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Abstract Solution-state two-dimensional (2D) nuclear
magnetic resonance (NMR) spectroscopy of plant cell walls
is a powerful tool for characterizing changes in cell wall
chemistry during the hydrothermal pretreatment process of
wheat straw for second-generation bioethanol production.
One-bond =C—H NMR correlation spectroscopy, via an
heteronuclear single quantum coherence experiment,
revealed substantial lignin R-aryl ether cleavage, deacetyla-
tion via cleavage ofthe natural acetates atthe 2-O- and 3-O-
positions of xylan, and uronic acid depletion via cleavage of
the (1—2)-linked 4-O-methyl-o-D-glucuronic acid of xy-
lan. In the polysaccharide anomeric region, decreases in the
minor R-D-mannopyranosyl, and «-L-arabinofuranosyl units
were observed in the NMR spectra from hydrothermally
pretreated wheat straw. The aromatic region indicated only
minor changes to the aromatic structures during the process
(e.g., further deacylation revealed by the depletion in feru-
late and p-coumarate structures). Supplementary chemical
analyses showed that the hydrothermal pretreatment
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increased the cellulose and lignin concentration with partial
removal of extractives and hemicelluloses. The subsequent
enzymatic hydrolysis incurred further deacetylation of the
xylan, leaving approximately 10% of acetate intact based
on the weight of original wheat straw.
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Cinnamates

Abbreviations

2D NMR two-dimensional (solution state)
nuclear magnetic resonance
spectroscopy

HSQC heteronuclear single
quantum coherence

R-D-Xylp R-p-xylopyranosy! units

2-O-Ac-3-D-Xylp, O-acetylated 3-p-xylopyranosyl units

3-0-Ac-R-p-Xylp

4-0-MeGlcA 4-0-methyl-x-D-glucuronic acid units

R-p-Manp R-p-mannopyranosy! units

o-T-Araf a-L-arabinofuranosyl units

SEM scanning electron microscope

Introduction

With an increased focus on the use of plant materials as
substitutes for fossil fuel resources, the characterization of
plant cell wall polymer structures is vital to provide the
fundamental knowledge required for the development of
biomass-based renewable energy technologies. In this paper,
we report on the chemical structure of wheat straw from one
of the first large-scale second-generation bioethanol pro-
cesses [1]. The wheat straw, presoaked in water, is pre-
treated by simply heating to 195 °C, producing a substrate
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which is amenable to subsequent enzymatic hydrolysis and
fermentation. Here, we elucidate the structural changes that
occur after hydrothermal pretreatment and subsequent enzy-
matic hydrolysis of wheat straw with a focus on the major
lignin and polysaccharide components.

Traditionalanalyses of plant cell wall constituentsrequire
fractionation, with the isolation ofeach component to obtain
qualitative and/or quantitative information about its compo-
sition and structure. However, component isolation proce-
dures lead to alterations in native cell wall chemistry (via,
e.g., deacylation, oxidation, or other degradative processes)
[2, 3]. It is now possible to analyze lignin polymers in ball-
milled plant cell walls, without the need to separate the
lignin from the polysaccharides [4], with the caveat that ball
milling will decrease cellulose crystallinity [5, 6] and alter
the lignin polymer structure to a certain degree based upon
the milling conditions [7, 8]. Through nondegadative dis-
solution of ball-milled wood cell wall material in dimethyl-
sulfoxide (DMSO) and N-methylimidazole (NMI), and in
situ acetylation, two-dimensional nuclear magnetic reso-
nance (2D NMR) was used to characterize lignin structures
in considerable detail. Recently, utilizing the DMSO and
NMI dissolution chemistry, wood and plant cell walls were
characterized by 2D NMR in the perdeuterated solvents
DMSO-ds and NMI-ds [9]. This allowed characterization
of the native chemistry of the cell wall, including natural
acetates found on lignin syringyl units and acetyl side
groups found acylating xylan and mannan units in hemi-
celluloses of Pinus taeda, Populus tremuloides, and Hibis-
cus cannabinus. In a further simplified method, DMSO-d;
was added directly to ball-milled wood and plant cell walls
in an NMR tube to obtain agel [10]. Although cellulose will
not completely dissolve in this system, 2D NMR of these
gels gave another unique approach to rapidly analyze cell
wall polymer chemistry.

Wheat straw lignin, unlike normal-wood lignins in an-
giosperm and gymnosperm tree species, derives from all
three lignin precursors, p-hydroxycinnamyl alcohol, coni-
feryl alcohol, and sinapyl alcohol in proportions estimated
from thioacidolysis-released monomers to be 5, 49, and
46%, respectively [11, 12]. Enzyme-catalyzed dehydroge-
nation leads to primarily end-wise polymerization, forming
a combinatorial, racemic polymer of phenylpropanoid sub-
units connected by several types of inter-unit linkages [13].
For example, a sample of milled acetylated wheat straw
lignin contained the following familiar linkages: arylglycer-
ol-B-aryl ethers (3-O-4), phenylcoumarans (R-5),resinols
(R-R),along with cinnamaldehydes, cinnamy! alcohol, and
dihydrocinnamyl alcohol end groups [14, 15]. The acidic
environment during hydrothermal processes makes it likely
that partial hydrolysis of ether linkages will occur. Li et al.
[16] described the substantial cleavage of the major lignin
ether linkage, in the B-O-4 units that occurs during the
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steam explosion of aspen wood. This same mechanism
may occur during the hydrothermal pretreatment of wheat
straw [17], but quantificationhas not been attempted.

The principal hemicellulosesfound in wheat straw are the
D-xylans, linked p-(1—4)in xylopyranosyl main chains
[18]. In addition, the xylan (3-p-Xylp) backbone is partially
acetylated at the C-2 and C-3 positions. During hydrother-
mal processes, hydrolysis reactions lead to partial removal
of these acetyl groups, thus generating acetic acid which
may catalyze the degradation of polysaccharides [19] and,
quite possibly, lignin sidechains.

Polysaccharides that intimately associate with lignin in
wheat straw have been shown to be the arabinoglucuronox-
ylans [20], which are comprised ofa 3-b-Xylp unit frame-
work partially substituted at C-2 by 4-O-MeGIcA units, on
average two residues per ten B-b-Xylp units, and at C-3 by
a-L-Araf units, on average 1.3 residues per ten B-D-Xylp
units [21]. In Poaceae, p-hydroxycinnamates (i.e., p-cou-
marate, ferulate, and sinapate) are important for the cross-
linking of cell wall polymers, providing organization and
structural integrity ofthe wall [22—24].Ferulate dehydrodi-
merization [25] and even dehydrotrimerization reactions
[26, 27], via radical coupling, produces cross-linking be-
tween two polysaccharide chains; the phenolic nature of
ferulates or ferulate oligomers makes them amenable to
radical coupling into lignin polymers [24, 28]. In grasses,
ferulates acylate the C-5 hydroxyl of ¢-1.-arabinofuranosyl
units [29, 30]. Ferulate cross-links between arabinoglucur-
onoxylans and lignin have been found in various cereal
grains [31], maize primary walls [32], wheat internodes
[33], wheat and oat straw [34], and ryegrass [24], showing
the significance of ferulate in lignin—carbohydrate bonding
[35]. Dehydrodisinapates and sinapate—ferulate cross-
products have been found in various cereal grains and wild
rice [36]. A ferulate dehydrotrimer in Zea mays L. further
solidified the importance of ferulates in cell wall cross-
linking [27]. Acylation of lignin sidechains at the primary
alcohol (v—OH) position by p-coumarate has been shown to
be about 18% by weight in mature corn lignin [15]. The
presence and regiochemistry of p-coumarates on lignins
implicates pre-acylation of p-hydroxycinnamyl alcohols
during lignification [23, 37, 38].

Here, we describe an enhanced approach to charac-
terize and quantify structural changes in wheat straw
from a hydrothermal pretreatment process, before and
after enzymatic hydrolysis, using a 2D NMR technique.
Analyzing the wheat straw, without derivatization,
allows for characterization of cell wall polymers in a
fairly native state. Thus, natural acylation of lignin and
polysaccharides is fully distinguishable by NMR, per-
mitting identification of specific cell wall polymers and
quantification of their changes through hydrothermal
and enzymatic treatments.
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Materials and Methods
Chemicals

All chemicals used were provided by Aldrich Chemical
Company, Milwaukee, WI, USA unless otherwise noted.

Substrates

Wheat straw (Triticum aestivum L.) and hydrothermally
pretreated wheat straw were supplied by Inbicon A/S,
Denmark (www.inbicon.com). Figure 1 shows images of
the untreated and hydrothermally pretreated material before
and after enzyme hydrolysis, along with SEM images of the
material before enzyme hydrolysis. SEM analysis was per-
formed with a FEI Quanta 200 (FEI Company, Eindhoven,
The Netherlands) operated at 20 kV, and digital imageswere
recorded. Freeze-dried samples were mounted on aluminum
stubs and coated (gold/palladium)with a SC7640 Auto/Man-
ual high-resolution sputter coater (Quorum Technologies,
Newhaven, UK).

Chemical Composition Analysis

The composition ofsolid fractionswas analyzedusing a two-
step strong acid hydrolysis accordingto an National Renew-
able Energy Laboratory procedure [39]. Prior to the acid
hydrolysis, samples were dried at 40 °C for 1-2days and
milled to<1 mm particle size. Dry matter (DM) was deter-
mined using a Sartorius MA 30 moisture analyser at 105 °C.
Monosaccharides (p-glucose, p-xylose, and L-arabinose)
were quantified on a Dionex Summit high-performance

Fig. 1 Untreated wheat straw
(top row); hydrothemally
pretreated wheat straw (bottom
row). Ball-milled wheat straw
(left column); after ball milling
and enzymatic hydrolysis (mid-
dle column); SEM images after
ball milling, but before
enzymatic hydrolysis (right
column) with the white bar
indicating 20 pm

Untreated wheat straw

liquid chromatography (HPLC) system equipped with a
Shimadzu refractive index detector [40]. Klason lignin
content was determined based on the filter cake sub-
tracting the ash content after incinerating the residues
from the strong acid hydrolysis at 550 °C for 3 h.

Wheat Straw Preparation

Wheat straw was prepared to give samples from four treat-
ment types: untreated control wheat straw (C), hydrother-
mally pretreated wheat straw (H; solids fraction), hydrolytic
enzyme-treated control wheat straw (E; solids fraction), and
hydrolytic enzyme-treated hydrothermally pretreated wheat
straw (HE; solids fraction). The enzyme hydrolysis was
performed to enrich the noncarbohydrate component.

Treatment C was air dried and Wiley milledto 10 mesh and
Soxhlet extracted with toluene/ethanol (95%) 1:1.87 (v/v) for
12 hto remove waxes and extractives present in cell lumina.
All treatments were air dried, then ball-milled using a Retsch
(Newtown, PA, USA) PM100 planetary ball mill with ZrO,
balls andvessel. The ball-milling parameters were: 8 (10 mm)
balls+3 (20 mm) balls, 300 rpm, 20 min milling interval
followed by 10-min pause, total time of 5 h. Later, the 20-
mm balls were replaced with two more 10-mm balls and the
speed was increased to 600 rpm. Milling was continued for a
total time of 12 h (20 min interval, 10-min pause).

The hydrothermal pretreatment (H) was performed at a
feed rate of 75 kgh* of chopped wheat straw (1-5cm),
which was pre-soaked in water at 80 °C for 6 min [1]. The
straw was then held for 6 min in a reactor heated to 195 °C
by injection of steam. No chemicals were added. The pre-
treated biomass was separated by pressing into solid (rich in
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C-6 sugars) and liquid fractions (rich in C-5 sugars). The
DM content of the solids fraction was 25-32% (w/w).

Treatment types E and HE were prepared further by exten-
sive enzymatic hydrolysis to remove polysaccharides; treat-
ment E utilized the extracted material from treatment C. One
gram of dried and ball-milled untreated or pretreated wheat
straw was incubated separately with Celluclast 1.5 L and
Novozymel188 (Novozymes A/S, Bagsverd, Denmark)
mixed in a 5:1 (w/w) ratio and at 75 filter paper units/g DM
at50 °C (pH4.8). The enzymepreparations contain arange of
cellulases and, to aminor extent, hemicellulases. After 3 days
of enzymatic hydrolysis, all solids were carefully centrifuged
and washed with MilliQ water three times. Hydrolysis was
further continued for 3 days with another identical dose of
enzyme mixture. For both untreated and pretreated straw, the
glucose yields were very close to 100%.

NMR, General

Vacuum-oven dried (40 °C, 3 h) ball-milled wheat straw (all
four treatment types, 30 mg each) were added to four individ-
ual 5mmNMR tubes, followedby DMSO-ds (500 pl). After
sonication, a semiclear solution was formed in approximately
3 h[10]. NMR spectra were acquired at 35 °C ona DMX-500
(*H 500.13 MHz, =C 125.76 MHz) instrument equipped with
a sensitive cryogenically cooled 5 mm TXI :H/=C/N gradi-
ent probe with inverse geometry. The central DMSO solvent
peak was used as an internal reference for all samples 6 39.5,
oy 2.49 ppm). All processing andnumerical integration calcu-
lations were conducted using Bruker Biospin’s TopSpinv. 3.0
(Mac) software. Performing such integrations on NMR data
from polymeric materials is sensitive to cross-peak overlap.
Thus, all integrations were measured only on intense well-
resolved cross-peaks; three separate integration calculations
were obtained on each contour within the same sample (at
60, 80, and 120 contour levels) with averages and standard
deviationsreported.

2D NMR Spectra

A standard adiabatic Bruker pulse sequence implementation
(hsqcetgpsisp2.2) was used for acquiring the 2D spectra.
The phase-sensitive heteronuclear single quantum coher-
ence (HSQC) spectra were determined with an acquisition
time of 170.5 ms using an F2 spectral width of 6,009 Hz
(12 ppm) in 2048 data points using 96 transients for each of
500 tl increments of the F1 spectral width of 25,152 Hz
(200 ppm) (F1 “acquisition time” of 9.94 ms). Dummy
scans (32) were used to establish equilibrium conditions at
the start of the experiment. Processing used Gaussian apod-
ization for F2 (LB= -0.18,GB=0.005) and a cosine squared
function for F1 prior to 2D Fourier transformation. =C-
Decoupling during acquisition was performed by GARP
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composite pulses from the high-power output-decoupling
channel.

NMR Assighments

All lignin assignments were confirmed with the NMR data-
base of lignin and cell wall model compounds [41] and
literature sources [9, 10, 42]. All polysaccharide :H and
C chemical shift assignments for the wheat straw species
described were assigned using previous literature on wheat
straw [43], maize bran (Z. mays L.) [10, 27, 42], and aspen
wood (P tremuloides) [9, 10, 42, 44].

Quantification of Structures by NMR

Quantifying the lignin methoxyl, R-aryl ether, and polysac-
charide O-acetyl and uronic acid structures in each sample
was performed using the spectral data from 2D NMR.
Methoxyl content (millimoles of lignin methoxyls (OMe)
per gram of original wheat straw) was calculated based on
the chemical composition analysis (Table 1) and aH/G/Sratio
of 7:52:41 calculated viaNMR integration ofthe H2/6, G2,
and S2/6 contours in the enzyme lignin (E) spectrum (with
guaiacyl integrals being logically doubled since they involve
only a single correlationrather than the two in the symmetrical
H and Sunits). This ratio closely resembled the ratio deter-
mined by Lapierre et al. [12]. Methoxyl content was assumed
constant throughout the hydrothermal and enzymatic hydro-
lysis treatments (see “Results and Discussion” section).

The HSQC NMR spectra ofthe C, H, E, and HE wheat
straw-treated samples were usedto determine the B-aryl ether,
0-acetyl, and uronic acid content. More specifically, the inte-
gral for the =C—Hcorrelation for the B-aryl ether o«-C/H
(Ax), the integral for the C—Hcorrelation for the acetate
methyl (-CH,),the two integrals for the *C—Hcorrelations
forthe acetylated xylan structures (2-O-Ac-Xylp and 3-O-Ac-
Xylp), and the integral for the “C—H correlation for the
anomeric position of 4-O-MeGIcAwasdividedbythe integral
for the sC—Hcorrelation for the OMe, and the resulting ratio
was multiplied by the determined molar quantity of OMe per
gram of original wheat straw.

Results and Discussion
Chemical Composition

The chemical composition of the wheat straw before and
after hydrothermal pretreatment and subsequent enzymatic
hydrolysis is presented in Table 1. Hydrothermal pretreat-
ment resulted in a substantial removal of hemicelluloses
with a consequent increase in cellulose and Klason lignin
content, yielding 740 mg based on 1,000 mg of original
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Tablel Chemical composition of wheat straw before and after hydrothermal pretreatment and enzyme hydrolysis

Substrate® Yield Cellulose Xylan Arabinan Klason lignin Ash
(mg/1,000 mg) {wtf%) {wtf%) {wtf%) {wt%) (wi%o)

Untreated wheat straw (C) 1,000 35.1 (0.4) 17.2 (6.09) 2.6 (0.02) 18.9 (1.2} 5.8 (0.05)

Hydrothermally pretreated wheat straw (H) 740 468 (0.7} 8.1 (0.01) ND 267 (1.8) 3.4 (0.12)

Enzyme digested untreated wheat straw (E)b 220 - - - -

Enzyme digested pretreated wheat straw (HE) 220 ND ND 792 (1.2 17.1 (0.0%)

Italic numbers are standard deviations
AND none detected
*Mannan and galactan were not detectable

b Substrate E was not analyzed for composition

wheat straw; the lignin content (Klason lignin in Table 1)
showed a 57% increase going from untreated to hydrother-
mally pretreated wheat straw. Similar results were also ob-
served during hydrothermal, steam explosion, or steam
pretreatments of lignocellulosic materials such as corn sto-
ver [45], wheat straw [40], and aspen wood [16]. One
possible mechanism for the increase in lignin content might
be the immediate acid-catalyzed condensation of cleaved
lignin moieties in the wheat straw lignin during the hydro-
thermal process as proposed by Li et al. [16]. The hydro-
thermal pretreatment removed half the xylan and all the
measurable arabinan (Table 1). High-temperature acidic or
neutral pretreatments have also been shown to remove hemi-
celluloses [46] to a large extent and affect the structure and
distribution of lignin in the biomass [40, 47, 48]. The
organic acids formed during the hydrothermal pretreatment
are reported to catalyze the partial hydrolysis of glycosidic
bonds in the hemicelluloses producing mono- and oligosac-
charides [49]. This removal of hemicelluloses that are phys-
ically associated with cellulose may have also resulted in an
increase in pore volume [50]. These results demonstrate that
high temperature pretreatments (e.g., hydrothermal) can re-
move hemicelluloses to a large extent and redistribute lignin
on the biomass surface. A similar observation was also
reported during the alkaline AFEX pretreatment of corn
stover [51]. We also showed that the ash content decreased
by approximately 40% upon hydrothermal pretreatment as
compared to the untreated control (Table 1). However, this
is not an uncommon occurrence in hydrothermal processes
ofwheat straw; similar decreases in ash content were shown
by Han et al. during steam explosion of wheat straw [52].
With the increased temperatures and pressures that are
employe4 a substantial amount of silica becomes released
and mobile. Thus, it is believed that the mobile silica from
the wheat straw ends up being washed out in the liquids
fraction. After enzymatic hydrolysis of the pretreated sam-
ple, the yield decreases to 220 mg based on 1,000 mg of
original wheat straw. The enzyme hydrolysis expectedly
concentrates the resulting lignin in the hydrothermally

pretreated wheat straw, and showed a 167% increase going
from the hydrothermally pretreated to the enzyme-digested
pretreated wheat straw.

NMR Spectral Regions

Figure 2 displays partial HSQC spectra from all four treat-
ment types (rows) and the spectral regions of interest
(columns). Color-coded polymer structures (Fig. 3) corre-
spond to their respective colored spectral contours. The
regions displayed include aliphatics from lignin sidechain
and non-anomeric polysaccharide correlations (a—d),poly-
saccharide anomerics (hemicelluloses and cellulose, e-h),
and aromatic structures (lignin and hydroxycinnamates, i-1).
It is evident from these whole cell wall spectra that major
and minor cell wall polymers are represented here for wheat
straw with good peak dispersion.

Aliphatic Region

Depicted in Fig. 2a—dare several lignin sidechain correla-
tions found in wheat straw spectra: the major B-aryl ether
units (A, cyan), phenylcoumaran units (B, green), resinol
units (C, purple), dibenzodioxocin units (D, red), along with
cinnamyl alcohol end-groups (X1, magenta), and lignin
methoxyls (—OMe, mocha). The B-correlations from -
aryl ether units clearly separate into their respective guaiacyl
and syringyl types, shown by ARg and ARs. The R-aryl
ether Ac contour in Fig. 2b is smaller than A in Fig. 2a
even though the lignin methoxyl contour is scaled to be
larger, thus showing qualitative evidence that B-aryl ether
cleavage has occurred. Acylation of the R-aryl ether -
hydroxyl with p-coumarate (PCA) and acetates, as men-
tioned in the introduction, is noted here by a (colored) Ay
contour at lower field (higher proton and carbon chemical
shifts) than for normal (un-acylated) units [15, 53]. Similar-
ly, phenylcoumaran units are also noted as having been
acylated at the y-hydroxyl with PCA and acetates, by a
similarly displaced By contour. Going from Fig. 2ato b
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Fig. 2 The aliphatic region (a-d), polysaccharide anomeric region {e—
h), and aromatic region (i-1) of >C—"H correlation (HSQC) spectra of
wheat straw. The spectra are aligned vertically to represent each sample

and from 2c to d, acylation appears to decrease during the
hydrothermal pretreatment process; the higher quality spec-
tra obtainable after cellulase treatment, in Fig. Z¢ and d, show
that some of these linkages do survive the process. Dibenzo-
dioxocin (GG-biphenyl structures) [54—-56] units interestingly
show some evidence of depletion during the hydrothermal
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treatrment as follows: control (sample C), hydrothermally pretreated
(sample H), enzyme treated (sample E), and hydrothermally pretreated
followed by enzyme treated (sample HE)

pretreatment; a structural modification to the dibenzodioxocin
units due to the increased acidic conditions during pretreat-
ment may be a potential mechanism [57], but more research is
needed to evaluate its fate. Similatly, the cinnamy] alcohol end
groups displayed substantial removal. Other lignin groups
such as resinols and phenylcoumarans withstand the
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Fig. 3 Key to the chemical structures found in the spectra in Fig. 2.
The structures are: A B-O-4 (f-aryl ethers) in cyan; B -5
{phenylcoumarans) in green; C B—p (resinols) in purple; D dibenzo-
dioxocin structures in red; X1 (E)-cinnamyl alcohol end groups in
magenta, G guaiacyl units of lignin in blue; 8 syringyl units of lignin

hydrothermal pretreatment process. The 2-O-acetylated xylan
(2-O-Ac-R-p-Xylp) and the 3-O-acetylated xylan (3-O-Ac-i-
D-Xylp; forest green) are most abundant in the control whole
cell walls of wheat straw, and diminish substantially after
hydrothermal pretreatment and even further upon enzymatic
hydrolysis (Fig. 2a-d).

Polysaccharide Anomerics

The anomeric region correlations are depicted in Fig. 2e—hin
orange, along with tentative assignments of some important
polysaccharide anomerics, including (1—4)-linked R-D-glu-
copyanosyl units (B-p-Glcp, cellulose), (1—4)-linked3-D-
xylopyranosyl units (8-p-Xylp, xylan), (1—3)-linked o-I-
arabinofuranosyl units («-L-Arap, arabinan), and negligible
amounts of (1 —4)-linked B-D-mannopyanosyl units (3-b-
Manp, mannan) in the control. Mannan linkages were de-
tectable in our NMR experiments, but not with HPLC
(Table 1); the trace amount of mannan in sample C and the
arabinan in sample H and HE may have been hydrolyzed
prior to HPLC composition analysis, rendering it undetect-
able by HPLC. The 2-0-acetylated xylan (2-O-Ac-3-D-
Xylp) and the 3-O-acetylated xylan (3-O-Ac-R-b-Xylp)

OR
Lignin Methoxyl
Xylan Polysaccharide
acetylated anomerics

m raspberry; H p-hydroxyphenyl units in maroon; FA ferulates in fan;
and PCA p-coumarates in dark blue. Also shown are OMe methoxyls
of lignin in mocha, polysaccharide anomerics (H1/C1) in orange, O-
acetylated xylan in forest green, unassigned or overlapping contours
are in black, and other unassigned saccharides etc. are in gray

anomerics are also shown here and, as described above, the
acetyl groups are removed substantially by the hydrothermal
process and even further removal is evidenced after the
enzymatic hydrolysis. Glucuronoxylans contain 4-O-meth-
yl-oi-D-glucuronicacid(4-O-MeGIcA) units, which are (1—
2)-linked in glucuronoxylans. From Fig. 2e and f, the 4-O-
MeGIcA seems to be substantially released from the polymer
by the hydrothermal pretreatment process. Other polysac-
charides show dramatic changes during the hydrothermal
pretreatment as well, e.g., the B-p-Manp (Fig. 2e) and the
terminal o-L-Arap decrease substantially. Not surprisingly,
the R-p-Glcp and the R-p-Xylp show steadfastness to the
hydrothermal pretreatment, displaying their intimate rela-
tionship and high resistance to thermal degradation. This is
not to say that some glycosidic bond cleavage, and a reduc-
tion in the degree of polymerization (DP) of these polymers,
is not occurring.

Aromatic Structures
Figures 2i-Idepict the lignin aromatic regions, along with the
ferulate (FA) and PCA hydroxycinnamates. Poaceae species

are known to contain not only guaiacyl (G) and syingyl (S)
units, but also low levels of p-hydroxyphenyl (H) units.
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Structure correlations shown include: S,; and its o-
ketone analog S',s (raspberry); G, (blue); Gs and G with an
overlapping Hss contour (blue); Hys (maroon) is shown here
well dispersed, PCA; and PCA, are well dispersed (dark
blue), but PCA4s overlaps with guaiacyl contours and PCA,

overlaps with FA,; coloring of PCA, and FA, is meant to
indicaterough comparativelevels, but not the actual correlation
positions. The contour FA,, and in some cases FA,, are shown
well dispersed (tan), FA, is reasonably well resolved, and FA,

overlaps with guaiacyl contours. The disappearance of FA, in
the control (Fig. 2i) and untreated enzyme lignin spectra
(Fig. 2k) may be due to the lower steric mobility ofthis C/H

bond as compared to the less hindered environment after hy-
drothermal pretreatment. Cinnamyl alcohol end-groups (X1-et,
magenta) appear in the control spectra (Fig. 2i) and, as
expected, in the untreated enzyme lignin spectra (Fig. 2K);

however, as shown previously for the aliphatic region, X1-«
displays complete removal after hydrothermal pretreatment
(Fig. 2j and I). Overall, these aromatic spectra suggest that the
hydrothermal pretreatment process has not changed lignin aro-
matics and hydroxycinnamates to any significant degree.
whether cinnamate esters (i.e., between arabinoglucuronoxy-
lan C5 primary alcohol and a ferulate carbonyl) may have been
cleaved during the hydrothermal process is still to be
determined.

N MR Quantification
2D NMR Integration

Two-dimensional HSQC spectra have been used on several
occasions to quantify cell wall structures [58-61]. The use of
adiabatic pulse sequences, as performed in this study, has the
advantage of J independence and offset insensitivity over an
essentially unlimited active bandwidth, allowing for quantita-
tive measurements[62,63]. Table 2 summarizesthe results of
the 2D N MR integration of selected contours. The integration
results, as will be discussed in the following sections, allowed
for quantifying specific linkages inthe HSQC spectra(i.e., for
B-aryl etherunits, 2-O-Ac-R-D-Xylp and 3-O-Ac-B-p-Xylp
units, total acetates, and the 4-O-MeGIcA) relative to the
lignin methoxyl group. The basis for quantifying structures
relative to the lignin methoxyl is due the relatively stable
nature of guaiacyl and syringyl methoxylstowards acidolysis,
as was reported by Lundquistand Lundgren [64]; only minor
amounts of methanol were formed upon acidolysis of lignin.
From Table 2, all ofthe integrals displayed less than 5% error,
thus, confirming the precise nature of the technique.

R-Aryl Ether Linkages

Using the lignin methoxyl content, based on 1,000 mg of
the original wheat straw, and the integration data in

3] Springer

Table 2 we are able to quantify R-aryl ether linkages.
The quantification results (Table 3) showed that the hy-
drothermal process depleted B-aryl ethers from 0.40 to
0.16 mmol; only 40% of their original levels remained.
This result for wheat straw is more dramatic compared to
a previous study on aspen wood where it was reported
that steam explosion at a temperature of 205 °C for 5 min
left 63% of its original level of R-aryl ether linkages
intact [16]. Possible reasons for this more severe cleavage
with wheat straw are: (1) More latent acid groups (i.e.,
more acylation by acetate, ferulate, R-coumarate) are pres-
ent which help catalyze acidolysis (a typical hydrothermal
pretreatment solution has a pH of 4); (2) A lower molec-
ular weight lignin (with lower DP and a higher phenolic
content) is more readily “extractable” during pretreatment;
(3) Lignin in grasses incorporates more p-hydroxyphenyl
(H) units, derived from the incorporation of p-coumaryl
alcohol into lignins, than dicots. The increased H units
should allow for a higher accessibility of hydrolytic agents
as H units are essentially all terminal [12]. The source of
these agents, and the possible mechanisms involved, is
discussed in the paragraphs to follow. The insignificant
decrease in B-aryl ether linkages after enzymatic hydroly-
sis (i.e., C to E and H to HE) confirms the highly
selective nature of the enzymes toward polysaccharide
removal.

O-Acetyl Linkages

Natural acetates found in wheat straw include those on the
2-O-Ac-3-p-Xylp and the 3-O-Ac-B-b-Xylp units. Using
the lignin methoxyl content, based on 1,000 mg of the
original wheat straw, and integration data we were able to
quantify 0-acetyl linkages. From Table 3, the total acetates
after hydrothermal pretreatment showed depletion from 0.62
to 0.12 mmol; i.e.,, only 19% of the original acetates
remained. The total O-Ac-Xylp acetates depleted from
0.56 to 0.070 mmol. This reveals that most acetates in wheat
straw originate from O-Ac-Xylp. However, after hydrother-
mal pretreatment there are approximately 0.05 mmol of
acetates that exist on other structures, suggesting that acety!l
group migration onto other cell wall components has likely
occurred [65]; such a redistribution was also suggested in a
recent ionic liquid system with eucalyptus [66]. Neverthe-
less, the amount of acetyl cleavage is substantial and would
result in ample amounts of acetic acid build-up during the
hydrothermal process. After the enzyme hydrolysis of the
hydrothermally pretreated wheat straw, the quantity of total
acetates decreases even further, going from 0.12 to
0.060 mmol. This result suggests that the enzymatic process
cleaves acetates via a different mechanism than the hydro-
thermal pretreatment process. After both processes, the
amount of acetate depletion was 90%.
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Table 2 2D NMR contour integration values for R-aryl ethers, acetates, and uronic acids relative to the lignin methoxyl

Structure Integration region Control (C}) Hydrothermal (H} Enzyme (E) Hydrothermal+enzyme (HE)
("°C, 'Hppm)

Lignin—OCH4 57.9-538 1 1 1 1
4.02-3.37

B-aryl ether, Ao 73.3-70.1 0336 (0.0171) 0.130 (85.00497) 0.325 (0.00304) 0.126 (0.00452)
5.00-4.65

Acetate—CH, 22.1-19.3 0518 (0.00473) 0.102 (0.00456) 0.0831 (0.00143) 0.0506 (0L.00121)
2.25-1.62

2-0-Ac-Xylp 74.6-724 0237 (0.00900) 0.0289 (0.00126) : :
4.62-4.35

3-0-Ac-Xylp 75.9-73.7 0227 (0.00580) 0.0292 (0.000963) = =
4.924.64

4-0-MeGlcA-1 97.8-96.5 0.0367 (0.00204) 0.00164 (6000111 & &
5.25-5.00

Ttalic numbers are standard deviations

*Peak too small for accurate determination

Uronic Acids

Uronic acids that are part of 4-O-MeGIcA in arabinoglucur-
onoxylans also displayed substantial losses after the hydro-
thermal pretreatmentas shown in Table 3, going from 0.044 to
0.0020 mmol. This is a 95% depletion after pretreatment.
From the anomeric regions ofthe NMR spectra ofthe enzy-
matic hydrolyzates E and HE (Fig. 2g and h), the 4-O-
MeGIcA contour is no longer present, suggesting that uronic
acids are efficiently removed in the enzymatic processes.

Hypothesis of Depletion

Ether cleavage during hydrothermal pretreatment can be hy-
pothesized to occur as follows: (1) Steam temperatures of
195 °C cleavethe labile xylan acetyls and 4-O-MeGIcA, thus
releasing acetic acid and uronic acid; (2) This organic acid

build-up leads to acid catalyzed hydrolysis (acidolysis) of B-
aryl ethers and the potential structural modification of diben-
zodioxocins and cinnamyl alcohol end groups. Similar mech-
anisms have been described in the literature where R-aryl
ether cleavage was attributed to organic acid pulping [67-70].

Conclusions

The present study shows that hydrothermal pretreatment
increases the cellulose and lignin concentration in the pre-
treated biomass, mainly due to substantial removal of hemi-
celluloses, as well as partial removal of extractives and
substantial deacylation of lignins and hemicelluloses. Using
HSQC =C—Hcorrelation NMR spectroscopy, all the major
(and some minor) plant cell wall polymers of wheat straw are
revealed in a non-derivatized state. From two-dimensional

Table 3 A summary of the 2D NMR analysis results for quantifying B-aryl ether units, acetates, and uronic acids before and after hydrothermal

pretreatment of wheat straw

Substrate Lignin Lignin B-aryl ether® Acetate—CH,® 0-Ac-Xylp® 4-0-MeGlcA®
OMe® OMe® {mmol}) (mmol} {mmol} {mmol})
(wit% of (mmol})
substrate)
Untreated wheat straw (C) 3.70 1.19 0.401 (0.0205) 0.621 (0.00363) 0.555 (0.0177) 0.0439 (0.00244)
Hydrothermally pretreated 3.70 1.19 0.155 (0.00594) 0.122 (0.00545y  0.0695 (0.00266y  0.00196 (0.000131)
wheat straw (H)
Enzyme digested untreated 3.70 1.19 0.388 (0.00602)  0.0993 (0.00171) - -
wheat straw (E)
Enzyme digested pretreated 3.70 1.19 0.150 (0.00546) 0.060 (0.00143) - -

wheat straw (HE)

Ttalic numbers are standard deviations

*Based on the H, G, and $ ratio in the lignin of wheat straw as determined by NMR

b Per gram of original wheat straw
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integration of specific contours in the NMR spectra, in con-
junction with supporting analytical data, the following signif-
icant conclusions can be made from the hydrothermal
pretreatment based on 1,000 mg of original wheat straw: (1)
B-aryl ether linkages decreased by 60 %; (2) Natural acetyl
linkages decreased by 81 %, mostly deriving from Ac-
O-Xylp— —acetyligration from Ac-O-Xylp to R-aryl
ethers (Ay) and phenylcoumarans(By) after enzyme hydro-
lysis is a logical possibility; (3) Uronic acid from 4-O-
MeGIcA decreased by 95%; (4) Some deacylation of p-
coumaratesand ferulates was apparent fromthe hydrothermal
pretreatment as evidenced in the aromatic regions of the
HSQC spectra; however, overall, the aromatic region showed
very little structural changes in this study. We hypothesize that
the high steam temperatures used during the hydrothermal
process are sufficientto cleave the labile natural acetates and
uronic acids linked along the xylan chain, releasing these
organic acids into solution. This acid is then available to
catalyze ether hydrolysis, including hydrolysis of 3-aryl
ethers, butthe syringl/guaiacyl/p-hydroxypheny! distribution
remains essentially unaltered.
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