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Abstract:

Efficient conversion of lignocellulosic biomass into chemically and biologically
upgradeable components is a cornerstone of biofuel and bioproducts research. As such, learning
more about how the thermochemical pretreatments and enzymes used for lignocellulosic biomass
deconstruction interact with one another and the biomass used is a key part of advancing the
field. This work begins with characterization of a family 9 glycoside hydrolase, CelR,
determining the changes to kinetics, binding, and thermostability brought about by the presence
or absence of carbohydrate binding domains. The structure of CelR is also described for the first
time, and the potential mechanistic role of an active site adjacent calcium ion in coordinating
residue motion to promote either substrate binding or product release is explored. Then, CelR is
used as a model enzyme in the investigation of changes in lignocellulosic biomass from y-
valerolactone pretreatment through solid-state nuclear magnetic resonance (ssSNMR)
experiments. This work shows how the ratio of peaks corresponding to the 4-carbon of cellulose
in lignocellulosic biomass strongly correlates with soluble sugar yields after hydrolysis with
CelR. Spectral fitting is then used to deconvolute the 4-carbon peaks to identify changes in
specific subdomains of the cellulose throughout pretreatment and enzyme hydrolysis. The I
subdomain is shown to form in the course of pretreatment; and be resistant to not only hydrolysis
by CelR but also by the commercial cellulase cocktail CTec3. This thesis concludes with
proposing a novel system for classifying and thinking about multifunctional cellulase activity,
providing a framework that can be used to support and direct future research endeavors.

This thesis represents advances in the understanding of family 9 glycoside hydrolases, which are
attractive targets for study and enzyme engineering efforts for their ability to interact

synergistically with both endo- and exo-cellulase classes. It also presents strong examples of



v
using ssNMR to monitor chemical and physical changes to lignocellulosic biomass throughout
the deconstruction process. The ratio of 4-carbon peaks that was found to correlate to hydrolysis
yields could prove to be a potent tool for evaluating thermochemical pretreatments, while
subdomain tracking was showcased as a powerful technique for identifying specific molecular
changes and bottlenecks to enzymatic hydrolysis of lignocellulosic biomass. The tier system
presented in the review of multifunctional cellulases advances dialogue in the field and expands
what enzymes could be considered multifunctional and highlights under-explored research
avenues that arise from the goal of fleshing out understanding of these tiers and how they

integrate with one another.
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Chapter 1:

Introduction

Fermentation:

Having a basic understanding of fermentation is important for understanding much of the
research done on biofuels and bioproducts because it is one of the most commonly used
technologies is their production (1-5). Pertinent to the work presented here, a large body of
research in the field focuses on generating sugars (such as glucose) that are then fermented by
any of a number of microorganisms into either biofuels/bioproducts or their precursors (6-8). As
such, this thesis will begin with a brief discussion of fermentation and its history.

Fermentation is a metabolic process where organic molecules are converted into various
alcohols, acids, and carbon dioxide in the absence of oxygen (9). The traditional fermentation
molecular pathway converts sugars into pyruvate, which is then converted to ethanol as the end
waste product to maintain redox balance (10-12). Fermentation is attractive for biofuels and
bioproducts research because, in addition to flexibility of inputs leading to sugar, the output of
the reaction can also be changed to any of a number of desirable products (10-12).

Humanity has used fermentation since antiquity as both a preservation and production
method (13). The ubiquity of fermentation across the world is evidenced by representations in art
and in residue from pottery used to store fermented goods; as shown in Figure 1.1A and 1.1B
(adapted from Motsch, et al.) respectively (14). Scientific study of fermentation began to take off
in the mid-1800s with the proposal by Schwann and Kutzing that yeast was responsible for
conversion of sugar to ethanol, made possible by Leeuwenhoek’s invention of the microscope in

the late-1600s (9).



Figure 1.1: [llustration from a German illuminated manuscript (Hans Franck, Biermesser, Mendel Band |
(1506), pg 125v) depicting a beer measurer (A) and a pottery fragment from Vix-Mont Lassois, France
(B) analyzed for evidence of fermentation residue, picture adapted from Motsch, et al. (14).

Production of compounds other than ethanol took off in the early-1900s, and included
products such as glycerol, acetone, and butanol (9). As fermentation technology advanced, it
began to be used as a production platform for a variety of bioproducts like antibiotics, and
biofuels. Currently, although attention has shifted from ethanol-based biofuels to other

compounds, fermentation remains an integral part of the bioprocessing pipeline (9,15,16).

Biofuels & bioproducts:

Biofuels have been in use since the beginning of the automotive industry, with a number
of bioethanol blends, such as Agrol, being widely used until petroleum based fuels became
cheaper in the aftermath of World War 2 (17). Interest in biofuels was renewed in the 1970s due

to the oil crisis, and since then the field of biofuels research has expanded to include the



production of non-fuel bioproducts as potential replacements for non-fuel chemicals derived
from petroleum (17-20).

As biofuel and bioproduct technologies have been developed, multiple classification
systems have been used to organize the field. Two of the more popular systems are the
generation and processing/production method systems. As shown in Figure 1.2, the generation
system breaks biofuels/bioproducts into groups by feedstock with first generation biofuels using
food or starchy feedstocks such as corn and sugar cane, the second generation using
lignocellulosic or waste biomass such as switchgrass and manure, and the third generation using
oils derived from microalgae (17). The processing or production method system classifies
biofuels by the technologies involved in their production, with conventional biofuels relying on
well-established and commercial technology, while advanced biofuels use technologies that are

the subject of ongoing research and development (17).

Generation
(example feedstocks)

EERT el

-

Processing methods




Figure 1.2: Diagram showing the relationship between two common frameworks when discussing
biofuels: generation and processing method. Classification of biofuel generation is made by feedstock,
while processing methods are classified by the level of technological development and ongoing research
on a given method.

The transition from first to second generation biofuels was, in part, motivated by the food
vs. fuel debate, which raised questions about the economic and environmental impacts of using
edible material to produce fuel instead of feeding people and livestock (1,21). To side-step this
issue, researchers began to transition to other feedstocks that could produce fermentable sugars,
namely lignocellulosic biomass (LCB), which refers to the complex collection of multiple sugars
and aromatic polymers of plant primary and secondary cell walls that serve a structural role; as
opposed to the energy storage role of the starch material and already soluble sugars used in first

generation biofuels (8).

Lignocellulosic biomass composition:

LCB is formed from three broad classes of polymers arranged in a complex matrix that
has evolved to resist degradation (8,22). The first is cellulose, a glucose polymer consisting of 3-
1,4 glycoside bonds which aggregate to form crystalline fibrils. The second is hemicellulose,
which refers to a number of different polysaccharides, such as xylan, mannan, and xyloglucan
(22,23). Because hemicellulose can be any of a number of polysaccharides, there is no one
common structure that is adopted by hemicelluloses. The final component of LCB is lignin,

which is a branching, covalently linked polymer composed of aromatic compounds (24,25).
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Figure 1.3: Adapted from Glasgow, et al. (26). Cartoon representation of major components in
lignocellulosic biomass: cellulose; hemicellulose (xylan, mannan, and xyloglucan given as examples);
and lignin.

Figure 1.3, adapted from Glasgow, et al., depicts a cartoon representation of LCB (26).
The organization of components in the figure aligns with current models of the cell wall, with
cellulose forming a core crystalline fibril which associates with hemicellulose at the surface, and
through the hemicellulose with lignin (22,23,25,26). The exact ratios of LCB components varies
from species to species, and within a plant based on tissue and cell wall type. Generic ranges for
primary cell walls (differentiating/actively growing cells) are 20-30% cellulose, 20-45%
hemicellulose and 5-10% pectins (similar to hemicellulose but often composed of
heteropolymers of galacturonan) while secondary cell walls (terminally differentiated cells)
range from 40-80% cellulose, 10-40% hemicellulose, and 5-25% lignin (24,25). In addition to
these major components, there are also a number of proteins and other molecules associated with

the cell wall for synthesis, modification, and maintenance purposes (24).



Thermochemical pretreatments:

As a key structural component in plants, evolutionary pressure has favored LCB that
provides resistance to degradation as a defense against pathogens. However, this resistance
complicates the use of LCB as a biofuels/bioproduct feedstock (5,8,27,28). Because efficient
deconstruction of LCB is a key requirement of biofuel/bioproduct production, numerous
degradation strategies have been explored (3,4,8,29). Generally, these strategies fall into two
broad categories: thermochemical processes, or enzymatic hydrolysis. Both categories have
advantages; thermochemical processes typically have much faster reaction times, while
enzymatic hydrolysis has high product specificity and can operate under mild conditions
(6,7,30). The downsides for these categories are that thermochemical treatments often require
harsh chemicals and high temperatures, while enzymes are expensive and require long reaction
times to produce high soluble sugar yields (5,29,30).

The combination of these factors has led to a paradigm where both strategies are
employed, with an initial thermochemical pretreatment being done to remove lignin,
hemicellulose, and the other minor components from LCB, followed by enzymatic hydrolysis of
the then more reactive cellulose fraction (1,5,28,30). The general premise of pretreatment is

shown in Figure 1.5A, adapted from Walker, et al., which is Chapter 3 of this thesis (31).
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Figure 1.4: Generic cartoon depicting the goal of thermochemical pretreatment (A) adapted from Walker,
et al., and the specific workflow for y-valerolactone (GVL) pretreatment (B) (31). In panel A cellulose
(green) is isolated from hemicellulose (blue) and lignin (black) through the pretreatment process. In panel
B LCB (black/green/blue stripes) is separated through two sequential steps into pure lignin (black),
hemicellulose (blue), and cellulose (green) fractions.

While there are many methods for thermochemically pretreating LCB, for example:
dilute acid, ammonia fiber expansion, ionic liquids, etc.; the method most relevant to this work is
y-valerolactone (GVL) pretreatment (29,31). GVL pretreatment is a versatile technique that uses
dilute acid in a GVL/water cosolvent system to hydrolyze lignin, hemicellulose, and cellulose.
Hydrolysis can be done at elevated temperatures to produce products like 5-
hydroxymethylfurfural, furfural, or levulinic acid, or in successive steps at increasing
temperatures to fractionate the LCB into first lignin (~100 °C) and then hemicellulose (~140 °C),
leaving solids containing almost entirely cellulose (2,29,31). In the case of LCB fractionation,

liquid lignin and hemicellulose fractions can be biologically or chemically upgraded to a variety



of valuable bioproducts, while the cellulose solids can be enzymatically hydrolyzed to produce

fermentable sugars, which is covered in greater detail in chapters 3 and 4 of this work (2,31).

Cellulose structure:

To enable more efficient degradation, a great deal of work has been done to better
understand the structure of cellulose in LCB and how it changes throughout various pretreatment
processes (22,23,31,32). On a primary level, the B-1,4 glycoside bonds in cellulose result in
linear chains that form crystals through hydrogen bonding between parallel chains to form sheets
and hydrophobic interactions between faces of stacking cellulose sheets (23). The crystalized
cellulose chains are called microfibrils, which have been shown to form aggregates called
macrofibrils (22,32). Crystalline cellulose has been observed to fall into one of four different
types. Type I cellulose, the naturally occurring form, consists of parallel chains within the
microfibril and is the relevant form for the work presented in this thesis, but briefly, type II has
antiparallel chains and forms after alkali treatment of type I cellulose, type III is formed through
treating either type I or II with amines, and type IV is formed from treating type III with glycerol
at high temperature (33).

Within type I cellulose, microfibrils are typically 3-4 nm in diameter, with macrofibrils
varying in size from 14-23 nm in diameter depending on other factors such as lignin and
hemicellulose content, with aggregates of macrofibrils being observed with diameters up to 60
nm (32). Perhaps unsurprisingly, the different chemical environments within and surrounding
microfibrils give way to a multitude of subdomains on the surfaces and within the crystal, as

shown in Figure 1.5A. Chapter 4 goes into further detail about detection of subdomains via solid-



state nuclear magnetic resonance (ssSNMR), and how subdomain distributions change over the

course of enzymatic hydrolysis (34-36).

Accessible
surface

Inaccessible
surface

Paracrystalline Crystalline (1, = I

G+B)

Figure 1.5: Cartoon (A) and scanning electron micrograph (B) of cellulose microfibril packing in plant
cell walls. Microfibrils contain an interior crystalline region (purple) surrounded by paracrystalline
cellulose (cyan). The microfibril surface is divided into two distinct populations, accessible (light green)
and inaccessible (dark green) based on placement within the macrofibril. SEM image adapted from
Donaldson et al. shows cellulose microfibrils (white arrows) aggregating in tight bundles with open
regions between the macrofibrils (yellow arrows); scale bar = 100 nm (32).

Figure 1.5 presents a cartoon model of four cellulose microfibrils arranged into a
macrofibril, colored by subdomain. The purple, crystalline core of the microfibrils contains a
combination of I, and Ig cellulose, the cyan region just outside the core represents paracrystalline
material, and the light green and dark green regions represent the accessible and inaccessible
surfaces respectively. The difference between the surfaces comes from the packing of
microfibrils into macrofibrils; as shown in Figure 1.5B, adapted from Donaldson et al.,

inaccessible surfaces occur when microfibrils pack against each other, and accessible surfaces

occur when microfibrils are in contact with hemicellulose, lignin, or the surrounding



10

environment (32,37,38). I, and I cellulose in the microfibril core differ in the arrangement of the
6-carbon and associated hydroxyl which results in o having an alternating pattern (A-A’-A-
A’...) forming a triclinic crystal structure, whereas I has alternating sheets (B-B-B... or B’-B’-
B’...) forming a monoclinic crystal structure (34). Of the two forms of cellulose, Ig is the more
thermodynamically stable, with current thoughts in the field being that rearrangement of 1 to Ig
occurs as a sliding of the sheets across one another, coupled with a movement of the 6-carbon

and hydroxyl group (39,40).

Carbohydrate active enzymes:

The enzymes used to hydrolyze pretreated LCB, regardless of the specific pretreatment
method, are classified as carbohydrate active enzymes; a classification encompassing a number
of activities that revolve around the synthesis, modification, and degradation of carbohydrates

(27,41,42). The Carbohydrate Active Enzyme (CAZy) database (http://www.cazy.org) classifies

half of these enzymes, based on sequence alignment, as glycoside hydrolases (GHs) which
degrade polysaccharides through hydrolysis of the glycosidic bonds (43-46). CAZy also uses
sequence similarity to group GHs into numbered families that often have similar mechanisms,
substrates, and structural features.

Glycoside bond hydrolysis is almost always done through either an inverting or retaining
mechanism, as shown in Figure 1.6. Inverting GHs (Figure 1.6A) activate water with a catalytic
base, and protonate the leaving group with a catalytic acid, resulting in inversion of
stereochemistry at the anomeric carbon. In contrast, retaining GHs (Figure 1.6B) use the catalytic
base to make a direct nucleophilic attack on the glycoside bond and form a covalently linked

enzyme-substrate intermediate that is then released by water cleaving the enzyme-substrate bond,
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resulting in retention of stereochemistry at the anomeric carbon (47-50). Typically, the amino
acids used as the catalytic base/acid are a combination of aspartate and/or glutamate (47-49).
While GH is used as a generic label, further classification is often done by the polysaccharide
that they target, for example this work focuses on the cellulase CelR, which hydrolyzes cellulose
specifically (26,51,52). Although usually a handy descriptor, this nomenclature is sometimes
incomplete as some GHs are capable of hydrolyzing multiple substrates (26,52). This is referred
to commonly as multifunctionality, and occasionally an enzyme with high substrate promiscuity

is classified based on only one of its potential substrates (26,52).

A. Inverting
Base as
>
Q o (OH Q o — Q O\AQ/ R il 0
AL \AUCOM AT o~ LRI
H—r‘Acwd Acid
B. Retaining a
(;\Baf‘e a Base o Base
Q 0, 0
I
H—Acid Acid H—Acid

Figure 1.6: General mechanisms for inverting (A) or retaining (B) GHs (47,48). For clarity, hydroxyls,
hydrogens, and 6-carbons are not shown. Inverting GHs cleave the glycoside bond in one step through an
activated water, while retaining GHs form a temporary covalent bond between the enzyme and substrate.

Both mechanisms often use aspartate and/or glutamate as catalytic residues.

Beyond classifying GHs by their target substrate, another typology is to classify them
based on the location of glycoside bonds they can target relative to the ends of polysaccharide
chains (26,53-55). As shown in Figure 1.7 using cellulases as an example, the two classifications
are endo- (purple) and exo- (teal and yellow) GHs, with exo-GHs targeting either the reducing

(yellow) or non-reducing (teal) end of the polysaccharide chain and endo-GHs not having a
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restriction on hydrolyzing bonds in relation to either end of the polysaccharide chain (55-57). For
long polysaccharides, endo-GHs are more likely to hydrolyze bonds in the interior of the chain
and generate novel ends that can be targeted by exo-GHs; which results in synergy between these
three classes where a combination of these activities produces soluble reducing sugar faster than

equimolar reactions containing only one of these activities (26,55).

Endo-cellulase

Non-reducing end
exo-cellulase

Reducing end
exo-cellulase

Figure 1.7: Cartoon showing the three broad types of cellulase activity. These types are endo-cellulases
(purple), which can hydrolyze glycosidic bonds at any position in the cellulose, and exo-cellulases, which
can only hydrolyze glycosidic bonds at cellulose chain ends. Depending on which end of the cellulose
chain is targeted, exo-cellulases are further classified as either non-reducing end (teal) or reducing end
(yellow) targeting.

Relevant to this work, and also discussed in chapter 2, there exists some ambiguity in the
exact definition of exo-cellulases. Most seem to agree on classifying enzymes that exclusively
produce glucose or cellobiose from hydrolyzing a chain end as an exo-cellullase, but members of
GH family 9 (GH9) have been shown to produce cellotetraose from hydrolyzing chain ends and

consequently have been frequently referred to as endo-cellulases (53,55,58-60). For the

remainder of this work, the term endo-cellulase or endo-GH will refer to GHs whose activity are
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not tied or referenced to a chain end and exo-cellulase or exo-GH will refer to GHs who always
catalyze reactions at some specific distance from a chain end. So GH9s that hydrolyze a
polysaccharide chain end to produce cellotetraose will be referred to as exo-cellulases instead of
endo-cellulases.

Carbohydrate binding modules (CBMs) are common accessory domains for carbohydrate
active enzymes, including many GHs. CBMs primarily play a role in binding to target
polysaccharides, with different CBM families having affinities for different polysaccharides,
much like the different GH families (61-63).

In addition to polysaccharide binding, CBMs can also impact GH thermostability and
substrate accessibility by, for example, disrupting hydrogen bonding between cellulose chains
(64-66). Numerous studies have found that CBMs play a role in targeting appended domains to
specific regions of LCB, and may serve in modulating substrate reactivity (62,67-69). Because of
their roles in substrate binding and thermostability, and the often insoluble or partially insoluble
nature of polysaccharides, especially cellulose and LCB, the interactions between CBMs and
GHs has been an important aspect of understanding and improving LCB degradation for biofuel

and bioproduct purposes (61,62,68).

Glycoside hydrolase kinetics & processivity:

The insolubility of LCB has made research into CBMs important to the field because they
can serve to anchor GHs to the substrate, thereby increasing the local concentration of substrate
for the GH to act on (66,70). The insolubility of LCB also causes issues when measuring kinetic
parameters of GHs, as classical Michaelis-Menten (MM) kinetics, and quasi-steady state

approximations both assume free diffusion of both substrate and enzyme (71,72). This issue is
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commonly addressed in one of two ways; using a soluble substrate such as carboxymethyl
cellulose as a stand in for an insoluble polysaccharide, such as cellulose; or making
modifications to the MM model to account for insoluble substrates (70,73-75). The matter is also
complicated further on cellulose in particular with its structural heterogeneity, with some models
including parameters that cover cellulose characteristics ranging from crystallinity to more
abstract variables, like cellulose digestibility decreasing as it is hydrolyzed (76-78). Interestingly,
a number of papers have found that, in practice, MM kinetics can fit cellulase kinetic data very
well (70,74,75). One reason for this could be that amorphous cellulose or loose chain ends could
have sufficiently free movement to produce results similar to if the substrate was able to freely
diffuse (76).

An important topic when discussing cellulase kinetics, is processive activity. As
illustrated in Figure 1.8, processivity refers to the enzyme-substrate complex persisting after
release of the product to undergo another round of catalysis, rather than dissociating as occurs in
MM kinetics (79,80). Processive hydrolysis has been well established for GH6 and GH7 exo-
cellulases, as well as being suggested for some enzymes in GHS and, pertinent to this work, GH9
(60,79-82). A number of reviews have covered the myriad methods used to experimentally
determine cellulase processivity, but in brief, they have ranged from atomic force microscopy to
comparison of the fraction of soluble vs. insoluble sugars produced, indicating the position of
hydrolysis (53,60,79-83). Efforts to quantify processivity fall broadly into one of two categories:
apparent processivity, and intrinsic processivity (79,84). Apparent processivity is the measure of
catalytic events per processive run, which can be difficult to measure and change dramatically
depending on the substrate and other assay conditions (79,84). Intrinsic processivity, on the other

hand, describes the theoretical potential for processivity and has been applied to other processive
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enzymes such as nucleic acid polymerases and helicases in addition to cellulases (79,84).
Mathematically, intrinsic processivity is defined as the catalytic rate coefficient (kca) divided by
the dissociation rate coefficient (kofr) (79,84). Processivity, as it relates to this work, is discussed

in further detail in chapter 2.
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Figure 1.8: Cartoon representation of processive hydrolysis of a cellulose chain by 4C4C (50). The
processive cycle occurs when the enzyme and substrate complex (ES) fully reforms after hydrolysis and
product release rather than dissociating into separate enzyme and substrate (E + S). This has been
modeled as the ratio of kear/kosr.

Glycoside hydrolase family 9:

The cellulase that this work revolves around, CelR, is a member of GH9, with a single
catalytic domain, family 3¢ CBM (CBM3c), and dockerin domain (85,86). As shown in Figure
1.9A, CelR’s (7TUNP’s) CBM3c domain has a -sandwich fold which packs tightly up against the

o/as-barrel fold of the catalytic domain. This is a well-conserved domain arrangement, as shown

in Figure 1.9B-C, where the B-sandwich fold of the CBM is packed tightly to the catalytic
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domain. The a/ae-barrel fold of the catalytic domain is also well-conserved in GH9, even in the
members without CBMs, as shown in Figure 1.9D-E.

GHO9s are classified in the CAZy database as being cellulases, with the examples in
Figure 1.9 covering a range of cellulase activities, with 7UNP, 4TF4, and 1G87 (Figure 1.9A-C)
being annotated as processive endo-cellulases, 1UT9 (Figure 1.9D) a cellobiose producing exo-
cellulase, and 1KS8 (Figure 1.9E) being an endo-cellulase (55-57,87). As noted in the earlier
discussion of endo- and exo-cellulases, Figure 1.9A-C release predominantly cellotetraose from
hydrolysis of the non-reducing end of cellulose chains, and so will be referred to as non-reducing

end exo-cellulases moving forward (55,59).
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Figure 1.9: Cartoon representations of five GH9 enzymes, 7UNP, 4TF4 (55), 1G87 (87), 1UT9 (57), and
1KS8 (56). The conserved a/as-barrel fold is highlighted by coloring the exterior helices of the barrel
green to contrast the rest of the helices colored blue. When CBMs are present, they adopt a -sandwich
fold and are tightly packed against the catalytic domain instead of being connected via a long, flexible
linker.

It has been noted in literature that non-reducing end exo-cellulases like CelR or Cel9A
(4TF4) have the capacity to act synergistically with both endo- and other exo-cellulases (55,60).
This synergy has been attributed to these enzymes targeting chain ends, which allow synergistic
interaction with endo-cellulases, and these enzymes producing cellotetraose, which is a substrate
for other exo-cellulases (55,60). Structural features of GH9s, and CelR in particular, are further
discussed in chapter 2, but briefly, there is evidence that the role of the CBM is to align the
substrate and the enzyme active site cleft, to disrupt hydrogen bonding between the target
cellulose chain and neighboring chains in the sheet, and to improve thermostability (54,83,88)
(chapter 2). Additionally, processivity of these enzymes is thought to be thermodynamically
driven by increasingly favorable binding energies as the active site cleft is progressively filled,

coupled with some degree of motion by aromatic side chains along the active site cleft (58,89).

Thesis overview:

Prior to the work presented in this thesis, there was no structure of CelR, and interactions
between cellulases and GVL pretreatment had not been studied. Chapter 2 presents the first
structures of CelR, including structures of the catalytic domain before and after hydrolysis of
cellohexaose and identifies a group of calcium-coordinating residues that move in response to
different substrates bound. Chapter 3 describes the relationship between resonances in the
ssNMR spectra and reducing sugar yields after hydrolysis of pretreated LCB by CelR, covering a

range of co-solvents used in a dilute acid pretreatment protocol. The ssNMR resonance identified
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in Chapter 3 are explored further in Chapter 4, which follows the changes in cellulose microfibril
subdomains throughout GVL pretreatment and enzymatic hydrolysis and identifies I cellulose as
being unhydrolyzed even at yields exceeding 30% of the theoretical maximum. Chapter 5
reviews literature on multifunctional cellulases, and presents a three-tier approach to
multifunctionality, including functional changes brought about by addition of CBMs or other
domains. The work presented in this thesis is summarized for the general public in Chapter 6,
while Chapter 7 reiterates the key findings from this work along with presenting a path for future
research. Appendix A goes on to detail the development of an integrated microfluidics and mass
spectrometry device for high-throughput enzyme characterization using GH8s and GH43s as

example test cases.
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Abstract:

Enzymatic deconstruction of lignocellulosic biomass is crucial for production of biofuels
and bioproducts. Better understanding interactions between catalytic and binding domains, and
other structural features offer potential avenues for improvement. Glycoside hydrolase family 9
(GH9) enzymes, which show both exo- and endo-cellulase activity, are attractive targets for
improvement. This study examines a GH9 from Acetovibrio thermocellus, including variants of
the catalytic domain with the native family 3¢ carbohydrate binding module (CBM3c), a non-
native CBM3a, both CBMs, and neither. Binding to amorphous phosphoric acid swollen
cellulose (PASC) was equally strong for all constructs, but catalysis was severely impaired in the
absence of CBM3c. CBM3c increased thermostability by 25°C and catalytic efficiency on PASC
and crystalline cellulose (Avicel) by 10x. CBM3a gave a modest increase in thermostability in
the absence of CBM3c¢ (+5°C), and improved binding by 5x on Avicel and catalytic efficiency on
PASC and Avicel by 2-5x. EGTA treatment reduced activity of CBM3a constructs on Avicel,
but otherwise had minimal effects. Comparison of structures for the catalytic domain bound to
either cellohexaose or cellobiose (result of slow turnover of cellohexaose by active site variant

E439Q in the crystal), and catalytic domain with CBM3c without substrate revealed multiple
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residues near a calcium in the catalytic domain whose ligands and adjacent residues rearrange to
alternatively promote substrate binding or product release. This work provides new insight into
structural contributions of the extended active site cleft to the reactivity of CelR and perhaps

other GH9 enzymes.

Introduction:

Efficient and economical deconstruction of complex cellulosic biomass into simpler,
easily fermentable sugars and aromatic compounds is an integral part of the developing biofuel
and bioproduct technology landscape (1-6). Strategies for deconstruction often include
combination of thermochemical treatment and enzymatic hydrolysis (1,5,7-9). Thermochemical
treatments can involve high temperatures and harsh chemicals and produce inhibitory or non-
fermentable byproducts (1,5,7,8). In contrast, enzymatic hydrolysis is often slower and complete
hydrolysis often requires complex mixtures of enzymes secreted by fungi, with the potential
inclusion of enzymes that are not suitable for hydrolyzing the various forms of pretreated
biomass (3,9-12). One example is biomass pretreated by g-valerolactone, which effectively
removes the hemicellulose and lignin fractions, and leaves a highly enriched cellulosic fraction
consisting of both amorphous and crystalline domains of polysaccharide (8,13). The action of
both endo- (cleaving within a cellulose chain) and exo- (acting at the end of the chain) glycoside
hydrolases is typically required to hydrolyze insoluble polysaccharides. Glycoside hydrolase
family 9 (GH9) includes members that have both activities (14,15), and so has attracted interest
as targets for basic research and technological application.

Enzymes are a major operational expense in the deconstruction of cellulosic biomass,

which has prompted efforts to find or engineer more efficient and economical options (12,16-
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18). Developing a better understanding of glycoside hydrolase function and the impact of various
non-catalytic domains, such as carbohydrate binding modules (CBMs), is needed to advance the
goal of improved biomass deconstruction. Multiple studies have shown that incorporation (or
removal) of non-catalytic domains such as CBMs can modulate thermostability, binding
specificity, and catalytic efficiency (19-23).

Cel9A from Thermobifida fusca XY is one of the best characterized examples from
glycoside hydrolase family 9 (GH9) (24-27). The complete Cel9A-90 (Tfu 2176, UniProt
P26221, Q47MWO) consists of an (a/a)es catalytic domain, a CBM family 3¢ (CBM3c) domain, a
fibronectin domain, and a CBM family 2 (CBM2) domain. This enzyme has high activity on
crystalline cellulose and, notably, exhibits both endo- and exocellulase activity (24-27). A
truncated form, Cel9A-68, consisting of the catalytic and CBM3c domains, has also been studied
and several crystal structures of this enzyme and its mutated variations have been solved (25-27).
These studies, and others (28,29), have identified the catalytic residues and others along the
extended active site cleft and on the surface of the CBM3c domain that interact with the
oligosaccharide. Cel9A has also become important model system for computational evaluation of
the mechanism of processivity (30-32), meaning that the enzyme carries out multiple cycles of
catalysis by advancing along the cellulose chain (33,34).

CelR (Cthe 0578, UniProt A3DCYS5), from Acetovibrio thermocellus ATCC 27405' is a
lesser-studied GH9 that consists of catalytic, CBM3c, and dockerin domains (35). Dockerin
domains are responsible for recruitment of numerous proteins and enzymes into the cellulosome.

Like other members of GH9, CelR has been proposed to have both exo- and endo- reactivity

! Over time, this organism has previously been named Clostridium thermocellum ATCC 27405, Clostridium
thermocellum DSM 1237, Hungateiclostridium thermocellum ATCC 27405, and Ruminiclostridium thermocellum
ATCC 27405.
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(15), and to also have processive reactivity (35). Previous work showed that CelR and similar
GHO9 enzymes produce cellotetraose as an initial product from hydrolysis of cellulose (35) with
cellotetraose hydrolyzed to either cellotriose and glucose or two cellobiose, and cellotriose
hydrolysed to cellobiose and glucose (35,36). Cellobiose is not hydrolyzed. The CBM3c is
required for processive activity (27,37-40). Along with their established catalytic capabilities,
Cel9A and CelR are also of interest because of their thermostability and reactivity at high
temperature (~50-70°C) with crystalline cellulose, which is considered difficult to enzymatically
digest (37). Recently, we have focused on the reaction of CelR with GVL-treated plant biomass
(8,13), and identified the I, crystal form of cellulose as a bottleneck to hydrolysis by CelR and
also commercial enzyme preparations (41).

In this work, the thermal melting, binding, and kinetic parameters of four different
assemblies of CelR with its native CBM3c and a non-native CBM3a are presented along with
crystal structures of mutated enzyme bound to either substrate- (cellohexaose) or product-
(cellobiose, arising from slow in-crystal hydrolysis of cellohexaose by active site variant
E439Q). In biology, Ca*" is frequently associated with cellular signaling or energy transduction,
however, it is also well suited to support protein stability and catalysis (42,43), so it is found in
many enzymes including GHs and CBMs (27,44). The CelR constructs studied here contain
three distinct Ca?* binding sites. Biochemical results suggest that Ca®" present in engineered
CBM3a is more labile while Ca®" bound near the active site cleft and in CBM3c are tightly
bound. Variations in the ligands of Ca®" and adjacent residues in the catalytic domain influence
both substrate binding at the —4 subsite of the active site cleft and product release at the —3
subsite. In the presence of cellohexaose, residues D278 and D279 provide hydrogen bonding

interactions with the glucosyl group in the -4 subsite, while after hydrolysis of cellohexaose in
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the crystal, H226, another closely associated residue, moves away from the —3 subsite of the
active site cleft to possibly facilitate release of the preferred product cellotetraose.
Concomitantly, cellobiose is retained in the clamp-like region of the active site cleft, supporting
the concept that differential affinity for glucosyl units along the active site cleft may contribute
to processivity in GH9 (45,46). Although the inclusion of both CBMs provides modest
improvements, the presently engineered addition of CBM3a did not increase specific activity
commensurate with the increase in molecular mass of the engineered catalyst. Moreover, based
on the ratio of kcat/kotr, CelR is a modestly processive enzyme when compared to structurally
distinct, highly processive enzymes such as fungal GH7 (47,48). These findings inform potential

use of CelR and similar enzymes in biomass deconstruction.

Results:

CelR constructs and summary of results

A Thermostability ¥ Thermostability

A PASC binding A PASC binding

¥ Avicel binding ¥ Avicel binding

A Catalytic efficiency ¥ Catalytic efficiency
3a 3c-3a

¥ Thermostability A Thermostability
A PASC binding A PASC binding
A Avicel binding A Avicel binding

v Catalytic efficiency A Catalytic efficiency
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Figure 2.1: Overview of the X-ray (cd and 3c) or AlphaFold predicted (3a and 3c-3a) structures of the
CelR constructs used in this work alongside a qualitative summary of changes in experimentally
determined parameters.

In this work, the CelR catalytic domain was engineered to contain different combinations
of CBMs (Figure 2.1): the catalytic domain and native CBM3c¢ (3¢, blue and orange surfaces);
the catalytic domain alone (cd, blue surface); addition of a non-native flexible linker (gray
transparent surface) and CBM3a from A. thermocellus ATCC 27405 to the catalytic domain (3a,
yellow transparent surface); and addition of CBM3a to 3¢ (3¢-3a). The linker used to attach
CBM3a comes from the CipA gene of 4. thermocellus ATCC 27405, and thus mimics a natural
connection between cellulase domains in the A. thermocellus cellulosome. The 3c-3a construct
also loosely mimics the native form of Cel9A from 7. fusca, which includes the GH9 catalytic
domain, closely associated CBM3c, and a CBM2 attached by a long, flexible linker (25). CBM2
is known to bind to crystalline cellulose (49), although the linker connecting CBM?2 is apparently
susceptible to proteolysis (27,29,30). Consequently, most Cel9A research has been on the
truncated form containing only the catalytic domain and CBM3c.

Figure 2.1 provides a relative assessment of thermostabilities, capacity to bind to either
amorphous or crystalline cellulose, and catalytic efficiencies (kca/Km). The structures of cd and
3¢ were determined by crystallography while AlphaFold was used to generate iconic
representations of 3a and 3c¢-3a. Representations containing CBM3a are for illustrative purposes
only and do not imply a preferred position of the CBM3a domain or specific interactions with
either cd or CBM3c; indeed, results indicate these do not likely exist. As summarized in Figure
2.1, the catalytic domain alone (cd) is capable of binding to amorphous cellulose but has low

catalytic efficiency, the presence of CBM3c (3¢) promotes thermostability and increased
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catalytic efficiency with amorphous cellulose, while the addition of CBM3a to either c¢d or 3¢

promotes binding to crystalline cellulose but does not uniquely contribute to catalytic efficiency.

Thermostability of CelR constructs

4001 gl T =76.0°C 400 T =50.7°C
= 200 T = 200 ‘ LR
o o
E: 0 -u:_ 0 4 - -
T -200 T -200
Y -400 ¢ -400
2 -600 = -600
Z -800 -Z -800
&-1000 &-1000
-1200 -1200
-1400 — —————— -1400 —_—
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
C Temperature (°C) D Temperature (°C)
400 - 0 400 - ' 0
T =55.6°C g T =76.6°C
= 200 - = 200 e 7,
o 0
o 07 i T 07
T -200 - 2 -200 4
2 -400 A L -400
= -600 - % -600
2 -800 1 -2 -800 {
&-1000 1 &-1000
-1200 4 -1200 1
-1400 -1400
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Temperature (°C) Temperature (°C)

Figure 2.2: First derivative (black, solid) data from differential scanning fluorimetry (DSF) protein melt
experiments for: 3¢ (A); cd (B); 3a (C); and 3c-3a (D). Tm (red, vertical) for each construct was
determined from the minimum of the first derivative curves: 76.0 + 0.0 °C for 3¢; 50.7 = 0.9 °C for cd;
55.6 £ 0.2 °C for 3a; and 76.6 £ 0.2 °C for 3c-3a. Measurements were made in triplicate from two
experimental replicates.

Differential scanning fluorimetry (DSF) was used to track the thermal denaturation of the
CelR constructs. Figure 2.2 shows that all constructs were denatured in the DSF experiments,
with the first derivative of the fluorescence (solid black lines) decreasing to a minimum at the
melting temperature of the construct, before increasing as the SYPRO dye dissociated from the
melted polypeptide. The T is shown as a vertical red line. The four constructs exhibit different

behaviors. The most thermostable constructs were 3¢-3a (Tm = 76.6 £ 0.2°C) and 3¢ (Tm = 76.0 £+

0.0°C), while the least thermostable construct was c¢d (Tm = 50.7 £ 0.9°C). Addition of CBM3a



32

provided a small improvement in thermostability relative to cd alone (Tm = 55.6 = 0.2°C) and
showed a second melting feature at ~75°C, likely corresponding to the melting of CBM3a. Other

small, secondary features in the derivative curves are not indicative of major unfolding events.

Binding affinity of CelR constructs at optimal pH and temperature for hydrolysis

A further assessment of how different CBMs impact CelR was made through comparing
the binding affinity of the four constructs containing the E439Q inactivating mutation with
phosphoric acid swollen cellulose (PASC) and Avicel, which are either amorphous or crystalline
forms of cellulose, respectively. For hydrolysis reactions with PASC, the optimal pH and
temperature were determined to be pH 7.0 and 40°C for cd, pH 6.0 and 65°C for 3c, pH 6.5 and
45°C for 3a, and pH 6.0 and 75°C for 3c-3a (Figure S2.1), while for reactions with Avicel the
optima were determined to be pH 7.0 and 45°C for cd, pH 7.0 and 65°C for 3c, pH 6.5 and 45°C
for 3a, and pH 5.5 and 65°C for 3c¢-3a (Figure S2.2). Thus, addition of CBMs gave a moderate
decrease in optimal pH (7.0 for cd versus 5.5-6.0 for 3c-3a) and an increase in the optimal
temperature for catalysis in a manner similar to increases in melting temperature observed as

CBMs were added.
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Figure 2.3: Lines of best fit for (A) binding and (B) hydrolysis for PASC and Avicel. Individual
experimental results from triplicate experiments overlaid with the line of best fit can be found in Figures
S2.3 and S2.4. Kinetic and binding behaviors for the constructs indicate that the different CBMs have
distinct impacts on both binding and catalysis. Additional CBMs do not change the affinity for PASC,
while CBM3a is provides the strongest binding for Avicel. CBM3c¢ provides maximum velocity for
hydrolysis of Avicel, while CBM3c and CBM3a appear to interact synergistically for hydrolysis of

PASC.

Figure 2.3 shows the lines of best fit from kinetics and binding experiments to highlight

the different patterns between binding and hydrolysis of PASC and Avicel. Graphs containing

the results from triplicate experiments as well as the line of best fit for each combination of

construct and substrate can be found in Figures S2.3 and S2.4. Neither cd nor 3a show saturation

kinetics behavior on PASC, and while 3¢ does show saturating behavior, 3c-3a has a much

higher maximum velocity. This is contrasted by the binding data, which indicates that neither

CBM significantly changes the affinity of cd for PASC, and binding experiments produce curves
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that are linear until saturation, indicating tight binding. On PASC, 3c-3a has only a marginal
improvement in Km compared to 3¢, indicating that CBM3a provides little benefit to catalysis of
crystalline cellulose beyond the benefits provided by CBM3c. On Avicel, all constructs show
saturating kinetics behavior, and 3¢ and 3c-3a have both higher maximum velocities and lower
Kwm-values than cd and 3a. The binding data for Avicel shows that CBM3a confers tight binding,
while CBM3c only provides only marginal benefits for this crystalline substrate. Taken together,
Figure 2.3 indicates that CBM3c provides the most impact to catalytic capabilities, while
CBM3a improves binding to crystalline cellulose, and the combination of both CBMs provides

synergistic improvement to the hydrolysis of amorphous cellulose.

Table 2.1: Kinetic and binding parameters for hydrolysis of either PASC or Avicel

-1 K Specific activity
Substrate Enzyme Kpj(mg/mL) k_ (s) (mg/l\r/lllL) k. /Ky (U
cod  0.07+002° =07 >4 nd® 0.1+ 0.01
PASC 0.06+001° 39+02  19+0.1 21+0.1 29+0.1
32 0074000 =09 >4 nd® 0.1 +0.003
3c3a 0.06+001° 5.1+02  0.5+0.03 10+ 0.3 25402
. 0.001 +
cd nd 0.11+0.02 142 +47 0.0001 0.003 = 0.0003
vl 3c 37458 12401  50+7.0  0.02+0.001 0.14 + 0.002
ViCce
b 010+ 0.001 +
38 78401 0.00] 98 £2.2 000002 0.004 < 0.001
3c3a 67407 1.1+01  31+45  0.040.002 0.11 % 0.002

a: nd, not determined; saturation kinetics behavior not observed

b: Linear response observed until until saturation, value calculated from a linear fit of the experimental
data

c¢: U, unit, is defined as production of 1 umol of reducing sugar per minute. The specific activity
calculation includes the mass of the different constructs: cd, 53.3 kDa; 3¢, 70.7 kDa; 3a, 73.4 kDa; 3c-3a,
93.0 kDa.

Table 2.1 contains the kinetic and binding parameters determined from the lines of best

fit shown in Figure 2.3. All four constructs share similar, high affinity for PASC, with Kp in the
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range of 0.06 mg/mL. CBM3c appears to be required for effective hydrolysis of PASC, as both
cd and 3a fail to reach saturation in the substrate range tested. Comparing construct 3c-3a to 3c,
the addition of CBM3a results in a small improvement in kcat, and a 4x decrease in Kw, resulting
in an overall improvement in kca/Km of approximately 5x. On Avicel, CBM3c is again required
for effective hydrolysis, corresponding to an approximately 10x increase in kcar (comparing cd
and 3a to 3c and 3c-3a respectively). As with PASC, 3c-3a has a higher catalytic efficiency than
3c, although the improvement is due to the lower Kw, resulting in an approximate doubling of
kea/ Km. Binding to Avicel is improved by the addition of both CBM3c¢ and CBM3a, although the
most significant improvement comes from CBM3a, with a 6x improvement in Kp from 3c to 3c-
3a and an approximately 6x lower Kp comparing 3a to 3c.

Specific activity follows a broadly similar trend as catalytic efficiency on both PASC and
Avicel, with 3¢ and 3c-3a showing an order of magnitude higher specific activity than either cd
or 3a. However, 3¢ has higher specific activity compared to 3c-3a for both substrates, indicating
that 3¢ is more active per mass of enzyme (U/mg). While 3c-3a is more active per enzyme
molecule (kca/Km) for reaction with PASC, tighter binding given by CBM3a did not improve

catalytic efficiency with Avicel.

Structure of CelR

Table S2.1 provides the data collection and refinement statistics for three structures: cd
E439Q bound to a substrate (PDB 7v04i, i.e., BGC, cellohexaose); a product (PDB 7v0j, i.e., CBI,
cellobiose, resulting from slow hydrolysis of cellohexaose by the mutated enzyme during
crystallization); and 3¢ with no substrate bound (PDB 7unp). All three structures have similar

completeness, R-values, and resolution. Figure 2.4A and 2.4B show cartoon and surface
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representations of the catalytic domain, respectively. Figure 2.4C shows a transparent side view
of the intact catalytic and CBM3c domains (Figure 2.4C), the positions of Ca?" atoms in these
domains and a placement of cellohexaose (BGC, yellow sticks) from alignment with 7v0i. The
catalytic domain has an (o/a)s-barrel fold (Figure 2.4A), with the cyan helices forming the base
of the active site cleft and providing the ligands to Ca**. Loops (salmon) provide the surface of
the active site. Figure 2.4B shows that the active site lies along a cleft in the catalytic domain
along with the positions of the catalytic residues D71, D74 and E439 (mutated to Q439 in 7v0i
and 7v0j). Figure 2.4C shows that the catalytic domain and CBM3c¢ provide a continuous surface
for interaction with cellulose, including possible binding interactions that extend beyond the
active site cleft by seven or so glucosyl units (30,35). The CBM3c has a f-sandwich fold and
others have described how the CBM3c might assist in guiding an oligosaccharide into the active

site cleft, which extends from the —4 to +2 positions for the bound glucosyl units (25-27).
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Figure 2.4: (A) Cartoon representation of 7v0j with the outer helices of the (o/a)¢-barrel fold colored
green and inner helices colored cyan. (B) Transparent surface representation of 7v0i showing bound
cellohexaose (BGC, yellow sticks) and important residues along the active site cleft. (C) 90° rotation of
the catalytic domain relative to (B) and transparent view of 7unp with cellohexaose superimposed from
alignment with 7v0i. Sugar binding sites in the active site cleft are labeled from -4 to +2 (non-reducing to
reducing end). Ca?* near the active site and in the CBM3c domain are shown as green spheres.

Overview of the active site cleft

Y435

Figure 2.5: View of the CelR active site cleft in 7v0i encompassing -4 to +2 sugar sites with clamp
residues (H141, Y435, orange sticks), mobile residues (H226, marine sticks; W330, gold sticks), catalytic
residues (D71, D74, E/Q439, magenta sticks), Ca*" (green sphere), Ca*"-coordinating residues (S227,
G228, D231, E232), cellohexaose (BGC yellow sticks), and residues hydrogen bonding to the glucosyl
unit in the —4 position (D278, D279, marine sticks) from 7v0i. A water hydrogen bonded by D71 and D74
is well positioned to serve as the nucleophile for the hydrolysis reaction.

Figure 2.5 shows a closer view of the active site cleft and three regions contributing to
catalysis. These include a ‘clamp’ provided by H141 and Y435 (orange sticks) that contacts the
glucosyl unit bound in the +1 position, and is immediately adjacent to the catalytic residues D71,

D74 and E439 (magenta sticks, Q439 in 7v0i). A water molecule hydrogen bonded by D71 and

D74 lies ~3 A from the C1 of the glucosyl unit in the —1 position, which is site of hydrolysis.
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Among the three solved structures of CelR, the position of Q439 is variable depending on
occupancy of the active site cleft, but regardless the closest sidechain atom lies within ~3 A of
04 of the glucosyl unit in the +1 position so is well positioned to serve as the general acid for the
hydrolysis reaction. The identification of the catalytic residues (27,29), active site nucleophile
(27), and the role of clamp residues (H141 and Y435) in positioning the oligosaccharide for
hydrolysis between the +1 and —1 subsites (27,38) have been well described by others.

Residues W330 and Y435, both conserved in the GH9 family, lie along the active site
cleft and adopt different conformations whether substrate is present or not. These rearrangements
are proposed to facilitate productive substrate binding and have been implicated in processivity
(27,46). Although the movement of CelR Y435 in response to substrate binding is modest, CelR
W330 moves ~6 A or more in response to substrate binding and makes n-stacking interactions

with a glucosyl unit bound in the —2 position as seen in other GH9 members (27,46).

Interactions of H226 at the —3 subsite

In CelR, H226 (Figure 2.5, gold sticks) also lies along the active site cleft. In other GH9
showing processivity (27,50), a Trp residue is most often observed at this position, although in
Cel9G no residue is positioned similarly to H226 (38). In Cel9A, W209 does not change position
dependent on whether substrate is present or not, and its pyrrole ring superimposes with the

position of the imidazole ring of CelR H226 in the cellohexaose-bound form (Figure 2.5).
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Figure 2.6: A, Interaction of substrate (BGC, yellow sticks and lines) with H226 (gold sticks at the —3
subsite), D278, and D279 (marine sticks at the —4 subsite) in the C chain from 7v0i. The position of H226
in the other two copies of the protein in the asymmetric unit of 7v0i are indistinguishable: not shown for
clarity. Other ligands to Ca?* are shown as green sticks. The position of H226 in the unbound structure
(7unp, orange sticks), and in the three copies of the protein in product bound structure 7v0j (cyan lines),
the latter of which are variable.

Figure 2.6A shows the region near to H226 from the unbound (orange sticks, 7unp),
substrate bound (BGC in yellow sticks and lines extending down the active site cleft toward the
site of hydrolysis; 7v0i), and product bound structures (CBI in the clamp region; 7v0j, not visible
in this image). In the substrate bound structure 7v0i, H226 (marine, also Figure 2.6B) is within
Van der Waals contact of the glucosyl unit in the -3 site (yellow lines), and so helps place the
substrate into the active site as reported for Trp in other GH9 at this position (27,50). In CelR,

D278 and D279 hydrogen bond to the O2 and O3 hydroxyl groups of the glucosyl unit in the —4
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site (~2.2 and ~2.8 A, respectively), providing additional stabilization of bound oligosaccharide.
These interactions are also seen in Cel9A bound to cellotriose or cellotetraose (3tf4, 4tf4), albeit
with longer bond lengths than seen in CelR.

In the product bound structure 7v0j, H226 (cyan lines in Figure 2.6A) is observed in
different positions in the three polypeptide chains found in the asymmetric unit. The outermost
of these positions releases the steric constraint on the glucosyl unit at the —3 site of the active site
cleft (Figure 2.6C), and so may facilitate release of cellotetraose even as cellobiose (or a longer
oligosaccharide interacting with the CBM3c) is retained in the distal portion of the active site
cleft. Indeed, the 7v0j structure arose from slow hydrolysis of cellohexaose soaked into crystals
of the E439Q mutated enzyme, which evidently retains low activity, but nevertheless retains
cellobiose after release of cellotetraose. In the unbound structure 7unp, which has only one
polypeptide in the asymmetric unit, H226 occupies an intermediate position (orange sticks,

Figure 2.6A).
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Figure 2.7: Differences in ligation of Ca?" and positions of adjacent residues in structures of CelR. Key
residues and bond lengths are identified. A, unbound structure from 7unp. E232 provides a monodentate,
long weak interaction with Ca®* and D278 is rotated toward S225 OG. B, substrate bound structure from
chain C of 7v0i; chain B is indistinguishable. E232 has rotated to providing bidentate coordination to Ca**
along with D231; S225 OG has an ‘inward’ conformation and makes a hydrogen bonding interaction with
water bound to Ca?" while D278 has rotated toward the glucosyl unit in the —4 subsite and makes a
hydrogen bond. C, product bound structure from chain C of 7v0j. E232 has a bidentate coordination with
Ca*" and S227 OG has an ‘outward’ conformation away from Ca*". D, product bound structure from
chain B of 7v0j. Two waters are bound to Ca" and S227 OG has an outward projection away from Ca®".
Chains A and B from 7v0i and chains A and C from 7v0j have similar positions of protein ligands and an
additional water between E232 and Ca*".

Ligation of Ca’* is influenced by substrate/product binding

Calcium is a versatile metal ion. It accepts variation in number of ligands, coordination

geometries, and bond lengths (43,51). It can also exhibit rapid exchange of ligand positions, a
property called fluxional binding (52,53). There are three Ca>" binding environments in the CelR

constructs examined here: 1) at the end of the catalytic cleft near the —4 subsite (Figure 2.7); 2)
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in CBM3c (38,46,50); and 3) in the engineered CBM3a (44). While the Ca>" sites in CBM3c and
CMB3a have been previously described (38,44,46,50), less attention has been given to Ca*" in
the GHO catalytic domain. In the CelR structures, Ca®" was modeled in full occupancy in all
subunits, and addition of Ca®"* to catalytic assays gave no enhancement of activity. Treatment of
enzyme with EGTA impacted catalysis only when CBM3a was present (Figure S2.5), likely
owing to the removal of the surface-bound Ca?" shown by others to be required for stability
and/or cellulose binding (38,44,50,54-56). The catalytic properties of cd and 3¢ were not
significantly impacted, indicating the well buried positions of Ca" in these enzymes were not
accessible to EGTA. Figure 2.7 show the breadth of ligation environments present in the CelR
cd, which differ when the active site cleft is empty, or when product (cellobiose, CBI) or
substrate (cellohexaose, BGC) are bound.

In the unbound structure (7unp, Figure 2.7A), E232 provides a weak monodentate
interaction (~4.3 A) with Ca** (Figure 2.7A), but in the substrate bound form 7v0i (Figure 2.7B),
E232 undergoes a dramatic rearrangement as it changes rotamer orientation to assume a full
bidentate coordination of Ca** with bond lengths of 2.5 A and 3.2 A.

In all structures, D231 provides a symmetric bidentate coordination to Ca®" with bonds
lengths ranging from 2.4 A to 2.9 A, typical of oxygen bound to Ca?". G228 O, S227 OG, and
D278 O also provide bonds to Ca?*; the bonds from these residues change their length and
geometry depending on the disposition of E232 and whether additional waters are bound to Ca*".
For example, while the configuration of E232 in chain B of product bound 7v0j (Figure 2.7C) is
similar to that shown for chain C of the substrate bound 7v0i (Figure 2.7B), the electron density
of chains A and C from 7v0j and chains A and B from 7vO0i are better modeled by including a

water bound to Ca?" and hydrogen bonded by E232 (e.g., Figure 2.7D for chain B from 7v0j).
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Rearrangements of the bonding interactions of S227 OG influence the positioning of
adjacent H226 (Figure 2.6) and S225 (Figure 2.7). When substrate is bound (Figure 2.7B), S225
OG assumes an ‘inward’ configuration and makes an ~2.5 A hydrogen bond with water bound to
Ca?". This apparently stabilizes the interaction of H226 with the glucosyl unit at the —3 subsite.
When product is bound in the distal clamp site, S225 OG is observed in both inward (like that
shown in Figure 2.7B) and ‘outward’ configurations among the three polypeptides in the
asymmetric unit, with corresponding breadth of configurations observed for H226 (Figure 2.6).
Changes in the bond length of D278 O to Ca®* are also observed between the unbound and
substrate/product bound structures, and these changes influence the orientation and distance of
the carboxylate groups of D278 and D279 to the —4 subsite. Thus, as the bond length of D278 O
to Ca®* decreases from 3.6 A to 3.0 A (Figure 2.7A versus 2.7B), the carboxyl group of D278
rotates ~90° and moves along with the carboxyl group of D279 ~1.5 A to provide hydrogen
bonds to the glucosyl unit in the —4 subsite (2.2-2.4 A for D278 and 2.8-3.0 A for D279). These
positions of the carboxylate group are retained with only minor distances in the product bound
structure even as there is no glucosyl unit occupying the —4 subsite and S225 and H226 show

multiple conformations.

Discussion:
Thermostability

This study shows that CelR’s thermostability is substantially modulated by the presence
or absence of CBM3c and CBM3a. Thermostability is most impacted by CBM3c, which gives a
20-25°C increase in T, to the catalytic domain. The thermostability benefits are likely due to the

extensive protein interface between these two domains, agreeing with previous findings on



44

CBM3c in other enzymes (57-59) and the stabilizing contribution of tightly bound Ca?". In
contrast, CBM3a has only a small impact on thermostability when linked to either cd or 3c as
done here, and the different domains appear to melt independently at widely separated
temperatures (~50°C versus ~70°C). The linker used in this study was intended to provide
flexible access to substrate instead of stabilizing protein-protein interactions with cd such as

provided in 3c.

Binding

The structure of CelR (Figure 2.4) shows cd has a recessed cleft that can only be accessed
by a single polysaccharide chain, such as found in amorphous cellulose. Correspondingly,
binding to amorphous cellulose was not improved by either CBM3c or CBM3a (Figure 2.3A and
Table 2.1, Kp values for PASC). The enclosed active site cleft provides several interactions with
oligosaccharides (shown here for cellohexaose and cellobiose) characteristic of processive GH9;
particularly steric interactions at the +2 and +1 binding sites, the His/Tyr clamp at the +1 site,
three hydrogen bonds coordinating the +2 sugar (15,25-27,29,30,38,46), and in addition the
interactions with the —3 and —4 subsites modulated by Ca** ligation shown here (Figures 2.6 and
2.7). The recessed cleft and the loop at the end of the active site cleft (Figure 2.6B and 2.6C)
presumably hinders access of the planar surface of crystalline cellulose, Avicel, to the active site,
but would still allow interactions at less ordered and ragged ends of crystalline fibers.

The binding interactions of family 3 CBMs arise from a small number of hydrogen bonds
and a track of aromatic residues that provide weak, hydrophobic stacking interactions with the
bound cellulose chain (27,60-62). In GH9, CBM3c has a flat binding surface that extends

towards the active site cleft. For CelR, CBM3c provides no improvement in binding to
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amorphous cellulose when compared to cd alone, and only a weak binding interaction with
crystalline cellulose.

CBM3a provides an ~5x improvement in binding to Avicel when added to either cd or 3¢
(Figure 2.3A and Table 2.1). This is in accord with earlier studies that show CBM3a binds
tightly to crystalline cellulose (23,44), as the planar arrangement of binding interactions are not
limited to a single strand of cellulose; rather, the binding interaction includes neighboring
cellulose strands in the crystalline plane in addition to the strand being actively hydrolyzed

(23,44,60).

Catalytic properties of CelR constructs

As with binding, hydrolysis is modulated by the inclusion of either CBM3c or CBM3a.
For Avicel, CelR constructs containing CBM3c (either 3¢ or 3c-3a) possessed both ~10x higher
keat and 3 times lower Ky values when compared to the constructs lacking CBM3c (either cd or
3a). In comparison, while CBM3a provided an ~5x improvement to binding (Kp), it only
provided <2x improvement to Ky values when added to either cd or 3c. This indicates that the
binding affinity provided by CBM3a (and the presumed flexibility of the linker) do not
necessarily lead to catalytically productive binding to Avicel.

The pattern of CBM3c improving both kcac and K is also apparent for hydrolysis of
PASC, although the magnitude of improvement is unclear as the velocity of neither cd nor 3a
saturated in the tested PASC concentrations. Because of this, it is not possible to conclude
whether the addition of CBM3a to cd provides an improvement in Ky as seen on Avicel, but
comparison of results for 3c and 3c¢-3a revealed only modest <2x improvement in kca and 4x

improvement in Km. The kinetic improvements gained from the addition of CBM3a most likely
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arise from increase in proximity (local concentration effect) or residence time (altered kofr) of the
enzyme in close contact with cellulose, allowing opportunities for the catalytically relevant
binding interactions of CBM3c¢ and cd to manifest. Furthermore, with CBM3c, others have noted
that alignment of its productive binding sites with the active site cleft seems to support better

positioning the substrate for successful binding and hydrolysis (25-27,38,63).

Catalytic efficiency (kca/Kum) versus specific activity (U/mg)

A motivating factor for research on cellulases is the need to improve efficiency of the
industrial deconstruction of plant biomass (3,16,18). In the context of the use of enzymes in
production of biofuels and other renewable products (6,17,64), there are several ways to consider
enzyme performance (10,64), including the catalytic efficiency (kca/Kwm, 1.€., mol of product per
mol of enzyme per unit time), specific activity (U/mg, i.e., mol of product per mg of enzyme per
unit time), turnover number (kcat, 1.€., mol product per mol of enzyme) and process mass intensity
(grams of input materials, including the mass of enzyme, needed to produce a gram of product).
Table 2.1 and Figure 2.4 show that while 3¢-3a is superior to 3c for catalytic efficiency and
turnover number, 3¢ has better specific activity and better process mass intensity because its
comparable turnover number arises from a smaller molecular mass. Thus, although the addition
of linker and CBM3a made the engineered enzyme a more efficient catalyst, the additional
protein mass did not give a proportional improvement in specific activity or process mass

intensity. In effect, the engineered CBM3a provided no useful improvement in application.

Processivity and exo- or endo- hydrolysis mode
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The reactivity of GH9 has generated considerable interest (24-27), and assessments of
processivity and mode of hydrolysis (exo- and/or endo-) are typically based on a determination
of the ratio of soluble and insoluble reducing sugar produced from hydrolysis of an insoluble
substrate (25,26,35,65,66). Alternatively, the ratio kcat/kotr has also been used as a measure of
processivity to evaluate other known processive and non-processive GHs (47,48). This ratio can

be calculated from the results of Table 2.1 (Kp, Kwm, kcat) and eq 1 to provide kofr:

Ky = Kp + 2 (1)

on

Using this approach, earlier studies of processive GH7 gave values >100, while non-
processive GHs gave ratios ranging from ~5-20 (47,48). In this work, we used parameters
obtained from normalized assays applied to a broad specificity GHS subfamily 4 clade (67), and
found processivity ratios of >150 for xyloglucan (the kinetically preferred substrate in this clade
(67-70)) and glucomannan, indicating an unexpected level of processivity. For CelR, the
processivity ratio was lower for reactions with cellulose, ranging from 0.4 (3¢ on Avicel) to 31
(3c on PASC). Based on this evaluation of kinetic and binding parameters, and comparison to
other cellulases, CelR appears to be weakly processive. Since CelR is naturally found bound to a
megadalton cellulosome complex by a short linker, the imperative for processivity may be quite
different than for a freely diffusing enzyme like Cel9A.

The structure presented here, along with structures and biochemical results for other GH9
(15,35,46), show how CelR produces cellotetraose as its primary hydrolysis product from long
oligosaccharides, as the extended substrate receives stabilizing interactions from the —4 to +2
sites prior to hydrolysis (15,35,36). In this sense, CelR is an endolytic cellulase that releases a
short, soluble reducing oligosaccharide. However, endolytic hydrolysis, such as suggested for an

enzyme like EngD having an active site cleft open on both ends (67,71), would require
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considerable conformational distortion of a longer polysaccharide to avoid unfavorable steric
interactions with the loop blocking the end of the active site channel in CelR (Figure 2.6B and
2.6C); this loop is seen in many other GH9 (63), but not all (63,72). Binding of an extended
polysaccharide would also disrupt the favorable interactions at the —4 subsite provided by Ca>*

ligands D278 and D279.

Structural features of CelR

The CelR active site is contained in a narrow cleft recessed in the catalytic domain
(Figure 2.4B). As is common in many GHs, the walls of this cleft contain residues capable of
interacting through Van der Waals and n-stacking interactions between the glucosyl units and
residues such as Trp, Tyr, and His (27,38,45,73-75). These non-specific interactions allow for
greater substrate mobility than the hydrogen bonding interactions lining the bottom of the active
site cleft and at the —4 subsite, which hold the substrate more firmly in place (45,50,74,75).

Although its role in substrate binding has been described elsewhere (27,38,46), the clamp
region at the +1 subsite in CelR retains cellobiose after hydrolysis of cellohexaose and release of
cellotetraose. Thus, the interactions of H141 and Y435 may also play a role in the retention of
longer oligosaccharides interacting with CBM3c, and thus stabilize the enzyme-cellulose
complex to potentially enable processive hydrolysis. The closed conformation of Trp residues
with the —2 subsite and their role in promoting a catalytically competent configuration between
the +1 and —1 position has also been previously reported (27). W330 adopts a similar closed
conformation in substrate bound 7v0i. Moreover, the open or closed position of W330 overall
correlates with the variation in position of H226 at the —3 subsite (Figure 2.6). H226 is

positioned between S225 and S227, which both interact with the Ca?" bound near the —4 subsite
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and change bond lengths and geometry depending on the presence of substrate or product. These
changes propagate to changes in the positioning of H226 and control of access of substrate and
product. Moreover, movements of D278, bonded to Ca** by its O atom, are influenced by
changes in bonding of E232 on the opposite side of Ca®" (and also adjacent D279). This
flexibility allows the formation of stabilizing hydrogen bonds with the glucosyl unit in the —4
subsite that help hold the substrate in position for effective catalysis. These potentially
coordinated motions may also contribute to catalytic efficiency and perhaps processivity of

reaction.

Experimental procedures:
Protein expression and purification

Rosetta cells (Millipore-Sigma) cells transformed with sequence-confirmed plasmids
(pVP67K, N-terminal Hisgs TEV-cleavable tag) and plated on selective media. Protein expression
was performed using autoinduction (76,77). Starter cultures were grown in minimal medium
containing glucose overnight and used to inoculate autoinduction medium. Cells were grown at
25°C for 24 h. Cells were harvested by centrifugation and lysed using lysozyme and sonication.
Lysate was centrifuged at 20,000 rpm for 45 min, and the supernatant was clarified with a 0.4
um PES filter. The constructs were separated by nickel affinity chromatography on an AKTA

Start FPLC. Purified protein was desalted and concentrated to 10-20 mg/mL.

Protein melting experiments
Protein melt curves were acquired and analyzed using a BioRad CFX Real Connect

System. Purified protein solutions were created in differential scanning fluorimetry buffer (25
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mM NaH2PO4, 100 mM NaCl, pH 7.2). Protein denaturation was measured by the change in
fluorescence of 128x SYPRO Orange dye (Invitrogen, Carlsbad, CA, USA). The dye solutions
were excited at 530 + 20 nm. Samples contained 20 uM protein and were heated in a 96 well
plate from 10 °C to 95 °C at a rate of +1.7 °C per min, with fluorescence measured every 0.5 °C.
Chicken lysozyme (Sigma Aldrich, St. Louis, MO, USA) was run with 16x SYPRO Orange as a

control. Melt curves were measured for triplicate samples over two identical experiments.

Temperature and pH optima

Optimal temperature for reaction of each construct with either phosphoric acid swollen
cellulose (PASC, prepared in house from Avicel) or Avicel (Sigma Aldrich, St. Louis, MO,
USA) was determined in triplicate by incubating 250 pL of 1 uM (cd, 3a) or 0.1 uM (3¢, 3c-3a)
enzyme with either 5 mg/mL PASC or 50 mg/mL Avicel in 100 mM phosphate buffer, pH 6 for
1 h (PASC) or 24 h (Avicel) from 35-85 °C in 5 °C increments with shaking at 1050 rpm on an
Eppendorf thermomixer R (catalog #5355). The pH optimum for these reaction conditions was
determined at the optimum temperature, using 100 mM acetate buffer (pH 4-5.5), or 100 mM
phosphate buffer (pH 6-8) in 0.5 pH unit increments. Enzyme only and substrate only samples
were used for controls

Samples were centrifuged for 2 min at 15,000 rpm (21,130 x g) to pellet residual solids,
and the concentration of soluble reducing sugar was determined using the Pierce BCA Protein
Assay Kit from Thermo Fisher Scientific (Waltham, MA). Briefly, 100 uL of BCA working
solution and 5 pL of reaction supernatant were heated at 80 °C for 30 min and absorbance was
measured at 562 nm. A glucose standard curve was used to convert absorbance units to reducing

sugar concentrations.
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Enzyme kinetics

Steady-state kinetic measurements for each construct were made in triplicate on PASC by
incubating 250 puL of 0.05 uM enzyme with up to 4 mg/mL PASC for 10 min with shaking at
1050 rpm on an Eppendorf thermomixer R (catalog #5355) and either 100 mM acetate or
phosphate buffer at pH and temperature determined by the optima screening. Samples were
centrifuged for 30 s at 15,000 rpm to pellet residual solids, and the concentration of soluble
reducing sugar was determined using a modification of the BCA method described above, by
mixing 50 puL of working solution and 50 puL of sample supernatant instead of 100 pL. and 5 pL
respectively.

Kinetic parameters for the constructs were determined in triplicate on Avicel using the
same methodology as above, except 1 pM enzyme was incubated with up to 180 mg/mL Avicel
for 30 min, and the samples were centrifuged for 3 min. Reducing sugar concentrations were
measured as described previously, with 100 uL. of working solution and 5 pL of sample
supernatant. Enzyme only and substrate only samples were used as controls for both sets of

kinetic experiments.

Enzyme binding to insoluble substrates

Binding to either PASC or Avicel was determined by pull-down of eGFP fluorescence.
Assays were conducted in triplicate with 250 puL of 1 uM of E439Q mutated enzyme having an
N-terminal eGFP-tag. Binding was to either PASC concentrations up to 0.5 mg/mL or Avicel
concentrations up to 180 mg/mL for 10 min with shaking at 1050 rpm on an Eppendorf

thermomixer R (catalog #5355) at the optimal temperature and pH for hydrolysis reactions.
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Samples were centrifuged at 15,000 rpm (21,130 x g) for 1 min to pellet enzyme bound to
substrate and the fluorescence of 100 pL of supernatant was measured at 485 nm excitation and

535 nm emission. Enzyme only and substrate only samples were used as controls.

Crystallization, X-ray diffraction, and refinement

Crystallization experiments and structure determination were conducted in the
Collaborative Crystallography Core in the Department of Biochemistry at the University of
Wisconsin (Madison, WI, USA). A STP Labtech Mosquito crystallization robot set up Hampton
IndexHT and Molecular Dimensions JCSG+ general screens and optimizations in MRC SD-2
crystallization plates. If needed, crystals were cryoprotected, then harvested in MiTeGen
MicroMounts and immersed in liquid nitrogen.

Diffraction screening and data collection was conducted at LS-CAT beamlines 211D-F
(0.97872A) and 211D-G (0.97856A) at the Advanced Photon Source, Argonne National Labs.
Data was collected on a Rayonix MX3000HE. Diffraction data was reduced and scaled using
XDS (78) and XSCALE (79). The Phenix suite (80) of crystallography programs provided the
framework for structure solution and refinement. After molecular replacement in Phaser (81),
models were improved using phenix.autosol (82). Afterward, models were subjected to
alternating rounds of phenix.refine (83) and rebuilding in Coot (84). Active site carbohydrate
was placed in the difference electron density maps with a combination of interactive building and
automatic docking in phenix.ligandfit (85). Stereochemical restraints for cellobiose and
cellohexaose were improved using the GRADE server (86) which uses the Cambridge

Crystallographic Data Center program MOGUL (87). Stereochemical restraints were more
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successful when the carbohydrates were treated as ligand monomers in refinement, rather than
polymers. The structures were validated with MOLPROBITY (88).

Diffraction data extending to 2.0A for CelR-3c (7unp) came from a crystal grown by
combining 200 nL of protein at 29.5mg/mL, 200 nL reservoir composed of 20% w/v
polyethylene glycol (PEG) 6000, and 0.1M sodium citrate buffer, pH 5. The crystal was
cryopreserved in reservoir solution supplemented with 10% ethylene glycol. Data was collected
using 21ID-F on 2020-07-25. The structure was solved by molecular replacement by models
derived from PDB ID 1k72. Phaser first located the larger catalytic domain (1k72:19-459) and
then the smaller cellulose binding domain (1k72:478-626).

Data extending to 1.9A for CelR-cc with bound carbohydrate was collected on 211D-G
on 2021-09-19. The structures were solved using the catalytic domain of 7unp. A crystal grown
from 0.2 M magnesium chloride, 0.1 M HEPES (2-[4-(2-hydroxyethyl)piperazin-1-
yl]ethanesulfonic acid) buffer, pH 7.5, 30% v/v polyethylene glycol 400, 2mM cellohexaose
(Megazyme) provided data for CelR-cc hexameric cellulose (7vO0i). Strong electron density for
cellohexaose was present in the active site cleft of each of the three crystallographically
independent monomers in the asymmetric unit.

A second, distinctive crystal morphology grew from a similar condition, 0.05 M
magnesium chloride, 0.1 M HEPES buffer, pH 7.5, 30% v/v polyethylene glycol monomethyl
ether 550, 2 mM cellohexaose. Although these ellipsoidal-shaped crystals were also birefringent,
they completely lacked the distinct faces exhibited by the crystals leading to 7v0i. Despite their
unusual appearance, their unit cell constants were very similar to 7v0i crystals and gave 2.4 A
data. Surprisingly, electron density in the active site cleft could only accommodate a bound

cellobiose (7v0j).
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The atomic coordinates and structure factors (codes 7vO0i, 7v0j, 7unp) have been deposited in the
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Figure S2.1: Relative activity for constructs 3¢ (A), cd (B), 3a (C), and 3c-3a (D) on PASC from pH 4.0-
8.0 and 35-85 °C. Activities were measured in triplicate. The optimal pHs were 6.0, 7.0, 6.5, and 6.0 for
3¢, cd, 3a, and 3c-3a respectively. The optimal temperatures were 65, 40, 45, and 75 °C for 3¢, cd, 3a, and
3c-3a respectively.
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Figure S2.2: Relative activity for constructs 3¢ (A), c¢d (B), 3a (C), and 3c-3a (D) on Avicel from pH 4.0-
8.0 and 35-85 °C. Activities were measured in triplicate. The optimal pHs were 7.0, 7.0, 6.5, and 5.5 for
3¢, cd, 3a, and 3c-3a respectively. The optimal temperatures were 65, 45, 45, and 65 °C for 3¢, cd, 3a, and

3c-3a respectively.
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Figure S2.3: Kinetic and binding data for 3c, cd, 3a, and 3¢c-3a on PASC along with the line of best fit.
Data was fit using a traditional Michaelis-Menten equation for kinetics, although neither cd nor 3a
saturated activity. The tight binding of all four constructs resulted in a straight line until reaching
saturation. Because of this, a linear equation was used for fitting the linear portion of their binding curves.
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Figure S2.4: Kinetic and binding data for 3¢, cd, 3a, and 3c-3a on Avicel along with the line of best fit.
Data was fit using a traditional Michaelis-Menten equation for kinetics. Binding for 3¢ was fit using a

single binding site equation, while the tight binding of 3a and 3c-3a resulted in a straight line until

reaching saturation. Because of this, 3a and 3c-3a were both fit with only a linear equation for the linear
portion of their binding curves.
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Table S2.1: Data collection and refinement statistics. Statistics for the highest-resolution shell are shown
in parentheses.

7VO0I CelR-catalytic
domain bound to

cellulose hexamer

7V0J CelR-catalytic
domain bound to

cellulose dimer

7UNP CelR-3c

Wavelength

0.9786

0.9786

0.9787

Resolution range

39.87-1.9(1.968 - 1.9)

40.17-2.4(2.486-2.4)

36.8-2.0(2.071-2.0)

Space group C2221 C2221 P1211

Unit cell 93.302 162.419 210.522 92.585161.637 210.439 53.751 91.076 66.909 90
90 90 90 90 90 90 110.986 90

Total reflections 937513 (93401) 460077 (45613) 152710 (15355)

Unique reflections 125449 (12423) 61908 (6071) 40523 (4058)
Multiplicity 7.5(7.5) 7.4 (7.5) 3.8(3.8)
Completeness (%) 99.92 (99.95) 99.86 (99.80) 99.55 (99.58)
Mean I/sigma(l) 17.41 (1.43) 14.33 (1.40) 8.45 (1.86)
Wilson B-factor 34.18 50.13 19.98

R-merge 0.07696 (1.275) 0.1097 (1.436) 0.1437 (0.7598)
R-meas 0.0827 (1.368) 0.1181 (1.542) 0.1681 (0.8877)
R-pim 0.03009 (0.4941) 0.04323 (0.5591) 0.08648 (0.4556)
CC1/2 0.999 (0.637) 0.999 (0.654) 0.991 (0.683)
cc* 1 (0.882) 1 (0.889) 0.998 (0.901)
Reflections used in 125393 (12422) 61876 (6071) 40513 (4059)
refinement

Reflections used for R- 3037 (307) 3061 (311) 2006 (206)

free

R-work 0.1870 (0.3125) 0.1957 (0.3544) 0.1617 (0.2340)
R-free 0.2317 (0.3257) 0.2277 (0.3775) 0.2080 (0.2939)
CC(work) 0.968 (0.772) 0.969 (0.791) 0.968 (0.873)
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CC(free) 0.950 (0.797) 0.956 (0.733) 0.945 (0.719)
Number of non- 11697 11066 5443
hydrogen atoms

macromolecules 10830 10816 4895
ligands 375 138 2
solvent 663 178 546
Protein residues 1357 1357 608
RMS (bonds) 0.003 0.004 0.003
RMS (angles) 0.63 0.98 0.54
Ramachandran favored | 96.23 95.63 96.37
()

Ramachandran allowed | 3.63 4.07 3.63
(%)

Ramachandran outliers | 0.15 0.30 0.00
(%)

Rotamer outliers (%) 0.82 0.82 0.00
Clashscore 1.31 1.28 0.53
Average B-factor 44.22 63.18 23.71
macromolecules 43.98 63.15 22.95
ligands 59.52 81.52 36.33
solvent 43.44 57.45 30.47
Number of TLS groups | 20 19 4
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Figure S2.5: Hydrolysis yields of CelR constructs on PASC (A) or Avicel (B) after 24 h incubation at
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temperature for the construct/substrate pair for 2 h (PASC) or 24 h (Avicel) without shaking. Results were
analyzed via the modified BCA detailed in the methods; differences in yields that had p<0.05 in a two-
tailed t-test are noted with *, and the percent change in yield caused by addition of EGTA.
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Abstract:

Enzymes selectively hydrolyze the carbohydrate fractions of lignocellulosic biomass into
corresponding sugars, but these processes are limited by low yields and slow catalytic turnovers.
Under certain conditions, the rates and yields of enzymatic sugar production can be increased by
pretreating biomass using solvents, heat and dilute acid catalysts. However, the mechanistic
details underlying this behavior are not fully elucidated, and designing effective pretreatment
strategies remains an empirical challenge. Herein, using a combination of solid-state and high-
resolution magic-angle-spinning NMR, infrared spectroscopy and X-ray diffractometry, we show
that the extent to which cellulase enzymes are able to hydrolyze solvent-pretreated biomass can
be understood in terms of the ability of the solvent to break the chemical linkages between
cellulose and non-cellulosic materials in the cell wall. This finding is of general significance to

enzymatic biomass conversion research, and implications for designing improved biomass

conversion strategies are discussed. These findings demonstrate the utility of solid-state NMR as



a tool to elucidate the key chemical and physical changes that occur during the liquid-phase

conversion of real biomass.

Key words: biomass, pretreatment, solid-state NMR, cellulose, enzymatic conversion
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Introduction:

Lignocellulosic plant matter (biomass) is a heterogeneous, polymeric material composed

mainly of xylan (hemicellulose), glucan (cellulose) and lignin, along with entrained water,

minerals, proteins and extractives.'” Of these constituent fractions, cellulose is present in

69



70

amorphous phases and relatively crystalline phases* with characteristic lateral dimensions
(microfibrils).>® The microfibrils are bound to the less-ordered (amorphous) cellulose,
hemicellulose and lignin via covalent and non-covalent interactions to form the cell wall.”®
These structures are represented schematically in Figure 3.1.

As an abundant and naturally occurring source of carbon, deconstruction of biomass to
yield platform chemicals is a strategy to partially displace global demand for fossil resources.’!!

12-13 and

To this end, several technologies have been proposed, including enzymatic conversion
solvent-based methods.'*!* Of these two examples, solvent-assisted conversion of biomass over
acid catalysts is characterized by rapid catalytic turnovers, but suffers from poor selectivity and
often requires elevated temperatures (>= 160°C).% !¢ Hydrolytic enzymes selectively hydrolyze
cellulose and hemicellulose into corresponding sugars at mild temperatures,'’ but these processes

are limited by high operating costs and slow catalytic turnovers. '8
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Figure 3.1. Schematic representation of the cellulose-, hemicellulose- and lignin-containing structures
present in the cell wall of woody biomass. Cellulose microfibrils are semi-crystalline in nature, and are
constituted by parallel chains of glucan arrayed in ordered planes (represented here by an arbitrary m x n
matrix, with ellipses denoting single chains whose long axes are oriented normal to the page). The six
carbon centers present in the repeating units of cellulose are labeled according to IUPAC convention.
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One strategy to address these challenges is to combine enzymatic hydrolysis of biomass
with a solvent-mediated pretreatment step,?’ whereby the solvent (usually containing a dilute
acid catalyst) first dissolves the hemicellulose and lignin fractions, leaving behind a cellulose-
rich solid that is more easily hydrolyzed by enzymes than the native cell wall.?! However, the
details connecting the physical and chemical changes effected by the solvent to the improved
yield of the enzymatic hydrolysis step are not fully elucidated. For example, it has been proposed
that the solvent alters the cellulose pore structure,?? and/or the crystallinity of cellulose;>* these
changes hypothetically improve the accessibility of the glyosidic linkages to enzymes, or the
affinity of enzymes for the surface accessible facets of the cellulose, respectively. However,
attempts to verify these hypotheses have often proven to be inconclusive,?* or yielded
contradictory results.?>2¢ As such, few fundamental approaches exist to understand the
effectiveness of biomass pretreatment strategies, as determined by improved sugar yields in the
enzymatic hydrolysis step.

Herein, we present a strategy to probe the physical and chemical properties of crystalline
cellulose present in raw and solvent-pretreated biomass using a combination of high resolution
magic-angle-spinning (HR/MAS) and solid-state cross-polarization (CP)/MAS nuclear magnetic
resonance spectroscopy (NMR), along with infrared spectroscopy (FTIR) and X-ray diffraction
(XRD) techniques. Proton spin-relaxation-edited (PSRE) CP/MAS NMR is used to differentiate
13C signals originating from the crystalline and amorphous portions of cellulose, which overlap
in non-PSRE NMR spectra. We show that as hemicellulose and lignin are removed by the
solvent (observable by NMR and FTIR), the characteristic dimensions of the remaining
crystalline cellulose microfibrils (observable by XRD) are unchanged. In contrast, as the lignin

and hemicellulose are removed, the magnetic environment at the exterior of the crystalline
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cellulose microfibrils (observable by '*C PSRE CP/MAS NMR) is quantifiably altered. The
latter result indicates that the cohesive forces in the interior of the crystalline cellulose
microfibrils are comparable to those bonding the microfibril exteriors to hemicellulose and lignin
in the plant cell wall. Accordingly, the presence of hemicellulose and lignin likely prevents
cellulose-specific enzymes from binding to the surface-accessible glycosidic linkages on the
microfibril exterior, inhibiting cellulose hydrolysis. "H HR/MAS NMR reveals that as the
residual cellulose from pretreated-biomass is dried, distinct hydration environments form within
the pore structure, and water binds more strongly with the surface accessible facets of the pore
walls. This behavior likely slows the diffusion of cellulases within the cellulose pore structure,
further hindering enzymatic conversion.

We combine these characterization results with enzymatic reactivity studies to show that
the NMR-observable reductions in cellulose-xylan interactions and increased water binding
strength in solvent-pretreated biomass can be correlated with the yields of sugars afforded by
hydrolysis of the residual cellulose by engineered cellulases. To our knowledge, this study
represents the first use of solid-state and HR/MAS NMR to establish this relationship. This
finding is of general significance, as the correlation between reduced cellulose-xylan interactions
and increased enzymatic sugar production from cellulose is of general importance between
different biomass types (corn stover, hard woods, etc.) and solvents (tetrahydrofuran, dimethyl
sulfoxide, etc.). Therefore, any strategy to reduce cellulose-xylan interactions in the cell wall
while preserving the native cellulose pore structure should produce a corresponding increase in
the enzymatic digestibility of the resulting cellulose. Furthermore, we believe that this study

demonstrates the use of solid-state NMR to study the liquid-phase conversion of real biomass,
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affording insights that complement techniques such as solution-phase NMR, X-ray scattering and

FTIR.

Results:
Solvent-mediated pretreatment of biomass over sulfuric acid

Figure 3.2 displays a three-step pretreatment process based on prior work by our own group
and others.'% %27-2% Generally, this process consists of:

(1) A low temperature (60-120°C) lignin removal step, wherein raw biomass is treated in a
solvent system consisting of mostly of an organic solvent, with some water and a dilute
mineral acid catalyst.

(2) A higher temperature (100-160°C) sugar removal step, wherein the residual solids from
Step (1) are treated in a solvent system, again consisting of an organic solvent and dilute
acid catalyst, but with more water than Step (1), and;

(3) A bleaching step, wherein trace impurities are removed from the remaining solids to
yield a pristine cellulose product.

The purpose of the first step is to remove as large a portion of the lignin as possible in a form
that closely resembles the native lignin in the cell wall; higher temperatures and solvents systems
containing more water alter the chemical nature of the extracted lignin.?%? The first step also
removes part of the hemicellulose in the form of soluble sugar monomers and oligomers (xylan),
along with the entrained water and extractives in the biomass. The purpose of the second step is
to remove additional amounts of hemicellulose and lignin, but a portion of the cellulose may also
be removed in this step in the form of soluble six-carbon sugar monomers and oligomers
(glucan). The bleaching step, if used, removes trace lignin and degraded sugars (humins),*
which have been shown to inhibit the activity of some hydrolytic enzymes.>*

In the example displayed in Figure 3.2, the organic solvent used is y-valerolactone

(GVL), a non-toxic and bio-renewable solvent™ that has the demonstrated abilities to solubilize
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all fractions of woody biomass,'* and to facilitate selective liquid-phase biomass conversion
reactions over acid catalysts.?” 3 Other organic solvents may be used, so long as they are
miscible with water (which is required to solubilize the carbohydrate fractions of biomass),*” and
are stable at the desired pretreatment temperatures. Other solvents used in this study were:
tetrahydrofuran (THF), acetonitrile (MeCN); N-methyl-pyrrolidinone (NMP); and dimethyl
sulfoxide (DMSO).

The biomass type shown in Figure 3.2 is P39 poplar, an engineered deciduous energy
crop optimize for growth on marginal lands (i.e.. lands that are not useable for growing food).*8
Three other high yield but non-food-competitive biomass feedstocks were studied in this work:

).% The catalyst

corn stover, switchgrass, sorghum and an additional engineered poplar (NM6
(H2S04) used in Figure 3.2 is a standard reagent used in demonstrated biomass
pretreatment/conversion strategies.*® The bleaching step is based on industry-standard protocols,
using water a solvent.*!

In Figure 3.2, representative reaction conditions are shown, with corresponding yields of
soluble products in each liquid fraction. Note that the mass balance for the overall process is less
than 100%, which results from the formation of unaccountable soluble and insoluble polymeric
species (humins), which are ubiquitous in biomass conversion processes.*? The yields shown in

Figure 3.2 are typical for those reported under similar conditions.!'*?” Table 3.1, below,

summarizes all pretreatment conditions investigated in this study.
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Step 1 liquids

7 wt% H20 yield

5 wt% extractives yield
13 wt% xylan yield

7 wt% lignin yield Step 1 solids
raw P39 biomass I (P39 biomass after
(46 wt% celllose) lignin removal step)

Step 1: lignin removal
90 wt% GVL

10 wt% water

100 mM H2504

100 °C

1 hour reaction time .
s .

Step 2 liquids

Overall yields: b wikoan yigld Step 2: sugar removal
xylan: 16 wt% (62% of max.) ~ 8 wt%glucanyield 80 Wt% GVL

glucan: 7 wt% (16% of max.) 2 Wt%/lignin yield 20 Wt% water

soluble lignin: 16 wt% (81% of max.) 100 mM H2504
uncoverted lignin: 5 wt% (27% of max.) 140 °C

unconverted hemicelllulose: 4 wt% (38% of max.) 1 hour reaction time

unconverted cellulose: 26 wt% (56% of max)
mass balance: 86 wt%

(14 wt% unidentified solids yield)

Step 3: bleaching

1 wt% NaClO2 (aq)
with acetic acid

at r.t. for 3 hrs.

Then ,100 mM NaOH
at 50°C for 2 hours.

Step 3 (bleached) solids l, Step 2 solids
(74 wt% cellulose) Step 3 liquids (P39 biomass after
trace |mpur|t|es
sugar removal step)

Figure 3.2. An exemplary solvent-assisted biomass pretreatment sequence based on the general two-step
lignin- and then sugar-removal process described above, followed by an additional bleaching step.
Reaction conditions: y-valerolactone (GVL) solvent with HPLC-grade water as a cosolvent. Sulfuric acid
(H2S04) is used as catalyst. Each step was carried out at 9/1 wt/wt liquids to solids in pressure-sealed
glass reactors, with mixing facilitated by a magnetic stir bar agitated at 500 rpm. See ESI for further
details.
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B3C solid-state cross-polarization magic-angle-spinning (CP/MAS) NMR

13C solid-state CP/MAS NMR is a technique whereby magnetization is transferred from
the protons to their attached carbon nuclei in a solid sample for the purpose of enhancing the *C
signal and improving resolution for this low natural-abundance nucleus. The sample is spun at
high frequency (~1-10 kHz) to mimic the solution-phase behaviors that average out chemical
shift anisotropies in liquid samples and produce sharp, well-separated features in the NMR
spectrum. This technique has seen increasing use in biomass conversion research as late, as it is a
non-destructive technique that allows for the in-situ characterization of whole biomass.**** See
methods and ESI for details.

Figure 3.3 displays '°C CP/MAS NMR spectra for three of the representative biomass
samples shown in Figure 3.2: raw P39 biomass, the same biomass pretreated in GVL-water
mixtures to remove lignin (Figure 3.2, Step 1 solids as described in Entry 1 of Table 3.1), and
then hemicellulose (Figure 3.2, Step 2 solids as described in Entry 9 of Table 3.1). Key
resonances are delineated in Figure 3.3, corresponding to the six carbon centers in cellulose,*® as
well as the acetate groups in hemicellulose, and the methoxy groups present in lignin.*’” These
latter two resonances decrease in intensity by about 74 and 65%, respectively, in the pretreated
samples as compared to the raw P39, indicating a corresponding reduction in the lignin and
hemicellulose content, as expected. See ESI for quantitative, NMR-enabled assays of lignin,
hemicellulose cellulose contents in raw and solvent-pretreated biomass samples. This behavior is

confirmed by Fourier Transform Infrared Spectroscopy (FTIR), also shown the ESI.
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C-2,3,5
Figure 2 - raw P39 biomass
Methoxy
c1 groups
(lignin)

Figure 2 - Step 1 solids: P39 biomass after
lignin removal step

Figure 2 - Step 2 solids: P39 biomass after
sugar removal step

140 120 100 80 60 40 20
chemical shift (ppm)

Figure 3.3. ’'C MAS-NMR spectra corresponding to native P39 biomass, and P39 biomass pretreated to
remove lignin and hemicellulose. Conditions for the pretreatment steps associated with each spectrum are
noted in the Figure 3.2.

Proton spin-relaxation edited (PSRE) CP/MAS NMR

Proton spin-relaxation editing (PSRE) is a solid-state NMR technique whereby
differences in the rotating-frame 'H relaxation behavior for crystalline materials (such as
cellulose) and amorphous materials (such as hemicellulose or lignin) are exploited to
differentiate their corresponding NMR signals when they have similar chemical shifts. Briefly, a
key time delay in the CP/MAS pulse sequence (spin-lock time) is modulated; increasing spin-
lock time results in less magnetization being transferred to the carbon nuclei, and therefore
decreased signal in the CP/MAS spectrum. Importantly, the extent to which the NMR signal for
different carbon nuclei in a solid sample is reduced at a fixed spin-lock time is a function of the
chemical environment, allowing for signals for different materials or solid phases to be
differentiated, even if their NMR signals overlap in the chemical shift domain. Herein, we

followed the method developed by Newman et al.*® to filter out the solid-state NMR signals
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corresponding to amorphous cellulose, hemicellulose and lignin in biomass, allowing for the
NMR signal corresponding to crystalline cellulose to be isolated and analyzed. See the methods
section for more details, and the ESI for a more complete description of this technique.

Figure 3.4 displays the total 3*C CP/MAS NMR spectra for raw P39 biomass, along with
the PSRE sub-spectrum corresponding only to the crystalline cellulose in the same sample. Note
that several broad spectral features (corresponding to amorphous cellulose, lignin and
hemicellulose) are mostly removed in the PSRE spectrum, resulting in better-separated peaks
and a flat baseline as compared to the normal CP/MAS sprectum.*® The resonances
corresponding to the C-4 and C-6 carbon centers in the PSRE and the unedited CP/MAS NMR
spectra are split into two non-equivalent features. This behavior has been attributed to
differences in the chemical environment between cellulose chains located on the outside vs. the
inside of the microfibrils.*’ In particular, the C-4 carbon resonances that correspond to these two

environments are well separated in the PSRE spectrum.

CP/MAS spectrum for raw P39 biomass

——r / A\

PSRE CP/MAS spectrum for

raw P39 biomass Improved resolution
of C4 resonnance

Broad features removed;
baseline improved

140 120 100 80 60 40 20 0
chemical shift

Figure 3.4. CP/MAS-NMR spectra for native P39 biomass. The top display is the unedited spectrum
produced by averaging 2056 scans with a 10 sec recycle delay time and 0.03 ms spin-lock mixing time.
The bottom display is the proton spin-relaxation edited (PSRE) spectrum corresponding to the crystalline
cellulose fraction of native P39.
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Following these insights, PSRE cellulose spectra corresponding to the native and
pretreated biomass investigated in this study were collected, and compared on the basis of the
relative peak areas for the downfield C-4 resonance at ~90 ppm and the upfield C-4 resonance at
~86 ppm, denoted Cop and Css, respectively. Figure 3.5 displays this procedure. When comparing
the PSRE cellulose spectra corresponding to raw and pretreated P39 biomass (with peak areas
normalized to the C-1 resonance), note that the combined area for the upfield and downfield C-4
peaks remains constant. In contrast, the relative C-4 peak areas, are expressed by the

relationship:

_ Cyo
XNMR - Co0+Cgs (1)

reveals an enrichment of the downfield C-4 peak area going from the raw to the pretreated P39
cellulose. Together, these results indicate a redistribution of the C-4 carbons from one chemical
environment to the other, rather than a selective depletion of one phase during the GVL
pretreatment process. This behavior has been attributed to a reduction in xylan-cellulose
interactions at the surface of the cellulose microfibrils.’%->? Furthermore, the average size of the
crystalline cellulose microfibrils (observable by XRD; see ESI) did not decrease during
pretreatment, indicating that changes in Xnur during biomass pretreatment could not be
attributed to an increase in the fraction of glucan chains on the exterior of the microfibrils, as
reported elsewhere.*® Accordingly, we attribute increases in Xyur resulting from solvent-
mediated pretreatment of biomass to the destruction of cellulose-hemicellulose linkages at the

surface of the cellulose microfibrils.
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Figure 3.5. Proton spin-lock edited (PSRE) CP/MAS NMR spectra corresponding to the crystalline
cellulose fraction of native P39 biomass (pink display), and P39 biomass pretreated in GVL/water
systems to remove lignin and hemicellulose (purple display).
Enzymatic hydrolysis of residual cellulose
The GVL-pretreated solids derived from each step in Figure 3.2 were collected, washed
with water, filtered to produce a solid product of about 70 wt% moisture content, and hydrolyzed
in the presence of engineered cellulases (see ESI for details). Similar experiments were also
conducted for the different biomass types (corn stover, switchgrass, sorghum and NM6-poplar),
and solvent systems (THF, DMSO, NMP and MeCN) used in this study. Bleaching steps were
applied to some of the GVL-pretreated samples prior to enzymatic hydrolysis to investigate the
effects of this procedure on the digestibility of the residual cellulose. Finally, some of the
bleached and unbleached GVL-pretreated celluloses were dried in a vacuum oven at 85°C
overnight, and then subjected to enzymatic hydrolysis as well. The yields of soluble sugars
derived from this enzymatic hydrolysis step were then compared to assess the effect of each

pretreatment step on the enzymatic reactivity of the residual cellulose, whereby higher yields of
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sugars from the enzymatic hydrolysis step indicate a more effective pretreatment process. These

results are displayed in Table 3.1, along with the values of Xvur.

Table 3.1. Reaction conditions for solvent-assisted pretreatment of various biomass, and corresponding
enzymatic sugar yields and the NMR-derived observable Xyuz. The temperature in the lignin removal step
was 100°C for each entry. The catalyst was 100 mM H,SOj for all lignin- and sugar-removal steps.
Bleaching was carried out as described in the methods above. See ESI for full details and corresponding
liquid-phase product assays. Enzymatic hydrolysis was performed with 10 wt% CelR cellulase (see
methods) and 0.5 mg/mL pretreated material in a total volume of 1 mL for 24 hours with shaking.

Entry Biomass Organic Organic Temp. — Bleached Dried? Xxvr Enzymatic
type solvent solvent sugar ? sugar yield
(wt%) - (Wt%) — removal (Y/N) from
lignin sugar step/°C  (Y/N) residual
removal removal cellulose
step step (Wt% of
theor.
maximum)
1 P39 GVL (90) -- -- N N 0.504 0.0
2 P39 GVL (90) - - N Y 0.485 0.0
3 P39 GVL (90) -- -- Y N 0.530 0.0
4 P39 GVL (90) -- -- Y Y 0.507 0.0
5 P39 GVL (90) GVL (80) 120 N N 0.545 0.3
6 P39 GVL (90) GVL (80) 120 N Y 0.522 0.0
7 P39 GVL (90) GVL (80) 120 Y N 0.608 3.7
8 P39 GVL (90) GVL (80) 120 Y Y 0.580 1.8
9 P39 GVL (90) GVL (80) 140 N N 0.745 31.8
10 P39 GVL (90) GVL (80) 140 N Y 0.710 7.4
11 P39 GVL (90) GVL (80) 140 Y N 0.775 38.0
12 P39 GVL (90) GVL (80) 140 Y Y 0.747 11.7
13 P39 THF (90) THF (80) 140 N N 0.779 323
14 P39 MeCN (90) MeCN (80) 140 N N 0.684 14.1
15 P39 NMP (90) NMP (80) 140 N N 0.609 6.4
16 P39 DMSO (90) DMSO (80) 140 N N 0.633 6.9
17 NM6 GVL (90) GVL (80) 140 N N 0.711 28.1
18 Sorghum GVL (90) GVL (80) 140 N N 0.582 7.9
19 switchgrass GVL (90) GVL (80) 140 N N 0.545 10.4
20 Corn stover  GVL (90) GVL (80) 140 N N 0.698 20.1

'H High-Resolution (HR)/MAS NMR spectroscopy

'H High-Resolution (HR)/MAS NMR is a technique whereby solution-phase protons in

liquid/solid mixtures can be characterized. Radiofrequency pulse strengths in HR/MAS NMR

experiments are set to probe the liquid-phase protons in the same manner as a solution NMR

experiment, but high frequency sample spinning is still required to average out chemical shift
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anisotropies resulting from intermolecular interactions at the liquid-solid interface. See ESI for
details.

Figure 3.6 displays representative HR/MAS spectra corresponding to P39 biomass
pretreated in GVL-water solvents to remove hemicellulose and lignin for never-dried and dried
materials (Entries 9 and 10 in Table 3.1). The dried material has been re-wetted by soaking in
water (7/3 water to dry solids) for 72 hours (see methods and ESI). HR/MAS spectra were
collected with 100 single-rotor-cycle interpulse delays in a Carr—Purcell-Meiboom—Gill
(CPMG) pulse sequence for a total of 50 ms transverse relaxation time. Note that each of the
spectra within Figure 3.6 display resonances corresponding to the solution-phase protons in the
wetted cellulose; i.e., to liquid water only. Without any magnification, only one resonance is
visible: a large multiplet at about 9.5 ppm corresponding to water wetting the surface-accessible
facets of the cellulose. The inset of Figure 3.6 shows the same spectra magnified 100 times. In
these magnified images, we see the singlet at 4.7 ppm corresponding to bulk water. Notably,
there is a small feature present in the spectra corresponding to the re-wetted material that is not
present in the never-dried material. The appearance of this feature indicates the formation of
distinct hydration environment upon drying and re-wetting, which we attribute to a change in the
cellulose pore structure upon drying. This behavior has been attributed to water becoming
trapped in segregated hydration environments upon rapid changes in the pore structure of semi-
crystalline polymeric materials.>® Accordingly, assign the minor feature at 8.9 ppm to a partially

“collapsed” cellulose pore structure that forms upon drying.
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Figure 3.6. HR/MAS NMR spectra with a 50 ms Hahn-echo delay applied (100 single-rotor-cycle
interpulse delays in a Carr—Purcell-Meiboom—Gill (CPMG) pulse sequence) for cellulose from P39
biomass pretreated in 90 wt% GVL at 100°C for one hour, then 80 wt% GVL at 140°C for one hour

(Table 3.1, Entries 9 and 10). Top spectrum corresponds to cellulose that was never dried, and analyzed
directly after collection from the pretreatment steps. Bottom spectrum corresponds to the same material
after drying in a vacuum oven overnight, then re-wetting by soaking in water for 72 hours.
Discussion:

To understand the effects of different solvent-mediated biomass pretreatment strategies
on the enzymatic digestibility of the residual cellulose, we first analyze the GVL-pretreated P39
biomass samples and corresponding enzymatic sugar yields to probe the effects of the lignin
removal step, the sugar removal step, and the bleaching and drying steps. In doing so, we
establish that the enzymatic sugar yields from GVL-pretreated P39 cellulose can be correlated
with respect to Xvur, and we propose a physical basis for this behavior. We then establish that

this relationship can be extended across all pretreated cellulose samples investigated in this

study, regardless of the native biomass type or pretreatment solvent used.
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Effects of GVL-pretreatment, bleaching and drying on the enzymatic digestibility of cellulose

derived from P39 biomass

If increases in Xymr correspond to a reduction in cellulosic material that is bonded to

hemicellulose and lignin, and if these extracellular materials occlude enzymes’ access to the

cellulose microfibrils?>, then the value of Xyuz might serve as a predictor of the enzymatic

digestibility of the residual cellulose derived from GVL-pretreated biomass. Following this

hypothesis, Figure 3.7 displays the yields of enzymatic sugars from the hydrolysis of GVL-

pretreated P39 (both with and without additional bleaching) as function of Xyuz. Two curves are

shown: one corresponding to the never-dried samples, and the same samples after drying in a

vacuum oven at -15 in. Hg for 24 hours (open symbols). In general, for both the never-dried and

dried GVL-pretreated P39 celluloses, the yield of enzymatic sugars after a 24 reaction time

increases monotonically with Xyaz.
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Figure 3.7. Enzymatic sugar yields from P39 biomass pretreated with GVL-water solvent systems under
various conditions, both with and without bleaching steps (entries 1 through 12 in Table 3.1).

We next compare enzymatic sugar yields as a function of Xyur for the different biomass

types and solvent systems studied, where there were no bleaching steps or drying, and the sugar
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removal step was fixed at 140°C (Figure 3.8). As demonstrated by the linear regression analyses
displayed in Figure 3.8, enzymatic reactivity generalizes universally with Xyur across all solvent
systems and biomass types at a fixed set of reaction times and temperatures for the lignin

removal and sugar removal steps.

% 35- 35+
£ yield= 174.9%(X,,,) - 102.4 Y (@) % yield= 111.8*(X,,) - 53.8 (b)
]
= 304 4 E 30 ,'
9 Pearson's R = 0.97 , 4 é Pearson's R = 0.94 v -
rd
"E 25 /7 S254 @ P39 e
= B GVL L X v NMé 2
S0l ¥ THF , w9 ©O com stover -
° 20 ® MeCN 7 % 2 O switchgrass e o
> NMP > sorghum
’ Vi — g rd
& 157 DMSO ‘e < 15 '
=] 4 =2 P
S ’
® 10 y 2104 © .7
2 4 ‘g . '
=
’
g 5 ¢ £ 54
> N
N i
|.|:J 0 1 0 T T
0.55 0.60 0.65 0.70 0.75 0.80 0.55 0.60 0.65 0.70 0.75
NMR NMR

Figure 3.8. Enzymatic sugar yields versus Xyur for: (a) P39 biomass pretreated in various water/organic-
cosolvent mixtures to remove lignin and hemicellulose (entries 11, 15-18 in Table 3.1), and; (b) different
biomass types pretreated in GVL-water solvent mixtures to remove lignin and hemicellulose (entries 11,
19-22 in Table 3.1). Least squares linear fit to the data are shown, demonstrating a quantiative corrlation
between Xyur and enzyamtic sugar yields across various biomass types and pretreatment solvents.

Finally, Figure 3.9 displays enzyamtic sugar yields as a function of Xy for all entires in
Table 3.1 corresponding to never-dried celluoses. As demonstrated by the linear regression in
Figure 3.9, there is a quantitative, linear and universal correlation between Xnur and enzyamtic
reactivity (as expressed by sugar yields) for all biomass types, solvent systems, and
pretreatement temperatures tested in this study. Therefore, the results displayed in Figure 3.9
indicate that for a fixed set of enzymatic hydroylsis conditions, Xvur serves as a universal
predictor of the enzymatic digestibility of cellulose following pretreatment in mixtures of water
with sulfuric acid and polar aprotic cosolvents. That said, it is possible that different catalysts

(such as bases) or cosolvents (such as proton donors or ionic liquids) would effect different
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changes, which may or may not improve the enzymatic digestibility of the residual cellulose;

only the effects of Brgnsted-acid catalysts and polar aprotic cosolvents are studied herein.
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Figure 3.9. enzymatic sugar yields versus XNMR for all never-dried entries in Table 3.1. Symbols
correspond to those datapoints indicated in the legends in Figures 3.7 and 3.8.

The effects of drying on the hydration behavior of GVL-pretreated P39 cellulose

In contrast to the never-dried celluloses, the dried celluloses in Figure 3.7 exhibit a slight
decrease in Xvur, but systematically lower yields of enzymatic sugars at similar values of Xyur
as compared to the never dried samples. This result indicates that decreasing the moisture
content of pretreated cellulose alters its physical or chemical properties, other than the fraction of
microfibril surface chains liberated from the lignin-hemicellulose matrix, and that these changes
correspond to a decrease in enzymatic digestibility. Furthermore, the results displayed in Figure
3.6 indicate that drying GVL-pretreated celluloses alters the pore structure, creating distinct
hydration environments as compared to the never-dried material. It has been reported that
polymeric materials composed of identical monomer units but synthesized using different

methods exhibit similar behavior, whereby different preparation methods produce distinct pore
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structures, and therefore different hydration environments between materials.>® These differences
in hydration environments can be characterized in terms of the binding strengths of water with
the surface accessible facets of the pore structure, the diffusivity of water within the pores, and
the extent to which water exchanges readily between the pore structure and the bulk fluid.
Changes in these characteristics would suggest changes in the ease with which macromolecules,
such as cellulases, diffuse from the bulk solution to the interior pores of the cellulose, explaining
differences in reactivity between dried and never-dried cellulose materials, and these changes

can be probed using 'H HR/MAS NMR 333
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Figure 3.10. Normalized, integrated areas of the main hydration resonance at ~9.45 ppm in the 'H HR-

MAS spectra as a function of the number of CPMG rotor cycle delays or, equivalently, the Hahn echo

delay time. Integrals shown are for never-dried, and dried-then-re-wetted P39 biomass that was treated
with GVL-water solvents to remove hemicellulsoe and lignin (entries 9 and 10 in Table 3.1, respectively).

Figure 3.10 displays the total integrated area of the 'H HR/MAS resonance at ~9.5 ppm
(which we attribute to the main pore structure of wetted cellulose) as a function of the the Hahn
Echo delay time in a rotor-synchronized CPMG pulse sequence for GVL-pretreated P39

cellulose. Closed symbols correspond to samples that were never dried, while open symbols
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corresond to the same samples after being dried in a vacuum oven overnight, and then re-wetted
by soaking in DI water at room temperature for 72 hours. Transverse spin-spin relaxation times
(T>) were estimated by fitting the data in Figure 3.8 to a bi-exponential curve (shown in dashed
lines). Accordingly, two time constants were assigned to the 7> relaxation process for the never-
dried and the dried-and-re-wetted GVL-pretreated cellulose samples: one long relaxation time on
the order of 100 ms (77, iong), and one short relaxation time on the order of 10 ms (7%, siorr). These
time constants are also displayed in Figure 3.10. Going from the never-dried to the dried-and-re-
wetted samples, the time constants associated with the spin-spin-relaxation processes for water
within the cellulose pore structure roughly double. Short spin-spin relaxation times have been

attributed to water that binds more strongly within a polymer matrix.>
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Figure 3.11. 7> relaxation time contants for water in the main pore structure of cellulose (9..4 ppm in
Figure 3.11) and the “collapsed” pore strucutre of cellulose that forms upon drying (8.9 ppm in Figure
3.11) as a function of temperature. Spectra were collected with a CPMG filter (Hahn echo delay time) of
2 to 250 ms, and the absolute integrals of the correpsonding resonances were analyzed as a function of
Hahn echo delay time using a single exponential decay to estimate spin-spin relaxation time constants (7>
values) . The standard error for these six 7> measurements was +/- 4.3%.
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We next examined the temperature-dependent spin-spin relaxation behavior of the 'H
HR/MAS resonances in Figure 3.6 that we attribute bulk water (4.7 ppm), water in the main pore
structure (9.4 ppm) and “collapsed” pore stucture (8.9 ppm) of dried-and-re-wetted cellulose.
These data are displayed in Figure 3.11. Briefly, 'H HR-MAS NMR spectra were collected using
a CPMG pulse sequence with a Han-echo delay between 4 and 250 ms, with the temperature
varied between 23 and 70°C. The absolute integrals of the aforementioned resonances were
analyzed as a function of Hahn echo delay time using a single exponential decay to estimate
spin-spin relaxation time constants (7> values; see ESI).

At room temperature, the spin-spin relaxation times (7> values) of bulk water, and water
in the main and collapsed pore stucture of previously dried celluose are clearly differentiated. If
water were able to exchange readily between the cellulose pore structure and the bulk water, then
it would be expected that the 7> values of the corresponding resonances would approach one
another with increasing temperature, as the rate of exchange increases.’® However, we find that
the 7> values for bulk water is contant with tempearture. In contrast, the 7> values for water in
the main and collapsed cellulose pore structures are initially differentiated at 23°C, but decrease
and approach one another with increasing temperature, becoming indistinguishable within the
error (+/- 4.3% or about 1 ms). This behavior indicates that while water may exchange (diffuse)
between the main or secondary hydration environments (main pore stucutre and collapsed pore
strucutres) at these temperatures, water does not exchange readily between the cellulose pore
structures and the bulk.

All things considered, we interpert the results displayed in Figures 3.6, 3.7, 3.10 and 3.11
to indicate that upon drying GVL-pretreated cellulose, the cellulose pore structure partially

collapses, trapping water in a number of segregated hydration environments wherein water binds
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more strongly with the surface-accessible facets of cellulose, and does not exchange readily with
the bulk water outside the cellulose pores. We expect that these changes in hydration behavior,
as compared to the never-dried cellulose, inhibit the diffusion of cellulases into the pore
structure, as well as the binding of the cellulases to the surface accessible facets of the cellulose,
limiting enzymatic sugar yields. Therefore, it follows that drying biomass may decrease the
enzymatic digestibilty of the entrained cellulose in general. This result is of general significance
to biomass conversion research, as laboratory samples may be dried prior to enzymatic

hydrolysis to determine moisture content, or to increase shelf life.

Physical interpretations and predicting the effectiveness of solvent-assisted biomass
pretreatment strategies using NMR

We propose in Figure 3.12 a physical interpretation for the key changes effected by
solvent-mediated pretreatment of woody biomass over acid catalysts. Note that the proposed
microfibril dimensions shown in Figure 3.11 are derived from XRD measurements of P39

48,57 see ESI for details. As native

poplar, and are in agreement with those proposed elsewhere;
lignocellulosic biomass is pretreated in semi-aqueous organic solvent systems (for example
GVL-water mixtures) over acid catalysts and/or bleached, lignin, hemicellulose and other
extracellular materials are removed from the cell wall. At sufficiently low temperatures and short
reaction times, however, the cellulose microfibrils are largely untouched, so that their
characteristic dimensions do not change. Furthermore, without a drying step, water occupies the

interstitial areas between the remaining microfibrils, so that the pore structure formed by these

features in the native cell wall is preserved. The result is a mostly cellulose-containing solid
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through which water can easily diffuse and exchange with the bulk liquid, so that hydrolytic
enzymes (cellulases) can readily migrate to the pore structure interior.

To facilitate cellulose hydrolysis, enzymes must also bind to the glyosidic linkages
exposed on the surface-accessible facets of the cellulose microfibrils, and so the proportion of
these linkages that are exposed to the cellulases ultimately determines the enzymatic reactivity of
the cellulose. This fraction of exposed linkages is determined by the extent to which the solvent
is able to remove not just the bulk extracellular material, but to destroy the linkages between the
cellulose and the hemicellulose/lignin matrices. As discussed above, this characteristic feature
can be probed using CP/MAS NMR, though the observable Xnur. Upon drying, the cellulose
pore structure collapses, trapping remaining water into a number of segregated hydration
environments. The water in these hydration environments binds more strongly than the water
present in the never-dried material, so that it does not diffuse as easily, nor exchange as readily
with the bulk liquid. This behavior hinders the ability of macromolecules such as enzymes to
diffuse into the cellulose pore structure interior, reducing the reactivity of hydrolytic enzymes,

and limiting the yields of enzymatic sugars.



92

Native cell wall:

- hemicellulose-ligin matrix
hinders access to cellulose
fibrils

Solvent-treated biomass:

- lignin/hemi-cellulose removed;
cellulose ultrascturture
retained

- surface chains of cellulose fibrils
exposed (were linked to
hemicelluose in untreated
cell wall)

- water readily exchanges between
fibril interiors and bulk

o0 water

ﬁ lignin

™~ hemicellulose

[ 3'8-%

bi“.b %

'io u
"‘
&
crystalline fibril structure
(8x8 monoclinic cross-section)  After drying: =

‘. -

200plane ' - ultrastucture collapses o

d=392A | -water binds more strongly;

L=559nm | does not exchange

| readily with bulk

|- formation of descrete,

| segregated hydration
environments

q;..gc

cellulose fibril

exposed cellulose

chains
L=3.80 nm

Figure 3.12. Schematic representation of the structural features of lignocellulosic biomass at various
stages of the pretreatment process. Characteristic dimensions of the cellulose microfibrils are for native
P39 biomass; values are estimated based on the combined NMR/XRD analysis as described in the ESI.

Conclusions:

At short reaction times and lower temperatures, pretreatment of lignocellulosic biomass
in aqueous mixtures of organic solvents with dilute acid catalysts removes lignin, hemicellulose
and extracellular material from the bulk interstitial areas between crystalline cellulose
microfibrils in the cell wall. At higher temperatures and longer reaction times, the characteristic
dimensions of the crystalline cellulose domains remain unchanged, but the linkages between the
exterior of the cellulose microfibrils and the lignin/hemicellulose matrix are broken, exposing
surface-accessible cellulose chains on the outsides of the microfibrils. The extent to which these
surface-accessible cellulose chains are liberated from the lignin and hemicellulose is observable

by solid state NMR, and herein we express these changes in terms of a single, quantitative

metric. Changes in this NMR-observable metric as function of biomass pretreatment conditions
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(reaction time and temperature) universally predict the yields of enzymatic sugars achieved by
hydrolysis of the residual cellulose, regardless of biomass type or the organic pretreatment
solvent used. Drying the residual cellulose collected from solvent-pretreated biomass alters the
pore structure constituted by the cellulose microfibrils, so that water binds more strongly within
the pores, and does not exchange readily with the bulk. This behavior limits the diffusion of
enzymes into the cellulose pore structure, limiting enzymatic reactivity of the cellulose
accordingly.

The results of this study suggest that solvent-mediated pretreatments (and biomass
pretreatment methods in general) that are able to liberate the surface-accessible facets of the
cellulose microfibrils from the surrounding lignin and hemicellulose render biomass more
readily hydrolysable by enzymes, and likewise improve the yields of enzymatic sugars from
biomass. The factors which connect the composition and properties of specific solvent systems to
their ability to effect these key changes is the subject of future work. Finally, the moisture
content of the pretreated cellulose should be carefully controlled prior to enzymatic hydrolysis,
as changes in moisture content alter the structure of the residual cellulose and limit enzymatic
reactivity.

Together, these results demonstrate the utility of solid-state and HR/MAS NMR as tools
to understand the key chemical and physical changes that occur during liquid-phase conversion
of real biomass. The most important corollary is that solid-state NMR can resolve details
regarding not just the bulk composition of different biomass types, but also the chemical linkages
between distinct phases like lignin, hemicellulose and cellulose. As demonstrated herein, these
details can complement those afforded by more standard biomass characterization techniques,

and lead to new insights. Moreover, details beyond those generated in this study might be
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obtained by bringing more advanced solid-state NMR techniques to bear, such as 2D-
dimensional solid-state NMR. We hope that such efforts will represent a greater fraction of
published efforts in biomass conversion research, going forward.

Experimental:

Materials

Corn stover, switchgrass, sorghum, and poplars (NM6°® and P39°%) were obtained from
the Great Lakes Bioenergy Research Center (GLBRC) in the form of debarked, 5 mm chips, and
used as received. Water (Fisher, HPLC grade), acetone (Sigma, 98%), ethanol (Fisher, HPLC
grade, 200 proof), y-valerolactone (GVL; Sigma, 95%), tetrahydrofuran (THF; Acros, 99%+
anhydrous with 200 ppm BHT inhibitor), acetonitrile (MeCN; Sigma, 98%), dimethyl sulfoxide
(DMSO; Sigma, 98%), and N-methyl pyrrolidinone (NMP; Sigma, 99%) were obtained from
vendors and used as received. Sulfuric acid (98 wt%), sodium hydroxide, sodium chlorite and
acetic acid were obtained from Sigma and used as received. B-D-glucose, xylose, furfural, and 5-
hydroxymethylfurfural (Sigma-Aldrich ACS reagent grade) were obtained from vendors, and
used as calibration standards.

CelR _cbm3a was created through fusion of the Hungateiclostridium thermocellum CelR
enzyme domain (GenBank accession code CAE51308.1 residues 31 — 642, i.e., GH9 and CBM3c
modules only) with an additional 153-residue CBM3a from the scaffolding protein CipA,
connected via the 48-residue CipA-native linker sequence. The lac operon-controlled expression

plasmid was shipped to a third-party vendor, where it was expressed and purified at scale.

Sample prep and solvent-mediated pretreatment of biomass over sulfuric acid
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Briefly, solid biomass samples were charged to sealed glass reactors containing a
descried amount of an appropriate solvent system (e.g., pure water or 90/10 GVL/water on a
mass basis) along with a sulfuric acid catalyst or appropriate bleaching agent (e.g., NaClO»).
Reactors were placed in an oil bath at the desired temperature (e.g., /00 °C) and aggerated with a
magnetic stir bar. After an appropriate period of time, reactors were quenched in an ice bath, and
the liquid and solid contents were separated with filtration, washed (if needed), and characterized
using the techniques described elsewhere in this report (e.g., HPLC, NMR, etc.). See ESI for

details.

TH/B3C Proton spin-relaxation (T1p) edited cross-polarization magic-angle-spinning (PSRE
CP/MAS) NMR

About 200 mg of solid sample was packed into 4-mm thin-walled silicon nitride rotors
and sealed with glass-filled Torlon caps. '"H/'*C PSRE CP/MAS NMR spectra were acquired on
a Bruker Avance III 500 MHz spectrometer with a proton radio frequency of 500.22 MHz and a
13C radio frequency of 125.76 MHz. Each rotor was spun at 4 kHz in a 4 mm Doty Scientific
MAS probe. 'H and '*C 90° pulse lengths of 2.30 and 4.55 ps were used, respectively. Spectra
shown represent 2056 signal averages with a 0.3 second acquisition time and an 8 second recycle
delay between scans. The spin-lock radiofrequency strength was yBr/(21) = 46 kHz during spin-
locking with a spin-lock time of 3-10000 ps , as described below. Cross-polarization
radiofrequency strength was 99.53 kHz (maximum) during cross-polarization with a 70-100%
ramp and a contact time of 2000 ps. The decoupler radiofrequency was 100 kHz during
acquisition. '*C spectra were secondary referenced to the up field adamantane peak at 28.7 ppm

referenced to TMS. See ESI for full details and a more complete description of this technique.
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Attenuated total reflectance infrared (ATR-FTIR) spectroscopy

Attenuated total reflection—Fourier transform infrared spectroscopy (ATR-FTIR) was
conducted using a Bruker Optics Vertex system with a diamond-germanium ATR single
reflection crystal. Untreated and solvent-pretreated biomass samples were dried in a vacuum
oven overnight to remove water content prior to analysis, and were pressed uniformly against the
diamond surface using a spring-loaded anvil. Sample spectra were obtained in triplicates using
an average of 128 scans over the range between 400 cm ™! and 4000 cm ™! with a spectral

resolution of 2 cm™!. Air was used as background.

X-ray diffraction characterizations of native and pretreated cellulose

Cellulose microfibrils scatter incident X-rays to produce a diffraction pattern consistent
with a monoclinic unit cell.®® Accordingly, X-ray diffractograms were collected for the native
P39 and solvent-pretreated biomass samples, using a Bruker D8 Discovery diffractometer with a
Cu K, X-ray source operating at 1000 kV and 100 mA, with a 5-mm aperture and 600 sec
exposure time. Biomass samples were analyzed without additional grinding to reduce particle
size. A separate sample of boron nitride was analyzed to assess the inherent line broadening of

the instrument.

Enzymatic hydrolysis of residual cellulose
Hydrolysis reactions were prepared with 0.5 mg/mL pretreated cellulose and 0.05 mg/mL
CelR in 0.1M phosphate buffer, pH 6.0 to a final volume of 1 mL. Reactions were incubated in a

Heidolph Titramax 1000, with a Heidolph Inkubator 1000 used to control temperature. Reactions
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were run for 24 hours at 50 °C with 1050 rpm (0.0185 x g) shaking. After incubation, reactions
were centrifuged for 5 minutes at 21,130 x g. The concentration of soluble sugar produced was
determined via the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Briefly, 100 uL of
working solution and 5 pL of supernatant were heated for 15 minutes at 80 °C. Control
experiments used were CelR only, cellulose only, and buffer only samples, and a glucose
standard curve was used for converting absorbance units to mg/mL glucose in solution. Four

reactions were performed for each condition, with supernatant being sampled in triplicate.

'H High-Resolution (HR)/MAS NMR spectroscopy

"H HR/MAS NMR experiments were performed on a Bruker Avance 500 MHz
spectrometer with a proton radiofrequency of 500.22 MHz equipped with a 4 mm Doty Scientific
MAS NMR probe. Proton 90° pulses were applied with a pulse length of 2.48 us with a 0.5
second acquisition time and a 10 second recycle delay. Solvent-pretreated biomass samples of
about 70 wt% moisture content were sealed into 30 uL Kel-F HR/MAS rotor inserts (Bruker
Biospin Inc.), with the MAS experiments performed at 4 kHz with a 0.1 K temperature
regulation between 296 and 343 K. Dried, solvent-pretreated biomass samples were re-wetted by
soaking in an amount of water corresponding to the moisture content of the never-dried samples
(typically ~70 wt% water to 30 wt% solids) for 72 hours, and then loaded into 30 uL. Kel-F
HR/MAS rotor inserts. The sample temperatures under HR/MAS conditions (7mas) were
calibrated using a neat ethylene glycol thermometer. The one-dimensional 'H NMR spectra were
obtained using a single pulse Bloch decay sequence with 16 scan averages and 10 seconds
recycle delays. Transverse spin—spin relaxation times (7>) were found using a rotor-synchronized

CPMG (Carr—Purcell-Meiboom—Gill) pulse sequence with 16 signal averages, and inter-pulse
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delays varied between 10 and 20000 rotor cycles (corresponding to 0.03 to 8 seconds transverse
spin-spin relaxation times). The "H NMR chemical shifts were referenced to the internal standard
of neat water, 6 =+4.7 ppm at 298 K with respect to the chemical shift of TMS, 6 =0 ppm.
Acknowledgements:
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Supporting Information:
Methods and Analytical details:
Sample Preparation

All reaction conditions are summarized in Table 3.1 of the main text; as an example, we
describe the sample preparation using Entry 9. For a typical experiment, 6 grams of as-received
5-mm biomass chips (P39 poplar) were loaded into a 60- mL pressure-sealed glass reactor
equipped with a magnetic stir bar. 60 grams of an appropriate solvent system (80 wt% GVL with
20 wt% water) containing 100 mM sulfuric acid were then added, and the glass reactor was
sealed with a screw-top cap equipped with a Teflon O-ring. The glass reactor was next
submerged in a silicon oil bath at the desired temperature (140°C). The reactor contents were
agitated by rotating the stir bar at 500 rpm. The reactor was held at the desired temperature for a
period of time (one hour), and then quenched in an ice bath at 0°C for 15 minutes. The reactor
contents were then removed, and the liquid and solid fractions were separated by vacuum
filtration with a fine-mesh filter paper and a Buchner funnel connected to a house vacuum
system at 0.5 atm.

The solid fraction from the reactor was washed with 3 volumes of HPLC grade water,

and dried with vacuum filtration to produce a solid filter cake of about 70 wt% moisture content.
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The bleaching step, when applied, first consisted of stirring the solids at room temperature for
three hours in a solvent system consisting of water with 1 wt% dissolved NaClO2 and 0.33 mL
acetic acid per gram of NaClO». The resulting solids were then separated with vacuum filtration,
and stirred for an additional 4 hours at 50°C in a solvent system consisting of water with pH
adjusted to 11 using sodium hydroxide (1.0 mM NaOH). The solids/liquids ratio in both
bleaching steps was fixed at 3/97 by weight. The resulting solids from the second bleaching step
were then washed with three volumes of HPLC grade water, and dried using vacuum filtration
for one hour to produce a solid filter cake of about 60 wt% moisture content. When applied, a
drying step consisted of placing the washed, filtered solids from the solvent pretreatment or
bleaching steps in a vacuum oven at 85°C and 0.5 atm overnight, and taking the difference in
mass between the dried and never-dried material as the moisture content of the sample.

The liquid fraction from the reactor was collected, diluted with water ten times by weight
to precipitate the GVL-soluble lignin, and then vacuum filtered again to remove the solid lignin.
The lignin was vacuum treated overnight, and weighed to determine the lignin yield. The diluted,
lignin-free liquid fraction was next filtered with a PTFE 0.2-micron syringe filter, and analyzed
for soluble sugar and furan content using a Shimadzu-1020 HPLC equipped with a proton-based
ion exclusion column (BioRad HPX-87H), a refractive index detector and a UV-vis scanning
photo diode array. The mobile phase used was 5 mM sulfuric acid, with a flow rate of 0.6
mL/min at 30°C. The glucose, xylose, furfural and 5-hydroxymethyl furfural content of the sub-
micron filtered, lignin-free liquids was then determined using calibration curves and external
standards. The glucan and xylan oligomer content of the filtered, lignin-free liquids was then
determined by adding 3 wt% H2SOs, stirring at 120°C for one hour, and then re-analyzing the

samples using HPLC. The difference in glucose and xylose content between the hydrolyzed and
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non-hydrolyzed samples was taken to determine the soluble glucan and xylan oligomer content,
respectively. Note that the xylan and glucan oligomer yields, plus the small quantity of sugar
degradation products (furfural and 5-hydroxymethylfurfural) detected were added to the
corresponding sugar yields (xylose and glucose, respectively) to determine total soluble
carbohydrate yield.

The moisture content of the untreated biomass was determined by drying the as-received
samples in a vacuum oven overnight, as described above. The extractives content (waxes,
proteins, minerals, etc.) of the untreated biomasses was determined by drying the as-received
biomasses overnight, and then processing the dried samples under reflux in a Solex extractor
using water, then ethanol, and then acetone as extraction solvents, with each step being carried
out at the boiling point of the corresponding extraction solvent. After correcting for the original
moisture content, the wt% of total extractives was determined by taking the mass difference

between the dried and extracted biomass samples.

Proton spin-relaxation-edited ' H/”>C cross-polarization magic-angle-spinning (PSRE CP/MAS)
NMR of cellulose

Briefly, *C CP/MAS NMR spectra are collected with a spin-lock delay applied prior to
cross polarization. During spin-locking, the 'H net magnetic vector is first oriented along the
transverse plane by application of a standard 90° pulse, and is then held in the transverse plane
by the sustained application of a rotating magnetic field. As longer spin-lock delays are applied,
magnetization decays in the 'H rotating frame, so that less magnetization is transferred to the
carbon nuclei during cross-polarization. The result is collection of various CP/MAS spectra

which, in order of increasing spin-lock delays, are attenuated to an increasing extent.
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Importantly, however, the proton radio frequency during spin-locking is optimized so as to
obtain the greatest contrast in rotating-frame relaxation time constants (77, ’s) between crystalline
cellulose and the amorphous materials in the sample. That is, protons associated with crystalline
materials loose magnetization in the transverse plane either faster or slower than amorphous
materials during spin-locking. Newman and co-workers have shown that for cellulosic biomass,
this contrast is optimized at a spin-lock frequency of 46 kHz, which is used herein, so that
crystalline cellulose generally has about a 2-3 times longer 77, value than amorphous cellulose,
hemicellulose or lignin.*®

Figure S3.1 displays a normal CP/MAS spectrum (no spin-lock delay) for native P30
poplar biomass. The main resonances corresponding to the carbon nuclei in crystalline cellulose
are labeled.*® A glucan tetramer unit is displayed in the inset for reference. Also featured in the
CP/MAS spectrum in Figure S3.1 are resonances corresponding to methoxy moieties in the
lignin fraction of the biomass, and acetate moieties in hemicellulose. The proton spin-relaxation-
editing (PSRE) method developed by Newman and co-workers*® is calibrated by first measuring
the transverse relaxation rates (77,,’s) for the crystalline cellulose and non-crystalline fractions of
the biomass by varying the spin-lock delay time in a CP/MAS pulse sequence, as described

above.
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Figure S3.1. Normal CP/MAS spectrum for non-pretreated P39 poplar biomass. Key resonances and
integral regions are denoted. 'H and *C 90° pulse lengths of 2.30 and 4.55 us were used, respectively.
2056 signal averages were used with a cross polarization contact time of 2000 us, using a 70-100%
ramped cross polarization pulse with the proton and carbon radio frequencies matched at 99.53 kHz
(max.). MAS speed was 4 kHz. The decoupler radiofrequency was 100 kHz during acquisition. '*C
spectra were secondary referenced to the up field adamantine peak at 28.7 ppm referenced to TMS.
To this end, as shown in Figure S3.1, four integral regions are delineated corresponding
to crystalline cellulose resonances (regions 1-4), and three to the non-crystalline materials
(regions a, b and ¢). Region (a) in Figure S3.1 corresponds to amorphous cellulose, although
crystalline cellulose signal overlaps the amorphous signal in this region. Region (b) corresponds
to amorphous lignin, although signal corresponding to lignin-cellulose linkages with longer 7;,’s
likely overlap the amorphous lignin in this region. Region (c) corresponds to amorphous
hemicellulose, and is reasonable well separated from overlapping signals. Note that the entire

spectrum displays broad features corresponding to ill-defined amorphous materials in the

biomass, which appears to distort the base line, though the spectrum has been appropriately
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baseline-corrected and phased. Finally, note that these aforementioned broad, amorphous
features and the general multiplicity of resonances makes peak deconvolution or line fitting
problematic for these real biomass samples. Accordingly, following the method of Newman and
others, we integrate the total signal in the regions defined in Figure S3.1, without fitting peaks

individually.

Tip= 8.13 +/-0.33 ms = integral 1 = integral c
® integral 3 ® integrala
100000 4 A integral 2 T;,= 6.46 +/-0.37 ms 4 integral b
T:p= 8.54 +/- 0.46 ms v integral 4
[ o -
2 4 [
98 T, =7.44 +/-0.56 ms © 10000 -
c P o b
® £ T} = 5.55+-0.51 ms
2
2 100009 72 =768 +/-0.32 ms 2
N 4 ° T: =7.00 +/- 0.30 ms
-] [ p
© 2
A ©
1000 T T T T T T T T T 1000
2 0 2 4 6 8 10 12 14 16 0 2 4 6 & 10 12 14 16
spin-lock delay / ms spin-lock delay / ms
(a) crystalline resonances (b) amorphous resonances

Figure S3.2. Integrated signal for the regions denoted in Figure S3.1 as a function of spin-lock delay.
Spin locking was performed at 46 kHz with a spin-lock time of 3-15000 us. Otherwise, acquisition
parameters are the same as those denoted in Figure S3.1.

Figure S3.2 displays the integrated signal for the regions denoted in Figure S3.1 as a
function of the spin-lock delay at a spin-locking radiofrequency of 46 kHz. Individually, each
integrated region as a function of spin-lock time fits a first-order exponential decay. For the
crystalline resonances (Figure S3.2(a)), the average characteristic time constant that describes
this process (77,p) is 7.94 +/- 0.42 ms. For the amorphous materials (Figure S3.2(b)), 77, ’s vary
between 5.5 and 7.00 ms with an average of 6.34 +/- 0.60 ms. In general, the 77 ’s
corresponding to the amorphous materials are shorter than those corresponding to crystalline

cellulose, as expected. However, the variance between 77;,’s for distinct amorphous resonances
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(+/- 10%) 1s greater than that between 77 ,’s for distinct crystalline cellulose resonances (+/- 5%).
This behavior is attributable to the fact that the distinct amorphous resonances are associated
with different amorphous materials, with likewise different 77, ,’s, whereas the crystalline
resonances are associated with a single phase (crystalline cellulose microfibrils).

Finally, we produce a proton spin-relaxation-edited (PSRE) CP/MAS subspectra that
displays only '*C signal corresponding to crystalline or amorphous materials in the biomass
being analyzed. We do this by assuming that the total spectrum (§) obtained with a short (0.003
ms) spin-lock delay is a linear combination of signal from the crystalline (C) and amorphous (A4)
materials in the biomass:

S=C+A (S1)
Similarly, we assume that the attenuated spectrum (S’) obtained with a longer (e.g. 10 ms) spin-
lock delay is a combination of signal from the crystalline and amorphous fractions in the biomass
sample, but that signal from each phase has been reduced by a fraction (fc or f4) by the
application of the spin-lock delay:

S' = fcC+ fA (S2)
fc and f; can be calculated as a function of spin-lock time (zs.) using Figure S3.2, where:

tsL

~~crystalline
fo=e T (S3)
And
_ fSLh
amorphous
fa=e "1 (S4)

These relationships can be expressed as a matrix operation:

[J}c 1%4] [51] - [g] (S5)
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And the vector (C, A) is solved for to reproduce the sub spectra corresponding to crystalline
cellulose and the amorphous materials in the solid biomass sample.

Importantly, to facilitate the PSR-editing procedure described above, a representative
timescale (77,p) must be chosen for crystalline cellulose and for the amorphous “phase” as a
whole, even though the latter consists of multiple distinct materials with a range of
corresponding 77,,’s. The PSRE method best differentiates the crystalline cellulose phase from
other components in the biomass when the two materials have the greatest contrast in 77,’s.
Following this insight, and in accordance with other reports,** we select the methoxy lignin peak
at 55.8 ppm to represent the amorphous, non-cellulosic materials in the biomass, and calculate fc
in Equation S3 using the 77, associated with this resonance.

Figure S3.3 displays the normal and PSRE-CP/MAS spectra for native P39 biomass. The
PSRE spectrum corresponds to the crystalline cellulose signal only. Note how the heights and
areas of the C-1 and downfield C-4 peak (crystalline cellulose) are conserved between the
normal and PSRE CP/MAS spectra, whereas a portion of the signal has been subtracted from
other regions, due to the signal from amorphous materials being filtered out. Note that the S/N
ratio has been reduced comparing the PSRE spectrum to the normal CP/MAS spectrum, but the

baseline in the PSRE spectrum is flat due to the lack of signal from broad, amorphous features.
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Figure S3.3. Normal (blue) and PSRE CP/MAS spectra (pink) corresponding to native (non-pretreated)

P39 biomass and the crystalline cellulose therein, respectively. The PSRE spectrum was estimated based

on the procedure described above and in the main text. 77 ,’s for crystalline cellulose and the amorphous
phase were set at 7.94 and 5.55 ms, respectively.

Finally, Figure S3.4 displays representative sub-spectra for the crystalline and amorphous
materials in pretreated cellulose. The pretreatment procedure is described in Entry 9 and Table
3.1 in the main test. In Figure S3.4, a chemical shift range from -75 to 275 ppm to show that,
after the PSRE procedure described above, the resulting sub-spectra each retain phasing and a
baseline that goes to zero in the limits of the observed sweep width. Comparing the sub-spectra
for the crystalline cellulose (purple) and amorphous biomass material (green), it is apparent that
the crystalline phase is characterized by sharp spectral features and a flat baseline. In contrast,
the amorphous phase is characterized by broad features that are slightly offset compared to their

crystalline counterparts. This behavior is characteristic is semi-crystalline polymeric materials. In
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particular, note the large amorphous signal that overlaps the C-4 region of the crystalline

cellulose sub spectrum.

C: crystalline cellulose subsprectrum
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Figure S3.4. Proton spin-relaxation-edited (PSRE) CP/MAS sub spectra corresponding to crystalline
cellulose (purple) and amorphous material (green) in the cellulose-rich material obtained from P39
biomass as described in Entry 9 of Table 3.1 of the main text.

'H high-resolution (HR)/MAS NMR of cellulose

Figure S3.5 displays the HR/MAS spectra for the “Step 2 solids” from Figure 3.2 (or
Table 3.1, Entry 9) of the main text, collected after being dried overnight, then rewetted in 30/70
wt/wt solids/water for 72 hours. Three integral regions are denoted, corresponding to the main
pore structure, the “Collapsed” pore structure, and the “free water” in the cellulose, as described
in the main text. Each spectra in Figure S3.5 is collected at room temperature and at a different
Hahn-echo delay time in a rotor-synchronized CPFG pulse sequence, with signal reduction as a
function of increasing Hanh-echo delay time resulting from loss of transverse plane

magnetization due to spin-spin relaxation.
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Figure S3.5. HR/MAS NMR spectra with a varying Hahn-echo delays applied (or equivalently varying
single-rotor-cycle interpulse delays) in a rotor-synchronized Carr—Purcell-Meiboom—Gill (CPMG) pulse
sequence. Spectra correspond to cellulose from P39 biomass pretreated in 90 wt% GVL at 100°C for one
hour, then 80 wt% GVL at 140°C for one hour, then dried overnight and re-wetted in 30/70 solids/water
by weight for 72 hours (Table 3.1, Entry 10 of the main text). The one-dimensional 'H NMR spectra were
obtained using a single pulse Bloch decay sequence with 16 scan averages and 10 seconds recycle delays.
Proton 90° pulses were applied with a pulse length of 2.48 ps with a 0.5 second acquisition time and a 10
second recycle delay. The spinning rate was 4 kHz.

As described in the main text, the integrated area of the three resonances shown in Figure
S3.4 as a function of the Hahn-echo delay time fit a bi-exponential curve with two corresponding
T time constants for each resonance. For each of the three integral regions in Figure S3.4, the
shorter of these two time constants corresponds to water more tightly bound within the pore
structure of the cellulose. Herein, we are interested in how changes in the cellulose pore structure
upon drying affect the mobility of water and therefore, presumably, the ease with which
macromolecules such as enzymes can diffuse from the bulk water to the cellulose pore interiors.
Accordingly, we fit the integrated regions in Figure S3.5 to a single exponential decay within the
short range of Hahn-echo delay times (2-50 ms) to capture the initial loss of signal corresponding

to these fast-relaxing protons. Figure S3.6 displays these results. The T2 time constants denoted
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for each region (free water, water in the main pore structure and water within the “collapsed”
pore structure) are the T2 time constants shown in Figure 3.15 of the main text. This procedure
(collecting HR/MAS at and recording integrals as a function of the Hahn-echo delay time within
the range of 2-50 ms) is repeated at 50 and 70°C, and the resulting T2’s for each region are

calculated to construct Figure 3.16 in the main text.
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Figure S3.6. Integrated are for the regions denoted in Figure S3.5 as a function of the Hahn-echo delay
time in a rotor-synchronized CPFG pulse sequence at room tempreatuer. The one-dimensional '"H NMR
spectra were obtained using a single pulse Bloch decay sequence with 16 scan averages and 10 seconds
recycle delays. Proton 90° pulses were applied with a pulse length of 2.48 ps with a 0.5 second
acquisition time and a 10 second recycle delay. The spinning rate was 4 kHz.

Native biomass assay by CP/MAS NMR

To calculate yields and mass balances of solid, non-soluble materials (e.g., those shown
in Figure 3.2 of the main text) after GVL-pretreatment, normal CP/MAS spectra of native and
GVL-pretreated biomass were analyzed as described below. First, a normal CP/MAS spectrum

of the dry, extractive free biomass (prepared as per methods described in the main text) was
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collected. The regions corresponding to lignin (L), hemicellulose (H), and the C-1 resonance of
crystalline cellulose (C) (denoted in Figure S3.7 below) were integrated, and these integrals were

recorded (Table S3.1).
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C-1

Methoxy
groups
(lignim)

Step 1 solids

native P39 biomass

o o oy e e

140 120 100 80 60 40 . 20 0
chemical shift (ppm)

Figure S3.7. Normal CP/MAS spectra for native P39 poplar and the same biomass pretreated in GVL-
solvent mixtures to remove lignin (Step 1 solids) and sugars (Step 2 solids) as referred to in Figure 3.2 of
the main text. "H and "*C 90° pulse lengths of 2.30 and 4.55 us were used, respectively 2056 signal
averages were used with a cross polarization contact time of 2000 us, using a 70-100% ramped cross
polarization pulse with the proton and carbon radio frequencies matched at 99.53 kHz (max.). MAS speed
was 4 kHz. Proton decoupler radio frequency was 100 kHz during acquisition. '*C spectra were
referenced to the up field adamantine peak at 28.7 ppm in a separate standard.

Next, published reports were referenced to determine the actual wt% composition of
lignin, hemicellulose and cellulose of the corresponding dry, extractive-free biomass type. In
Figure S3.7, the example biomass type is P39 poplar, which is assumed to be identical to NM6

poplar.®! Next, we assumed that the integrated signals from each of the three regions denoted in
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Figure S3.7 are representative of the actual amount of total cellulose, hemicellulose and lignin in
the native (non-GVL-pretreated) biomass. Under this assumption, the integrated signals (Z;) from
each of the (i) regions corresponding to C-1 cellulose, lignin and hemicellulose can be scaled by

a factor (f;), so that the wt% composition of lignin, hemicellulose and cellulose in the dry,

extractive free biomass is expressible by the relationships denoted in Equations S6-S8:

fe-1lc-1
fe-1lc-1+fLIL+fuln

= wt% cellulose (S6)

fLlL
fe-1lc-1+fLIL+fuln

= wt% lignin (S7)

fHlH
fe-1lc-1+fLIL+fuln

= wt% hemicellulose (S8)

The scaling factors fc.;, f1, and fir are found by setting the wt% of lignin, cellulose and
hemicellulose equal to known values for each biomass type, and using the integrated CP/MAS
signals from the regions Ic.;, I1, and /1 to solve Equations S6-S8 simultaneously. Once the
factors fc.1, f1, and fi are known, the integrated signals Ic.;, I1, and 7 derived from CP/MAS
sprectra of GVL-pretreated biomass can be used to estimate the wt% composition of cellulose,
hemicellulose and lignin in each sample. Exemplary results following from this procedure are
also displayed for P39 biomass in Table S3.1. A similar procedure was performed for all entries
in Table 3.1 in the main text, and the wt% cellulose of each sample was used to calculate the

yield of enzymatic sugars (Yenzymatic sugar) Using Equation S9:

__ Creducing end*V*MM gy cose (Sg)

Y, . =
enzymatic sugar
Y 9 Mpiomass*Mcellulose

Where Crequcing ena 1 the molar concentration of soluble reducing end sugars (as estimated by
methods described in main text, and assumed to be equal to the concentration of monomeric
glucose in solution) after 24 hours incubation with enzyme CelR, V is the total reaction volume,

MM gy coseis the molar mass of glucose, Mp;omqss 18 the initial mass of biomass charged to the
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reactor, and M qy10se 18 the mass fraction of cellulose (wt% cellulose in Table S3.1 divided by
100%).

Table S3.1. CP/MAS integrated signals for the C-1 cellulose, methoxy-lignin and acetate-hemicellulose
resonances in Figure S3.6, along with scaling factors (fi’s) and wt% compositions of cellulose,
hemicellulose and ligin for native and GVL-pretreated P39 poplar biomass as estimated using the
CP/MAS-enabled methods described above.

Native P39 biomass
Table Ict IL In fer fr fu Wt% Wt% Wt%
3.1 (calculated) | (calculated) | (calculated) | cellulose | lignin hemicelllulose
Entry # (known) | (known) | (known)
(from
main
text)
- 694227 | 224597 | 172643 | 0.998 1.460 1.776 52.3 24.7 23.1
GVL-pretreated P39 biomass
Table Ict IL In foa (fixed) | fi (fixed) fu (fixed) Wt% Wt% Wt%
3.1 cellulose | lignin hemicelllulose
Entry # (calc.) (calc.) (calc.)
(from
main
text)
5 521373 | 113521 | 65318 | 0.998 1.460 1.776 64.9 20.7 14.5
9 535620 | 7666 45198 | 0.998 1.460 1.776 73.6 153 11.0

Attenuated total reflectance (ATR)-FTIR spectroscopy

The removal of lignin and hemicellulose from P39 biomass achieved by the solvent-
mediated pretreatment is confirmed by attenuated-total-reflectance infrared spectroscopy (ATR-
FTIR). These results are shown in Figure S3.8, wherein the spectral features corresponding to
lignin and hemicellulose vanish going from native P39 biomass to the pretreated material.*> Note
that the spectral bands corresponding to hemicellulose and cellulose at about 1000 cm™ overlap,
so that the relative intensities of the bands at 500 and 1000 cm™! change as hemicellulose is

removed from the surface of the cellulose microfibrils.
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Figure S3.8. ATR-FTIR spectra for native P39 biomass (top) and P39 pretreated in GVL-water solvent
systems to remove hemicellulose and lignin (bottom). Note that signals corresponding to cellulose and
hemicellulose overlap at ~1000 wavenumbers.

X-ray diffraction characterizations of native and pretreated cellulose
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Figure S3.9. Representative X-ray diffractogram for native P39 biomass (left) and XRD-derived
estimates of the diameter of the cellulose microfibrils in native and solvent-pretreated P39 biomasses.

Figure S3.9 displays a representative diffractogram corresponding to cellulose in raw P39
biomass. The diffraction peaks associated with the 110, 110 and 200 facets of the monoclinic
unit cell are indicated; their positions on the 2 & scale correspond to inter-planar spacings of 5.91,
5.43 and 3.92 Angstroms, respectively. After the appropriate baseline corrections and accounting
for the inherent line broadening of the instrument, the full width at half-maximum (FWHM)
intensity for the 200 peak was collected for each sample. These data are used to estimate the
lateral dimensions of the ordered cellulose domains (microfibrils), by invoking the standard

relationship:®?

KA
Lygrp = m (S10)

The term Lxgp is the average cross-sectional length of a cellulose microfibril, £is the full
width at half maximum intensity of the 200 diffraction peak (in radians), €1is the Bragg angle
(again in radians), A is the wavelength of the scattered X-ray beam, and K is a factor on the order

of 0.9 (which is the value used here). Based on the line broadening of the 200 diffraction peak,

the apparent size of the microfibrils ranges from 3.25 for native P39 biomass, to about 5.5 nm for
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GVL-pretreated P39. These values are within the range of microfibril dimensions reported for
similar cellulosic materials.*®>” The greatest variance in the apparent value of Lxzp corresponds
to the native and minimally processed P39 samples, while Lxzp approaches a near-constant value
as lignin and hemicellulose are removed. It should be noted that phenomena other than changes
in the characteristic dimensions of an ordered phase can result in broadening of X-ray diffraction
features. These additional phenomena include epitaxial strain, lattice defects, and the presence of
amorphous material in the crystal matrix.%4°

The aforementioned XRD-enabled measurements allow for a microfibril structure to be
proposed for P39 biomass by considering the following insights:

1. Assuming that the removal of amorphous material by the solvent is responsible for the
reduced line broadening going from native to pretreated P39 biomass, we expect that the

true cross-sectional dimensions of P39 cellulose microfibrils falls within the range
represented by the pretreated samples: 4.9-5.8 nm.

2. Furthermore, the positions of the 110, 110 and 200 peaks displayed in Figure S3.9(a)
indicate a monoclinic unit cell with lattice parameters (interplanar spacings) of 5.43, 5.91
and 3.92 Angstroms, respectively.

3. The crystal structure of cellulose microfibrils in hardwood has been reported as a
monoclinic unit cell with a characteristic angle near 90 degrees.*:>’
A microfibril geometry constituted by an 8x8 rectangular array of glucan chains with side
lengths of 4.24 and 3.80 nm, and a diagonal length of 5.59 nm would be consistent with these

observations. This is the structure proposed in Figure 3.11 of the main text.

Exemplary mass balances
Table S3.2 displays representative mass balances for the 2-step lignin- and sugar-removal
process outlined in Figure 3.5 of the main text, using two different temperatures for the sugar

removal step (120 and 140°C). the composition of the GVL-pretreated solids reflect those shown
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in Table S3.1. The yields of water, extractives, and soluble glucan, xylan and lignin were

estimated using methods described in Section S1.1. The yield of humins was back-calculated so

as to close the mass balance, and the resulting yield of humins in each step reflects those

typically reported in the literature for similar processes. The carbon balances likewise reflect

those typically reported for similar processes.

14,27

Table S3.2.
Step 1 Step 2 Step 2
Key Process Step (lignin (sugar Step 1 (lignin (sugar
removal) removal) removal) removal)
delignified delignified
biomass in P39 P39 100C | P39 P39 100C
water (wt%) 7% 0% 7% 0%
extractives (wt%) 5% 0% 5% 0%
cellulose (wt%) 46% 65% 46% 65%
xylan (wt%) 23% 14% 23% 14%
lignin (wt%) 20% 21% 20% 21%
total biomass (g) 5.9 4.0660 6.04 4.1446
biomass loading (solvent/solids
ratio) 10 14.5106 10 14.5732
| organic cosolvent GVL GVL GVL GVL
FORMULA C5H802 C5H802 C5H802 C5H802
density 1.05 1.05 1.05 1.05
molar mass 100.12 100.12 100.12 100.12
cosolvent/water ratio 9 4 9 4
sulfuric sulfuric sulfuric
catalyst acid acid sulfuric acid acid
FORMULA H2S04 H2S04 H2S04 H2S04
density 1.84 1.84 1.84 1.84
molar mass 98.079 98.079 98.079 98.079
catalyst concentration (M) 0.1 0.1 0.1 0.1
Batch time (hr) 1 1 1 1
Batch temperature (°C) 100 120 100 140
catalyst loading (g catalyst/g
biomass) 0.0938 0.1368 0.0938 0.1374
delignified | desach desach
biomass out P39 100C P39 120C | delignified P39 100C | P39 140C
water (wt%) 0% 0% 0% 0%
extractives (wt%) 0% 0% 0% 0%
cellulose (wt%) 65% 69% 65% 74%
xylan (wt%) 14% 13% 14% 11%
lignin (wt%) 21% 18% 21% 15%
total solids out (g) 4.066 2.5671 4.1446 2.102
Feed (g) 65.4537 63.6232 67.0069 65.1150
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Extractives (solid) C6H1206 0.2950 0.0000 0.3020 0.0000
Cellulose (solid) C6H1005 2.7022 2.6396 2.7663 2.6907
Xylan (solid) C5H804 1.3334 0.5855 1.3650 0.5968
Lignin (solid) C8H803 1.1564 0.8417 1.1838 0.8579
H20 H20 6.3130 11.8000 6.4628 12.0800
cosolvent -- 53.1000 47.2000 54.3600 48.3200
catalyst - 0.5537 0.5564 0.5669 0.5696
Furfural C5H402 0.0000 0.0000 0.0000 0.0000
Lignin (soluable) C8H803 0.0000 0.0000 0.0000 0.0000
Extractives
(soluable) C6H1206 0.0000 0.0000 0.0000 0.0000
Glucose C6H1206 0.0000 0.0000 0.0000 0.0000
Xylose C5H1005 0.0000 0.0000 0.0000 0.0000
humins 0 0 0 0
Product (g or kg/hr) 65.4537 63.6232 67.0078 65.1150
Extractives (solid) C6H1206 0.0000 0 0.0000 0
Cellulose (solid) C6H1005 2.6396 1.7790 2.6907 1.5487
Xylan (solid) C5H804 0.5855 0.3266 0.5968 0.2322
Lignin (solid) C8H803 0.8417 0.4619 0.8579 0.3213
H20 H20 6.2438 11.7624 6.3939 12.0091
cosolvent C5H802 53.1000 47.2000 54.3600 48.3200
catalyst catalyst 0.5537 0.5564 0.5669 0.5696
Furfural C5H402 0.0488 0 0.0577 0
Lignin (soluable) C8H803 0.4130 0.531 0.4228 0.5436
Extractives
(soluable) C6H1206 0.2950 0 0.3020 0
Glucose C6H1206 0.0216 0.0542 0.0270 0.5006
Xylose C5H1005 0.7109 0.2678 0.7321 0.174
humins C8H803 0.0000 0.6838 0.0000 0.8957
Step 2 Step 2
CARBON FLOWS Step 1 (120°C) Step 1 (140°C)
lignin sugar sugar
component carbon wt% | removal removal lignin removal removal
Extractives in 40% 0.1180 0.0000 0.1208 0.0000
cellulose in 44% 1.2009 1.1731 1.2294 1.1958
xylan in 45% 0.6061 0.2661 0.6205 0.2713
solid lignin in 63% 0.7299 0.5313 0.7473 0.5415
extractives out 40% 0.1180 0.0000 0.1208 0.0000
cellulose out 44% 1.1731 0.7906 1.1958 0.6883
xylan out 45% 0.2661 0.1485 0.2713 0.1056
solid lignin out 63% 0.5313 0.2916 0.5415 0.2029
furfural out 62% 0.0305 0.0000 0.0360 0.0000
soluble lignin out | 63% 0.2607 0.3352 0.2669 0.3431
| glucose out 40% 0.0086 0.0217 0.0108 0.2002
xylose out 40% 0.2841 0.1070 0.2926 0.0695
carbon balance: -- 100.66% 86.00% 100.65% 80.14%




118

PERFORMANCE Step 2 Step 2
METRICS: Entry --> Step 1 (120°C) Step 1 (140°C)
lignin sugar sugar
metric Step --> removal removal lignin removal removal
xylan conversion
(mol%) 56.09% 44.21% 56.28% 61.08%
glucan
conversion
(mol%) 2.31% 32.60% 2.73% 42.44%
lingin conversion
(mol%) 27.22% 45.11% 27.53% 62.54%
xylose yield
(mol%) 46.88% 40.22% 47.16% 25.63%
fufural yield
(mol%) 5.03% 0.00% 5.81% 0.00%
glucose yield
(mol%) 0.72% 1.85% 0.88% 16.74%
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Abstract:

Biomass recalcitrance during deconstruction remains a key bottleneck to affordable biomass
processing technologies. A clear connection between the cell wall structure and biomass
deconstruction is necessary to understand how lignocellulosic material is broken down to
valuable monomeric components. Here, we monitor changes in the cellulose microfibril domains
in poplar, sorghum and switchgrass throughout gamma-valerolactone (GVL)-water co-solvent
treatment and enzymatic hydrolysis using solid-state 1*C cross-polarization magic angle spinning
(CP/MAS-NMR) spectroscopy and wide-angle X-ray scattering (WAXS). Spectral fitting of
NMR peaks corresponding to different cellulose microenvironments at the C4 carbon center
suggest that a mildly acidic GVL-water co-solvent pretreatment of poplar leads to nearly full
removal of xylan-cellulose linkages, which primes the cellulose for enzymatic attack. The
spectral fitting also suggests that the pretreatment causes significant depletion of the inaccessible
fibril surface domains with an increase in more thermally stable crystalline resonances (Ip).
WAXS confirmed a decrease in lattice spacing between (200) crystalline planes with increasing

co-solvent pretreatment severity. These results are interpreted as an opening of bound microfibril

surfaces previously inaccessible to the co-solvent, which leaves behind a more thermally stable,
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crystalline domain that is potentially prone to relaxation and recrystallization. Full conversion of
residual GVL treated biomass was achieved after the GVL co-solvent pretreatment at 140°C
using a commercial enzyme cocktail, CTec3, which contains different cellulases and other
enzymes. Spectral fitting of enzymatically hydrolyzed samples by a single engineered cellulase,
CelR, suggests that the residual cellulose recalcitrance is mainly due to an inability of CelR to
digest the I crystalline domain present in pretreated samples. This work helps bridge the
knowledge gap between cell wall structure throughout GVL-assisted and CelR enzymatic
biomass deconstruction by tracking the evolution of structural domains within the cellulose
microfibril, and directs recommendations for future studies. Our findings inform inquiry into
larger questions of cellulose recalcitrance through GVL and CelR enzymatic hydrolysis, and give
insight to subsequent required steps for full cellulose conversion with attention to the most

recalcitrant cellulose structures.

Introduction:

Plant cell walls are comprised of three main biopolymers within an intricate heterogeneous
matrix: cellulose (Ce sugars); hemicellulose (Cs and Ce sugars); and lignin (polyaromatics). As
such, plant biomass is a renewable, abundant and carbon neutral! energy source that can be used
to produce biofuels** and biomass-derived platform chemicals*®. Continued interest in cellulosic
biofuels and biomass-derived products has motivated efforts to understand the molecular
determinants of biomass recalcitrance and thereby increase total sugar yields in biomass
fractionation and deconstruction processes. However, biomass recalcitrance remains a key

bottleneck to development of effective biomass processing technologies.”
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Biomass recalcitrance is attributed to multiple factors, including the high degree of
organization and binding within the cellulose ultrastructure!® as well as the presence of lignin
and hemicellulose within the matrix'!. Cellulose consists of many tightly bound, parallel polymer
chains of the Ce sugar B-glucose that interact strongly with neighboring hydroxyl groups through
inter- and intra-molecular hydrogen bonding. This behavior stiffens the linear chains and forms
cellulose microfibrils, imparting rigidity to the plant cell wall. The strong binding also makes
cellulose highly resistant to enzymatic, microbial, and chemical deconstruction to solubilized
sugars>!?. Furthermore, hemicellulose and lignin adhere to cellulose microfibrils, limiting
accessibility to the surrounding solvent or enzymatic active sites.

1516 can chemically fractionate

Mild acid hydrolysis'?, alkaline treatment!*!# and organosolv
lignocellulosic biomass to depolymerized sugars and solubilized lignin compounds. Our previous
work demonstrated that biomass-derived y-valerolactone (GVL)!” is effective at deconstructing
biomass in GVL-water co-solvent systems, with up to 70% carbohydrate yields for Cs and Ce
sugars.'® While purely solvent-based systems feature rapid catalytic turn-over, they require high
operating temperatures and often yield lower purity of monomeric sugars compared to other
deconstruction methods.'*?° In contrast, enzymatic systems boast higher purity?! of monomeric
sugars with milder reaction temperatures and ambient pressures, ! >?? but suffer from low turnover
numbers and long reaction times while showing little activity on untreated biomass.?"?

The relationship between cell wall structure and cellulose recalcitrance remains a key
challenge in the advancement of lignocellulosic deconstruction for biofuels and biomass-derived
products. *C-cross-polarization magic-angle-spinning nuclear magnetic resonance (CP/MAS-

NMR) has been used to identify different domains within the cellulose microfibril via the C4

resonance, which is spread over a wide chemical shift range and has little overlap with other
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cellulose resonances, enabling non-linear, least squares spectral-line fitting of the C4 resonance.
A model was developed to identify individual magnetic micro-environments of cellulose I

26,27

contributing to the C4 resonance””’ which has been applied to monitor the structure and

22,28,29

interactions of various cellulose I biomass types throughout pulping and various

130 112,31

hydrothermal®®, chemical'>*! and enzymatic'>? hydrolysis treatments.

Recently, we used CP/MAS NMR to study the combination of GVL co-solvent pretreatment
with enzymatic hydrolysis. Our initial examination showed a correlation between chemical
breakage of cellulosic and non-cellulosic linkages and increased sugar yields from hydrolysis
with an engineered cellulase.?’ A single observable metric from the CP/MAS NMR (Xnmr) was
found to predict enzymatic sugar yields independent of co-solvent system or biomass type used,
and suggested an increase in crystallinity of cellulose remaining after GVL-pretreatments of
increasing severity.?’ However, physical changes within the cellulose microfibril structure
throughout the GVL-assisted pretreatments were not well understood, and the recalcitrance of
GVL pretreated biomass samples to enzymatic hydrolysis was largely unexplained.

A clear understanding of the structure and chemical properties of lignocellulose throughout
deconstruction is required to increase biomass utilization through reduced recalcitrance and lead
to commercialization of biofuels and bioproducts.”?*-* In this work, changes in the cellulosic
microfibril domains caused by GVL co-solvent assisted chemical pretreatment and subsequent
enzymatic hydrolysis are examined using CP/MAS NMR and wide angle X-ray scattering. We
provide a molecular level understanding of the interplay between GVL treatment and enzyme

hydrolysis with implications for selection of the minimal number of enzymes and process steps

needed to achieve full biomass deconstruction.
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Results:
Pretreatment Process
Raw biomass
Delignification (DL) IDI; hydll-.obl]:s ae
10 wt.% biomass - ;;%a]nqua e
100°C. 1 h extractives
GVL:H,0 9:1, 100 mM H,SO, H,0
DL solids
Desaccharification (DS) Bi h;fﬂfolﬂzitf
10 wt.% biomass —) xylal? v

120, 140, or 160°C, 1h
GVL:H,0 8:2, 100 mM H,SO,

'

DS solids

'

Enzymatic Hydrolysis with
CelR or CTec3 Enzymatic
1 mg/mL biomass hydrolysate
0.1 mg/mL enzyme Reducing sugars
50 °C.24 h.pH 6.0
0.1 M phosphate buffer

'

Enzymatic solids

glucan

Figure 4.1: Schematic diagram showing the GVL-assisted mild acidolysis pretreatment and subsequent
enzymatic hydrolysis with CelR, adapted from reference.?’

Figure 4.1 shows a schematic representation of a “two-step” GVL-assisted mild acidolysis of
biomass explored in conjunction with enzymatic hydrolysis of the remaining cellulosic fraction.
We substituted the small 60 mL glass reactors used in previous work?® with a 450 mL stirred
stainless steel batch reactor to provide higher throughput of biomass, more effective mixing of

the biomass slurry, higher yield of residual solids to support more detailed characterizations and
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post-treatment reactions. All raw feedstocks were debarked (if applicable) and ground to 5 mm
mesh size and charged into a batch, stirred tank reactor without any prior treatment for
delignification.

The delignification step (Figure 4.1, DL) consists of a solvent system containing ~90 wt%
GVL, and 10 wt% water, and dilute 100 mM sulfuric acid catalyst added to the reactor
containing 10 wt% biomass. This mild treatment condition provided a soluble lignin that more
closely resembled native lignin in the cell wall, and is more suitable for subsequent processing
by hydrogenolysis, than condensed lignin formed with more severe treatment conditions.
Hemicellulose is also extracted as sugar monomers into the aqueous fraction (hydrolysate) along
with small amounts of cellulose under these conditions. Residual solids consist primarily of
cellulose and lesser amounts of hemicellulose and lignin.

The liquid hydrolysate and residual solids are separated through filtration and the solids are
charged into a second batch, stirred tank reactor for a more severe GVL-assisted
desaccharification step (Figure 4.1, DS). In this second step of treatment, temperature was varied
to explore the effect of different GVL-assisted hydrolysis conditions on the insoluble cellulosic
material. Lower desaccharification temperatures yielded a cellulose-enriched, solid product and a
desaccharification hydrolysate contained the remaining soluble lignin, notably at a lower quality
than obtained in the first step, as well as the remaining hemicellulose sugar and increasing
amounts of C¢ sugar monomers as the temperature was increased. Desaccharification at 160°C
yielded only a liquid product, where all constituents of the biomass feed were completely
hydrolyzed. Cellulose-enriched solids were subjected to enzymatic digestion to encompass an

overall biomass deconstruction system.
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Analysis of Hydrolysates

Four biomass feedstocks were selected to examine the effects of GVL hydrolysis process
over different starting materials and treatment conditions: wildtype P39 poplar; NM6 poplar;
switchgrass; and sorghum. Raw wildtype feedstocks were treated under delignification (DL)
conditions at 100°C and subsequently under desaccharification (DS) at either 120, 140, or 160°C.
All treatment conditions yielded a solid residual biomass fraction except for desaccharification at
160°C (DS 160), which completely solubilized all biomass types.

Figure 4.2 depicts the yields in the hydrolysate solution for lignin (determined by weight
after water-induced precipitation, washing and drying), hemicellulose (defined as xylose,
arabinose, galactose, mannose, and furfural content determined by HPLC), and cellulose
(defined as glucose, cellobiose, and 5-hydroxymethylfurfural content determined by HPLC) after

GVL-assisted acidolysis pretreatment over each biomass type.

P39 Poplar NM6 Poplar Switchgrass Sorghum

s

00 | mDS mDL

50

Lignin
Yield (%)

50

Hemicellulose
Yield (%)

Yield (%)

Cellulose

50
Desaccharification Temperature (°C)

Figure 4.2: Analysis of hydrolysate composition obtained from P39 poplar, NM6 poplar, switchgrass,
and sorghum over different GVL pretreatment conditions. Standard deviations are under 2% for all
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measurements. DL, delignification step; DS, desaccharification step. Mass composition analyses for the
feedstocks is shown in Table S4.1.

The amount of solubilized lignin in the hydrolysate solution increases with increasing overall
treatment severity for all feedstocks. Poplar samples show lower solubilized lignin from the
delignification step alone than for the grass samples. Interestingly, sorghum shows over twice the
amount of lignin released as compared to poplar. Significant amounts of solubilized lignin are
also yielded from desaccharification at elevated temperature; however, this lignin quality is
expected to be lower (more condensed) than that released in the delignification step (100°C), as
is reported with other higher temperature or more severe solvent systems. !%13:183435 When
pretreated at 160°C, nearly all lignin is released across all feedstocks. This behavior is expected
since no residual solid biomass is present after this high temperature treatment.

A substantial amount (~50%) of hemicellulose was hydrolyzed to soluble sugars (xylose,
arabinose, galactose, mannose, and furfural) at the delignification temperature (DL, 100°C)
across all feedstocks. The desaccharification step yielded additional hydrolysis of hemicellulose
content across all biomass types, with best yields found at 120°C. In most cases (P39 poplar
being the exception), the hemicellulose yields decreased at higher temperature, due to
degradation of hemicellulose to undesirable byproducts and humins. Small amounts of cellulose
are hydrolyzed to soluble Cs sugars in the delignification step, with the yields increasing with
temperature. The decrease in yield of soluble Cg sugars at 160°C is expected due to conversion to
various undesired products including levulinic acid, formic acid, and further degradation to
humins.*° The amount of C¢ sugars observed from the different feedstocks are roughly

equivalent, except for sorghum, which shows nearly 3x concentration of solubilized C-6 sugars

after the DL step and 2x the total Cs sugars after both pretreatment steps. Notably, the sorghum



131

feedstock is consistently yielded the highest solubilization of lignin and hydrolysis of
hemicellulose and cellulose at almost every condition examined. The behavior of the grass
feedstocks is considered in the Discussion section so that additional results can be focused on

behavior of the poplar feedstocks.

CP/MAS NMR of Residual Solids

Figure 4.3 A shows a schematic cross section of a cellulose I fibril containing 4 microfibrils.
Each microfibril is composed of many parallel glucose chains, shown from an end-on view as
blue dots. Within the crystalline core of a microfibril, depicted as the purple region at the center
of each microfibril, I, and I represent triclinic and monoclinic unit cell packings of crystalline
cellulose, and I+ @ mixture of these. Among the crystalline packings, the Ig monoclinic structure
is thermodynamically most stable.!!?? The crystalline core is surrounded by a para-crystalline
domain (Para, teal), which is less ordered and possesses higher molecular mobility than the more
crystalline regions.?® The fibril also has accessible surface (AS, light green), inaccessible surface
(TAS, green) buried by packing of the microfibrils, and linkages between xylan and cellulose
(Xylan-Cellulose, gray spheres). Each of these substructures can be associated with C4
resonances in the CP/MAS NMR spectra (Figure 4.3B), and as shown below, can be

differentially altered by GVL treatment, temperature, and enzyme hydrolysis.
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Figure 4.3: A. A proposed structure of cellulose within the microfibril adapted from literature.® B.
Comparison of peak identification from literature depiction spectral fitting of Kraft pulp cellulose from
Hult et al.28 and labelled spectral fitting of the C4 carbon center of DS 140 treated P39 poplar from this
work.
Figure 4.3B, top panel shows literature results from spectral fitting of C4 resonance peaks in
the CP/MAS NMR spectra of cellulose microfibrils in Kraft pulp?®, while Figure 4.3B, bottom
panel shows comparable fitting for a GVL-treated P39 poplar sample from this work

(comparable spectral fitting for GVL-treated NM6 poplar are shown in SI). Based on previous

spectral fitting of the overall C4 resonance of the NMR spectra®’2%2%37 we were able to identify

several unique structural elements in GVL poplar. Table 4.1 lists the chemical shifts and full
width half maximum values obtained from peak fitting of the cellulose fibril domains in P39 and
NMG6 poplar subjected to GVL delignification (DL, 100°C) and desaccharification (DS, 140°C).
The spectral fitting procedure is described in greater detail in the Supporting Information section,

Figure S4.1, and Figure S4.2. Changes in fractional areas of these resonances resulting from

GVL treatment and enzyme hydrolysis are reported next.
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Table 4.1: Chemical shifts (ppm) and full width half maxima (FWHM) for C4 peak assignments of P39
and NM6 poplar residual celluloses after chemical pretreatment with GVL-water co-solvent mild

acidolysis.
P39 Assignments NM6 Assignments
Cellulose Fibril Domains
ppm +/-* FWHM +/- | ppm +/- FWHM +/-

| 89.12 0.01 046 0.03] 89.16 0.09 047 0.00
Lo+p 88.44 0.01 0.53 0.03] 88.44 0.02 0.53 0.00
Para-crystalline 88.25 0.03 2.00 0.00] 88.30 0.00 2.00 0.00
Ip 87.67 0.02 1.18 0.00] 87.60 0.00 1.18 0.00
Accessible fibril surface 83.93 0.02 0.88 0.00] 83.93 0.01 0.87 0.00
Inaccessible fibril surface 83.66 0.03 3.54 0.54] 83.58 0.02 3.80 0.36
Accessible fibril surface 82.94 0.02 0.74 0.00] 82.93 0.03 0.74 0.00
xylan-cellulose 81.40 0.12 0.87 0.23| &81.47 0.12 1.03 0.39

2 Errors shown are standard error.

Compared to the reference spectrum of Kraft pulp, GVL-treated P39 poplar also contains I

and Iq+p fractions and an additional I, fraction in the crystalline core (Figure 4.3B). These peaks

were fit with a Lorentzian distribution to reflect the high degree of organization that results in a

narrow distribution of isotropic shift and a signal dominated by life-time line broadening.?’ The

surrounding para-crystalline fraction, centered at ~88 ppm, was fit with a Gaussian distribution

reflecting the higher degree of disorder in this cellulose form. The broad resonance between 80

and 86 ppm consists of two sharp, Gaussian peaks correlated to two distinct, inequivalent

accessible fibril surfaces (Figure 4.3, AS).? A broad, Gaussian resonance overlapping the

accessible surface peaks represents cellulose from inaccessible fibril surfaces (Figure 4.3, IAS),

which has been shown to be largely unaffected by various solvent-based degradation
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methods.?’*® Compared to the Kraft pulp reference spectrum, the GVL P39 poplar sample
contains a substantially depleted xylan-cellulose fraction centered at 81 ppm, representing the

hydrogen bonded interaction between xylan and cellulose microfibrils.?”-*8

Enzymatic hydrolysis of residual cellulose and X

Our previous work established a linear relationship?’ between increasing Xxwmr, defined as the
ratio of the integrated area between ~90 - 86 ppm to the integrated area of the total C4 resonance,
and increasing sugar yields from enzyme hydrolysis. Physically, Xxmr represents a loosely
defined relationship between the core domains (crystalline and para-crystalline) to the total
composition of cellulose sample. This linear relationship held for P39 poplar samples undergoing
GVL treatment with different co-solvents, as well as for different biomass feedstock undergoing
delignification at 100°C followed by desaccharification at 140°C.

Here we improve on the predictive power of Xnmr by using spectral fitting and literature-
defined parameters to determine the fractional areas of crystalline, para-crystalline, and surface

domains contributing to structure-informed ratio named X,

Area (Ia + Ig +1gp + para)
Area (Ia + Ig +14ip + para + IAS + AS + xylan)

Xrip =

For these enzyme hydrolysis studies, P39 and NM6 poplar, sorghum, and switchgrass were
subjected to GVL-assisted delignification at 100°C and then desaccharification at either 120 or
140°C. The solid remaining from the treated samples were washed, filtered, and subjected to
enzymatic hydrolysis using a single enzyme, CelR from H. thermocellum, or CTec3, an

industrially optimized multi-enzyme mixture (e.g. cellulases, hemicellulases, glucosidases, etc).
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CelR is a member of glycoside hydrolase family GH9 from H. thermocellum, where the

natural enzyme is part of the cellulosomal complex. For this work, an engineered enzyme

consisting of the naturally occurring GH9 catalytic and carbohydrate binding module CBM3c

was fused to a C-terminal CBM3a. CelR preferentially converts hexosaccharides into

cellobiose.*® CelR produces various soluble oligosaccharides from reaction with amorphous

cellulose, and lesser reactivity with Avicel (a processed form of cellulose).*
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Figure 4.4: X5 vs. theoretical maximum of enzymatic sugar yield using A. CelR and B. CTec3 out of the
percent of theoretical maximum cellulose for P39 poplar, NM6 poplar, sorghum, and switchgrass after
various GVL hydrolysis pretreatments. The theoretical maxima for cellulose sugar yields are calculated

out of the available cellulose fraction measured by composition analysis for each GVL-treated sample
(see Table S4.2). Linear fit parameters for A. poplar: slope = 127.3, R?>=0.82, grasses: slope = 138.0,

R2=0.76 and B. poplar: slope = 514.04, R>=0.93, grasses: slope = 458.6, R>=0.78. Enzymatic hydrolysis
conditions: 1 mg/mL GVL-treated biomass and 0.1 mg/mL CelR or CTec3 (10 wt.% cellulase) in 0.1 M
phosphate buffer, pH 6.0, 1 mL total volume, 24 h reaction time at 50 °C with shaking. Unfilled, half-

filled, and filled symbols represent the DL 100°C, DS 120°C, and DS 140°C treatment conditions,
respectively.

Figure 4.4 shows linear correlations between Xg: and improved enzyme hydrolysis for P39

and NM6 poplar, switchgrass, and sorghum. All samples that underwent only delignification

give a X value less than 0.5. P39 and NM6 poplars show close agreement in Xf as the treatment
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severity 1s increased, yielding up to 21% of the theoretical maximum sugar yield by CelR (Figure
4.4A) after desaccharification at 140°C. While both poplar samples lay on a similar trendline,
both grasses examined in this work, 2019 crops of sorghum and switchgrass, show considerable
offset from the poplar samples. For grass samples, the sugar yields show a consistent shift to
lower Xf values. Across all samples, no enzymatic activity was observed from CelR after the DL
treatment at 100 °C, and less than 10% soluble sugar was obtained from CTec3 (Figure 4.4B).
The multi-enzyme CTec3 blend was able to provide complete hydrolysis of poplar samples at Xs¢
value of ~0.6 (achieved at 140°C) and of grass samples at X5 ~0.5 (achieved at 120°C,). For
comparison, the single enzyme CelR achieve 20-27% hydrolysis at these same Xy values.
Linear, overlapping trends of P39 and NM6 poplar are still observed for enzymatic conversion
over CTec3, as well as for switchgrass and sorghum.

The application of the X& analysis to the yields from CelR hydrolysis expands upon
previously reported enzymatic reactivity with GVL-treated substrates?® and presents the
additional potential to identify specific cellulose substructures contributing to recalcitrance by

monitoring each domain throughout the pretreatment process.

Spectral Fitting of CP/MAS NMR Spectra from GVL-Poplar Treatment
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Figure 4.5: Changes of fitted cellulose domains resulting from GVL pretreatments of A. P39 and B. NM6
poplar. The percent of C4 concentration in each domain is out of the total carbon (area, 100% total)
present in the C4 resonance. Concentrations of each domain are then normalized to the cellulose content
remaining compared to the total cellulose content of the DL 100 sample (determined by the HPLC
analysis, see Table S4.4 for scaling factors) and reflect the conversion of cellulose from hydrolysis
reactions and/or structurally rearrangement during the GVL treatment. See Figure 4.1 for GVL-assisted

hydrolysis conditions.

Figure 4.5 shows changes in relative proportions of the cellulose fibril domains from Table

4.1 after GVL treatment of P39 and NM6 poplar by peak fitting following procedures outlined in

the Supporting Information section. Figure 4.5 demonstrates that changes in the cellulose

structure throughout hydrolysis with the GVL pretreatment are detectable as changes in the

proportions of microenvironments within the cellulosic microfibrils. A decrease in the

normalized % C4 concentration indicates hydrolysis of a domain by the GVL co-solvent system,

whereas an increase suggests the formation of more cellulose within a domain. We note that the

normalization adjusts the total peak area to reflect the mass balance as the samples undergo

cellulose conversion. The sum of all domains for each treatment condition sum to the total

cellulosic carbon remaining compared to the total carbon in the DL 100 sample (e.g. all domains
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for the P39 DL 100 sample sum to 100%, while P39 DS 120 domains sum to 93%, see Table
S4.4)

Large changes were observed within some of the microfibril domains during pretreatment.
Xylan units disappear after the 120°C desaccharification, suggesting that xylan bound to the
surface of the cellulose microfibril is solubilized and removed by the GVL solution at this
pretreatment condition. The resonance peak assigned to inaccessible surface area also decreases
throughout each GVL hydrolysis step. The para-crystalline region consistently decreases
throughout GVL-assisted hydrolysis. Although little change in the normalized proportion of the
I, and Io+p core populations are observed during the pretreatment, the Ig peak shows a significant
increase after DS 120°C. Hydrolysis with the mildly acidic GVL-water co-solvent completely
hydrolyzes all cellulose domains, including Ig, at 160°C for 1 h, as no residual solid fraction
remain after this treatment, and unwanted degradation products are produced.

These trends were further confirmed for the GVL hydrolysis of NM6 poplar. Figure 4.5B
depicts how the GVL hydrolysis of NM6 poplar mirrors the decreasing inaccessible and para-
crystalline populations throughout increasing treatment severity seen in P39 poplar. This analysis
was not possible on grass feeds, as the NMR spectra of the crystalline regions overlapped too

significantly to differentiate I, and I core regions to a reasonable degree of certainty.

Spectral Fitting of CP/MAS NMR Spectra from CelR Hydrolysis of GVL-Poplar
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Figure 4.6: Changes in fitted cellulose domains in GVL pretreated P39 poplar after enzymatic hydrolysis
by CelR (0, 27, and 47% conversion). The percent of C4 concentration in each domain is out of the total
carbon (area) present in the C4 resonance. Concentrations of each domain are then normalized to the
cellulose content remaining compared to the total cellulose content of the DL 100 sample (determined by
the reducing sugar colorimetric assay, see Table S4.4 for scaling factors) and changes in peak area reflect
the conversion of cellulose from hydrolysis reactions and/or structural rearrangement during the GVL
treatment. Enzymatic hydrolysis conditions: 20 mg/mL GVL-treated biomass and 2 mg/mL CelR (10
wt.% CelR) in 0.1 M phosphate buffer, pH 6.0, 30 mL total volume, 24 h or 72 h reaction time at 70 °C
with no shaking.

C4 carbon center spectral fitting was performed on GVL-treated P39 biomass samples after
desaccharification at 140°C and hydrolysis by CelR. This GVL pretreatment condition was
chosen because it was most readily hydrolyzed by CelR, depicted in Figure 4.4. DS 140°C
samples before and after enzymatic digestion were analyzed to understand how CelR attacks and
proceeds to convert GVL pretreated solids, as well as why CelR did not achieve 100%
conversion of the pretreated cellulose in previous investigations. As described previously, the
total Cy4 spectral area was normalized to the cellulosic carbon content of the DL 100°C biomass
sample, and a loss of concentration reflects conversion of cellulose from that domain by CelR.

Upon 27 and 47% hydrolysis of DS 140°C solids with CelR, all regions within the cellulose

microfibril show evidence of conversion except the I region. The para-crystalline region within
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the microfibril cores and the inaccessible fibril surfaces appear to undergo the greatest
conversion. Interestingly, the “least ordered” crystalline domain, para-crystalline cellulose,
shows the most significant hydrolysis, followed by inaccessible surface cellulose. A significant
decrease in the accessible surface domain was observed at the higher percentage of enzymatic

conversion. All other crystalline regions showed moderate digestion.

Table 4.2: Xp, Lateral Fibril Dimension (LFD) and Lateral Fibril Aggregate Dimension (LFAD)
estimations for P39 and NM6 poplar based on NMR populations.

P39 Poplar NMG6 Poplar

LFDP LFAD® LFDP LFAD®
Treatment | Xg* X"

(nm) (nm) (nm) (nm)
DL 100 0.47 4.0 18.5¢ 0.43 3.4 18.5°
DS 120 0.51 4.2 12.9 0.53 4.2 15.8¢
DS 140 0.60 55 15.8° 0.62 5.1 15.8
CelR 27% 0.64 6.1 16.1 -- -- --
CelR 47% 0.68 6.3 18.6 - -- --

 Standard errors are less than 0.02
® Standard errors are less than 0.12 nm
¢ Standard errors are typically less than 1.0 nm unless noted otherwise
d-¢ Standard error of d: 3.8 nm, e: 2.1 nm. f: 4.2 nm, g: 1.6 nm

In Table 4.2, Xs: values are compared after all GVL-assisted treatment conditions and after
enzymatic hydrolysis conditions examined in Figure 4.5-Figure 4.6. Xr parameters increase with
increased GVL pretreatment severity for both poplar samples, in agreement with literature trends

of increasing cellulose crystallinity after enzymatic hydrolysis of organosolv pretreated Loblolly

pine."® Both poplar samples reach a maximum X parameter of ~0.60 for the 140°C



141

desaccharification. Upon reaction with CelR, crystallinity estimates through Xs: increases further
for P39 poplar to 0.68.

Estimations regarding the fibril geometry and dimensions can be calculated with the fitted C4
domain compositions by assuming a square cross section of the cellulose fibril aggregate,
described in detail in the literature.?’*° In brief, concentrations of domains can be correlated to
cellulose microfibril and fibril aggregate dimension by assuming a standard microfibril

1‘27

geometry, in this case assuming a square fibril cross section as applied in Wickholm et al.*” For a

square cross section, the fraction of signal intensity of cellulose at the fibril surface, g, is
represented by q=4n—4n2

(Eq. 1:

(Eq. 1)

In this equation, g can represent the fraction of accessible surface of cellulose or the fraction
of all surfaces (accessible and inaccessible) to the bulk. When g represents the former, solving
for n constitutes the estimated number of cellulose chains along the full width of the fibril
aggregate (shown in Figure 4.3A) , and when g represents all accessible and inaccessible
surfaces, n estimates the number of cellulose chains along the length of a microfibril within the
aggregate (one quarter of the cross section of Figure 4.3A. The width of a cellulose strand was
assumed to be 0.57 nm.*

Fibril dimensions estimated for P39 and NM6 poplar range between 3.4 and 6.5 nm. These
values fall within ranges reported in the literature for cellulose type I, which is common to higher

plants.>? Lateral fibril dimension of both poplar samples increases as the GVL hydrolysis

becomes more severe, and increases further after enzymatic hydrolysis by CelR.
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After desaccharification is performed on the delignified sample, the lateral fibril aggregate
size decreases despite an increase in lateral fibril dimension. The P39 poplar shows a larger
decrease in the aggregate dimension at DS 120°C, while both P39 and NM6 samples show the
same aggregate dimension of 15.8 nm after treatment at DS 140°C conditions. After the DS

140°C sample is hydrolyzed by CelR, the estimated fibril aggregate dimension increases slightly.

Wide Angle X-ray Scattering Analysis

Table 4.3: Segal Crystallinity Index (CrI) , coherence length (L), and lattice spacing (d) for the (200)
plane of cellulose microfibril and a schematic of cellulose microfibril cross section, denoting lattice
spacing and coherence length for the (200) plane, adapted from [41,42].
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 Errors are less than 0.006
® Errors are less than 0.04 nm
¢ Errors are less than 0.003 A
While solid-state NMR measures populations of carbon spins within different magnetic
environments across the bulk residual cellulose sample, wide angle X-ray scattering (WAXS)
measures changes in lattice spacing between planes within a specific crystalline cellulose matrix.
Segal crystallinity index (Crl) measurements from WAXS analysis on GVL-treated, P39 poplar

samples confirmed trends of increasing crystallinity observed from solid-state NMR results. Crl

values show strong agreement with the values determined from Xgt.
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Table 4.3 depicts WAXS measurements of the lattice spacing, d, and coherence length, L, in
the (200) plane of crystalline cellulose. The corresponding equations to calculate these
measurements are described in the SI. The results show statistically significant growth of the
lateral coherence length. Additionally, measurement of the lattice spacing in the (200) plane
shows a statistically significant decrease from 4.05 to 4.01 A in the space between parallel sheets

of crystalline cellulose.

Discussion:

This work extends our previous findings from solid-state nuclear magnetic resonance (NMR)
spectroscopy to identify defining features of residual cellulose in various solvent-pretreated
biomasses and correlate them with enzymatic sugar yields. Additional quantitative and structural
information has been obtained by definition of a parameter Xs:, which incorporates changes in
spectral properties of different allomorphs of cellulose, and permits tracking of changes in their
relative proportions during GVL treatment.

Both poplar and grasses were effectively deconstructed by GVL treatment, albeit with some
difference in properties and offset in optimal temperature for GVL treatment needed. The trends
displayed in Figure 4.2 demonstrate that extraction of the three major fractions within biomass is
optimized at different temperature of the GVL pretreatment. Hemicellulose is the easiest major
fraction to remove but succumbs to degradation at moderate desaccharification temperatures
(140°C). Furthermore, as evidenced by the low amount of solubilized Ce sugar, the desired
cellulose yields are maximized at moderate desaccharification temperatures (140°C). As with
hemicellulose, cellulose can be fully solubilized with 160°C treatment, albeit with mounting

consequences of thermal degradation on the yields of soluble sugars. Clearly, there is no one
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temperature for optimized extraction of all solubilized fractions for the GVL pretreatment
conditions examined in this work, and optimal conditions must be selected based on the desired
fraction for solubilization.

Given this limitation and the significant degradation at full solubilization (DS 160°C), a
partial solubilization of GVL treated biomass combined with enzymatic hydrolysis of remaining
solids was determined the most promising method to increase overall sugar yields. To explore
the combined process of GVL and enzymatic hydrolysis in more detail residual solids from DL
100, DS 120, and DS 140°C treatments were analyzed using solid-state NMR spectroscopy and
underwent enzymatic hydrolysis in hopes of attaining full biomass fractionation and
understanding the mechanism of cellulose degradation.

Comparison of increasing Xp: values to increasing enzymatic yield of enzymatic sugars in
Figure 4.4 show separate trendlines describing the behavior of poplar and grass samples. As the
temperature of GVL treatment increased, Xs: also increased, corresponding to an increase in
crystallinity of the residual cellulose samples. Similar trends of increasing crystallinity with
increasing treatment severity were noted with dilute acid hydrothermal pretreatment of Populus
and switchgrass®! as well as pine sawdust,'? due to preferential hydrolysis of non-crystalline
material and/or recrystallization to different cellulose domains or allomorphs. The composition
analysis of the sorghum feedstock used here shows unusually high extractives content (around 30
wt.%) for sorghum (Table S4.1), which likely influenced the high hydrolysis yield with CelR at
high temperatures. These results highlight that, despite the previous hypothesis that all biomass
samples lie along the same trendline, we cannot solely rely on a single linear equation to predict
the enzymatic yields from Xs: for all biomass material as we expand to a wider array of treatment

conditions over different biomass feedstocks. However, the slopes of the trendlines are similar
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for different biomass feeds using CelR samples (127 for poplar and 138 for grasses) as well as
for Ctec3 (514 for poplar and 459 for grasses).

A considerable recalcitrance appears to exist for GVL-pretreated biomass samples when
undergoing enzymatic conversion by CelR (Figure 4.4A). To examine if this recalcitrance was
observed for other cellulase systems, a commercial enzyme cocktail, CTec3, was examined
under the same reaction conditions (Figure 4.4B). CTec3 contains a mixture of cellulases that
allowed for higher conversions of residual GVL-pretreated materials, likely through multiple
deconstruction mechanisms exhibited by various cellulases in the mixture. Importantly, the near
quantitative sugar yields after DS 140 treatment show GVL-pretreated biomass samples can be
readily hydrolyzed by the stronger enzymatic cocktail.

While identical enzymatic hydrolysis conditions with CelR yielded significantly less sugar
than with CTec3 (roughly 25% of DS 140°C samples were hydrolyzed by CelR), CelR still
converted roughly 25% of sugars in the DS 140°C sample as a single, genetically engineered
exocellulase, without the aid of any additional enzymes. This result suggests that CelR could be
implemented in a minimal enzymatic cocktail system, where a small number of enzymes are
employed to achieve similar activity of more complex enzymatic cocktail systems like CTec3
that can contain significantly more cellulases. However, investigation into the mechanism of
deconstruction for CelR is needed to understand how the engineered cellulase hydrolyzes
cellulosic matter within heterogeneous cellulose sources. This insight could determine
limitations of CelR in hydrolyzing complex biomass sources that are candidates for industrial
biomass deconstruction, like those examined here.

To probe this question, further analysis of the GVL and enzymatic residual cellulose samples

were carried out to explore structure property relationships of cellulose recalcitrance throughout
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both the GVL pretreatment and CelR hydrolysis steps. We note that switchgrass and sorghum
samples produced NMR spectra that were too broad and lacked defining features for further
spectral fitting analysis due to significant overlap of the para-crystalline and inaccessible peaks
with the more crystalline resonances. This challenge has been reported elsewhere in the
literature.*?

In Figure 4.5, relative reductions in the proportion of the xylan-cellulose linkage region after
desaccharification at 120°C agrees with the hydrolysate analysis in Figure 4.2, which shows near
complete yields of xylan-derived sugars in solution after the same treatment condition. The loss
of xylan content at DS 120°C also aligns with when the pulp first becomes enzymatically
digestible to CelR, visible in Figure 4.2A. The relative depletion of inaccessible cellulose shows
that the GVL co-solvent system readily accesses domains within the cellulose microfibril which
are reported to be inaccessible to other solvents systems like methanol and acid hydrolysis with
2.5 M HCl at 100°C.?” The increase of the relative accessible surface area after the lowest
desaccharification treatment, followed by a subsequent decrease of relative accessible surface is
not fully understood from this work but may reflect dissolution of fibrils and subsequent re-
aggregation or recrystallization behavior.

The increase in the most ordered domain, I cellulose, despite the decrease in other
crystalline domains (i.e. para-crystalline) suggests that the stronger Van Der Waals forces and
hydrogen bonds that hold I together likely contribute to this region being the last domain to be
hydrolyzed by the co-solvent system. Indeed, the I population remains relatively unconverted
even after treatment at 140°C. Similar increases in I crystalline cellulose have been reported
with dilute-acid pretreatments in water and water-ethanol organosolv.!>!> Furthermore,

recrystallization is evidenced throughout GVL pretreatment by the increase in the Iy domain after
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normalization of the cellulose content in each sample. The increase in the Ig region suggests that
more of this phase is being formed throughout treatment than was initially present in the DL
100°C sample. Therefore, the shift to higher crystallinity with increasing treatment severity is not
solely due to the removal of more labile domains. Interestingly, the increase in sample
crystallinity via the formation of new Ig cellulose at DS 120°C is also observed for residual NM6
poplar solids.

Regarding the mechanism of the GVL pretreatment on residual biomass samples, we note
that if the degradation mechanism were radial, one could expect a continuous increase in the
accessible surface population relative to the total Cs4 peak as the hydrolysis severity is increased.
This trend was not observed in our investigation, as seen in Figure S4.3. Our results suggest that
inaccessible domains “opened” during hydrolysis do not become magnetically equivalent to
accessible surface regions, as evidenced by the lack of increase in accessible domains after the
DS 140°C treatment despite significant loss of inaccessible peak populations.

The spectral fitting of CelR hydrolyzed solids (Figure 4.6) showed that CelR most readily
digests lesser bound, less crystalline cellulose within a fibril, which is consistent with previously
reported reactivity with amorphous cellulose and crystalline Avicel (Table S4.3). Pu et al.
similarly reported lower susceptibility of I cellulose to enzymatic hydrolysis when compared to
I, para-crystalline, and non-crystalline regions by a similar, commercial cellulase.?> When the
same cellulose domains are plotted along an axis comparing relative C4 proportions that are not
normalized by cellulose content, the relative accessible fibril surface concentrations increase
slightly, but still remain relatively constant (Figure S4.4). This behavior suggests that enzymatic
conversion of the cellulose fibrils by CelR is not limited to the outermost regions of the fibril but

is likely occurring at both inaccessible and para-crystalline domains within a microfibril
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aggregate. Additionally, the constant ratio of accessible surface to total C4 cellulosic carbon
suggests end-on hydrolysis, where the width of the CelR digested fibrils does not significantly
change. If CelR digested the residual cellulosic fibril aggregates via radial degradation, we
should expect an increase in relative accessible surface as the ratio of surface area to total
volume of the fibril grows.

A further examination of DS 140 solids was completed under similar degrees of enzymatic
conversion using CTec3 to determine if a preferential conversion of the Ig region was observed at
similar degrees of conversion (Figure 4.4B). Lower loadings of CTec3 were used than in earlier
CTec3 hydrolyses (Figure 4.4) to ensure that sufficient solids remained for analysis after the
reaction. At 24 and 36% conversion of cellulose by CTec3, few differences were noted between
the spectral fitting of CTec3 converted samples, indicating that the Ig region is not preferentially
digested by CTec3 at these conditions (i.e. loadings and reaction times), and that conversion of
this domain likely continues after removal of other, more labile domains (Figure S4.5).

From these results, it appears that the GVL pretreatment “clears” the surface of cellulose
from xylan and extra-cellulosic material that hinder digestion by CelR. However, GVL
pretreatment also appears to yield a more recalcitrant cellulose packing within the crystalline
core, I, which is apparently recalcitrant to CelR. This process prevents full conversion of
cellulose to smaller sugars by CelR alone. However, enzymatic cocktails, such as CTec3, which
contain diverse mixtures of enzymes, can readily digest all residual cellulosic domains, including
I at high loadings and sufficient reaction times, that appear otherwise recalcitrant to CelR.

The growth of the lateral fibril dimension (LFD) in Table 4.2 suggests a possible
restructuring via coalescence of cellulose chains, where fibril widths grow as hemicellulose and

lignin material are removed from the cellulosic matrix. Van der Waals and hydrogen bonds along
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the cellulose chain are unoccupied and available to interact with the -OH bonds along the now
accessible cellulose fibril surfaces. This change can allow for partial relaxation of fibril
distortions, as well as more continuous ordering between fibrils. However, our results cannot rule
out a deconstruction mechanism that begins on fibrils with a smaller lateral dimension, thereby
increasing the remaining bulk average lateral length as conversion proceeds. Similar increases in
lateral fibril dimensions throughout hydrothermal?®’, dilute acid*!, and enzymatic*? hydrolysis
treatments have been reported elsewhere, along with an increase in fibril aggregation.

A less clear degradation behavior is observed in the lateral fibril aggregate dimension
(LFAD) throughout hydrolysis when the aggregate dimension increases as the LFD decreases.

Foston et al.>!

also reported increase in the lateral fibril dimension of dilute acid treated biomass,
after a similar decrease in LFAD during initial dilute acid treatment. This behavior provides
evidence for the microfibril aggregates breaking apart as non-cellulosic material is fractionated
by the co-solvent-assisted pretreatment. The final increase in in LFAD after desaccharification at
140 °C could be due to the structure containing less amorphous material in the crystalline lattice
(as described regarding Figure 4.5), likely further encouraging microfibril aggregation.
Comparing NMR analysis with wide angle X-ray scattering (WAXS) data (Table 4.3) the
crystallinity index (Crl) gave crystallinity estimates that were in agreement with Xg.. The growth
in lateral coherence length, L, provide further support for a growing average lateral fibril
dimension, similarly suggested from NMR. Furthermore, the decrease in the lattice spacing (d)
of the (200) plane is consistent with a tightening of the crystalline lattice structure within the core
cellulose as the GVL treatment severity increases, causing the crystalline cores to become more

tightly packed. The WAXS measurements confirmed that the average spacing within crystalline

domains became more densely packed while the lateral fibril dimension in the (200) plane
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increased throughout the GVL pretreatment. These results agree with the changes in proportion
of decomposed peaks from solid-state NMR showing a transition in crystalline domains to the I
population, which is a tighter core packing of crystalline cellulose. This behavior points toward a
restructuring of the crystalline cellulose during chemical treatment at moderate temperatures
examined in the proposed pretreatment method, as well as aggregation of cellulose strands onto
previously existing microfibrils as non-cellulosic material is solubilized and less ordered

cellulose is removed from the matrix.

Conclusions:

In this study, we examined a mildly acidic GVL-H>O co-solvent pretreatment of two poplar
and two grass feedstocks using hydrolysate analysis, solid-state NMR, and WAXS
characterization techniques. A solid-state NMR crystallinity estimate, X, was used to quantify
the impacts of GVL treatment and enzymatic hydrolysis on crystalline, surface and other
structural domains in cellulose. X gave predictive, linear trendlines depending on biomass
feedstock type when examining different biomass samples over a wider range of GVL
pretreatment conditions. Hemicellulose sugar solubilization throughout the GVL pretreatment
was favored at the lowest desaccharification temperature examined, 120°C, after a lignin removal
step and cellulose sugar solubilization was favored at a higher desaccharification temperature,
140°C. At higher temperatures, these sugars were degraded to undesired products. Tracking the
evolution of cellulose microfibril domains in P39 and NM6 poplar samples throughout GVL-
water mild acidolysis showed the removal of xylan-cellulose linkages after delignification at
100°C. With increasing treatment severity, there was a progressive depletion of para-crystalline

and inaccessible surface domains. These changes were accompanied by an increase in the core I
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domain, suggesting a restructuring to a more ordered, crystalline cellulose. WAXS analysis
showed a shrinking of the lattice spacing between the (200) crystalline plane with increasing
GVL pretreatment severity, indicating a tightening of the crystalline cellulose matrix. Studies of
P39 poplar after enzymatic hydrolysis revealed that the most crystalline domain of the core
cellulose, I, was resistant to hydrolysis by the single enzyme CelR. In contrast, the multi-
enzyme blend CTec3 was able to fully hydrolyze GVL cellulose. This work provides
mechanistic understanding of how microfibrils change throughout GVL-treatment and enzymatic
hydrolysis. Changes in the spectral signatures of various cellulose substructure provide insight
into the origins of enzymatic cellulose recalcitrance and can guide future GVL assisted and
chemical hydrolysis methods in pursuit of efficient, solvent-assisted biomass conversion and

utilization.

Experimental Section:
Materials

5 mm debarked poplar (P39 and NM6), switchgrass, and sorghum chips were received from
the Great Lakes Bioenergy Research Center (GLBRC) and underwent no additional
pretreatments. 18 MQ Milli-Q water, y-valerolactone (GVL; Sigma, 95%), and sulfuric acid
(Sigma, 98 wt.%) were obtained and used as received. CelR-CBM3a consists of the
Hungateiclostridium thermocellum cellulase CelR (GenBank: CAE51308.1, residues 31-642, the
GH9 and CBM3c domains) with an additional 48 residue CipA-native linker connecting to the
153 residue CBM3a from the CipA scaffolding protein. The expression plasmid, under lac

operon control, was expressed and purified at scale by a third-party vendor.
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Sample Preparation and GVL-water Co-solvent Acidolysis

30 g of untreated 5 mm chips of the desired feedstock were loaded into a 450 mL Parr reactor
with 300 mL of the desired ratio of GVL to water (90:10 or 80:20 wt%) and 100 mM sulfuric
acid catalyst. Reactors were stirred with overhead mechanical stirring and placed in a furnace set
to the desired reaction temperature. Once the system reached the set temperature, it was held for
1 h before quenching with an ice bath. Liquid and solid contents were separated with vacuum
filtration through a fine mesh glass filter and washed (if needed) with excess Milli-Q water while
stirring the slurry. Separated, washed solids and liquid hydrolysate solutions were analyzed with
different techniques described below (NMR, HPLC, etc). For samples undergoing
desaccharification, solids separated from the delignification reactor were filtered, roughly six
grams of solids were removed and washed for analysis, and the remainder was loaded into the
reactor without additional washing or treatment for the second step: desaccharification at 120,

140, or 160°C.

Hydrolysis of Solubilized Sugars, HPLC Analysis, and Lignin Quantification

Liquid hydrolysate samples were analyzed with methods described in detail elsewhere.?°
Briefly, samples were diluted 10 times by weight in Milli-Q water, filtered with a 0.2 um PTFE
syringe filter, and analyzed with a Shimadzu-1020 HPLC equipped with a BioRad HPX-87H
proton-based ion exclusion column and refractive index and UV-vis scanning photo diode array
detectors. All diluted samples underwent an additional hydrolysis step for 1 h at 120°C in 3 wt%
H>SO4 to reduce depolymerized glucose and xylose oligomers. Oligomer content was added to
the glucose and xylose yields to determine total soluble carbohydrate content. Lignin was

precipitated from the hydrolysate solution by ten times dilution in water and followed by
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centrifugation. Solids were washed with centrifugation and flash frozen before weighing to

determine lignin yield.

Enzymatic Hydrolysis of Residual Solids

Reactions were prepared with 1 mg/mL GVL-treated biomass and 0.1 mg/mLof either CelR
or CTec3 in 0.1 M phosphate buffer at pH 6.0 in a 1 mL total volume. Reactions were incubated
for 24 h at 50°C with 1050 rpm (0.0185 g) shaking in a Heidolph Titramax 1000 using a
Heildoph Inkubator 1000 to control temperature. Reactions were centrifuged for 5 min at 21130
g after incubation to pellet any residual solids and the concentration of soluble sugar was
determined via the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Briefly, 100 uL of
BCA working solution and 5 pL of reaction supernatant were heated at 80°C for 15 min. Control
samples contained either CelR only, GVL-treated biomass only, or buffer only; and a glucose
standard curve was used to convert absorbance units to mg/mL reducing sugar in solution.
Reactions were prepared in quadruplet for each condition, with reaction supernatant being
sampled in triplicate. High conversion CelR samples (27 and 47% conversion CelR samples)
underwent reaction conditions of: 2 mg CelR/mL, 20 mg residual solids/mL, 30 mL final volume,
0.1 M phosphate buffer with pH of 6.0, 70°C, no shaking, and 24 or 72 hours incubation for 27
and 47% conversion, respectively. High conversion CTec3 samples (24 and 36% conversion
CTec3 samples) underwent reaction conditions of: 0.4 mg CTec3/mL, 20 mg residual solids/mL,
25 mL final volume, pH 5.0, 0.1 M acetate buffer, 52.5°C, no shaking, and 24 or 96 hours

incubation for 24 and 36% conversion, respectively.

Native Biomass Analyses via NREL Mass Closure Method
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Native biomass was prepared by milling to a 60-mesh particle size using a Wiley mill.
The moisture and ash content of the milled biomass was analyzed via thermogravimetric analysis
(Mettler Toledo TGA/DSC 3+). The biomass was extracted with hot water followed by hot
ethanol to collect and analyze-soluble components. Both extracted fractions were dried and
gravimetrically weighed for total extractive composition. The water extracted fraction was
further assayed to quantify the water soluble sugar composition (glucose, fructose, and sucrose)
and water soluble oligosaccharide composition. Freely soluble sugars were directly assayed
using HPLC analysis (Agilent Infinity 1260 equipped with an RID detector using the BioRad
Aminex HPX-87P column). Oligosaccharide composition analysis was performed on the water
extracted fraction using 2M TFA hydrolysis followed by the alditol acetate procedure for
GC/MS analysis (Agilent 7890 / 5975C). The extractives-free biomass was oven dried at 50°C
overnight and subsequently assayed for moisture and ash. The lignin content and carbohydrate
composition were assayed using the two-stage sulfuric acid hydrolysis described by the NREL
procedure.** Monosaccharides from the hydrolysate fraction were quantitated via HPLC analysis
(Agilent Infinity 1260 equipped with an RID detector using the BioRad Aminex HPX-87P
column). The HPLC vials used for the monosaccharide composition were re-assayed on the
HPLC system using a BioRad Aminex HPX-87H column to determine the acetyl content. The
hydrolysate fraction was assayed for the acid soluble lignin content via UV spectrometry
(Molecular Devices SpectraMax Plus 384). The acid insoluble residue remaining after the second
stage acid hydrolysis was collected via filtration, dried, then gravimetrically assayed. After the
gravimetric analysis, the residue was further analyzed using thermogravimetric analysis (Mettler

Toledo TGA/DSC 3+) to determine the acid insoluble lignin content.
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B3C Cross-Polarization Magic-Angle-Spinning (CP/MAS) NMR and Proton Spin-Relaxation
Editing (PSRE)

Washed, never dried residual solid samples were analyzed with solid-state NMR techniques
described in detail elsewhere.?’ Roughly 200 mg of solvent-pretreated sample was packed into a
4mm thin-walled silicon nitride rotor with Kel-F caps. *C spectra were acquired on a 500 MHz
Bruker Avance I1I spectrometer with a proton radio frequency of 500.22 MHz and a *C
frequency of 125.76 MHz. Rotors were spun in a 4mm Doty Scientific DI4 CPMAS probe at 4
kHz and 90° pulse lengths of 2.30 and 4.55 us were used for 'H and *C, respectively. During
spin-locking, the spin-lock radiofrequency strength was yBu/ (2n) = 46 kHz for a time of
3—10000 ps, A 0.3 s acquisition time and an 8 s recycle delay between scans were implemented
with a cross-polarization contact time of 2000 ps with a 70-100% ramp at a 99.53 kHz
radiofrequency strength. A spinal64 decoupler® with a radiofrequency of 100 kHz was applied
during acquisition. A secondary reference to the upfield adamantane peak at 28.7 ppm was used

to indirectly reference the '*C spectra to TMS.

Spectral fitting of C4 NMR Peak

A non-linear, least squares solver was used in DMFit software*® to fit C4 cellulose subpeaks
following methods described by Larsson et al.? Initial guesses for chemical shifts and peak
widths were taken from fits reported in literature on similar kraft pulp samples.?® DMFit applies
a mismatch criterion and minimization algorithm using the quadratic distance between the
experimental and modelled spectrum and iterates to a local minimum, without making additional
assumptions about the dataset. This process is described in more detail in the Supporting

Information section, Figure S4.1, and Figure S4.2.
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Wide Angle X-Ray Scattering (WAXS) sample preparation, measurement, and analysis

GVL treated poplar samples were air dried. 2.0 g of dried sample were milled with a
Wiley mill at 100 mesh, then in a RETSCH CryoMill at 25 Hz for 30 s. The powders were
pressed into pellets of 3 mm diameter and 0.3 - 0.5 mm thickness. Transmission WAXS was
performed using a Xenocs Xeuss 2.0 instrument under vacuum. WAXS images were reduced to
1D data using Nika software.*” WAXS plots were normalized by pellet thickness. Background
subtraction prior to crystallinity analyses was performed using a two-point linear background.
Crystalline and amorphous peaks were fitted to Gaussians. Crystallinity index was calculated by
deconvoluting peaks or reflections, and is defined as the ratio of the area of crystalline cellulose
peaks to the area of the entire diffraction curve.*® Further description of WAXS calculations and

GVL-treated sample raw data can be found in the Supporting Information (Figure S4.6).
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Table S4.1. Mass Closure analysis on a dry basis of feedstocks for P39 Poplar, NM6 Poplar, Switchgrass,
and Sorghum. Moisture analysis for feedstocks averaged 3.5 wt% + 0.1 wt%. Mass closure analysis
reflects this moisture content. Extractives content includes water and ethanol soluble extractives.
Cellulose content consists of glucose, and hemicellulose content consists of xylose, arabinose, mannose,
and galactose, and acetals. Lignin content is composed of acid soluble and acid insoluble lignin.

wt% wt% wt% (wt% wt% (wt%  (wt%
biomass extractives |cellulose [xylan [lignin |[Ash |proteins Total
2018 P39 Poplar, native 4.4 509 | 24.0 |20.0 | 0.17 23 | 1018
2018 NM6 Poplar, native 5.5 45.1 | 23.7 242 | 0.33 1.97 | 100.8
2019 Sorghum, native 29.7 289 | 23.5 |12.0 | 494 530 | 1043
2019 Switchgrass, native 11.4 34.1 | 29.8 |19.0 | 3.31 4.48 | 102.2

Table S4.2. Composition analysis of GVL treated P39 Poplar, NM6 Poplar, Switchgrass, and Sorghum
on a dry basis. All poplar values were based off the values quantified for NM6 Poplar. The cellulose
fraction consists of glucose, the hemicellulose fraction consists of xylose, arabinose, mannose, and
galactose, and the lignin content consists of acid soluble and acid insoluble lignin.

wt% wt% wt% wt% wt% wt.%
biomass extractives [cellulose |xylan lignin ash Total
NM6 DL100 0 67.6 15.7 18.2 0.0 101.5
NMé6 DS120 0 90.2 4.7 8.4 0.2 103.4
NMé6 DS140 0 95.6 0.0 3.6 0.6 99.8
Sorghum DL100 0 67.6 14.3 9.2 3.2 94.3
Sorghum DS120 0 88.7 1.7 3.1 3.2 96.7
Sorghum DS140 0 88.8 1.0 2.1 6.4 98.3
Switchgrass DL100 0 60.9 14.4 15.6 2.0 92.9
Switchgrass DS120 0 86.5 1.8 6.8 3.0 98.1
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Switchgrass DS140 1.1 5.6

5.1 ‘ 98.6

0 ‘ 86.8

Table S4.3: Enzymatic reactivity of commercial substrates PASC and Avicel, representing amorphous
and crystalline cellulose samples by CelR. Enzymatic hydrolysis conditions: 1 mg/mL GVL-treated
biomass and 0.1 mg/mL CelR or CTec3 in 0.1 M phosphate buffer, pH 6.0, 1 mL total volume, 24 h

reaction time at 50 °C with shaking. digestion with 10 wt.% CelR cellulase on 1 mg/mL GVL pretreated
solids in 1mL volume for 24 h at 50 °C with shaking.

Substrate CelR sugar yield / % theor. Max.
PASC (Phosphoric Acid Swollen Cellulose 63
Avicel 3

Procedure for spectral fitting of C4 resonance in the >C CP/MAS NMR spectra

Spectral fitting was completed on the C4 resonance of spectra that underwent a spin lock of
either 6,000 or 10,000 pus. The PSRE method was not used for the spectral fitting analysis, since
comparison of the C4 resonance of the PSRE resulting spectrum to the spectra resulting from a
spin lock time >6,000 ps showed line shapes that closely aligned. Furthermore, analyzing the
spectra after only the delayed spin lock circumvented the decrease in signal to noise that
occurred from using the PSRE subtraction method, enabling the spectral fitting. Additionally,
both 6,000 and 10,000 ps spin lock times produced nearly identical line shapes for all samples
(when scaled to matching amplitudes, as shown in Figure S4.1B). Peak assignments for chemical
shifts, full width half maxima (FWHM), and line types from Hult et al.?® were used as initial
guesses. First, the crystalline peaks, accessible surface peaks, and xylan-cellulose linkage peaks
were added based on similar kraft pulp sample spectra. After accounting for shifts due to
different calibration methods used to assign the zero point of the chemical shift, FWHM were
kept near the ranges suggested in literature (= 0.05 ppm). If a parameter was not stable and

would solve to an unreasonable value or chemical shift away from the range established in
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literature, this value was locked and not allowed to fluctuate. If this parameter was the chemical
shift, the shift was assigned directly under the visible peak that corresponds to it in the spectrum.
Finally, all broad peaks (i.e. para-crystalline and the inaccessible surface peak) were assigned
based off literature chemical shifts. Full width half maxima were assigned based on literature but
also accounted for remaining residual space in the spectrum, as is seen with large fluctuations in
the accessible peak in the literature.?® 2% %>4° The decrease in FWHM of the IAS peak is
represented by the higher error for the IAS peak shown in Table 4.1. Upon removal of the two
broader peaks (IAS and paracrystalline), the standard deviation (as generated by DMFit Fitting
Software) doubles at minimum. Even when chemical shifts and FWHM are allowed to fluctuate
to unreasonable positions or values that far outlie from literature reported ranges (i.e. Figure S4.2
B and D), the quality of fit is decreased significantly. The most crystalline GVL-treated spectra
was fit first (DS140), since this spectra had the clearest crystalline peaks from which to start the
assignment process, and then the set of chemical shifts and full width half maxima generated

from the more crystalline samples was used to fit all other samples.
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A.
PSRE spectrum

10000 ps spin lock delay

92 91 90 89 88 87 86 85 84 83 82 81 80 79 78
chemical shift (ppm)

B.

6000 us spin lock delay
10000 ps spin lock delay

92 91 90 89 88 87 86 85 84 83 82 81 80 79 78
chemical shift (ppm)

Figure S4.1:. Comparisons of *C CP/MAS NMR spectra of P39 Poplar treated until desaccharification at
140°C (DS 140) using different analysis methods. A. Overlay of the C4 resonances using the PSRE
subtraction method outlined in previous work?® and the 10,000 ps spin lock delay spectrum which has not
undergone a PSRE subtraction of the amorphous spectrum. B. Overlay of two spin lock delay times
(6,000 and 10,000 ps)
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Figure S4.2: The effect of removing para-crystalline (para) and inaccessible surface area (IAS) peaks
from the spectral fitting procedure on the P39 poplar DS 140 treated C4 spectrum. A. Spectral fitting with
all peaks described in the literature and outlined in Figure 4.3. B. Spectral fitting upon removal of both
para and IAS peaks. No new restrictions were placed on the fitting parameters. As such, the left accessible
surface peak width was allowed to vary, and the I3 peak were allowed to vary along full width half
maxima (FWHM), as was the case in A. Additionally, all chemical shifts were allowed to vary, as was
also the case in A. C. Spectral fitting upon removal of both para and IAS peaks, with all peak chemical
shifts locked. D. Spectral fitting upon removal of both para and IAS peaks, with all peak chemical shifts
locked. E. Spectral fitting upon removal of both para and IAS peaks, with all peak chemical shifts and

FWHM locked.
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Table S4.4: Remaining weight percentage of P39 cellulose throughout GVL-assisted and enzymatic
hydrolysis steps, determined by high pressure liquid chromatography and reducing sugar colorimetric
assays, respectively.

Treatment Conversion of Cellulose remaining Normalization
Condition cellulose (%) | After DL 100 step (%) | factor applied to
fitting
Raw biomass 0 -- --
DL 100 6.1 100 1.00
DS 120 6.9 93 0.93
P39 DS 140 31 69 0.69
CelR 27% 27 51 0.51
CelR 47% 47 37 0.37
CTec3 24% 24 52 0.52
CTec3 36% 50 44 0.44
Raw biomass 0 -- --
DL 100 6.8 100 1.00
NM6 DS 120 9.5 91 0.91
DS 140 32 68 0.68
A s B. 50
mDS 140
DS 120
£ Y = DL 100 g 40
S >
g N i I
£ 30 ] % 30
g =
O 20 C 20
J :
- =
=10 I N = ) 10 I i
0 0
Io I(o+p) para I AS IAS AS xylan Io. I(o+B) para I8 AS IAS AS xvlan

Figure S4.3: Changes of fitted cellulose regions in the C4 peak resulting from GVL pretreatments. A, P39
and B, NM6 poplar. Concentrations of each domain are out of the total C4 population (i.e. the total C4
peak area) and sum to 100% for each condition. See Figure 4.1 in main text for GVL-assisted hydrolysis
reaction conditions.
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Figure S4.4: Changes of fitted cellulose regions in the C4 peak resulting from enzymatic hydrolysis with
CelR. Concentrations of each domain are out of the total C4 population (i.e. the total C4 peak area) and
sum to 100% for each condition. Enzymatic hydrolysis conditions: 20 mg/mL GVL-treated biomass and 2
mg/mL CelR (10 wt.% CelR) in 0.1 M phosphate buffer, pH 6.0, 30 mL total volume, 24 h or 72 h

reaction time at 70 °C with no shaking.
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Figure S4.5: Changes of fitted cellulose regions in the C4 peak resulting from enzymatic hydrolysis with
CTec3 of the P39 poplar biomass treated with DL 100 and DS 140 conditions. The percent of C4
concentration in each domain is out of the total carbon (area) present in the C4 resonance. Concentrations
of each domain are then normalized to the cellulose content remaining compared to the total cellulose
content of the DL 100 sample (determined by the reducing sugar colorimetric assay, see Table S4.4 for
scaling factors) and changes in peak area reflect the conversion of cellulose from hydrolysis reactions
and/or structural rearrangement during the GVL treatment. Enzymatic hydrolysis conditions for CTec3
0%: 20 mg/mL GVL-treated biomass and 0.4 mg/mL CTec3 (10 wt.% CTec3) in 0.1 M phosphate buffer,
pH 5.0, 30 mL total volume. 24 h or 72 h reaction time at 52.5 °C with no shaking. CTec3 0% sample
underwent aforementioned reaction conditions, but with 0 mg/mL CTec3 for 24 h reaction time.



164

140
—DL 100
~ 120
4 DS 120
2 200
B 100 (200) DS 140
3 80
=
E 60
=
= 40 (004)
) ‘ 4
4 5 ~ A
! I200) S
0 :
0 0.5 | 1.5 2 29 3 35

‘ s (A1)

Figure S4.6: WAXS plots for DL 100, DS 120, and DS 140 GVL-treated P39 poplar wood. s represents
the scattering vector and spectra are background-subtracted.

The scattering vector, s, along the horizontal axis is defined by
s =4msing /A

where 0 is the scattering angle and A is the X-ray wavelength. The lattice spacing, d, along the
(200) plane was calculated by

d(200) = s(200)/2r
where s(200) is the scattering angle along the (200) plane. L(200) is defined by the Scherrer
equation:

L(200) = KA/BcosO
where B is the full-width at half maximum of the (200) peak and K is a dimensionless shape
factor taken to be 0.9°°. The formula to determine the Segal Crystallinity Index’! is as follows:

crl = (1(200) - 1,) / 1(200)
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where I, represents the amorphous content of the sample and I(200) represents the crystalline

content.
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Abstract:

Enzyme performance is critical to the future bioeconomy based on renewable plant
materials. Plant biomass can be efficiently hydrolyzed by multifunctional cellulases (MFCs) into
sugars suitable for conversion into fuels and chemicals, and MFCs fall into three functional
categories. Recent work revealed MFCs with broad substrate specificity, dual exo-activity/endo-
activity on cellulose, and intramolecular synergy, among other novel characteristics. Binding
modules and accessory catalytic domains amplify MFC and xylanase activity in a wide variety of
ways, and processive endoglucanases achieve autosynergy on cellulose. Multidomain MFCs
from Caldicellulosiruptor are heat-tolerant, adaptable to variable cellulose crystallinity, and may
provide interchangeable scaffolds for recombinant design. Further studies of MFC properties and

their reactivity with plant biomass are recommended for increasing biorefinery yields.

Introduction:
Global efforts to reduce carbon emissions are spurring technological innovations

worldwide. As part of an integrated bioeconomy, the synthesis of fuels and bioproducts from
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renewable plant biomass may supplant petroleum-derived products, reduce net carbon emissions
and promote energy security. Inedible lignocellulosic biomass (LCB) contains vast reserves of
convertible carbohydrates and aromatics for next-generation fuel and product synthesis but
recovering these molecules from the polymeric matrix of a plant cell wall remains a significant
challenge.

Physical and chemical pretreatments render LCB susceptible to cellulases, which
hydrolyze the exposed polysaccharides into small, fermentable sugars. The complex polymeric
composition of LCB (Figure 5.1) requires several distinct enzyme activities to liberate as much
sugar as possible. While enzymatic deconstruction has several advantages over chemical
hydrolysis, enzyme cocktails are a major (up to 30%) operational expense for biorefineries [1¢].
Reducing the cost of LCB deconstruction is imperative for a viable bioeconomy to produce
renewable fuels and bioproducts at competitive prices, and enzymes are a critical cost-reduction

target.
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Figure 5.1: Simplified structure of LCB reacting with different classes of enzymes. Processive
exocellulases (blue) depolymerize cellulose from reducing or non-reducing ends. Endocellulases (yellow)
create new chain ends in amorphous regions. Hemicellulases (red) hydrolyze non-cellulose
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polysaccharides. Processive endocellulases (green) create new ends and continue to depolymerize.

Carbohydrate-targeting and lignin-targeting esterases (light gray and dark gray, resp.) remove acetyl side
chains and cleave linkages to lignin. Glucose (white hexagon), mannose (green hexagon), xylose (brown

hexagon), galactose (orange hexagon), arabinose (yellow pentagon), lignin (blue hexagon).

Recent investigations identified glycoside hydrolases (GH) with multiple catalytic
functions. Here, we define multifunctional cellulases (MFCs) as a subset of GHs that possess, at
minimum, -(1,4)-endoglucanase or cellobiohydrolase activity with two or more polysaccharide
types. Multifunctional cellulases (MFCs) may provide a route to lower enzyme costs by reducing
the complexity of enzyme cocktails while increasing efficiency of enzyme hydrolysis. This
review highlights recent discoveries, mechanistic investigations, and laboratory-scale
applications of MFCs and recommends several considerations for future technology
development. We also note that many trends in MFC research are occurring in parallel on
xylanases, spurred by the abundance of xylan in LCB and the special utilities of pentose sugars
in biosynthetic pathways [2].

Better understanding of MFCs may simplify the composition of enzyme cocktails, lower
the amount of enzyme needed, and, along with organic co-solvents, may enable the as-yet unmet
goal of biomass-agnostic deconstruction, in which a single chemoenzymatic process efficiently

deconstructs a variety of LCB feedstocks. Catalytic versatility can thus enable a more robust

bioeconomy operable across a variety of agricultural regions and climatic zones [3].

A multi-tiered view of MFCs:

We propose a novel, three-tier functional classification system (Figure 5.2) to help group
MFCs by complexity and to distinguish among the different factors contributing to
multifunctionality. Tier | MFCs consolidate breadth of substrate specificities into a single GH

active site, while Tier 2 MFCs incorporate additional non-GH domains or reaction mechanisms
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that further amplify the native activity. A Tier 3 MFC brings two or more GH domains that
catalyze closely associated steps in LCB deconstruction and may synergize in reaction on the
same substrate. Tier 3 MFCs may be built from Tier 1 and 2 components, just as the GH domains

in Tier 2 MFCs may have Tier 1 broad specificity.
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Figure 5.2: Tiers of function in MFCs. Several monospecific enzymes (left) can be replaced by a single
Tier 1 MFC (right) possessing broad substrate specificity. Tier 2 MFCs possess additional domains that
confer increased activity on native substrates by promoting processivity (left), cleaving crosslinks or
branches (right), and so on. Tier 3 enzymes combine several GH and binding domains to achieve
intramolecular synergy, for example, by xylanase-cellulase fusion (left) or endoglucanase-exoglucanase
fusion (right). Polysaccharide colors and shapes are as in Figure 5.1.

Tier 1 MFCs: broad substrate specificity in single domains:
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The simplest MFCs are single-domain GHs with broad substrate specificity. According to
the Carbohydrate-Active Enzymes Database (CAZy, http://www.cazy.org/), families enriched
with MFCs include GHS, 26, 44, 45, and 74 [4], with GHS5 being most enriched in broad-
specificity endoglucanases. GHS5 is divided into subfamilies to help map its many specificities
into sequence-similar groups [5]. GH5 endoglucanase activity often co-occurs with endoxylanase
[6-12] or endomannanase [13+e,14¢] activity, in some cases with both [15¢,16], as in subfamily
4 (GH5_4). The glucanase efficiency is typically highest (Figure 5.3), although xylanase activity
sometimes exceeds it [7], mimicking the specificity of GH10 xylanases (see ACM60945 [17]
and ACY 69972 [18] in Figure 5.3). The identification of gluco-mannanase [19], B-(1,3)(1,4)-
mixed-linkage glucanase [20,21] and xyloglucanase [22] activities demonstrates that MFCs
accept variations in sugar monomers and linkages, and also tolerate branching. Interestingly, Tier
1 MFCs from GH9 have been found in herbivorous insect genomes, with high expression in the
digestive tract and cross-reactivity on cellulose and either xylan or xyloglucan [23,24]. Critically,
some Tier 1 MFCs are as efficientas ‘specialized’ monospecific GHs on each of their multiple
substrates [25], illustrating that broad specificity and high reactivity are not mutually exclusive.
The comparable reactivity of MFCs and monospecific GHs supports the promise of MFCs in

designed enzyme cocktails.
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Figure 5.3: Specificity ratios (kca/Km) for enzymes assayed on substrates with distinct backbone
compositions. B-1,4-glucan substrates (carboxymethylcellulose and barley B-1,3-glucan, blue shades); -
1,4 mannose backbone (carob galactomannan, green); B-1,4 xylose backbone substrates (xylans from
beechwood, birchwood and oat spelt, red shades); arabinoxylan (orange). GenBank accession code (with
reference as superscript) and enzyme domain structure are shown on the left. Enzyme and CBM domains
are denoted as ovals labeled with black and white text, respectively, and linker regions are also displayed

to approximate proportional scale.

Tier 1 MFCs with more open binding clefts can tolerate a diversity of polysaccharides,

including some with non-B-(1,4) linkages or charged sugar residues [18]. For example, a dual

cellulase/xylanase from GH26 [with an (aff)8-barrel fold like that observed in GH5] [26] also

hydrolyzed anionic B-(1,4)-polyglucuronic acid in a Ca2+-independent fashion distinct from

pectate lyases. In another example, GH131 MFCs (with a B-jelly roll fold) have a widely

accessible cleft that can hydrolyze B-(1,4) and B-(1,3) bonds equally well [27]. Activity on

chitosan (the cationic, deacetylated form of chitin) is also observed in cellulases encompassing



175

several distinct folds and mechanisms [28]. Thus, MFCs are widely distributed among GH

families, offering many options for design of customized enzyme cocktails.

Tier 2 MFCs: multi-domain amplification of reactivity:

The combination of a GH and a carbohydrate-binding module (CBM) is the most
abundant example of a Tier 2 MFC and provides a mechanism to direct the reactivity of an MFC
onto different polysaccharides [29]. Various combinations of MFC and CBM can give ~10°
distribution of the specificity ratio (kcat/KM) across a breadth of hexose and pentose
polysaccharides (Figure 5.3).

CelE, a cellulosome-associated MFC from Hungateiclostridium thermocellum, is a
multidomain enzyme consisting of a GHS endoglucanase domain, a dockerin domain, and a CE2
domain. The GHS domain is a Tier 1 MFC that degrades cellulose, mannan, xylan, and several
heteropolysaccharides [15¢,29,30], while the CE domain deacetylates xylan [31] and further
exposes the hemicellulose to the GHS active site, demonstrating a Tier 2 functionality.

GH amplification can also be achieved by fusion of carbohydrate esterase (CE) domains
to xylanases from GH10 and GH11 (Figure 5.4a). When added in excess as separate proteins,
CEs can potentiate xylanases up to 20-fold on some plant biomass [32¢]. Non-covalent
‘xylanosome’ complexes can confer over threefold synergy by keeping xylanase and acetylxylan
esterase in close proximity [33]. Although some of these fusions bind to amorphous cellulose

[34], their cellulase activities have only been sparsely explored.
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(a) Xylanase Families (b) Cellulase Families

Figure 5.4: Chord plot illustration of the connections between GH and other domains in Tier 2 and 3
enzymes. Arcs connect modules present in a single gene according to separate listings in the CAZy
database. (a) Tier 2 and 3 endoxylanase (GH10, GH11) connections to CE and other GH domains. (b)
Tier 2 and 3 endoglucanase (GHS, GH6, GHS, GH9, GH44, or GH48) connections to CE, PL, other GH
domains. For simplicity, the multiple carbohydrate esterase (CE) and polysaccharide lyase (PL) families
have been merged into single composite entries.

Some xylanases, such as XynY and XynZ from H. thermocellum and Xyn10A/Fael A
from a soil consortium [35], harbor a p-feruloyl esterase domain (CE1), which cleaves linkages
to lignin and releases ferulic acid. To our knowledge, this lignin-targeting module has not been
found in cellulases, suggesting selective evolution of the most appropriate pairs of catalytic
domains in Tier 2 MFCs.

Disruption of substrate superstructure is another Tier 2 mechanism, exemplified by the
action of swollenins. Swollenins can increase the activity of both xylanases and cellulases
[36,37] up to ~3-fold by weakening the non-covalent interactions between polysaccharide
chains. Swollenin fusions to CEs [38] and xylanases [39] have shown promise, but fusions to
cellulases have been limited to expansins, the bacterial counterpart [40], and show less impact on

activity than swollenins.
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Processivity is yet another Tier 2 function that amplifies the native ability of
exocellulases to hydrolyze B-(1,4)-glucosidic linkages by threading the substrate polymer into
the active site without dissociation [41¢]. The effect is limited to crystalline cellulose and impacts
kcat rather than KM [42]. Processivity is often assisted by a tunnel-shaped active site and an
intimately associated CBM. Different exocellulase families exhibit strict specificity for reducing
(GH7 and 48) or non-reducing (GH6) ends.

Processivity is not limited to exocellulases. Processive endoglucanases (PEGs) are less
understood, but they have been found in microbes lacking a canonical exocellulase [43¢¢]. PEGs
are fascinating because they first create new chain ends by endocellulase action, and then
processively depolymerize the polysaccharide by exocellulase action (Figure 5.1, green). PEGs
found in GHS may possess CBMs from families 1, 3, or 6, although their precise function in
processivity is less clear and may even be inhibitory [44]. PEGs found in GH9 show close
association between the GH domain and a CBM3. One case was found in GH48, demonstrating

PEGs may evolve in both endoglucanase and exoglucanase families.

Tier 3 MFCs: multi-domain intramolecular synergy:

Two or more GH domains of differing (or similar) reactivity can be encoded by a single
gene (Figure 5.4b). GHS, GH26, and GH44 are three families often found fused to additional GH
domains. Fusion of endocellulase and exocellulase (or B-glucosidase) motifs may create
intramolecular synergy [45¢,46], but this is not a general rule: additional CBMs are often
required [47]. Synergy in these multidomain enzymes is a complex property, and the position of

CBM relative to GH is critical [48].
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Bacteria in the genus Caldicellulosiruptor are the top sources of Tier 3 MFCs [49¢]. Their
MFCs are composed typically of two GH domains, interspersed with one to four CBMs, mostly
from family 3 [49+,50+]. While they do not assemble into cellulosomes (which are complex
assemblies of enzymes noncovalently bound to scaffoldin proteins by dockerin/cohesion pairs),
the arrangements of GHs and CBMs in Caldicellulosiruptor MFCs recapitulate the function of
cellulosomes with superior stability and specific activity without the noncovalent assembly
domains. These MFCs also deconstruct LCB more effectively than mixtures of free fungal
enzymes, and some, like CelA from Caldicellulosiruptor bescii [S1¢¢], are agnostic to the
crystallinity index of cellulose [52]. CelA connects a GH9 PEG to a GH48 exocellulase, and the
enzyme is optimally active at 75°C. The modular assembly, thermostability, and advances in
native host expression [53] suggest considerable technological promise for Caldicellulosiruptor
MFCs.

MFC reactivity is not confined to LCB polysaccharides. Recently, a cellulase was
discovered in hot spring bacteria [54] possessing activity on agar and carrageenan (found in red
algae) and amylose (from starch). The enzyme is composed of three GH70 domains, and its
ability to degrade polycyclic, heterogeneous, and sulfated polysaccharides (in addition to both a-
glycosidic (1,4)-glycosidic bonds and B-(1,4)-glycosidic bonds) offers promise for processing

marine biomass and enzymatic synthesis of bioactive compounds [55].

Conclusions:
Tier 1 broad specificity enzymes add to a growing parts list for cellulase design, yet their
ability to degrade LCB is typically limited, despite their broad reactivity. Although

improvements in stability are common [56], it has been difficult to surpass modest improvements
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in catalytic efficiency or achieve broad specificity by sequence optimization of single domains
[57], highlighting the importance of bioprospecting for novel Tier I MFCs [58,59] and the need
for additional screening methods specifically for endo-acting MFCs.

Engineered modularity offers a different approach and greater promise for generating
new MFCs by taking advantage of Tier 2 and Tier 3 functionality. Tier 2 phenomena require
deeper mechanistic insights, including structural dynamics and other constraints on the
interacting domains. In Tier 2, fusion to CBMs and other non-GH domains can expand potential
by adding new substrate binding and kinetic mechanisms.

Tier 1 and Tier 2 MFCs are building blocks for multidomain, potentially synergistic Tier
3 enzymes. Combinatorial assembly of multi-domain Tier 3 MFCs can leverage Golden Gate
assembly [60] and other rapid domain-swapping techniques [61]. The most compatible domains
may come from families with high natural frequency of multidomain fusions, such as GHS, 9,
26, 44, and 48 (Figure 5.4b). Substituting these domains into the scaffolds of existing Tier 3
cellulases may be a promising strategy, since inter-domain interactions are sensitive to linker
length [62], and linker glycosylation can be important [63¢]. Focusing on MFCs with thermal
stability and salt tolerance will facilitate future integration with thermochemical biomass
pretreatments, which are critical to obtaining maximum sugar yields in the biorefinery.

Finally, LCB structure itself deserves equal attention if yields of monomer sugars are to
be maximized, since LCB composition varies greatly between plant species, growth, and harvest
conditions. Enzymatic deconstruction changes the properties of LCB, as do the myriad physical
and chemical treatments preceding enzyme addition. These changes impact the amount and
quality of lignin residue, the valorization of which is another key component of a sustainable

bioeconomy [64¢]. Experiments in LCB imaging, simulation, and engineering can also reveal
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bottlenecks in enzymatic hydrolysis and inform the best use of MFCs in an innovative

deconstruction pipeline.
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Chapter 6:

Summary for the general public

Fossil fuel emissions are the leading cause of climate change. To combat this issue, a
large amount of research is being done to find alternatives to fuels and products that are made
with petroleum and oil. One of these alternatives is to make biofuels from plants, which is what
my work has focused on.

Turning plants into biofuels reduces carbon emissions because the carbon dioxide made
when using the fuel is the same amount of carbon dioxide that the plant consumes as it grows.
This balance of carbon dioxide used by the plants and produced by the fuels is an example of a
carbon neutral process because the total carbon dioxide in the atmosphere has not changed.
Biofuels are also renewable because the material needed to make them can be regrown. Fossil
fuels, on the other hand, are non-renewable since they cannot be replenished after using them.
The renewability of biofuels makes them a more reliable energy source for posterity.

To make biofuels from plants, you need to release sugars in the plant, like the starch in
corn kernels, into an edible form for a microbe like yeast that can ferment the edible sugar into a
biofuel like ethanol. Because corn is an important food source for both people and animals, using
corn for biofuels is not economically or environmentally viable. Therefore, my research has
focused on the sugars found in non-food plants, such as poplar trees or switchgrass. However,
the sugars in non-food plants are much more difficult to process into an edible form for microbes
than sugars like starch.

To achieve this difficult task, my work given in Chapter 2 first looks at an enzyme, a
small cellular machine, to figure out how swapping out different parts of the enzyme change how

well it works at breaking down the inedible sugar into an edible form. Then, in Chapters 3 and 4,
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I have collaborated with members of the Dumesic lab on deepening our understanding of their
method for adding chemicals to the inedible sugar to make it easier for my enzyme to break
down. From this work we learned how well four different versions of the enzyme, with different
parts, worked on two types of inedible sugar. Having one specific part made the enzyme nearly
ten times better at converting both of the inedible sugars. The collaboration work found a method
that was able to predict how well my enzyme converted various inedible sugars after the
Dumesic lab’s chemical treatment, and then further identified a specific part of the inedible sugar
that my enzyme was not able to convert at all.

Our results have advanced the field’s understanding of my enzymes and similar enzymes;
and produced potentially important tools for grading different chemical treatments and enzymes
in the future by identifying a part of the inedible sugar that is difficult to digest and needs further
study to understand how to effectively convert it. This thesis provides a foundation for further
research into improving enzymes like mine, as well developing tools that could be useful when
examining the commercial potential of new chemical treatments. Taken all together, this work
represents an advancement in our understanding of how to convert inedible sugars into edible
sugars that can be used to produce renewable, carbon neutral biofuels and bolster sustainability

and energy security.
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Chapter 7:

Significance & future directions

Significance:

Many of the biofuels and bioproducts currently being developed rely on the
deconstruction of lignocellulosic biomass (LCB). This deconstruction is often accomplished
through an initial thermochemical pretreatment step which increases the reactivity of LCB for
subsequent processing by glycoside hydrolases (GHs). Both of these steps are critical, because
pretreatments are either unable to fully deconstruct the LCB or they produce undesirable side
products; and GHs have little to no activity on untreated LCB. Because pretreatment and
enzymatic hydrolysis are central parts of the biofuels and bioproducts field, better understanding
how GHs function, and how they interact with both LCB and pretreatment methods is a key part
of advancing the field.

In this chapter I will summarize the work detailed in Chapters 2-5 and highlight their
major findings. I will also comment briefly on how the work presented in the chapter
accomplishes the goal of better understanding GH functions, and the interactions between LCB,
pretreatments, and GHs before discussing possible directions for furthering this research in
future work.

Chapter 2 presents work done to better understand the behavior of GHs from family 9
(GH9s) through study of the model cellulase CelR. GH9s are an intriguing family of enzymes
because some members (including homologs of CelR) have been shown to interact
synergistically with both endo-cellulases and other exo-cellulases. To begin, four constructs

consisting of the catalytic domain with the native family 3¢ carbohydrate binding module
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(CBM3c), non-native CBM3a, both CBMs or neither CBM were made and their thermostability,
kinetics, and binding were tested. Thermostability was greatest in constructs containing CBM3c,
with a T 25°C higher than the catalytic domain alone. CBM3a modestly improved
thermostability (+5°C) in the absence of CBM3c. CBM3c is also critical for CelR to properly
function, as shown by the fact that the only constructs for which activity showed saturation
kinetic behavior on phosphoric acid swollen cellulose (PASC), an amorphous cellulose, were
those containing CBM3c, while addition of CBM3c increased catalytic efficiency on Avicel, a
crystalline cellulose, 20x. CBM3a provided a 2-5x increase in catalytic efficiency on cellulose if
CBM3c was also present but had negligible effect if CBM3c was absent. Binding to PASC was
equally tight for all constructs, regardless of whether a CBM was present or not. Binding to
Avicel was improved by CBM3c but was improved much more by the presence of CBM3a.

Chapter 2 also reports on three novel structures of CelR, one of the catalytic domain and
CBM3c without substrate, and two of the catalytic domain alone with an E439Q) active site
mutation bound to either substrate cellohexaose or product cellobiose (after a slow turnover of
cellohexaose in the crystal). These structures provide new evidence that multiple residues,
especially H226 and D278, in the active site channel rearrange to alternatively facilitate substrate
binding or product release. The motion of these two residues appears to be facilitated and
coordinated by a nearby calcium ion that is highly conserved in GHO.

Chapter 2 advances the biofuel and bioproduct field by thoroughly characterizing CelR as
a model GH9 and examining how it interacts with multiple arrangements of CBM domains. This
work also provides the first structures of CelR and identifies a potential mechanistic role of the
well-conserved calcium ion near the active site cleft, which has not been focused before my

thesis work. In addition to providing a starting point for further examination of the role of this
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calcium ion in GH9s, perhaps being relevant to processivity, the detailed kinetic measurements
made in this work allowed for the calculation of kofr and the theoretical processivity of CelR,
defined as the ratio of kcar/Kotr. CelR’s theoretical processivity fell well short of values for other
well-known processive cellulases from GH6 and GH7 as well as values from putatively
processive cellulases from GHS, indicating that CelR is at best only conducting short processive
runs, and may not be processive at all. This is the first time that the theoretical processivity for a
GHO9 has been calculated, and again provides impetus for others in the field to adopt this metric
as a potent tool for evaluating processivity in this family.

Chapter 3 presents collaborative work done with the Dumesic lab to better understand the
interactions between CelR as a model cellulase and y-valerolactone (GVL) pretreated LCB.
Solid-state nuclear magnetic resonance (ssSNMR) spectra were collected, and the ratio between
peaks in the split 4-carbon resonance (ynmr) was found to represent the portion of cellulose at the
surface of a microfibril that does not interact with lignin or hemicellulose; and correlated with
the yield of reducing sugar after hydrolysis by CelR. This correlation held across all of the LCBs
and organic-aqueous cosolvent systems tested. The ssNMR data also indicated that drying,
commonly done to extend sample shelf-life for storage, resulted in a collapse of the cellulose
pore structure; and the lower accessibility of the cellulose to CelR corresponded to lower
hydrolysis yields.

Chapter 3 provides a clear example of the utility of ssSNMR as a technique for probing the
chemical and physical changes that LCB undergoes throughout the deconstruction process. The
YNMR metric is a potentially valuable tool for developing or refining dilute acid pretreatment
techniques, given the correlation with yields from enzymatic hydrolysis. Chapter 3 also

highlights the importance of sample storage and handling on hydrolysis yields, which has
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implications for the design of biofuel refineries, as well as experimental design for biofuels and
bioproducts research involving enzymatic LCB hydrolysis.

Chapter 4 presents collaborative work done with the Dumesic lab to further investigate
the split 4-carbon resonance discussed in Chapter 3. Spectral deconvolution was used to identify
chemical environments within the cellulose microfibrils and track changes throughout GVL
pretreatment and enzymatic hydrolysis. This data showed the complete removal of cellulose-
xylan interactions, and a rearrangement of cellulose in the microfibrils into the more crystalline
subdomains, especially Ig, and a corresponding decrease in paracrystalline and inaccessible
surface material. This rearrangement is particularly noteworthy, as the Iy subdomain was
consistently resistant to hydrolysis by not only the model cellulase CelR, but the commercial
cellulase cocktail CTec3. Rearrangement of cellulose to the I crystal form is understandable, as
it is more thermostable than the other forms of cellulose and has been previously shown to form
from heating cellulose.

ssNMR data was also used to calculate the lateral fibril dimension (LFD) and lateral fibril
aggregate dimension (LFAD) through the ratios of accessible and inaccessible surface signal
intensities. LFD corresponds to the microfibril dimensions, while LFAD corresponds to the
macrofibril dimensions. LFD increases throughout both GVL pretreatment and CelR hydrolysis,
while LFAD decreases during pretreatment but increases again after enzyme hydrolysis; this
indicates that microfibrils are either expanding or growing throughout conversion and that
macrofibrils are disrupted by GVL pretreatment but reaggregate during the course of CelR
hydrolysis. Wide-angle X-ray scattering (WAXS) data showed the spacing between cellulose

chains in the microfibril actually slightly decreased, which means that the LFD increase is likely
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due to microfibril growth. This growth could be explained by partially digested microfibrils
coalescing to form larger microfibrils throughout the course of deconstruction.

Chapter 4 further fills the knowledge gap of how cellulose structures change in response
to thermochemical and enzymatic deconstruction by applying spectral deconvolution techniques
to ssNMR spectra. In addition to the value of the methods and protocols developed in this work,
the identification of I as a cellulose subdomain that is particularly hydrolysis resistant has wide
implications for the field as a whole, highlighting the importance of considering cellulose
rearrangements when developing pretreatment strategies or identifying enzyme candidates for
use in cellulase cocktails. Chapter 4 also provides molecular insight that could help explain why
cellulose reactivity decreases as it is hydrolyzed through aggregation and condensation of
partially hydrolyzed microfibrils into larger micro- and macrofibril structures.

Chapter 5 presents a proposal for a novel framework for characterizing GH
multifunctionality consisting of three tiers with distinct features. The first tier of
multifunctionality encompasses catalytic domains which possess a broad specificity range, which
is a more traditional view of multifunctionality. The second tier represents catalytic domains
whose activity is enhanced or adjusted by the addition of non-GH domains. This tier includes
CelR, and other processive GH9s, as processivity is thought to sharply decrease with the removal
of their CBM. The last tier of multifunctionality describes constructs with multiple catalytic
domains and non-GH domains that work together synergistically.

This way of thinking about multifunctionality is beneficial to the field because it provides
specificity to discussions around the subject, while also broadening what is considered
multifunctionality. This model also helps direct discussion and research in the field towards

considering the effects of mixing the various tiers of multifunctionality, for example replacing a
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highly specific catalytic domain from a tier three enzyme with a more broadly specific catalytic
domain from tier one. Using this framework could inspire a great deal of novel work in the field
not only through mixing tiers of multifunctionality in recombinant designs, but also through

highlighting aspects of the tiers that are ripe for further study and engineering efforts.

Future directions:

Further structural and mechanistic study of CelR is one of the most interesting directions
for future studies to head. Collaborating with the NMR Facility at Madison (NMRFAM) to
monitor LCB hydrolysis could provide direct molecular evidence for or against the processivity
of CelR. Additionally, the roles of residues like the highly mobile H226, W330 and Y435
residues along the active site cleft, as well as motion around the active site calcium could be
interrogated through labeling specific amino acids. Another method for interrogating the
mechanism of CelR and other potentially processive cellulases would be time-resolved serial X-
ray crystallography, which could help probe the degree of movement and positional flexibility of
H226 in particular, as well as determining how coordinated movement of residues around the
active site calcium are. The added benefit of both these directions for future work is that the
techniques developed could be applied to other GHs, especially potentially processive GHSs or
other GH9s that have been previously characterized.

More mutational studies could also be rewarding. Of particular interest would be H226W
or H226 deletion mutations, as other homologous GH9s have either a tryptophan or no aromatic
residue at this position. These mutants, in conjunction with the previously mentioned

mechanistic studies, could answer the question of whether the mobility of H226 is retained when
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a tryptophan occupies this position, as well as whether removal of H226 altogether significantly
alters CelR’s function.

The work with hydrolysis of GVL pretreated LCB could be continued by expanding the
conditions examined. Testing whether the correlation between ynmr and enzymatic hydrolysis
yields holds for other pretreatment methods (such as Cu-AHP, AFEX, etc.) would be an
important piece of follow-up work that would more clearly define the utility of ynmr as a metric
for evaluating pretreatments. If the correlation holds across multiple pretreatments then it
becomes even more powerful as a tool than it already is, and if the correlation does not hold then
researchers interested in using it have a clearer understanding of when it should be applied.

Expanding the ssNMR techniques to other pretreatment methods would also be beneficial
for the subdomain deconvolution described in Chapter 4, as it could identify which pretreatments
result in increased I content. This could be coupled with hydrolysis of the pretreated LCB
samples with one or multiple enzymes, alone or in cocktails, to determine whether any enzymes
show the ability to react with I cellulose. In this vein, expanding the conditions and biomasses
evaluated in this manner with GVL pretreatment could provide interesting data, especially a
more detailed screen of desaccharification temperatures, to test trade-offs between general
enzymatic reactivity of the pretreated material and production of I cellulose during the
pretreatment. Additionally, tracking subdomains at even higher hydrolysis levels could provide
further insight into whether I is not hydrolyzed at all or just hydrolyzed much more slowly than
other subdomains. It could also be beneficial to leverage cryo-electron microscopy alongside
WAXS experiments to verify the cellulose fibril behaviors indicated by the LFD and LFAD

results in Chapter 4.
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Appendix A:

Drop-NIMS: A combinatorial droplet microfluidic device integrated with
NIMS mass spectrometry analysis

Noel Ha, Jenny Onley, Markus de Raad, Kai Deng, Peter W. Kim, Fangchao Song, La Zhen
Han, Peter Andeer, Mai Pham, Kenneth Sale, Nathaniel Kuch, Mark Kutschke, Alex Parker,
Brian Fox, (Paul Adams), Trent R. Northen [Draft list of authors, not necessarily complete or in
order.]

This work will be submitted to Lab on a Chip

Nathaniel Kuch made the following contributions: preliminary enzyme assays, enzyme cloning
and expression, writing and review of manuscript

Introduction:

Coupling microfluidic technologies with high specificity analytical methods is desirable
for a wide number of biotechnological and pharmaceutical applications (de Rond et al. 2015;
Kempa et al. 2019; Ha et al. 2021). Most mass spectrometry methods coupled with microfluidics
have focused on electrospray ionization (ESI) mass spectrometry (Ha et al. 2021). However,
there are several reports of coupling microfluidics with laser desorption ionization (LDI) mass
spectrometry which has potential for high throughput and small sample volumes. Microfluidics
coupled with matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) is a powerful technique (Haidas et al. 2019; Xu et al. 2021) although the
required addition of matrix adds complexity. Lapierre et al. successfully coupled digital
microfluidics with matrix-free mass spectrometry but this method was low throughput (Lapierre
etal. 2011). Alternative methods that enable high throughput and matrix-free mass spectrometry
directly from a microfluidics device are desirable. For an in-depth review of coupled
microfluidics and mass spectrometry techniques that are relevant to biotechnology, see Ha et al.

2021.
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One surface-based matrix-free mass spectrometry technique is nanostructure-initiator
mass spectrometry (NIMS), a powerful technology for rapid and sensitive analysis of a variety of
samples. Target samples are deposited onto a specialized surface and analyzed by irradiating
with a laser. NIMS is amenable to high throughput applications since only small (nanoliter to
microliter) sample volumes are required. One useful application of NIMS is the characterization
of enzymes (Deng et al. 2018; de Rond et al. 2019; Glasgow et al. 2020). However, high
throughput methods for setting up enzymatic reactions and transferring them to the NIMS chip
surface are desired. A device that integrated microfluidics with NIMS would enable reactions at
nL volumes and further improve scale-up. Heinemann et al. developed a device that excelled at
droplet manipulation, but it was difficult to scale due to the complexity of fluid handling.
Additionally, samples had to be premixed, limiting the number of combinations that could be
tested simultaneously (Heinemann et al. 2017). Recently the Blainey lab reported a droplet
microfluidics device for spectroscopic imaging (Kulesa et al. 2018; Kehe et al. 2019). The device
randomly combines oil-encapsulated droplets, making it particularly appealing for integrating
with mass spectrometry due to the potential for many novel chemical combinations.

This paper describes a new device (Drop-NIMS) where the Blainey lab droplet
microfluidic design was adapted and coupled with NIMS to introduce mass spectrometry-based
analysis. Here, Drop-NIMS was leveraged to sample the combinatorial space of enzymes and
substrates (i.e., enzymatic targets). Barcodes (compounds with unique masses) were used to track
the droplets so that multiple substrates and enzymes could be tested simultaneously. After
droplets were pairwise combined and merged, the oil encapsulating the droplets evaporated and
the samples deposited onto the NIMS chip for mass spectrometry imaging. Drop-NIMS was

applied to assay the substrate specificity of glycoside hydrolases (GHs), enzymes relevant to
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multiple industries including food, household products, and biofuel production. Five GHs and
four substrates were screened with effectively 30 unique combinations and up to 90 replicates
per combination. This study demonstrated that Drop-NIMS can be used to characterize enzymes

in a high throughput and detailed manner, with relative ease of device construction and use.

Materials and methods:
Microfluidic droplet assay chip design and fabrication

The microwell array chip, similar to previously-published designs (Kulesa et al. 2018;
Kehe et al. 2019; Fig. A.1a), is made of a polydimethylsiloxane (PDMS) layer bonded on a glass
slide. The PDMS layer contains an array of 1,120 microwells (35 columns by 32 rows).
Variations in the microwell array chip were created wherein the wells were in groups of one,
two, three, or four (Fig. SA.4) cylindrical sub-wells. The sub-wells are approximately 145 pm in
diameter to entrap droplets with a diameter of 110 pm to 130 um. The microwells are spaced 500
um apart to prevent cross contamination. The PDMS layer was made using silicon wafer molds
(SU-8 2075 from Microchem) fabricated by photolithography per manufacturer’s recommended
protocol (see Supplemental Methods for more detail). A photo mask was designed for the
fabrication of four chips per silicon wafer. The molds were coated with Trichloro

(1H,1H,2H,2H-perfluorooctyl) silane by vapor deposition to make the surfaces hydrophobic.
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Figure A.1: Assembly and operation of microfluidics device. Not to scale. a) Assembly. i. The microwell
array chip is composed of a glass layer and a thin PDMS layer containing microwells with 1, 2, 3, or 4
sub-wells. Inset contains example but does not show all wells. ii. The microwell array chip is attached to
the top portion of the apparatus and the NIMS chip is attached to the bottom portion of the apparatus. iii.
The screws are tightened so that the microwell array chip is close to the NIMS chip. b) Operation of
Drop-NIMS. i. Micro-droplets are formed with the QX200 Droplet Generator (BioRad) and pooled. Each
enzyme droplet contains a known compound to “barcode” the droplet. ii-iv. Droplet cocktail is transferred
to Drop-NIMS (top, side views, and zoomed view). iii. Droplets are buoyant and randomly assemble into
the microwells on the PDMS layer as they are washed through with oil. v. Screws are tightened to
reversibly seal the PDMS layer against the NIMS surface, and an electric field (not shown) is applied to
merge droplets within the microwells. vi. Enzymatic reaction occurs within the merged droplets. After 2
to 3 hours the carrier oil and sample buffer evaporate through the gas permeable PDMS and the droplet
contents are deposited onto the NIMS surface. vii. The apparatus is disassembled, and the NIMS chip

undergoes mass spectrometry imaging.

Intelnslty
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To enable microscope imaging, the PDMS layer (approximately 120-150 um thick) was
bonded on the glass substrate. While thickness was not completely uniform, the wells were
appropriately sized such that the sub-wells accommodate only one droplet each. PDMS mixed
with the curing agent (Dow Corning SYLGARD 184 Silicone Elastomer Kit; 10:1 mixing ratio)
was poured on the master wafer and degassed for 30 min. Then, four glass slides (25.4 mm W x
35mm L x Imm T; precleaned with acetone and isopropyl alcohol) were placed on top of the
PDMS-covered mold, covering the respective microwell feature for each slide. The glass slides
and the wafer were clamped using 2 neodymium magnets, such that the features on the master
came into contact with the glass slide to create through-hole membrane structures. The PDMS
was cured for 2 h at 80 °C and the PDMS/glass chip was separated from the mold. A new PDMS
chip was used for each oil phase experiment to avoid cross-contamination. For more details on

chip design and fabrication, see supplemental methods.

Device assembly and operation

A custom two-part apparatus was designed and 3D printed to hold the chips together and
load the droplets (Fig. A.1a). The microwell array chip was taped to the top part, which had a
“window” for viewing and applying an electric field for merging the droplets (Fig. A.la.ii). A
NIMS chip was prepared as previously described (Northen et al. 2007; Woo et al. 2008) and
taped to the bottom part (Fig. A.1a). Nylon screws and wingnuts were used to prevent the
applied electric field from being concentrated away from the chip while merging the droplets.
The screws were tightened so that the microwell array chip was near but not sealed against the
NIMS chip. The gap between the two parts was maintained by a balance between the wingnuts

and repulsive force from the magnets.
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Droplets were produced using the Bio-Rad QX200 Droplet Generator (Pleasanton, CA)
according to manufacturer’s instructions with a fluorocarbon oil (3M Novec 7500, COH5F150)
containing 2% 008-FluoroSurfactant (RAN Biotechnologies). Droplets were pooled to prepare a
total of 200-400 pL (approximately 160,000 droplets) of suspension and gently mixed. The gap
between the microwell array chip and the NIMS chip was primed with surfactant-free
fluorocarbon oil before the injection of droplets. Droplets were washed with the surfactant-free
oil through the apparatus, flowing between the microwell array chip and the NIMS chip (Fig.
A.1b iii-iv; Supplemental Video 1).The entire apparatus was gently tilted side to side to allow
droplets to randomly fill the microwells, with up to 2,240 droplets (two in each of the 1,120
microwells) in a double-well (2x) droplet design. Excess droplets were washed away with the
surfactant-free oil.. The wingnuts were tightened until the microwell array chip and the NIMS
chip were sealed reversibly against one another (Fig. A.1b.v). The droplets were merged via
electrocoalescence as described by Kulesa et al. 2018. Briefly, an electric field was applied to the
glass side of the microwell array chip for 10-20 seconds to merge the droplets using a hand-held
corona treater (Electro-Technic Products BD-20AC) (Fig. SA.3).

Enzymatic reactions occurred inside the merged droplets after the chip was sealed against
the MS surface. The volatile carrier oil and solvent evaporated through the gas-permeable
PDMS, inducing sample deposition on the NIMS chip surface and halting the enzymatic
reactions. After complete evaporation of oil and solvent, the NIMS chip was separated from the
droplet microwell array chip for mass spectrometry imaging (MSI). For more details on device

assembly and operation, see supplemental methods.

Cell-free protein expression
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Putative xylanases (a subtype of glycoside hydrolase) were identified through the
National Center for Biotechnology Information Center (NCBI) Basic Local Alignment Search
Tool (BLAST) by searching for sequences similar to known xylanase genes. Identified gene
sequences were synthesized at the Joint Genome Institute (Walnut Creek, California) and cloned
into pEU (plasmid of Ehime University, Matsuyama) a vector for cell-free expression (Sawasaki
et al. 2002; Takasuka et al. 2014). Expression was done as described previously (Takasuka et al.
2014) with sequential transcription-translation using wheat germ extract from Cell-Free Sciences
(Yokohama, Japan). Briefly, transcription was done using the SP6 polymerase (Promega,
Madison, WI, USA) and translation was done with a bilayered, diffusion-fed translation reaction.
Protein production was quantified using band analysis on stain-free sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS PAGE) gels by comparison to a cell-free translation

blank.

Preliminary activity screen and cloning

Successfully translated protein was screened for activity on 1,4-beta-D-mannan and
barley beta glucan, low viscosity from Megazyme (Bray, Ireland), and beechwood xylan from
Sigma-Aldrich (St. Louis, Missouri); data not shown. Reactions were prepared with 10 mg/mL
substrate, 4 uL cell-free translation reaction, and 0.1 M acetate buffer at pH 4.5, 5, or 6 to a final
volume of 40 pL. Reactions were incubated at 32°C for 2 hours before centrifugation for 10 min
at 4,000 rpm (3283 xg) to pellet residual solids and the concentration of soluble reducing sugar
was determined via the Pierce BCA Protein Assay Kit from Thermo Fisher Scientific (Waltham,
Massachusetts). Briefly, 200 uL of BCA working solution and 10 pL of reaction supernatant

were heated at 80°C for 30 min. Control samples contained either cell-free translation only,
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substrate only, buffer only, or the cell-free translation blank and substrate. A glucose standard

curve was used to convert absorbance units to mg/mL reducing sugar in solution.

Protein expression and purification

Four enzymes with sequence similarity to glycoside hydrolase family 43/subfamily 11
(GH43-11) enzymes were selected for characterization using NIMS analysis. Rosetta cells from
Sigma Aldrich were transformed with plasmid containing the selected genes (pVP67K, N-
terminal 8His TEV cleavable tag) and expressed via autoinduction as described previously
(Studier 2005; Fox and Blommel 2009; Blommel et al. 2007). Centrifuged cells were lysed via
lysozyme and sonication; the lysate was centrifuged for 1 hour at 20,000 rpm (31,360 x g) and
the supernatant was filtered through a 0.4 um PES filter. Enzymes were purified from the filtered
supernatant via nickel affinity chromatography on an Akta Start FPLC and subsequently desalted
and concentrated. Concentrated enzyme solution was frozen in liquid nitrogen and stored at -
20°C until later use. The source organisms and accession numbers are as follows: 43-Lact
(Lactobacillus kimchicus, KRK47366.1), 43-Pedi (Pediococcus acidilactici, SIM45318.1), 43-
Weis (Weissella sp., CO151269.1), and 43-Clos (Clostridium sp., SCJ27493.1). The sequence for
43-Weis was extracted from a Streptococcus pneumoniae genome, but later bioinformatic

analysis showed evidence that the sequence is a contaminating sequence from Weissella sp.

Droplet enzyme reactions
Enzymatic reactions were performed at room temperature. A previously-characterized
glycoside hydrolase (CelEcc-CBM3) and four previously-uncharacterized glycoside hydrolases

were chosen for proof-of-concept. Four NIMS-tagged model substrates were tested (Fig. SA.7),
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each with an attached perfluorinated tail: cellobiose (G2, 1102.3 or 1135.2 m/z), xylobiose (X2,
1042.3 m/z), xylotriose (X3, 1189.4 m/z) and xylotetraose (X4, 1321.4 m/z). The drug
Verapamil (455.3 m/z) and a previous version of NIMS-tagged cellobiose (1101.8 m/z ) were
used to test the chip without enzyme. CelEcc_ CBM3a (Walker et al. 2015) or a commercial
xylosidase (Megazyme cat. # E-BXSEBP) were used as positive controls, while a commercial
glucosidase (catalog #49290-250 mg; Sigma-Aldrich,) or buffer alone were used as negative
controls. Pre-tagged NIMS substrates (G2, X2, X3, and X4) were prepared as described
previously (Deng et al. 2012; Deng et al. 2014). Mass barcodes were included in enzyme
droplets in order to track their locations on the chip. The following were used as mass barcodes
from Cambridge Isotopes (Fig. SA.8): L-Carnitine:HCl, O-Dodecanoyl (unlabeled) (cat. # ULM-
7199-0.1mg); L-Carnitine:HCI, O-Dodecanoyl (N-Methyl-D3) (cat. # DLM-8162-0.1mg); L-
Carnitine:HCI, O-Dodecanoyl (N,N,N-Trimethyl-D9) (cat. # DLM-8215-0.1mg); L-
Carnitine:HCI, O-Palmitoyl (unlabeled) (cat. # ULM-7738-PK); and L-Carnitine:HCI, O-
Palmitoyl (N-Methyl-D3) (cat. # DLM-1263-0.01). Palmitoyl-13C16-L-carnitine hydrochloride
(cat. # 644323-1.00mg) was purchased from Sigma. Enzyme droplets were generated with a
concentration of 733 ug/mL enzyme and 250 pm barcode in 25 mM phosphate buffer, pH 6.0
(366.5 ug/mL enzyme and 125 um barcode after droplet merging). Substrate droplets contained 1

mM substrate in 25 mM phosphate buffer, pH 6.0 (0.5 mM substrate after droplet merging).

Mass spectrometry Imaging (MSI) and Data Analysis
Buoyancy-based rapid droplet loading followed by sample deposition via evaporation of
carrier oil was confirmed using MSI. MSI was performed using an ABI/Sciex 5800 TOF/TOF

mass spectrometer with a laser intensity of 2500-3000 over a mass range of 250—1500 Da. Each
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position accumulated 20 laser shots. The instrument was controlled using the MALDI-MSI 4800
Imaging Tool using a 50 um step size between shots. Spectra were recorded in positive reflector
mode. The instruments were calibrated using Anaspec Peptide Calibration mixture 1 (catalog
#AS-60882; Anaspec, Fremont, CA).

For a quantitative analysis, OpenMSI Arrayed Analysis Toolkit (OMAAT) (De Raad et
al. 2017) was used to identify wells displaying peaks for m/z values of interest. Due to the
irregularly-shaped sample spots, the OMMAT script was modified to exclude pixels that did not
contain any peaks of interest above a relative signal intensity of 100 arbitrary units (au). The data
were then analyzed with a customized script written with pandas (The pandas development team

2021; McKinney 2010) and Pingouin (Vallat 2018).

Results & Discussion:
Device Design

The main objectives of Drop-NIMS are to randomly combine substrate and enzyme
droplets and to deposit the mixtures onto the NIMS chip surface. To accomplish random droplet
combination, a microwell array chip was created as described earlier. Some wells were observed
to not be completely through-hole, which can be explained by the variability in the height of the
pillars on the master. Moreover, the glass slide surface is not a perfect plane which can result in
this observation as well. However, this was not observed to affect their ability to trap droplets.
After droplet loading, samples deposited onto the NIMS chip surface as the oil evaporated, and
the apparatus was disassembled for NIMS chip imaging. Droplet loading and merging were
tested with droplets containing dye, which were visualized with a stereomicroscope. The

microwell array chip was interfaced with the NIMS chip (Fig. SA.3) or with indium tin oxide
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(ITO) glass in place of the NIMS chip (Fig. SA.5). In the 2x design (i.e., 2 sub-wells in each
microwell), the majority of doublet wells contained two whole droplets and appeared fully
merged after electrocoalescence. It was demonstrated that droplet loading and merging works for

2x, 3x, and 4x arrangements as well (Fig. SA.4).

Device Operation

The successful operation of Drop-NIMS was initially demonstrated with two molecules:
NIMS-tagged cellobiose (“G2”; 1102 m/z) and verapamil (455 m/z). Microwell array chips with
1x, 2x, 3x, and 4x microwells were used (Fig. SA.2a). Two different chips were used for G2 and
for verapamil. Droplets were loaded into the assembled apparatus with the microwell array chip
and the NIMS chip as described above. After the oil evaporated, the NIMS chip was removed
and imaged using mass spectrometry imaging (MSI). OpenMSI images demonstrated detection
of G2 (Fig. SA.2b) and verapamil (Fig. SA.2c) with good signal to noise ratios, indicating that
sample deposition was successful.

The device was then applied to enzymatic reactions, using droplets containing a
previously-characterized enzyme and droplets containing enzyme substrates. The enzyme was
CelEcc_ CBM3a, which is known to break down cellulosic compounds (which are composed of
repeating glucose units) (Walker et al. 2015), and cellobiose (two glucose units; “G2”) was used
as the enzyme substrate (Fig. A.2a). Droplets containing G2 were tracked by detection of a

substrate peak (G2) and/or a product peak (glucose; G1).
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Figure A.2: Droplet enzyme reaction with mass spectrometry barcode. a) Experimental setup schematic.
Two types of droplets were prepared; one containing cellobiose (G2) and xylobiose (X2) and one
containing CelEcc_ CBM3 enzyme with a barcode (DC-1). One possible combination is shown (other
combinations are possible). b) Simulation of expected mass spectrometry spectrum with the enzyme
substrate (G2), enzyme product (G1), and the barcode for tracking the location of enzyme droplets. c)
OpenMSI images of NIMS chip after sample deposition. d-e) Sample spectrum from OpenMSI on spots
without (d) and with (e) enzyme. Green indicates signal intensity at 1135 m/z (G2; substrate), gray
indicates signal intensity at 1042 m/z (X2; substrate); red indicates signal intensity at 973 m/z (G1;
product), and blue indicates signal intensity at 344 m/z (DC-1; barcode).
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An extra challenge with droplets lacking enzyme substrates (i.e., containing enzymes or
buffer only) is that there is no distinct mass spectrometry signal in the selected mass range for
tracking the droplets. In order to track enzyme or buffer droplets, compounds of known size
(“barcodes”) were added to label the droplets. Thus the location of an enzyme or buffer droplet
could be determined by the detection of the mass barcode. Barcodes with the same structures but
different isotopes are desirable since they ionize equally in the mass spectrometer (and thus are
detected with relatively similar frequencies). Barcodes in this experiment were various isotopes
of palmitoyl carnitine or dodecanoyl carnitine (Fig. SA.8), which display high ionization
efficiency on NIMS.

Drop-NIMS was loaded with droplets containing either CelEcc CBM3a and barcode or
G2 substrate. Substrate (G2), product (G1), and barcode (for tracking the enzyme) were detected
(Fig. A.2c). The G1 product was co-localized with the barcode, indicating that the conversion of
G2 to G1 only occurred when enzyme was present. These results demonstrate that the device
successfully randomly combined droplets, enabled subsequent enzymatic reactions, and then
deposited the reactions onto the NIMS chip surface.

Drop-NIMS has several advantages over our previous NIMS-digital microfluidics device
(Heinemann et al.; Ha et al. 2021). Enzymes and substrates can be loaded in separate droplets
and randomly combined within the device, rather than premixing solutions. Randomized droplet
combinations reduces manual pipetting and creates the potential for many more tested
combinations. The simple design of the microwell array means many more samples can be added
with minimal effort. Once fabricated, microfluidics expertise is not required to operate the

apparatus.
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Application to Uncharacterized GH Enzymes

Drop-NIMS was applied to test multiple previously uncharacterized GH enzymes with
G2 and xylobiose (X2) on a single chip. GH enzymes with similarity to enzymes in the GH43
family subfamily 11 (enzymes from Lactobacillus, Pediococcus, and Clostridium were labeled
43-Lact, 43-Pedi, and 43-Clos, respectively) were tested. Characterized enzymes in the GH43-11
subfamily are known to target xylooligosaccharides (composed of repeating xylose [X] units) but
not G2. Droplets containing 43-Lact, 43-Pedi, 43-Clos, CelEcc CBM3a, and buffer alone were
loaded along with “substrate droplets™ containing a mixture of G2 and X2. Barcodes were
included in droplets containing enzymes or buffer to facilitate droplet tracking. Two of the three
new enzymes (43-Lact and 43-Pedi) converted X2 substrate to X1 product, while no significant
conversion of X2 was observed in droplets containing 43-Clos, CelEcc CBM3a, or buffer (Fig.

A.3a). As expected, only CelEcc CBM3a converted G2 to G1 (Fig. A.3b).
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Figure A.3: Rapid screening of glycosyl hydrolases with model hemicellulose compounds. Box and
whisker plots. a-b) Results of a chip screening multiple enzymes (GH 43-Lact, 43-Pedi, and 43-Clos with
CelEcc_ CBM3 as a positive control and buffer as a negative control) with one substrate droplet
(containing a mix of G2 and X2). The proportion of products are shown for X2 conversion to X1 (a) and
G2 conversion to G1 (b). c-e) Results of a chip screening one enzyme (GH 43-Weis) with commercial
xylosidase as a positive control and beta-glucosidase as a negative control) with multiple substrate
droplets (G2/X2 mix, X3, and X4). The proportion of products are shown for X2 conversion to X1 (c),
X3 conversion to X1 and X2 (d), and X4 conversion to X1, X2, and X3 (e). Boxes show the 25th to 75th
percentiles. The line within the box indicates the median. Whiskers indicate maximum and minimum. All
samples were compared to the negative control; **** P<0.0001. Xylosidase samples are shown as scatter
plots (horizontal line indicates mean) due to low sample size (<5). Y-axes show the sum of the products
divided by the sum of products and substrate (e.g., for X3 reactions, y-axis shows
[X1+X2]/[X1+X2+X3])

An additional GH enzyme from Weissella, 43-Weis, was chosen to further characterize
its substrate specificity. A second chip was loaded with droplets containing 43-Wesis,
glycooligosaccharides (G2), and xylooligosaccharides (X2, X3, or X4). X2 and G2 were
prepared within the same droplets whereas X3 and X4 were in separate droplets. Droplets
containing a commercial xylosidase (which hydrolyzes X2, X3, and X4) served as positive
controls and droplets containing glucosidase (which does not hydrolyze X2, X3, or X4) served as
negative controls. Like the previously tested enzymes, 43-Weis converted X2 to X1 (Fig. A.3c)
but did not convert G2 to G1 (Fig. SA.6a). X3 was converted to X1 (Fig. A.3d; Fig. SA.6b), and
X4 was converted to a mixture of X3 and X1 (Fig. A.3e; Fig. SA.6¢). As expected, the
glucosidase hydrolyzed G2 to G1 but did not hydrolyze X2, X3, or X4 (Fig. A.3c-e).
Commercial xylosidase hydrolyzed X3 to X2 and X1, although there were only four replicates
(Fig. A.3d). No xylosidase and X4 combinations were observed. Overall this experiment
demonstrated that multiple substrates can be tested on one chip. With this multi-substrate chip,
barcodes were required for the substrate droplets in addition to the enzyme droplets to
distinguish between X3 and X4 droplets (which can be hydrolyzed to the same products).

Drop-NIMS was used to successfully demonstrate that three of the four tested enzymes

have xylanase (X4, X3, and/or X2 hydrolysis) activity but not cellulase (e.g., G2 hydrolysis)
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activity. Drop-NIMS can rapidly screen glycoside hydrolase enzymes for their activities against
oligosaccharides. Drop-NIMS results along with the protein sequence similarity to other GH43
family subfamily 11 proteins support the classification of 43-Lact, 43-Pedi, and 43-Weis as

xylanases that target xylooligosaccharides.

Loading Efficiency

The data from two chips are discussed in Figure 3; one contained multiple enzymes with
one substrate droplet type (Fig. A.3a and b), and one contained one enzyme with multiple
substrate droplet types (Fig. A.3c-¢). For these two chips, sufficient replication and minimal
droplet breakage and cross-contamination was observed. Figure S9A shows the number of
replicates for each chip. In both experiments, the number of substrate droplets was equivalent to
the number of non-substrate droplets, to ensure most wells received substrate. The number of
replicates of relevant reactions (i.e., ones that contained a substrate droplet and an enzyme
droplet) were typically between 10 and 90 per combination type. However, there is some
variability; on the chip for Figure 3C-E, there were very few droplets containing xylosidase. Low
replication of xylosidase droplets may be due to poor mixing of the droplets prior to droplet
loading.

Figure S9B shows the number of droplets per doublet microwell for both chips. The ideal
number is two; less than two indicates that one or both sub-wells were empty, and more than two
indicates droplet breakage or cross-contamination (since the microwells can only accommodate
two full-sized droplets). Most of the wells for both chips had one or two droplets, and wells
containing mass spectrometry signals for more than two droplets were excluded from the

analyses shown in Figure 3.
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Future Directions

Drop-NIMS has potential for further applications in the future. NIMS technology has
been applied to enzymes with a variety of different applications including the detection of other
biomass-relevant molecules, drugs, and peptides (Northen et al. 2008; Deng et al. 2018; de Rond
et al. 2019; Glasgow et al. 2020). Additionally, the PDMS microwell array can be designed to
contain three or more sub-wells. Preliminary work demonstrated successful droplet loading and
merging with microwells containing three and four sub-wells (Figs. S2 & S4). Some enzymes
work synergistically with each other, and testing combinations of three or more droplets (i.e.,
multiple enzymes and/or multiple substrates) can yield new mechanistic information. The PDMS
microwell array can also be enlarged to include more microwells, further increasing the high

throughput power of Drop-NIMS.

Conclusions:

In conclusion, Drop-NIMS is a novel combination of NIMS and droplet microfluidics
using standard photolithography techniques that can be used by the broader community to
characterize enzymatic reactions. The research presented here demonstrates that the new device
successfully combines and merges droplets and deposits the resulting contents onto NIMS chips.
Drop-NIMS has a higher throughput than traditional NIMS, carrying out more than 1,000
reactions simultaneously while requiring only a small volume (nL) of enzymes and substrates. A
multitude of droplets can be randomly combined for many combinations and replicates. Future
iterations of the device can be expanded to contain more microwells and to include more than

two sub-wells per microwell. The fabrication of the device requires standard photolithography
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equipment, and the device can be used with minimal training. While the present study
demonstrated the characterization of glycoside hydrolases, Drop-NIMS has potential for broad
applications in high throughput characterization of other enzymes important to the food, biofuel,

and pharmaceutical industries.
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Supplemental information:
Part 1. Chip Master and Microwell Array Chip Fabrication:
Microfluidic Chip Master Fabrication
1. Clean Si wafer (4”, p-type, <100>, 0-100 Q-cm, UniversityWafer Inc.) with a solvent
wash.
o Rinse with acetone, isopropanol, and DI water. For better results, ultra-sonicate
the wafer in the solvents for 3-5 minutes and use ultrapure (18 MQ) water. For a
deep clean, use piranha etch.

o Remove leftover water by blow-drying the wafer with nitrogen and a dehydration

bake at 150°C for 10 min.
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2. Spin-coat negative photoresist (SU-8 2075, MicroChem ) on pre-treated wafer. Refer to
the MicroChem Nano™ SU-8 2000 manual to customize the recipe.
o Secure the wafer in an appropriately sized chuck.
o Ramp up to 500 rpm at 100 rpm/s and dwell for 10 sec while dispensing the
photoresist.
o Ramp up to 1700 rpm at 300 rpm/s and dwell for 30 sec.
o Ramp down to 0 rpm at 300 rpm/s.
3. Soft bake the coated wafer at 65°C for 5 min and at 95°C for 25 min, followed by 5 min
cooling.
4. Exposure
o Align the photomask (transparency or chrome-gold) with the wafer using a mask
aligner (OAI Model 204).
o Expose the wafer with a near UV (350 - 400 nm) source for 8 sec (at least 260
mJ/cm? dosage).
5. Bake the exposed wafer at 65°C for 5 min and at 95°C for 10 min, followed by 5 min
cooling.
6. Develop the resist with SU-8 developer for 10 min. Rinse with isopropanol and DI water
followed by drying with a gentle stream of nitrogen.
7. Hard bake at 175°C for 10 min. This step is optional but recommended.
8. Silanization of SU-8 master to prevent PDMS adhesion. This step should be conducted in
a solvent hood or a glovebox.
o The wafer was placed (SU-8 features facing up) in a dessicator along with a vial

of Trichloro(1H,1H,2H,2H-perfluorooctyl)silane.
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o The dessicator was connected to the vacuum line and left undisturbed for 30
minutes to allow the silanizing agent to evaporate and form a thin layer on the

master.

Microwell Array Chip Fabrication
1. PDMS molding:
o Mix PDMS (“Part A”) and curing agent (“Part B”) in 10:1 weight ratio in a clean
disposable cup (Fig. SA.1.1a); ~20g of PDMS per mold. PDMS sourced from
Dow (SYLGARD™ 184 Silicone Elastomer Kit, material # 4019862).
o Pour mixed liquid PDMS onto a SU-8 master mold (Fig. SA.1.1b-d). SU-8 master
mold is silanized (Millipore Sigma catalog #448931) to make the surface

hydrophobic to minimize permanent PDMS bonding to the mold.

o Degas for 30 minutes to remove bubbles in a vacuum desiccator (Fig. SA.1.1e).
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Figure SA.1.1

2. Assemble with clean glass slides using magnets
o Cut a glass slide into 25.4 mm W x 35mm L x Imm T using a diamond scriber.
(Note: Any commercial glass slides 1”7 W x 2” L x Imm T can be used).
o Glass cleaning: Rinse a glass slide with Acetone, isopropyl alcohol, and distilled
water. Dry it or wipe with Kimwipe. Blow the dust with an air duster spray.
o Place & align the glass layer on PDMS-filled mold using the alignment marker on

the mold (Fig. SA.1.2). Note: 4 droplet chips per mold.
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Figure SA.1.2

o Secure the glass slide with 2 Neodymium magnets (3/16" Thick, 1/4" OD;

McMaster-Carr catalog # 5862K109).

Figure SA.1.3

o Repeat the steps above for all 4 positions (Fig. SA.1.3). A total of 8 magnets and

4 glass slides are needed.
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o Degas bubbles overnight in a vacuum desiccator. Note that PDMS will be
partially cured at RT overnight.
3. Bake/cure PDMS at 80°C for at least 2 hours (Note: Overnight baking is preferred to
fully cure)
4. After PDMS is cured, separate the droplet chip (Glass/PDMS) from the master mold
o Remove magnets
o Remove the surrounding PDMS from the glass surface. Make sure top glass
surface is free of PDMS.
o Gently separate/peel the PDMS/glass chip from the mold using a razor blade (Fig.
SA.1.4a). Note: Si master mold is brittle.
o Trim PDMS (cut ~2mm from both ends to improve sealing against the NIMS

chip): The size of PDMS layer should be SMALLER than that of the NIMS chip

(Fig. SA.1.4b).

Figure SA.1.4

5. Assemble NIMS and microfluidic chip with a chip holder
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Gather 3D print chip holders (top & bottom pieces)

Tape the microfluidic chip on the chip holder top piece using foam mounting tape
(Fig. SA.1.5a-c; McMaster-Carr catalog # 76665A86).

Secure the chip with Kapton tape (Fig. SA.1.5d; tape from Digi-Key part # 4393-
KPT-1/4-ND). This also helps to prevent droplets from getting into the gap.

Tape a small NIMS chip (~1” x 1” = %4 of a regular NIMS chip) on the chip
holder bottom piece using Kapton tape (Fig. SA.1.5¢).

After assembly, should have a top and bottom chip holder with the PDMS chip

and the NIMS chip, respectively (Fig. SA.1.5¢).
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Figure SA.15

o Assemble two chip holder pieces (Top & Bottom) and adjust the gap using
wingnuts (McMaster-Carr catalog # 94924A300). See Fig. A.1Aii. Note: Test the
gap by flowing the oil through the gap to ensure sufficient carrier oil is trapped
(covering % of the droplet chip surface).

Part 2. Running droplet assays:
See also supplemental videos 1 and 2.
1. Generate droplets using BIO-RAD's QX200 Droplet Generator (catalog # 1864002).

e Load anew cartridge (Fig. SA.1.6a; BIO-RAD DGS8, catalog # 1864008) with
sample and carrier oil; 20ul of sample and 70pl of surfactant-added oil (HFE
Novec 7500 + 008-Fluorosurfactant from RAN Biotechnologies (Fig. SA.1.6b) in
their corresponding wells. It can generate 8 types of droplets each time.

e After 2 minutes of droplet generation, pool droplets into a new centrifuge tube to

prepare droplet cocktail (Fig. SA.1.6¢).
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e (Optional) visual inspection of generated droplets under the Stereomicroscope:
Droplet quality check with INCYTO c-chips (hemocytometer chip, item #

DHCFO012, 20ul chamber).

Figure SA.1.6

2. Load droplet cocktail (~50uL each) into the microfluidic system using a pipette (use a
200ul pipette tip). Wiggle around the chip holder to rapidly fill microwells with droplets.

Pipette extra surfactant-free oil to spread out the droplets if needed.



Window for ‘ Wingnut
voltage treatment

(Note: Simplified, not to scale)

Figure SA.1.7

3. Rinse away unbound droplets with surfactant free oil.
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4. Once all microwells are occupied with droplets, seal the droplet chip against the NIMS

surface by tightening (hand-tight) the wingnuts. Note: Be careful not to crack the glass.

Figure SA.1.8

5. Merging droplets using an AC voltage treater (BD-20AC hand-held corona treater from

Electro Technic Products, catalog # 12051A):
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e Sweeping across the glass (from the top; directly to the glass layer) for 15-20
seconds (Fig. SA.1.9a).
e Confirm complete merging under the stereomicroscope (Fig. SA.1.9b [before] and

Fig. SA.1.9¢ [after]).

Figure SA.1.9

6. Droplet enzyme reaction will start immediately upon droplet merging: Incubate the whole
system at room temperature (or up to 37°C) overnight. Usually, the reaction will last for
approximately two to three hours, then dry out to leave an array of reaction products on
the NIMS surface

7. Separate the NIMS chip for MS imaging after the sample & oil have dried out (Fig.
SA.1.10a-b).

e Unscrew wingnuts and carefully separate the chip holder top (containing the
PDMS/glass chip) from the chip holder bottom. Remove the NIMS chip from the
chip holder bottom.

e Pipette calibration solution (~0.25uL) onto the NIMS chip in one to two small

squares near the edge (e.g., Anaspec peptide 1 solution). Clearly mark the region
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of interest with metallic sharpie to quickly locate the region of interest under the

MALDI camera (Fig. SA.1.10c).

Figure SA.1.10
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a. Microwell design
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Figure SA.2: Droplet Array Printing and MS Imaging. a) Microwell design. Depositing and imaging of
substrate droplets b) Verapamil and c) cellobiose with NIMS tag. A prior chip design was used in which
microwells were closer together than in final design.



Droplet Loading

Befo re

.
wwwvw*wwwwww

w*wwwwwwwwwww
‘C‘i‘l’w‘a’ww‘z \:rwv.vw
PO HPOOOOODT

2R 2% XX 32X X i X X X S e e e

droplets

ﬂ%%hhboﬂm?ﬁ%?y

9
)3
39
Q
88
JQ
I
g
gQ
QU
UK
N

"
e eleldl Y
\?\-VVVVVVV\'

\«V\;\.vivv

Pigivig \
vvvvvvvvv
£l

Adh S

N N N N N NN NN

i’

225

b Electric field applied to merge multiple

Glass

S layer

After

IO

s Riv
Vv VW

7

vvyyv

\
4
I FIRIE IV

v\
olel

b
$ 8048
N N\

A

SIgia‘a’Plelo
-y
WS
|

)i

y iy i)

by
b 8 AT

TRIRI* )
LA A A
b 4

i -1
WV N
Telela’
W
W\ e

f

Figure SA.3: A demonstration of droplet pairing and merging; before & after merging process. A prior

chip design was used in which microwells were closer together than in final design. Colored dyes are

shown for visualization. ITO glass was used in place of the NIMS chip. a) Cartoon of loading droplets

onto the microfluidics chip. b) An electric field is applied to the glass side of the microfluidics chip.

Droplets before (c) and after (d) application of AC voltage. Note: photos are from different fields so wells

in before and after pictures do not directly correspond to one another.
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Figure SA.4: Alternative versions of the microfluidics chip with multiple sub-wells in each microwell,
and subsequent merging. Microwells were closer together than in final design.
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Figure SA.5: Droplet random pairing and merging on ITO-coated glass. Droplets contained dye-colored

buffer.
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Figure SA.6: Specific products of reactions shown in Figure 3c-e. a) G2 reactions, b) X3 reaction
products for 43-Weis, ¢) X3 reaction products for negative control (glucosidase), d) X3 reaction products
for commercial xylosidase, €) X4 reaction products for 43-Weis, and f) X4 reaction products for negative

control (glucosidase). Boxes show the 25th to 75th percentiles. The line within the box indicates the
median. Whiskers indicate maximum and minimum. Statistics only shown for a, in which the negative
control is compared to GH43-Weis; **** P<(0.0001. Xylosidase samples are shown as scatter plots
(horizontal line indicates mean) due to low sample size (<5).
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Figure SA.9: Replicate counts for chip experiments shown in Fig. A.3. a) Numbers of replicates for
pairwise combinations. Theoretical number of replicates based on the number of wells imaged, the
number of inputs, and either 100% loading efficiency (black bars) or 50% loading efficiency (grey bars).
Theoretical numbers do not account for the greater proportion of substrate droplets were used (the number
of substrate droplets was equivalent to the number of non-substrate droplets, to ensure most wells
received substrate). The number of actual replicate counts for enzyme/substrate or control/substrate
combos (purple circles) or non-interesting combinations (e.g., enzyme/enzyme; pink triangles). b)
Number of spots with 1 or more droplets.
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