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Investigating the Role of Extensin Proteins in Poplar
Biomass Recalcitrance
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The biological conversion of cellulosic biomass to biofuel is hindered by
cell wall recalcitrance, which can limit the ability of cellulases to access
and break down cellulose. The purpose of this study was to investigate
whether hydroxyproline-rich cell wall proteins (extensins) are present in
poplar stem biomass, and whether these proteins may contribute to
recalcitrance. Three classical extensin genes were identified in Populus
trichocarpa through bioinformatic analysis of poplar genome sequences,
with the following proposed names: PIEXTENSINT (Potri.001G019700);
PtEXTENSIN2 (Potri.001G020100); PtEXTENSIN3 (Potri.018G050100).
Tissue print immunoblots localized the extensin proteins in poplar stems
to regions near the vascular cambium. Different thermochemical
pretreatments reduced but did not eliminate hydroxyproline (Hyp, a proxy
for extensins) from the biomass. Protease treatment of liquid hot water-
pretreated poplar biomass reduced Hyp content by a further 16% and
increased subsequent glucose yield by 20%. These data suggest that
extensins may contribute to recalcitrance in pretreated poplar biomass,
and that incorporating protease treatment into pretreatment protocols
could result in a small but significant increase in the yield of fermentable
glucose.
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INTRODUCTION

Plant cell walls are complex structures composed of polysaccharides (cellulose,
hemicelluloses, and pectin), lignin, and structural proteins (Carpita and McCann 2000).
Cellulose, a polymer of glucose, is of high interest as a renewable energy source for biofuel
production. Cellulose can be broken down by cellulases into glucose, which can then be
converted into fuel (Béguin and Aubert 1994). However, cell wall recalcitrance, a result of
the crystalline structure of cellulose and other aspects of cell wall architecture, can limit
how well cellulases can access and digest cellulose (Himmel 2008).

One way to address cell wall recalcitrance is to pretreat biomass before attempting
the enzymatic digestion of polysaccharides. Commonly used thermochemical
pretreatments disrupt the cell wall structure both physically and chemically. Typical
pretreatments include dilute acid, alkaline peroxide, liquid hot water (LHW), ammonia
steam explosion, ammonia fiber expansion, and ionic liquid (Chaturvedi and Verma 2013).
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Pretreatments target lignin and hemicelluloses, which are abundant components of the cell
wall and are known contributors to recalcitrance (Kumar et al. 2009). Pretreatment
increases glucose yield, but yields must increase further for biofuels to be cost-competitive
with conventional fossil fuels (Yang and Wyman 2008).

Structural cell wall proteins are a minor component of cell walls, comprising no
more than 1% of wood (extrapolated from Dill ef al. 1984). Nevertheless, these proteins
could contribute to recalcitrance; the role of structural cell wall proteins in biomass
digestibility has not yet been investigated. Extensins are structural cell wall proteins
forming a sub-group of the hydroxyproline-rich glycoproteins (HRGPs). Extensins contain
at least two repeats of a diagnostic SPPP or SPPPP primary sequence motif (Showalter
1993). The primary amino acid sequence directs substantial post-translational changes,
including hydroxylation of select prolines to hydroxyproline (Hyp) (Lamport 1965;
Kieliszewski et al. 2011), the addition of an arabinosyl side-chain (containing 3-5
arabinoses) to Hyp (Lamport 1967; Lamport and Miller 1971), and the addition of
galactose to serine (Lamport et al. 1973). The mature protein has a rigid, outstretched
polyproline-2 helix because of the series of proline and Hyp residues, as well as the
protective and stabilizing B-L-arabinofuranoside “sheath” around the polypeptide chain
(van Holst and Varner 1984; Stafstrom and Staehelin 1986). Extensins secreted into the
cell wall are initially soluble and salt-elutable, but they eventually become cross-linked
within the cell wall (Heath and Northcote 1971; Fry 1982; Cooper and Varner 1984).

Extensin cross-linking has been proposed to occur between several different
molecule pairs. First, extensin-pectin cross-links have been found in cotton (Qi ez al. 1995),
sugarbeet pectin extracts (Masuda et al. 1989; Nufiez et al. 2009), and soybean suspension-
cultured cells (Moore 1973). The linkage has not yet been characterized. Extensin-extensin
cross-links have been formed in vitro (Held et al. 2004), and recent evidence indicates
extensin-extensin crosslinks occur in vivo (Cegelski et al. 2010), most likely by
condensation of tyrosine residues into isodityrosine or di-isodityrosine. Finally, extensin-
lignin cross-links have been identified in soybean suspension-cultured cells (Moore 1973),
callus tissue of Pinus elliottii (Whitmore 1982), and in elicitor-challenged suspension-
cultured pine cells (Lange et al. 1995). Recent in vitro experiments provide evidence for
the mechanism of protein-lignin interactions, and demonstrate cross-linking of the amino
acids C, Y, and T with coniferyl alcohol (the subunit of G-lignin) (Cong et al. 2013).

Once extensins are covalently cross-linked within cell walls, they are extremely
difficult to remove (for example, Heath and Northcote 1971; Mort and Lamport 1977;
Lamport 1980). Although the protein content of wood is low (experimentally determined
N contents of wood range from 0.03 to 0.1% (Cowling and Merrill 1966)), intractably
cross-linked proteins within wood may have a small but significant role in biomass
recalcitrance. For example, LHW pretreatment mainly affects pectin and hemicellulose,
with some lignin extraction as well. The extent of these modifications is dependent on both
time and temperature. As the pectin-extensin cross-linking chemistry is not yet understood,
it is difficult to postulate whether LHW pretreatment cleaves this bond. In the case of
lignin-extensin cross-links, although partial removal of lignin through extraction by LHW
occurs, the lignin-extensin crosslink may also limit the extent of this extraction. Cross-
linking may also impede the complete enzymatic breakdown of cellulose by physically
blocking the advancement of processive cellulases.

Extensin proteins in poplar stem biomass were investigated in this study. Three
classical extensin genes were found using bioinformatic analysis of poplar genome
sequences, and extensin proteins were localized in poplar stems using tissue print
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immunoblots. The removal of extensins from poplar biomass by thermochemical
pretreatments was assessed by measuring Hyp content in the biomass after pretreatment.
Finally, the effect of protease treatment on the release of glucose from pretreated poplar
biomass was analyzed.

EXPERIMENTAL

Bioinformatic Analysis of Poplar Extensins

The 37 extensins found by Guo et al. (2014) in Populus trichocarpa were originally
identified because they contained two or more repeats of SP3 or SP4, as well as a signature
extensin protein domain in Interpro (IPR006706, IPR006041, TPR003882, IPR003883,
PRO1217, or PTHR23201). In this study, these 37 genes were further analyzed to identify
“classical” extensin genes, as defined in Showalter et al. (2010) and Kieliszewski et al.
(2011). SignalP 4.1 (www.cbs.dtu.dk/services/SignalP/) was used with its default settings
to predict the presence of a signal peptide (Petersen ef al. 2011). In genes with predicted
signal peptides, protein sequence homology to annotated extensin proteins was identified
with HMMER3, using a phmmer search of the SwissProt database (hmmer.janelia.org/)
(Finn ef al. 2011). Genes with additional domains (chimeric extensins) or pollen Ole e 1
allergen/extensin domains were excluded, as were those with similarities to non-extensin
HRGPs (such as arabinogalactan proteins or proline-rich proteins). Genes with a signal
peptide and a predicted repetitive extensin domain but no additional functional domains
were classified as classical extensins.

Introns were identified in classical extensin genes using PopGenlE 3.0
(popgenie.org) (Sjodin et al. 2009). The organ with the highest expression for each gene
was identified using the PopGenlE 3.0 exPlot tool, based on expression values in the
Populus balsamifera developmental tissue series (Wilkins et al. 2009) and the P.
trichocarpa tissue series (Yang et al. 2008). P. trichocarpa transcriptome data from Hefer
et al. (2015) were also considered.

Tissue Print Inmunoblots

Tissue prints were made as described in Cassab and Varner (1989). Pieces of
nitrocellulose paper were soaked for 30 min in 0.2 M CaCl: and dried. Freehand, 1- to 3-
mm cross-sections of stems of Populus alba x Populus tremuloides grown in hydroponic
media were made with a double-edged razor blade. The sections were rinsed in distilled
water for 3 s, dried with a KimWipe, and firmly pressed for 20 s onto the prepared
nitrocellulose.

Printed nitrocellulose was air-dried, blocked in 5% non-fat milk in Tris-buffered
saline with Tween (TBST: 10 mM Tris-HCL, pH 7.4, 150 mM NaCl, 0.05% Tween® 20)
overnight at 4 °C, and washed five times for 10 min in TBST. Prints were treated for 3 h
at room temperature with one of three different antibodies diluted in TBST according to
the recommendations of the providers: a 1:10 dilution of mAb JIM20 (CarboSource,
Athens, GA, USA), a 1:10 dilution of mAb LM1 (PlantProbes, Leeds, UK), or a 1:500
dilution of polyclonal carrot extensin-1 antibody, gE-1 (a kind gift from Dr. L. A.
Staehelin). Tissue prints were washed four times for 15 min in TBST at room temperature,
then treated overnight at 4 °C with a 1:10,000 dilution in TBST of goat anti-rat alkaline-
phosphatase conjugated secondary antibody (Sigma-Aldritch, USA) for detecting mAbs
JIM20 and LM1, or goat anti-rabbit alkaline-phosphatase conjugated secondary antibody
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(Sigma) for detecting gE-1. Tissue prints were then washed with TBST and developed with
5-bromo-4-chloroindoxyl-phosphate and nitroblue-tetrazolium as previously described
(Cassab and Varner 1989). For controls, several tissue prints were treated with the
secondary antibody only or with the alkaline phosphatase substrates directly after blocking;
no signal was detected in either control treatment. The developed tissue prints were imaged
with an Epson Perfection V700 Photo flat-bed scanner at 12,800 dpi (Epson, USA).

The cross-sections that were used for the tissue prints were then dipped for 5
seconds in 0.25% Toluidine Blue O (Electron Microscopy Sciences, USA, #22050),
mounted in glycerol, and imaged with a Leica 5500 microscope using a Leica DFC 450
color camera with Leica Application Suite V4.1 software (Leica Microsystems, Germany).
Images were composited using Image Composite Editor (http://research.microsoft.com/en-
us/um/redmond/groups/ivim/ice/).

Pretreatment of Poplar Biomass

Dried, milled poplar biomass (described in Selig et al. 2010) was pretreated with
LHW or dilute acid at the National Renewable Energy Laboratory (NREL, Golden, CO) in
a 4-L ZC® vertically stirred reactor (ZipperClave,®Autoclave Engineers, Erie, PA, USA).
Pretreatments were performed separately, as previous work indicates that combinations
have no additive effect (Cara et al. 2007). Steam was directly injected into the bottom of
the reactor through ports in a rotary-plow type of agitator, and constant temperature was
achieved by controlling the steam pressure in the reactor. The ZC reactor has an electrical
heating blanket set at reaction temperature to lessen steam condensation from heat losses
through the reactor wall. The contents of the ZC reactor typically reached reaction
temperature within 5 to 10 s of starting the steam flow as measured by two thermocouples,
one in the bottom and one near the middle of the reactor. After pretreatment, the steam
pressure was slowly released through a condenser over a period of 15 to 30 s to lessen boil-
over. In LHW pretreatment, poplar was mixed with water, loaded into the ZipperClave®,
and treated at 180 °C for 40 min. In acid pretreatment, poplar was mixed with 0.5% sulfuric
acid, impregnated into the biomass under vacuum with mixing, loaded into the
ZipperClave® pretreatment reactor, and treated at 150 °C for 20 min. In alkaline peroxide
pretreatment, 4 g of poplar biomass was mixed with 100 mL of 1% hydrogen peroxide
solution (pH 11.5, adjusted with 12 M NaOH) and incubated with vigorous shaking at 65
°C for 3 h (Selig et al. 2009). After all pretreatments, the biomass was extensively washed
with deionized water and dried before use in further experiments.

Compositional Analysis of Biomass

Each type of pretreated biomass (pretreatment: none, LHW, dilute acid, or alkaline
peroxide) was analyzed using a scaled-down version of the NREL standard Laboratory
Analytical Procedures for the compositional analysis of structural carbohydrates, lignin,
protein, and ash (http://www.nrel.gov/biomass/pdfs/42618.pdf). Briefly, 100 mg of
biomass was hydrolyzed in 72% (w/w) H2SO4 for 2 h at 30 °C. After dilution with distilled
water to 4% (w/w) H2SOu4, the samples were autoclaved for 60 min at 121 °C to hydrolyze
oligosaccharides formed in the first stage. After neutralization with CaCO3, monomeric
sugars were quantified by liquid chromatography. Structural polysaccharide content was
back-calculated after adjustment for losses caused by degradation against sugar recovery
standards. Each sample was analyzed in duplicate using 100 mg of biomass per sample.
The percentage of glucose content in each sample was used to determine the efficiency of
glucose release after the biomass digestibility assay (described below).
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Hyp Assay

Samples of untreated and LHW, dilute acid, and alkaline peroxide-pretreated poplar
weighing 15 mg were rehydrated in 2.1 mL of 30 mM sodium citrate (pH 4.5) for 3 h at
room temperature in 2-mL screwtop tubes (Sarstedt, Germany). Buffer (as a control) or 4.5
uL of Fermgen protease (Genencor, Palo Alto, CA, USA) at 70 mg/mL (determined with
the Pierce bicinchoninic acid assay, ThermoFisher Scientific, USA) was added to the
rehydrated biomass, and the samples were incubated in a 50 °C rotisserie oven with end-
over-end rotation for 24 h. Multiple samples for each treatment and biomass type were
pooled to achieve a final mass of ~100 mg. The pooled samples were boiled overnight in
distilled water, washed three times with distilled water, and dried overnight at 50 °C to
remove any soluble proteins (particularly monomeric, non-covalently-bound extensins, or
other soluble HRGPs) (Lamport 1969). Samples were re-weighed, and amino acid
hydrolysis was performed by adding 1.6 mL of 6 M HCI and incubating in closed Sarstedt
tubes at 100 °C for 18 h. Then, 500 pL of the supernatant were transferred to a new tube
and pH-adjusted by the addition of 12 M NaOH to pH 3.0 (+/— 0.1). A higher pH produced
a dark brown color in the samples that interfered with subsequent colorimetric analysis.
Samples were centrifuged at 21,130 g for 1 min to clarify the supernatant. A colorimetric
assay for Hyp content was then performed on the clarified supernatant (Lamport 2013).
The absorbance at 560 nm of each sample was measured in triplicate (200 puL each) in a
96-well plate using a BioTek Synergy HT plate reader (BioTek, USA). Data were analyzed
using Microsoft Excel 2010 (Microsoft, USA). Hyp standards with the same salt
concentrations (4.2 M NaCl) and pH (3) as the samples were used to construct a standard
curve.

Protease Treatment

Dried poplar biomass samples (untreated and LHW, dilute acid, and alkaline
peroxide-pretreated) weighing 5 mg were rehydrated in 700 uL of 30 mM sodium citrate
(pH 4.5) for 3 h at room temperature in 2-mL screwtop tubes (Sarstedt). Buffer (as a
control) or 1.5 pL of Fermgen was added to the rehydrated biomass, and samples were
incubated in a 50 °C rotisserie oven with end-over-end rotation for 24 h. Treatment was
halted by boiling the tubes in a water bath for 10 min. To demonstrate that these conditions
would result in extensin degradation, the same amount of Fermgen was added to 18.5 pLL
of crude extensin protein in 30 mM sodium citrate buffer (extracted from carrot root disks
with CaClz and concentrated with an Amicon PM-10 membrane (Stuart and Varner 1980)),
and incubated under identical conditions. Two pL of protease-treated and untreated
samples were each spotted onto nitrocellulose membranes that were then probed with
antibodies gE-1 and JIM20 (as described for tissue prints); no extensin signal was detected
after protease treatment (data not shown). The biomass was then centrifuged at 21,300 g
for 30 s and washed to remove any residual protease activity, using two 500-uL washes
with 1 M NaCl followed by four 500-uL washes with deionized water, and finally adding
500 pL of 30 mM sodium citrate buffer, pH 4.5 (final concentration 21.4 mM) (Kumar and
Wyman 2009). The biomass was vortexed and then centrifuged for each wash. Only 500
puL of the total 700 uL was removed after each centrifugation to avoid disturbing the
biomass pellet. Control experiments using bovine serum albumin (BSA) as a substrate
verified that no Fermgen activity remained in the samples after boiling and washing.

For a time-course experiment, 5 mg of dried poplar biomass samples of all four
types was rehydrated as described above. Every two hours for ten hours, 1.5 uL of Fermgen
were added to the rehydrated biomass (9 pL total), while the samples incubated in a 50 °C
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rotisserie oven with end-over-end rotation for 24 h. The treatment was stopped as described
above before proceeding with a digestibility assay.

Biomass Digestibility Assay

The high-throughput protocols of Santoro et al. (2010) and Selig et al. (2010) for
the enzymatic digestion of biomass into simple sugars were adapted to laboratory scale. To
5 mg of protease-treated poplar biomass in 700 uL of 21.4 mM sodium citrate (pH 4.5)
(prepared as described above), 50 pL of a solution containing Cellic CTEC2 (70 mg/g
biomass, Novozymes, Denmark), Cellic HTEC2 (2.5 mg/g biomass, Novozymes), 0.007%
NaN3 (final concentration), and 30 mM sodium citrate (pH 4.5) were added. The excess
enzyme loading ensured enzyme activity would not be a limiting factor. Samples were
incubated in a 50 °C rotisserie oven with end-over-end rotation for one week.

The tubes were centrifuged at 21,130 g for 1 minute. The supernatant was removed
to a new tube, diluted 1:10 in water, and tested for glucose content using a glucose
oxidase/peroxidase (GOPOD) assay (Megazyme International Ireland, Ireland). Triplicate
20-pL aliquots of sample, glucose standard, a Fermgen-only mixture, or a CTEC2/HTEC2
mixture were mixed with 200 puL GOPOD reagent and incubated at 40 °C for 45 minutes
in a 96-well plate. The absorbance at 510 nm was read in a BioTek Synergy HT plate
reader. Data were analyzed using Microsoft Excel 2010. Glucose standards were used to
construct a standard curve. The absorbance from the enzyme-only mixtures was subtracted
from the absorbance of the samples to correct for glucose present in the enzymes.

RESULTS

Three Classical Extensin Genes in Poplar

Previous work by Guo et al. (2014) identified 37 genes in the P. trichocarpa
genome (v. 3.0) with signature SPPP or SPPPP extensin motifs. Further diagnostic criteria
were used to identify those genes encoding classical extensins. First, the encoded protein
must include an N-terminal signal peptide for it to serve as a structural cell wall protein.
According to SignalP analysis, 22 of the 37 genes encode proteins with N-terminal signal
peptides. Thirteen genes exhibited both signal peptides and significant homology to
annotated extensins, found by querying the SwissProt database with HMMER3, where the
sequence returned with greatest homology to the queried gene was an extensin (E-value <
3x107°). Finally, classical extensins consist primarily of a single domain made up of
repetitions containing SP3-¢ and YXY, unlike other subgroups of HRGPs or extensin
chimera proteins. Three poplar genes met all of our criteria: Potri.001G019700,
Potri.001G020100, and Potri.018G050100 (Fig. 1, Table 1). Proposed names for these
three genes are: PtEXTENSINI (Potri.001G019700), PtEXTENSIN2 (Potri.001G020100),
and PtEXTENSIN3 (Potri.018G050100). PtEXT3 had highest similarity to carrot (Daucus
carota) extensin (Chen and Varner 1985a, 1985b) based on the results of the HMMER3
search, while the other two genes had highest similarity to Arabidopsis Extensin-2
(Yoshiba et al. 2001). Gene structure was also examined, as the 20 classical extensins in
Arabidopsis have either no introns or a single intron (Showalter et al. 2010). PtEXTI and
PtEXTS3 lack introns, while PtEXT?2 has a single intron (Table 1).
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> Potri.001G019700 PtEXT1
MIYALAFCVVATSVVAKEPYYYKSPPPRLKSSPPPSPSPPPPYHYSSPPPPKKSPPPEY I YKSPPPELKSPPPPYHY
SSPPPPKKSPPPRYHYSSPPPPKKSPPPRPYVYKSPPPPSPSPPPPYHYSSPPPPKKSPPPRYVYKSPPPRSPSPPPR
YHYSSPPPPKKSPPPRYIYKSPPPPSPSPPPPYHYSSPPPPKKSPHPPYVYKSPPPPHY

> Potri.001G020100 PtEXT2
MENRGRMGHLSPMIHAIAICLVATSVVAYEPYYYKSPPPRSOSPPPEYHY SSPPPPKKSPPPPYHY TSPPPPKKSPR
PRYHYSSPPQPKKSPPPPYHYSSPPPPKKSPPPPYHYSSPPPPKKSPLPPYHYSSPPPPKKSPPPPYHY SSPPPPKK
SPPPQYHYTSPPPPKKSPPPPYHYTSPPPPKKSPPPPYHYTSPPPPKKSPPPPYHYTSPPPPKKSPPPPYHYSSPPP
PKKSPPPPYHYTSPPPPKKIEIVDPW

> Potri.018G050100 PtEXT3
MDLLHSVMLYFSLALLLSSSSEATDTTFSRNSALWLTYKSPPPPFHNKHKSPPPPPHKYKSPPPPHHKCKYSPPPRV
JIYRSPPPETPMHHKSPPESPHMFKSPPPPRYRY TSPPPPPPHPPCHAYKYTSPPPPPSYKYASPPPPKHHHHHKHK
WSPYPFITYMSPPPPHHNYPDYHYSSPPPPPPIVAY

Fig. 1. Complete amino acid sequences of the three poplar classical extensin genes, with signal
peptide sequences highlighted in yellow, SP3-s repeats in green, and H or K in blue. YXY motifs
are underlined.

The three poplar extensin proteins were dominated by repeated motifs. The mature
PtEXT1 protein consists of 12 repeats of (S/K/L)(P/K)SPPPPY(Y/H/I/V)Y (K/S)SPPPP,
with only a few non-repeat amino acids at the N- and C-termini (Fig. 1). PtEXT2 consists
of 14 repeats of YHY(K/S/T)SPPPPKKSPPPP, again with only a few non-repeat amino
acids at the N- and C-termini. These repeats are similar to the tomato P3 extensin repeat
sequence SPPPPSPSPPPPYY YK (Smith ef al. 1986), a motif found in extensins across the
plant kingdom (Kieliszewski ef al. 2011). PtEXT3 has 12 SP3-¢ motifs that make up 40%
of the 167-amino-acid protein, including five repeats of the sequence YXYXSP4-s.

Table 1. Classical Extensin Genes in P. trichocarpa

Homologous E-value SP3/SP4/ Max Number
Locus ID Protein (HMMER) Repeated Motif #R|[#AA| SPs/SPe |#YXY/H/IK Hyp (%) of
(Organism) Repeats YP L) Introns
PO"'('g?éfﬂfmo (Exif,’;lg‘ni) 1.10x1077°|(S/K/L)(P/K)SPPPPY (Y/H/IV)Y(K/S)SPPPP| 12| 197 | 0/22/0/0 | 12/8/21 | 46 0
Potn(.g?é)c(;?zz)moo (Exﬁigigni) 6.70x10°75 YHY(K/S/T)SPPPPKKSPPPP 14(229 | 1/24/0/0 | 14/13/27 | 44 1
Potn(.glg)t(;?g)omo (g"g;f)'tg) 2.70x10° YXYXSPas 5 |167| 1632 | 51914 | 32 0

#R=number of times repeated motif occurs in the protein sequence; #AA=number of amino acids
in mature protein after signal peptide cleavage; Max Hyp (%) = theoretical maximum mol % Hyp.

Expression of the three poplar extensin genes was examined using poplar
microarray data available at popgenie.org. The organ or tissue with the highest identified
expression of each gene depends somewhat on the specific microarray experiment. Based
on the P. balsamifera developmental tissue dataset, all three genes are most highly
expressed in young leaves (Wilkins et al. 2009). Based on the P. trichocarpa tissues
dataset, PtEXTI is most highly expressed in mature leaves and roots, PtEXT2 is most
highly expressed in roots and young leaves, and PtEXT3 is most highly expressed in young
and mature leaves (Yang et al. 2008). Based on the recent work of Hefer et al. (2015), at
least one poplar extensin gene (PtEXT]) is expressed in young woody tissue.
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Localization of Extensin Proteins in Poplar Stems

To investigate whether extensin proteins are present in poplar wood, tissue prints
were made with poplar stem sections to detect extensin proteins using three different anti-
extensin antibodies (Fig. 2).

Fig. 2. Tissue print immunoblots showing extensin localization in poplar stems. A) Print probed
with JIM20 (left) and its corresponding stained section (right); B) Print probed with LM1 (left) and
its corresponding section (right); C) Print probed with gE-1 (left) and its corresponding section
(right). P=pith; PZ=perimedullary zone; X=xylem; VC=vascular cambium; Ph=phloem;
PF=phloem fiber; C=cortex; E=epidermis. Bar=100 uym.

JIM20 is an anti-extensin monoclonal antibody (mAb) raised to pea guard cell
protoplasts, shown to be specific for extensins (Smallwood ef al. 1994). LM1 is a mAb
raised to rice cell wall material that has been shown to recognize monocot threonine-rich
HRGPs and dicot extensins (Smallwood et al. 1995). The anti-carrot extensin antibody
(gE-1) is a polyclonal antibody raised to purified glycosylated carrot extensin-1 (Stafstrom
and Staehelin 1988). Using poplar stem tissue prints, extensins were detected adjacent to
the vascular cambium with all three antibodies. Extensin localization was detected
predominantly in the phloem with both mAbs, JIM20 and LM1 (Figs. 2(a) and (b)).
However, extensin localization was detected most prominently in xylem with gE-1, with a
very low signal (if any) in phloem (Fig. 2(c)). All three antibodies also produced a
detectable signal in the perimedullary zone (the outermost layer of the pith).

Effect of Pretreatments and Protease Treatment on Hyp Content

Having verified that extensin proteins are present in the woody tissues of poplar,
the next question is whether standard pretreatments remove extensins from poplar stem
biomass. Extensin is the most abundant source of Hyp in plant cell walls; in some cases a
single extensin accounts for 90% of the Hyp, making Hyp content an accepted proxy for
extensin content (Lamport 1969; Pope 1977; Tierney and Varner 1987). In untreated poplar
biomass, 193 pg of Hyp per gram dry weight was measured (Fig. 3, black bars). In poplar
biomass pretreated with LHW, 156 pg Hyp g ! dry weight was measured (a 20% decrease,
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p < 0.01, Student’s T-test). Lower Hyp content was found in poplar biomass pretreated
with alkaline peroxide (126 ug Hyp g ! dry weight, a 34% decrease, p <0.01) and in poplar
biomass pretreated with dilute sulfuric acid (112 ug Hyp g ! dry weight, a 42% decrease,
p <0.01). Thus, all pretreatments removed some Hyp from pretreated poplar biomass, but
in all cases, over 50% of the original Hyp content remained.
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No pretreatment Liquid Hot Water Alkaline Peroxide Dilute Acid pretreatment
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Fig. 3. Hyp remaining in poplar biomass after different pretreatments and buffer-only (black bars)
or Fermgen (white bars) treatment. Bars show standard error, n=3. *, p < 0.05 compared with no
pretreatment; +, p < 0.05 compared with buffer-only treatment of the same biomass.

To test whether protease treatment could remove extensins from poplar biomass,
the Hyp content of the four types of poplar biomass (untreated or pretreated with LHW,
alkaline peroxide, or dilute acid) was measured after incubation with Fermgen, an acid
protease that has been used to digest proteins in starchy biomass to promote fermentation.
Protease treatment decreased Hyp content in untreated biomass from 193 to 179 ug Hyp
g ! dry weight, but this difference was not significant (a 7% decrease, p=0.10). Protease
treatment significantly decreased Hyp content in LHW-pretreated biomass, from 156 to
131 ug Hyp g ! dry weight (a 16% decrease, p = 0.04 (Fig. 3)). Protease treatment did not
change the Hyp content of either alkaline peroxide or dilute acid-pretreated poplar biomass.

Protease Treatment Can Increase Glucose Release from Poplar Biomass

Protease treatment of the four types of poplar biomass (untreated or pretreated with
LHW, alkaline peroxide, or dilute acid) was also tested for its effect on glucose yield from
the digestion of biomass with cell-wall-degrading enzymes. Protease treatment with
Fermgen caused a significant increase in glucose released from LHW-pretreated poplar
after digestion with cell-wall-degrading enzymes, from 30% of the total glucan content
before protease treatment to 36% after protease treatment (a 20% increase (Fig. 4)).
Protease treatment with Fermgen caused no significant change in the amount of glucose
released from the three other types of biomass (untreated, alkaline peroxide-pretreated, or
acid-pretreated). Treatment of LHW-pretreated poplar biomass with chymotrypsin did not
affect the release of glucose (data not shown).
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Fig. 4. Effect of Fermgen treatment on glucose release from pretreated poplar biomass. Glucose
released after week-long cell wall digestion with Cellic CTEC2/HTEC2 without (black) or with
(white) prior treatment with Fermgen protease. Bars show standard error, n=6. *, p < 0.005 in
comparison with no Fermgen treatment (Student’s T-test).

To test whether the concentration of Fermgen was limiting in protease treatments
of poplar biomass, glucose release was compared after protease treatment with single and
multiple (six) doses of Fermgen administered over a 24-h period, followed by cell wall
digestion. Poplar biomass treated with multiple doses of Fermgen showed no significant
increase in glucose release compared with poplar biomass treated with a single dose of
Fermgen (p-values > 0.05 (Fig. 5)). An ANOVA of all Hyp and glucose release data
indicates a significant negative correlation between Hyp content and glucose release (p-
value = 0.04).
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Fig. 5. Effect of multiple doses of Fermgen on glucose release. Glucose released after week-long
cell wall digestion with Cellic CTEC2/HTEC2 after prior treatment with different doses of Fermgen
protease. Black=no Fermgen; white=single dose of Fermgen; grey=six doses of Fermgen over 24
hours. Bars show standard error, n=3.

DISCUSSION

Of the 37 previously identified poplar extensin genes (Guo et al. 2014), which
include extensin chimeras and hybrids such as leucine-rich repeat extensin proteins
(Rubinstein et al. 1995), proline-rich extensin-like receptor kinases (Nakhamchik et al.
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2004), and extensin-arabinogalactan proteins (Lind et al. 1994), three poplar genes show
characteristics that are shared by the classical extensins, in that the encoded proteins 1)
include an N-terminal signal peptide, 2) consist largely of repeats containing SPx (12 in
PtEXTI, 14 in PtEXT2, and 12 in PtEXT3), 3) do not belong to other subgroups of HRGPs
or contain any other domains indicative of extensin chimeric proteins, and 4) have no
introns (PtEXTI and PtEXT3) or a single intron (PtEXT2) (Fig. 1, Table 1). The three
poplar extensin proteins also exhibit several features thought to be important in forming a
covalently linked extensin matrix in the cell wall: strong periodicity, to allow self-
assembly; repetition of the YXY cross-linking motif, to allow isodityrosine formation; and
regular placement of positively charged residues (H and K), to allow electrostatic
interactions with negatively charged cell wall components, such as pectins (Cannon et al.
2008; Valentin et al. 2010). Since the three poplar classical extensins have an abundance
of YXY motifs and lack SPSP and tri-C motifs, they can be classified as Group IIb
extensins (Kieliszewski et al. 2011; Saha et al. 2013).

The presence of only three classical extensin genes in poplar is somewhat
surprising, since the smaller Arabidopsis genome encodes 20 classical extensins
(Showalter et al. 2010). However, the relatively large number of extensins in Arabidopsis
may have resulted from multiple genome duplication events that occurred after the lineage
diverged from poplar and other dicots (Guo et al. 2014).

Post-translational modifications, specifically proline hydroxylation and
glycosylation, are thought to be critical to extensin function (Velasquez et al. 2011).
Generally, however, it is thought that the “rule” for proline hydroxylation is that all prolines
within a block of two or more prolines will be hydroxylated, although whether a particular
proline is hydroxylated depends on tissue identity, growth conditions, and context within
neighboring amino acid sequences (Shpak et al. 2001; Shimizu et al. 2005; Estévez et al.
2006). Following this rule, the potential molar percentage of Hyp in the three poplar
extensins, assuming maximal hydroxylation, is 51% (PtEXT1), 49% (PtEXT2), and 35%
(PtEXT3) (Table 1). These values for Hyp composition are comparable to experimentally
determined values for other extensins, including those from runner bean (35.3%) (O’Neill
and Selvendran 1980), tomato P1 (31.5%) and P2 (41.8%) (Smith et al. 1984), and Douglas
fir PHRGP (28.1%) and P2 (29.2%) (Kieliszewski et al. 1992).

In general, the methods for detecting the presence of extensin proteins in woody
tissue are indirect and rely on the detection of high concentrations of Hyp, for example, in
the wood of European beech (Fagus sylvatica) (Dill et al. 1984) and spruce (Picea abies)
(Westermark et al. 1986), in the callus tissue of Pinus elliottii (Whitmore 1982), and in the
suspension-cultured cells of sycamore (Acer pseudoplatanus) (Lamport 1967) and Douglas
fir (Pseudotsuga menziesii (Mirbel) Franco) (Kieliszewski et al. 1992). A Hyp/Pro-rich
extensin-like protein of unknown sequence has been purified from xylem in the
gymnosperm loblolly pine (Pinus taeda L.) and detected in situ in wood using antibodies
raised to the protein (Bao et al. 1992).

In this paper, direct evidence for extensin localization in woody tissues in poplar, a
woody angiosperm, was obtained using tissue print immunoblots probed with three
different antibodies specific for extensins (Fig. 2). Much of the extensin signal was found
near the vascular cambium, a result congruent with the model that soluble extensins are
secreted in expanding cell walls and then cross-linked as cells mature. The recent findings
of Hefer et al. (2015), who found high expression of the PtEXT gene in developing xylem
tissue, are consistent with these results. It should be noted that tissue prints can only detect
extensins that are transferred to the nitrocellulose paper. The distribution of extensins may
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be greater than what we detected, as cross-linked extensins cannot be transferred, while the
transfer of soluble extensins may be limited by the interference of other cell wall
components, such as lignin. Nevertheless, extensins clearly are present in woody tissue.

The detection of extensins in woody poplar tissue suggests that extensins could play
a role in recalcitrance, since even a low level of cross-linking within the cell wall could
impede the passage of processive cellulases along cellulose microfibrils, or stabilize the
architectural arrangements of other cell wall components. Recent work in rice demonstrates
a negative correlation between Hyp content and glucose release following either LHW or
dilute base pretreatments (Tanger et al. 2015). We also found a significant negative
correlation between Hyp content and glucose release. Although in theory biomass
pretreatment could reduce extensin content, earlier work showing that extensins are not
released from cell walls after either strong acid or base digestions (Heath and Northcote
1971; Lamport 1980) suggests that the relatively mild pretreatments currently favored by
the industry would not remove extensins. Indeed, 81% of the initial Hyp content remained
in poplar biomass after LHW pretreatment (Fig. 3). More robust pretreatments (alkaline
peroxide and dilute acid) removed more Hyp, but even so, more than half remained after
pretreatment.

It has been proposed that the protease removal of extensins from woody biomass is
responsible for improved paper pulp or bast fiber production (Pokora and Johnson 1994;
Sung et al. 2011). Using Hyp content as a proxy for extensins, Lamport (1965) found that
proteases released up to 30% of Hyp from the cell walls of suspension-cultured sycamore
cells. We measured a 20% reduction in Hyp content in LHW-pretreated woody poplar
biomass after treatment with Fermgen, an acid fungal protease (Fig. 3). The resistance of
alkaline peroxide or dilute acid-pretreated poplar biomass to protease treatment suggests
that the extensins remaining in this material after pretreatment may be inaccessible to the
protease. As six doses of Fermgen had no greater effect than a single dose of Fermgen, the
protease itself was not limiting. This result is consistent with other researchers’ efforts to
extract extensins — most treatments are able to remove a portion of the extensin pool, but
an intractable portion remains (for example, Biggs and Fry 1990; Lamport 1969; Qi ef al.
1995).

The effectiveness of protease treatment of LHW-pretreated biomass in reducing
recalcitrance, as shown by increased glucose yields, was directly tested, and a statistically
significant increase of 20% over the baseline was observed (Fig. 4). Whether it is feasible
or desirable to include a protease treatment step during the conversion of biomass to biofuel
depends on the pretreatment protocol utilized. Protease treatment of biomass that was
pretreated with dilute acid or alkaline peroxide did not release any additional Hyp, and did
not increase glucose yields. In contrast, LHW-pretreated biomass exhibited both lower Hyp
content and higher glucose yields following protease treatment. Independently of the
protease treatment, alkaline peroxide pretreatment was the most effective, releasing 32-
38% of the glucose (Fig. 4, 5). This result is in line with work in other systems
demonstrating alkaline peroxide pretreatment is more effective than LHW or dilute acid
(Cao et al. 2012; Saha and Cotta 2010). The differences in glucose release with
pretreatment type is beyond the scope of this research, but provisionally may be attributed
to the known effects of alkaline peroxide on lignin (Selig et al. 2009), which is well-
established as a significant contributor to biomass recalcitrance.

We have demonstrated that extensin removal from LHW-pretreated biomass using
protease treatment has the potential to increase access of cell wall-degrading enzymes to
cellulose to improve biofuel production. Mild biomass pretreatment with LHW has a
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number of advantages in biofuel production, since it is generally less expensive in terms of
reagents, waste cleanup, and equipment, and fewer toxic and inhibitory byproducts are
formed. Fermgen protease has already been successfully utilized in large-scale ethanol
production, and even an incremental yield increase can be significant given the scale and
fixed costs of industrial biofuel production. Further work will be necessary to determine
the technical and economic feasibility of incorporating protease treatment at industrial
scales.

CONCLUSIONS

1. Three poplar genes (PtEXTI, PtEXT2, and PtEXT3) encoded classical extensins, and
extensin proteins were detected in woody poplar tissue.

2. Extensin proteins were present in woody tissue even after standard biomass
pretreatments, as measured by Hyp content.

3. Glucose yield from LHW-pretreated poplar biomass was improved by a protease
treatment that also reduces Hyp content. Such improvement was not seen for other
pretreatments.
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