understand the mechanism of hydrolysis in the
active site.*"?*’? Biarnes et. al. reported on the catalytic itinerary of inverting-type glycoside
hydrolases (GH) that the 'S; and “So skewed boat conformations of the glucan ring at the -1
subsite of the active site are critical for the catalytic activity of the enzyme.”' In addition to the
conformational shift, conserved within most GH active sites, an acidic residue will donate a
proton to the glycosidic oxygen, while a nucleophilic residue stabilizes the w1 warbon"s positive

264,265

charge as the C-O bond is broken. The activation energy at the transition state for
hydrolysis inside cellulase enzymes has been reported to be anywhere from 14 to 36 kcal/mol
based on various studies using DFT and QM/MM methods.?*>*****" Enzymatic hydrolysis
generally takes most of a day or multiple days to reach 80% conversion of cellulose, and is
largely limited by product inhibition, adsorption/desorption rates, and threading of the substrate
through the catalytic tunnel.'®***® Compared to acid hydrolysis, enzymatic hydrolysis benefits
from lower utility costs (i.e. heating/cooling), less problematic waste streams, and greater

longevity for process equipment (i.e. less corrosion).'***%
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An alternative to the biological methods is to use high temperatures (i.e. pyrolysis),”

1723 Bach method shows

inorganic catalysts (e.g. metal chlorides,** or ethyl-metals™), or acids.
promise in particular areas, but also has its own unique challenges. Several researchers have
investigated the inclusion of catalysts with IL solvents to simultaneously solvate and hydrolyze
cellulose without a pretreatment step.”>***’ In 2007, Zhao et. al. were among the first to
implement a strong acid mixed with an IL (1-Butyl-3-methylimidazolium Chloride) on cellulose
samples. They observed glucose yields between 20-39% and total reducing sugar yields between
62-73% in under an hour at 100°C.*® Binder and Raines later wrote about using the IL 1-Ethyl-3-
Methylimizaolium Chloride, mixed with strong acid, at slightly elevated temperature, with
limited amounts of water, in order to react the cellulose rapidly.®® They found that by controlling
water content it was possible to control the selectivity of products 5-hydroxymethylfurfural
(HMF) versus glucose while also obtaining high conversions in just a couple hours.”’ Like
glucose, HMF is a good chemical precursor for fuels and other value added products and is
generally easier to extract from IL solvents than glucose, however HMF is somewhat limited in
that it is typically harmful to biological (i.e. fermentation) type upgrading schemes.” Additions
of metal chloride catalysts have been shown to dramatically increase rates of cellulose
degradation, however they also degrade the glucose product.*” Metal Chlorides increase
selectivity of HMF over glucose by facilitating the mutarotation of glucose, isomerization to
fructose, and the subsequent reaction to HMF.* Microwave assisted reaction with zeolite
catalyst has also shown dramatic increase in hydrolysis rates reaching 36.9% yield of glucose in
just 8 minutes.” Currently, there is a thrust in the research for solid catalysts (e.g. carbon
materials with highly acidic groups) which could be separated more easily from the reducing

sugars than homogenous solvents, however there is difficulty obtaining efficient access for the
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large cellulose molecules to the catalyst surface.””®” To date, the depolymerization of cellulose to
glucose or degradation to other building block chemicals under economically feasible conditions

remains a challenge.®’
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Figure 7.1. The IL 1-propanoic-3-methylimidazolium acetate ((COOH-Et-MIM ] [OAc]),.

The IL under investigation is 1-propanoic-3-methylimidazolium acetate ([COOH-Et-
MIM'] [OAcT]) (Figure 7.1), which is hypothesized to solubilize biomass feedstock as well as
hydrolyze the glycosidic bonds to rapidly form building block chemicals like HMF or glucose.
This process has the potential to leverage the benefits of single-pot reactor design, elevated

temperatures for improved reaction kinetics, the recoverability/recyclability of ILs, and the

137



extraction of products from IL that's been well-studied (mostly in the context of
pretreatments).'>*°*® Unlike previous research, in this study, the IL has been functionalized by
addition of a carboxylate group and tuned to emulate the active site environment of cellulase
enzymes resulting in the IL acting as both the solvent and catalyst. This IL should not require
addition of acid, extra catalysts, nor the post-processing of the associated waste streams, as the
IL itself is equipped with a labile proton that is regenerated after hydrolysis. Extraction of HMF,
glucose, and recovery of the IL is feasible using existing protocols in the literature. *’

Dialkylimidazolium ILs have been extensively studied for their ability to disrupt the

strong hydrogen bonding in crystalline cellulose, separate cellulose from lignin, and generally
increase the solvent accessible surface area thus increasing catalytic hydrolysis reaction
rates.”’%!76°37 The [COOH-Et-MIM ] [OAcT] IL was selected and developed with the intent of
retaining these solvation characteristics while increasing the propensity to hydrolyze glycosidic
bonds. To achieve this goal, the IL was designed to mimic inverting type cellulase enzymes,
specifically with regards to 4 key aspects:

1) The free energy surface describing the puckering of the glucose ring resembles the
puckering of the substrate -1 ring in the active site of inverting glycosidehydrolase
enzymes.

2) The cation tail has similar accessibility and acid/base capabilities as the ASP and/or
GLU residues in the inverting glycosidehydrolase active site.

3) The anion has similar H-bonding and water-splitting capabilities as the nucleophilic
ASP or GLU residue in the inverting glycosidehydrolase active site.

4) The arrangement of the cellulosic compounds, IL, and nearby waters exhibit

configurations where the -1 ring is in a skewed/boat conformation, an acid donor is
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near the glycosidic bond, and the nucleophile and a water are located near the C1
carbon.

Although this exact structure of IL has not been synthesized before to the knowledge of
the authors, similar IL"s have been synthesized such as 1,3-dimethylimidazolium-2-carboxylate
from Holbrey et. al. in 2003 for CO2 capture.”’’ Thus it seems likely that synthesis of this IL is
feasible and relevant to potential real-world applications posing extensive potential for process

simplification, reaction rate increase, and reduced cost for biomass refineries.

7.3 Methods

Molecular dynamics (MD)

MD simulations were carried out in the Amber 14 software package' with the Plumed
2.0 plugin®® to enable biased sampling. The [COOH-Et-MIM ] [OAc] forcefield was based on
GAFF parameters™” for the bond, angle, dihedral, and VDW terms while the point charges were
calculated with the RESP method””® as implemented in antechamber.'®® The underlying charge
distribution was evaluated at the MP2 level of theory and the cc-pVTZ basis set as implemented

in Gaussian09.'*> The charges were not scaled down by the 80% factor typically applied*'*** t

0
aqueous and protein environments, as recent studies have shown good reproduction of dynamic
properties for ILs when using point charges calculated at this level of theory and basis
set.”! 19+ The saccharides were described with the GLYCAM_06h'*! forcefield, which are well
established and allow direct comparison with computational studies in the literature on

191,192

pretreatment solvation characteristics in other ILs. The water molecules were defined by

the flexible Simple Point-Charge (SPC/E-fw) water model.*’*

139



Table 7.1. System Setup and Dimensions.
[COOH-Et-MIM™] [OAC]
ILw/w % lon Pairs Waters Box Length (A)  Density

100% 200 0 38.61 1.206
98% 196 49 38.74 1.223
94% 186 124 38.47 1.220
86% 170 255 38.21 1.221
75% 150 431 37.91 1.215
50% 100 831 37.37 1.158
0% 0 1722 37.52 0.977

[COO™-Et-MIM*] [HOAC]
ILw/w % lon Pairs Waters Box Length (A)  Density

100% 200 0 38.61 1.215
98% 196 49 38.74 1.211
94% 186 124 38.47 1.210
86% 170 255 38.21 1.200
75% 150 431 37.91 1.182
50% 100 831 37.37 1.125
0%

[COOH-Et-MIM™] [CI-]
ILw/w % lon Pairs Waters Box Length (A)  Density

100% 200 0 38.61 1.185
98% 196 49 38.74 1.191
94% 186 124 38.47 1.202
86% 170 255 38.21 1.201
75% 150 431 37.91 1.186
50% 100 831 37.37 1.119
0%

Systems simulated include three variations of the liquid environment: the regular IL
[COOH-Et-MIM "] [OAc’], proton-swapped/zwitterionic liquid [COO™-Et-MIM'] [HOAc], and
one with the [OAc’] ion exchanged for [Cl] in order to mitigate the formation of zwitterionic
states, [COOH-Et-MIM"] [CI]. These three systems were simulated at 7 different dilutions with
water, each with either glucose, cellobiose, 10-glucan oligomer, or no solute. The system
concentrations, mole ratios, box dimensions, and density are shown in Table 7.1. The 10-glucan-
oligomer simulations were primarily used for ensemble-averaged searches for configurations of

and around the glycosidic bond that were favorable for hydrolysis. Glucose and cellobiose were
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used as minimal structures for simplified analysis and direct comparison to ab initio calculations.
Simulations without any solute were used for investigating the intrinsic liquid properties like
density, diffusion, and solvent nanostructure of each variation to the IL and dilutions.

Each MD System was created in packmol,'®® converted to an amber file by tleap, and the
coordinates minimized for 2000 steps of steepest descent followed by 2000 steps of conjugated
gradient minimization in the Amber package. The minimized simulation boxes were subjected to
alternating isobaric isothermal ensemble (NPT) at 1 atm and 350 K for 1 ns and the canonical
(isochoric-isothermal) ensemble (NVT) at an elevated 450 K for 1 ns. The cycling was
conducted for 3 iterations or until the density in the NPT did not change significantly from the
previous cycle. This equilibration method has successfully been used to relax viscous liquids and
entangled polymers.?'**** The equilibrated systems were then simulated for 100 ns each in the
NVT ensemble at 1 atm and 350 K (i.e. production runs) where solvent orientation, interactions,
and saccharide conformations were monitored. The final NVT ensemble coordinates for each
system were then simulated in the microcanonical (NVE) ensemble for 20 ns in order to
calculate diffusion constants. All MD simulations used a cut off for the direct sum electrostatic
interactions and Van der Walls of 10 A and the particle mesh ewald algorithm. The temperature
was held constant at 350 K or 450 K by a langevin thermostat with a collision frequency of 2 ps™.
The time step for all simulations was 1 fs and the leapfrog algorithm was used for integrating the

equations of motion.”

Biased Sampling (Metadynamics)

The metadynamics simulations used the fully-equilibrated starting coordinates from MD

203

simulations of glucose and biased the Cremer-Pople™ - puckering coordinates ¢ and ¢ in order to
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obtain the free energy surface of ring puckering. The collective variables (wVs = & and ¢) were
biased by means of well-tempered Gaussians with an initial height of 0.1 kcal mol”, and a hill
width of 0.5 radians that were applied every 500 fs. A biasing factor of 10 was used for the well-
tempering to achieve convergence of the final free energy surface. While some groups have
begun to develop more sophisticated means of refining metadynamics free energy surfaces,”' '
this study used brute-force, long-time metadynamics to ensure accurate free energy surfaces.
Each system was run for 80-100ns of well-tempered metadynamics and checked for convergence
by two methods: 1) validating that the entire range of the CVs had been visited, and 2) the free
energy surface did not change by more than 0.5 kcal mol’ given an additional 5 ns of

metadynamics simulation. All other simulation parameters remained the same as used in the

NVT production runs.

Density Functional Theory (DFT) and Moller-Plesset Perturbation Theory (MP2)

All ab initio calculations were calculated using the Gaussian09 software package'® and

included implicit water solvent via the polarizable continuum model*”

and an explicit first
solvation shell around the area of interest. The bulk of the ab initio calculations used DFT with
the B3LYP functional and 6-31g basis set. It was found that scanning the angle of the anomeric
hydrogen was an efficient and reproducible way to explore the reaction pathway energetics for
the inverting hydrolysis mechanism. Specifically, the dihedral used to scan the anomeric
hydrogen was C1-C2-O5-H1, which was moved in 4° increments from -30° (B - reactant well) to

+30° (a - product well). Transition states were verified by means of transition state optimization

and frequency calculation at the B3LYP/6-311g(d,p) level of theory and basis set. Subsequent
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analysis by means of the natural bond orbital (NBO) analyses”’* were performed using MP2/6-

311g(d,p) to capture higher accuracy electron orbital and occupancy information.

7.4 Results and Discussion

In order for this IL to be useful for the intended hydrolysis reaction it will need to
catalyze hydrolysis, lowering the activation energy to a point where the reaction proceeds rapidly
(E, < 25 kcal mol™) at moderate temperatures, and exhibit these catalytically active solvent
configurations with sufficient frequency. To evaluate the most likely ionization scenarios three
variations of the [COOH-Et-MIM '] [OAc’] IL were parameterized and simulated.

1) Cation and anion exactly as depicted in Figure 7.1.

2) Proton transfer between the cation tail and the acetate anion is likely to occur rapidly

and frequently, therefore systems were also simulated with a zwitterionic [COO™-Et-
MIM '] and acetic acid [HOAC] as the proton donor.

3) Additionally, the acetate anion was exchanged for chloride, which is a more
nucleophilic anion, and will not accept proton donation thus mitigating the added
complexity of a potential zwitterionic species formed from the deprotonation of the
cation.

The characterization of this IL will be described in two sections: first, the lowering of the
activation energy, and second, the solvent environment and probability of arranging into

catalytically active configurations.
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Activation Energy for the Hydrolysis Reaction

The reaction pathway for hydrolysis was approximated in a single step by scanning the
anomeric hydrogen dihedral (i.e. C1-C2-O5-H1) forcing the transformation from B to a glucose,
breakage of the glycosidic bond, and formation of a new bond from the carbocation to a solvent
oxygen. Ultimately, one water molecule was split becoming the hydroxyl on the CI and re-
protonating a species of the solvent. The puckering of the -1 ring to a skewed boat conformation
is also observed in enzymes and is thought to reduce the activation energy of hydrolysis via the
endo-anomeric effect, with the net result of stretching the C-O bond at the glycosidic linkage and
improving solvent access.”>"***"° Figure 7.2 depicts the hydrolysis with the cation acting as the

proton donor and acetate stabilizing the water split.
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Figure 7.2. Concerted reaction mechanism for inverting hydrolysis with -1 ring in 'S; pucker
conformation, cation as proton donating residue and acetate anion as nucleophilic proton
acceptor.

The activation energy and overall change in energy for the various systems studied are

listed in Table 7.2. Each of the cases in Table 7.2 are instances where the -1 ring is in a skewed

boat conformation. It is observed that the presence of the ionic liquid greatly reduces the
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activation energy of hydrolysis. As one might expect, the species with the greatest impact on the
activation energy is the proton-donating species, as determined by comparing water, cation, and
the acetic acid as the proton-donor. In the case where the cations propanoic acid group is
pointing towards the glycosidic bond, activation energies range from 19 to 21 kcal/mol

regardless of the nucleophilic species.

Table 7.2. Activation Energies of Hydrolysis.

Proton Donor Nucleophile Ea (kcal/mol)
H20 H20 38.6
COOH-Et-MIM* + H20 CH3CO0O 30.5
H30" H20 28.8
H30" cr 23.1
H30" CH3CO0O 21.7
COOH-Et-MIM* H20 19.8
COOH-Et-MIM* CH3CO0O 19.1

COOH-Et-MIM* cl- 19

CH3COOH CH3CO0O 22.7
CH3COOH cr 21.7
CH3COOH COO--Et-MIM* 21.8
CH3COOH H20 17.5

Natural Bond Orbital (NBO) analysis of the starting, reactant configurations for each
solvent case shows a definite correlation between the s-character (sigma bond) of the C-O bond
and the activation energy for hydrolysis (Figure 7.3a). The more s-like the C-O bond, the harder
the hydrolysis reaction is to perform. The NBO analysis indicates that the IL contributes to the
reaction in 2 ways; 1) the p-orbitals are significantly polarized by the presence of the IL, and 2)
as part of the hyper-conjugation of the anomeric effect, the IL"s charges help stabilize the ring-
cracked, ionic structure of the ring. Similarly, it is observed that as the charge of the anomeric
carbon (Figure 7.3b) becomes more positive the activation energies decrease. Analysis of the
transition state reveals that the anomeric carbon is mostly in a trigonal planar geometry, which is
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more favorable as a carbocation. An unpaired electron of a radicalized carbon would impede sp2
hybridization as compared to a system where the orbital is occupied (Appendix D Figure D1).
The net result is that the IL helps facilitate the polarization of p-orbitals of the anomeric carbon
and increase the positive charge on the atom in the transition state, which results in a lowering of

the activation energy barrier.

a) 40.00
35.00
30.00

25.00

Activation Energy
(kcal/mol)

20.00

15.00
27.0% 27.5% 28.0% 28.5%

s-character of C-O bond
b) 40.00

35.00
30.00

25.00

Activation Energy
(kcal/mol)

20.00

15.00
0.35 0.4 0.45

Mulliken Charge of C1

Figure 7.3. Strong correlation between activation energy of the reaction and the % s-character of
the C-O bond of the glycosidic linkage in the reactant configuration (a), and correlation between
charge of the anomeric carbon at the transition state and activation energy of hydrolysis (b).
Therefore, the various DFT calculated geometries and energies along with the MP2
calculated NBO analysis leads to the following 2 hypotheses: 1) the [COOH-Et-MIM'] [OAc]

IL acts as a catalyst for the hydrolysis of the glycosidic bond, lowering the activation energy to
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around 20 kcal/mol as compared to 38.6 kcal/mol in pure water, and 2) we hypothesize the
decrease in activation energy induced by the IL is largely due to the endo-anomeric effect,
polarization of the p-orbitals of the anomeric carbon, and increasing stabilization of more
positive charge on the anomeric carbon. An important factor to determining how these various
activation energies will impact the conversion of cellulose to simple sugars, is the configuration
of the sugar ring and how the IL impacts the sugar ring configuration. The next section evaluates
this topic, by analyzing the specific configurations that the sugar ring adopts in various IL

environments and how often these configurations arise.

Cellulosic Compound Ring Configurations

The type of solvent and the solvent arrangement plays a large role in the stabilization of
potentially catalytic conformations that may form. Based on MD simulation data three critical
geometric criteria are found to be satisfied in the IL-water binary mixtures; 1) it is observed that
the IL stabilizes skewed/boat puckered configurations of the glucan ring as compared to pure
aqueous environment, 2) the proton donor species are found to associate near the glycosidic bond,
and 3) water molecules and the nucleophile are found to associate near the anomeric carbon. The
simultaneous occurrence of all three factors, which constitutes a reactive system configuration, is
observed to be dependent upon the concentration of the IL in the aqueous environment and the
anionic species. For ring puckering, the higher the IL concentration the higher the probability of
observing skewed/boat puckered ring states as compared to an aqueous environment. The free
energy surface (FES) of puckering along the Cremer-Pople puckering coordinate as determined

by enhanced sampling via metadynamics for the various dilutions schemes is found in Figure 7.4.
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Figure 7.4. Free energy plots (kcal/mol) for the Cremer-Pople puckering coordinate 6 of glucose
in different dilutions with water and variations of the IL all at a temperature of 77°C. The colors
represent different liquid variants: [COOH-Et-MIM'] [OAcT] IL = blue, zwitterionlic liquid
(COO™-Et-MIM ] [HOAc] = red, and the Cl- exchanged [COOH-Et-MIM'] [CI] IL = yellow.
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At 50% IL concentration for all three IL variations the FES looks very similar to that of
water with the lowest energy wells being near 8 = 0° or 8 = 180° corresponding to the *C; and
'C4 conformations respectively. The IL variant with the chloride anion exhibits the strongest
preference for skewed/boat puckering (6=90°) at all dilutions >75%. Whereas the acetate
containing IL and the acetic acid zwitterionic liquid do not significantly favor the skewed/boat
puckered conformations until 86% or 94% w/w concentration, respectively. Recent studies have
hypothesized that the skewed/boat ring puckering is caused by electrostatic interactions between

192,191 -
92191 I those studies and

the IL and sugar, primarily between the sugar hydroxyls and the anion.
in these simulations it is observed that the anions bifurcate neighboring hydroxyl groups in the
sugar, which re-orients the hydroxyls favoring rings to remain in skewed/boat
conformation, %9412

The coordination number between the hydroxyls of the sugar ring and the anion versus
water molecules share a crossover point near 80% w/w IL for the two IL species (Figure 7.5).
Interestingly this is about the same dilution in which the skewed/boat pucker state becomes more
favorable. The zwitterionic liquid, on the other hand, does not outcompete water for coordination
with the hydroxyls until 98% w/w zwitterionic liquid. Correspondingly, the skewed/boat
puckering of the sugars is much less frequent in than zwitterionic liquid as compared to the two
IL solvent species. As mentioned previously, the puckering of the ring impacts not only the

solvent access, but also the activation energy for hydrolysis.’*’"**
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Figure 7.5. Average coordination number values calculated from RDFs for water (red squares)
and anion (blue diamonds) out from the 2, 3, and 6 hydroxyls of cellobiose with increasing IL
concentration.
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Intrinsic Solvent Properties

Diffusion Coefficients: In addition to how the solvent interacts with the glucans, the
intrinsic solvent properties for the various binary mixtures are tabulated in Table 7.3. It is
interesting to note that the zwitterionic liquid retains substantially higher diffusion values than
the ILs, which is a phenomenon also observed by Cantu et. al. who leveraged this property to
control the viscosity (a big problem in CO; sequestration in ILs) by changing the proton transfer
equilibrium of solution.”” In regard to the diffusion values, the C1” containing IL variant, which
is expected to outperform the hydrolysis kinetics of the other ILs, possesses the slowest diffusion
coefficients of the variants tested and therefore is expected to suffer from severe mass transport
limitations. Transport losses (i.e. pump duties etc.) may be an obstacle against commercialization
of these ILs for biomass processing facilities. Regardless, the potential benefits in hydrolytic
activity, recyclability, low heating requirements, simultaneous solvation and saccharification,
and potential to eliminate the need for pretreatment make this autocatalytic IL a promising

avenue for research.

7z

0 0.25 0.5 0.75 1

IL Concentration (w/w)

Figure 7.6. Density of the IL dilutions in water at 77°C. The IL [COOH-Et-MIM'] [OAcT] is
shown in blue diamonds, [COOH-Et-MIM'] [CI] in green triangles and zwitterionlic liquid
[COO™-Et-MIM ] [HOAc] in red squares.
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Density: The density of each solvent mixture as a function of IL concentration is
reported in Figure 7.6. The two IL variants exhibit a density turnover (i.e. a dilution mixture with
higher density than either end-point) while the proton-exchanged zwitterionic variant does not
exhibit a density turnover. The density turnover phenomenon has been observed both
computationally and experimentally in other ILs and has been primarily attributed to the
enhanced packing enabled by the ionic shielding interactions of water around the
jons, 9227823922020 Ty evaluate if the density turnover phenomena observed in the COOH-Et-
MIM" OAc™ and the CI variant are due to similar physics as previously reported, the interaction
energies are calculated from the pair distribution functions. These interaction energies are plotted
with respect to concentration in Figure 7.7.

As seen in Figure 7.7 (top), the zwitterionic species (shown in red) has a drastically
different interaction energy profile between the acetic acid and water than the interaction profile
between acetate (blue) or chloride (green) and water. Whereas the anion“s interaction energy
increases with decreasing water content, the acetic acid, not having a net charge, is far less
favorable to H-bond with water especially as the water content decreases. As a result, the
competition for H-bonding is dominated by water-water H-bonds in the zwitterionic case
throughout the entire dilution range. In contrast the ILs have a crossover point (around 86% w/w
IL) where the anion-water interaction becomes stronger than the water-water interaction (top and
middle panes of Figure 7.7). The net result of this competition between water-water and anion-
water interactions is the charge shielding of the ions permitting overall tighter packing. Even the
cation-cation interaction energy is decreased (bottom pane of Figure 7.7) when there is enough

water to solvate the ions, but not enough to displace them significantly. 86% w/w IL corresponds
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to a mole ratio of about 1.5:1 water molecules per IL pair. Overall these results support the

hypotheses by previous groups about the causes of the density turnover, '*%2°%22%-220260
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Figure 7.7. Interaction energies, calculated by , for pair interactions
between the anion and water, water and water, and cation-cation for aqueous dilutions of the two
IL variants ([COOH-Et-MIM'] [OAc] = blue diamond, [COOH-Et-MIM'] [CI] = green
triangle) and zwitterionlic liquid ((COO™-Et-MIM'] [HOAc] = red square) at 77°C.
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Figure 7.8. Heterogenaity order parameter (HOP) results for individual groups of the IL
([COOH-Et-MIM'] [OAc’] = top) and zwitterionic liquid ((COO™-Et-MIM ] [HOAc] = bottom),
specifically the cation head (blue diamond), cation tail (red square), and acetic oxygen (green
triangle).

Order Parameters: The competing solvent-solvent interactions also relate to the

heterogeneity order parameter (HOP)*'

, which compares the phase separation in the IL [COOH-
Et-MIM'] [OAcT] and in the zwitterionic liquid [COO™-Et-MIM'] [HOAc]. Most notably, the
net-neutral species with the labile proton (i.e. the protonated cation tail [top] or protonated acetic

acid [bottom] in Figure 7.8) tends to separate from the rest on the ionic phase and associate more

with the aqueous phase. While this result is not surprising, it does reveal a possible way to
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improve the solvent system. In order for catalysis to occur the labile proton needs to be near the
glycosidic bond and it is observed that the aqueous phase does not significantly contribute to the
solvation of cellulose, as evidenced by the precipitation of cellulose from ILs once too much
water is added. Observed in the simulations presented here, other than water, the glycosidic
oxygen coordinates strongest with the cationic species. Therefore, if the carboxylic acid group of
this IL were to be exchanged with an acidic group that is positively charged while protonated,
such as maybe ammonium, it is hypothesized to have a greater residence time in configurations
primed for hydrolysis owing to the shared phase homogeneity associated with the glycosidic

linkage, and thus enhancing the overall saccharification kinetics.

Conversion Estimates

Analysis of MD trajectories indicates that the average residence time of geometries that
can be classified as reactive system configurations for hydrolysis in each variant and dilution is
tabulated in Table 7.3. The definition for a reactive system configuration requires the system to
resemble the QM starting configurations with the proton donating group near the glycosidic
oxygen [<3.0 A], a nucleophile and water near the C1 [<3.5 A], and the -1 ring in a skewed/boat
pucker [6>60°] conformation.

Utilizing the activation energy determined from DFT calculations, and the probability of
forming reactive system configurations a kinetic model for the conversion of cellulosic material
to simple sugars can be formulated. The time it takes to reach 80% conversion is a rough “ball-
park” approximation assuming first order rate kinetics and the Eyring equation from transition
state theory for the rate constants. The activation energy used in the Eyring equation comes from

the Ea“s calculated using QM that pertain to each system geometry. As can be seen from the
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results, optimum conversion rates arise from balancing the solvent mobility, which increases
with more water, against the reaction site concentration and puckering probability, which
decrease with increasing water. Also. the CI" IL exhibits the fastest conversion of cellulose to
simple sugars. The most important limiting factor in solvent arrangement is the proximity of the
labile proton to the glycosidic bond. And in general, the conversion rates suggest much faster

hydrolysis than enzymatic mechanisms.

Table 7.3. Probabilities of solvent orientation, rough estimate of time it would take to hydrolyze
80% of cellulose, and diffusion values for the IL.

[COOH-Et-IM+] [OAC-] Diffusion
Nucleophilic
%IL Labile Water<3.5 Skewed/Boat Time To 80%
(wiw) Proton<3A A Conformation | All 3 Conversion(min) | Cation Acetate Water
100 0.0% 0.0% 11.0% | 0E+00 - 4.2E-13 4.0E-13 -
98 0.0% 1.6% 9.5% | 0E+00 - 3.3E-13 3.6E-13 1.4E-12
94 0.0% 4.3% 20.7% | 3E-06 1246 4.8E-13 4.8E-13 3.5E-12
86 1.2% 3.0% 20.2% | T7E-05 61 8.3E-13 9.2E-13 1.0E-11
75 0.4% 21.7% 3.7% | 3E-05 145 3.3E-12 4.6E-12 4.8E-11
50 1.6% 40.3% 2.7% | 2E-04 25 9.8E-11 1.5E-10 7.1E-10
[COO—Et-IM+] [HOAC] Diffusion
Nucleophilic
%IL Labile Water<3.5 Skewed/Boat Time To 80% Acetic
(wiw) Proton<3A A Conformation | All 3 Conversion(min) | Zwitterion Acid Water
100 0.0% 0.0% 23.9% | 0E+00 - 1.5E-12 3.3E-12 -
98 0.5% 0.6% 26.8% | 8E-06 5393 2.7E-12 4.8E-12 1.1E-11
94 0.7% 4.6% 17.3% | 6E-05 711 9.1E-13 8.7E-13 3.7E-12
86 3.0% 6.5% 6.8% | 1E-04 316 1.2E-11 2.1E-11  6.1E-11
75 2.3% 11.6% 11.9% | 3E-04 135 3.4E-11 6.2E-11 1.7E-10
50 3.3% 20.2% 5.9% | 4E-04 109 2.2E-10 4.4E-10 1.0E-09
[COOH-Et-IM+] [CL] Diffusion
Nucleophilic
%IL Labile Water<3.5 Skewed/Boat Time To 80%
(wiw) Proton<3A A Conformation | All 3 Conversion(min) | Cation Chloride Water
100 0.1% 0.0% 20.9% | 0E+00 - 2.0E-13 1.6E-13 -
98 0.2% 0.0% 27.4% | 1E-07 - 8.0E-14 7.8E-14 1.8E-12
94 1.1% 7.9% 17.8% | 2E-04 28 2.3E-13 3.9E-13 5.0E-12
86 2.1% 21.5% 20.3% | 9E-04 5 1.7E-12 3.6E-12 3.3E-11
75 1.4% 26.6% 4.7% | 2E-04 24 1.7E-11 5.3E-11 1.8E-10
50 2.1% 38.3% 1.4% | 1E-04 39 2.5E-10 6.4E-10 1.4E-09
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Based on these results it is hypothesized that tuning of the solvent to specifically favor
interactions that bring the labile proton close to the glycosidic oxygen would result in enhanced

conversion kinetics.
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Figure 7.9. Sensitivity analysis of the change in distance requirements for a configuration to be
considered "active" or not. Numbers indicate that many times more likely for an active
configuration to form. Base values are 3.0 A for the labile proton to glycosidic oxygen distance
and 3.5 A for the nucleophile to anomeric carbon distance.

The sensitivity analysis of changing the distance limits for the definition of reactive
configurations to approximate ensemble-average kinetics shows that the proximity of the labile
proton to the glycosidic bond and the proximity of the water and nucleophile to the anomeric
carbon both greatly impact the approximated rates. As seen in Figure 7.9, if the maximum
distances for the definition of a reactive state are shrunk by 0.3 A each, no reactive
configurations are observed, whereas an increase by 0.5 A causes a 9-fold increase in the rate.

The tightness of the constraint on the Cremer-Pople coordinates 8 and ¢ of the -1 ring were seen

to not impact the approximated rate as the skewed/boat pucker states observed are virtually all
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'S3. The obstacle to even quicker reaction rates appears to be the balance of competitive interests
of increasing IL concentration to increase skewed/boat conformations and overall catalytic
impact, with on the other hand, decreasing the IL concentration in order to increase the
anomeric-water availability for hydrolysis. Overall, these results inform the continued
development of biomimetic ILs that could simultaneously solvate and saccharify cellulosic

compounds as part of an enhanced biomass processing strategy.

7.5 Conclusions

This research has highlighted a potentially advantageous means of simultaneous solvation
and saccharification of cellulosic compounds. The hydrolysis reaction was shown to be catalyzed
in the presence of this functionalized IL and details of the physical chemistry were discussed.
Most notably the catalysis is hypothesized to be a result of the solvent-favored puckering of the
glucan ring, locations of the proton donating and nucleophilic species, the concentration of water,
and the IL"s impact on the natural bonding orbitals of the anomeric carbon. These results,
combined with calculated liquid properties and the likelihood of specific solvent configurations,
predict that [COOH-Et-MIM "] [CI] can solvate and hydrolyze cellulose under mild conditions
(77°C and atmospheric pressure) achieving 80% conversion in mere minutes or a couple of hours
with high solids loading, without need for pretreatment of the substrate, and without acid

additives (and associated waste streams).
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CHAPTER 8 : CONCLUSIONS AND FUTURE RELEVANCE

8.1 Conclusions

Within this thesis many novel molecular-level insights have been presented in regard to
the interactions between cellulase enzymes, cellulosic substrates, functionalized ionic liquids,
and water. It was shown that protonatable residues within the active site of thermophilic Ma
Cel7B cellobiohydrolase are important for the adopted conformation of the substrate when bound
to the enzyme. The protonation scheme in the active site was evaluated as a function of the
environment"s pH and indicated that the activity of the enzyme is directly linked to the proton
transfer network in the active site. Subsequent studies were performed on hyperthermophilic
endoglucanase enzymes that were exposed to solvents containing various levels of ILs, which are
known to solvate cellulose up to 25 weight percent. It was shown that the IL decreases flexibility
of the enzyme dramatically, binds competitively in the active site, and inhibits conformational
sampling of bound cellulosic substrate. These results suggested the need for modified ILs that
will curb the inhibition of enzymes and the unfavorable impact of the IL on the enzyme
dynamics. To this end, triethylglycol moieties were added to the alkyl side chain of the cation in
an imidazolium based IL resulting in reduced competitive inhibition and unfavorable impacts on
the enzyme dynamics.

In addition to enzyme interactions with solvent and substrate, the interactions between
cellulosic compounds and ILs, and various dilutions of ILs in a binary mixture with water in the
absence of enzymes were also discussed. The results indicated that the ILs cause cellulosic

compounds to favor configurations of the glycosidic bond and ring puckering that resemble

160



configurations observed in the active site of cellulase enzymes. In regards to the triethylglycol
containing ILs, it was observed that the modified cation resulted in increased mass transport
properties while retaining the favorable solvation characteristics of cellulosic compounds seen in
other ILs. Dilution of the IL with water exhibits non-linear solvation behavior and the cellulosic
compounds tended to precipitate out of solution in concentrations of IL below 75% w/w. It was
shown that the competition of hydrogen bond interactions between the sugar hydroxyls and
either the anion or water molecules play a large role in the solute conformation and overall
solubility. The observed conformational similarity between cellulosic compounds in IL and
cellulose in the active site of an endoglucanase was taken a step further by functionalizing the IL
with labile proton donors and acceptors enabling hydrolysis without added catalysts or enzymes.
The reaction mechanisms and approximate kinetics were presented and support the hypothesis
that this novel approach may be an economically superior method for simultaneous solvation and
saccharification of biomass as compared to current pretreatment followed by enzymatic
saccharification methods. Specifically there were 3 hypotheses this research was aimed at
addressing:

1. IL-enzyme interactions result in observed decreased conformational sampling and
protein fluctuations, which are hypothesized to manifest in a decrease in enzyme
activity.

2. The IL binds to the active site region of the enzyme blocking access to substrate
resulting in a decrease in the observed enzyme activity.

3. An IL could be tuned to mimic the active site of enzymes including skewing the

pucker of the -1 ring, nucleophilic stabilization of the anomeric carbon, and acid
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donation to the glycosidic bond. Such an IL is hypothesized to perform cellulose
decrystallization and saccharification rapidly and efficiently.
These hypotheses have been confirmed, at least in part, and are briefly answered:

1. The presence of IL did indeed cause a decrease in loop fluctuations of the protein
and these fluctuations exhibited correlation to experimentally measured activities.

2. The IL was seen to bind in the active site tunnel of both Tma and Pho
hyperthermophillic endoglucanases. Although the extent of deactivation could not
yet be quantified it is assuredly a contributing factor.

3. Simulation results confirm that an IL can be designed to catalytically conduct
hydrolysis with very reasonable activation energy barriers and sufficient

frequency of sampling primed reactant states.

8.2  Relevance to Ongoing Research

The results in this thesis have ongoing importance as they inform experimental design
and research direction for improved biomass degradation. The continuing impact of this research
is evidenced by the observation that the key findings discussed throughout this thesis have
directly led to two new projects that will continue to enhance knowledge of biomass degradation
processes: 1) the reactive MD modeling of hydrolysis in solution, and 2) experimental validation
of functionalized, hydrolytically-active IL"s in the absence of enzymes or catalysts.

Using a software package called “Raptor” based on a Mulit-State Empirical Valence
Bonds (MS-EVB), which was developed by the Voth group at the University of Chicago, we can

model specific reactions with near QM-level of accuracy for near MD-level time scales.”’**”’
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The Raptor software plugs into the LAMMPS MD engine’”® and utilizes material-specific
parameterizations to define the free energy surface of each allowed reaction.”” If the coordinates
of the atoms are close to a reactive configuration the software calculates the relative energy of
each possible, allowed bonding topology and calculates the system dynamics based on a
Boltzmann-weighted combination of all the possible bonding states.?” In this manner the time-
evolution of reactions can be calculated with ensemble averaging from solvent dynamics. Results
from these simulations are a fantastic tool for obtaining nanosecond statistics on solvent
reactions, for example Grotthuss hopping in water,””” and proton transfer in imidazole.?***'
Parameterization of the allowed reactions and associated fit parameters for proton
transfer within the biomimetic IL is already underway. The free energy surfaces for each solvent-
solvent reaction are displayed in figure 8.1. The x and y axes of the free energy surface plots are
the O-O and O-H distances as depicted in the top portion of Figure 8.1 and color represents the
energy ranging from 0 kcal/mol (blue) to 20 kcal/mol (purple). Using the QM data discussed in
Chapter 7, the hydrolysis reaction can also be parameterized. Results from simulating these
systems will provide direct computational prediction of reaction kinetics in ensemble-averaged

solvent environments and provide a great framework for developing and improving the

hydrolytically active ILs.
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Figure 8.1. Free energy surfaces for proton transfer between colvent components for MS-EVB
parameterization. The y-axis is the distance between the oxygens and the x-axis is the distance
between the oxygen of the donating species and the proton being donated.
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The research contained in this thesis will continue to be helpful to the academic research
community. These results have built up new, and greater understandings of solvent-enzyme
interactions, in addition to an expanded knowledge of the saccharification processes for biomass
using ILs. Two new research projects are directly benefiting from the research performed for this
thesis: in addition to continued computational studies at the National Renewable Energy Lab
including reactive MD simulations, the synthesis and characterization work of biomimetic ILs
stemming from this research is newly underway in Dr. Shubham Vyas"s group at Colorado
School of Mines. The computational data herein will help inform the optimization of process
conditions and comprehension of the non-linear behavior of IL-water interactions with cellulosic
materials. Hopefully, in the near future, the effort put into this thesis research will have

contributed to a healthier energy economy and more stable global atmospheric environment.
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APPENDIX B: SUPPLEMTNAL INFORMATION FOR CHAPTER 5

Table B4. List of charges calculated for the cation from OPLS-AA method (Sambasivarao et. Al.
2006) and tail using corresponding MP2/ccVTZ RESP method.

Atom |Atom|Atom
Number|Name| Type [Charge

C6 | c3 | -0.24

H8 | hc | 0.08

H9 | hc | 0.08

H10 | hc | 0.08

C5 | c3 | -0.17

H6 | h1 | 0.18

H7 | h1 | 0.18

N2 na 0.22

C4 | cd | -0.09

C3 cc | -0.24
H4 h4 | 0.27
H5 h4 | 0.27
C2 cc | -0.24
H3 hs | 0.27
N1 na 0.22

C1 c3 | -0.27

H1 h1 | 0.14

H2 | h1 | 0.14

C7 | c3 | 0.40

H11 | h1 | 0.02

H12 | h1 | 0.02

01 os | -0.50

C8 | c3 | 0.15

H13 | h1 | 0.03

H14 | h1 | 0.03

C9 | c3 | 0.33

H15 | h1 | -0.02

H16 | h1 | -0.02

02 os | -0.58

C10 | ¢c3 | 0.33

H17 | h1 | -0.02

H18 | h1 | -0.02

C11 | c3 | 0.18
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H19 | h1 | 0.01
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35 H20 | h1 | 0.01

36 O3 | os | -0.43

37 C12 | c3 | 0.08

38 H21 | h1 | 0.04

39 H22 | h1 | 0.04

40 H23 | h1 | 0.04

Figure B2. Map of cation showing atom names for use with table of charges.
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Figure B3. Free energy surfaces for cellobiose in water and dialkyl-imidazolium acetate ionic
liquids from Bharadwaj, V. S.; Schutt, T. C.; Ashurst, T. C.; Maupin, C. M., Elucidating the
conformational energetics of glucose and cellobiose in ionic liquids. Physical Chemistry
Chemical Physics 2015, 17 (16), 10668-10678. Intended for comparison with free energy surface
of the glycosidic bond of glucose in the oilgo(ethoxy) IL.
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Figure B4. Free energy surface of the puckering coordinates for glucose in water showing strong

energetic preference towards the *C, conformation (low 6 values).

Figure B5. The free energy of ring puckering of glucose in [Me-(OEt)s;-Et-IM "] [OAc] IL plotted
as a top-down view of the northern hemisphere of the cremer-pople coordinates.
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APPENDIX C: SUPPLEMTNAL INFORMATION FOR CHAPTER 6
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Figure C1. Heterogeneity Order Parameter (HOP) showing the degree of phase separation in
[EMIM ] [OAC] (dotted diamond), [BMIM'] [OACT] (dashed circle), [OMIM'] [OAC] (long
dashed triangle), and [Me-OEt;-EIM ] [OAC] (solid square), as a function of IL concentration.
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Figure C2. Orientation Correlation Function (OCF) depicting the inter-dependence of tail

orientations in dilutions of [Me-OEt:-EIM'] [OAC] IL of 25% (dotted), 50% (dashed), 75%
(long dashed), and 10% (solid), as a function of distance between the tails.
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Figure C3. Radial Distribution Function (RDF) of the terminal tail carbon depicting the tail
aggregation in dilutions of [Me-OEt:-EIM'] [OAC] IL of 25% (dotted), 50% (dashed), 75%
(long dashed), and 10% (solid), as a function of distance. Coordination numbers are shown in
order of increasing concentration.

10

Figure C4. Radial Distribution Function (RDF) depicting the water-water interactions in
dilutions of [Me-OEt;-EIM'] [OAC] IL of 25% (dotted), 50% (dashed), 75% (long dashed), and
10% (solid), as a function of distance. Coordination numbers are shown in order of decreasing IL

concentration.
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Figure C5. Volume map plots depicting the areas of highest occupancy of each solvent species
relative to an average-aligned cellobiose solute molecule. Each pane represents a different
dilution of [Me-OEt3-EIM ] [OAC] IL and water (blue), anion (red), cation (orange), and cation
tail (transparent gray).

200



APPENDIX D: SUPPLEMTNAL INFORMATION FOR CHAPTER 7

Dibedral Energy
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Anomeric Hydrogen Dihedral

Figure D1. Dihedral energy of a methyl carbon undergoing planarization and switching of a
hydrogen dihedral with +1 charge (blue), 0 charge (red), and -1 charge (green).
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