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Abstract Aldehyde inhibitory compounds derived from ligno-
cellulosic biomass pretreatment have been identified as a major
class of toxic chemicals that interfere with microbial growth and
subsequent fermentation for advanced biofuel production.
Development of robust next-generation biocatalyst is a key for
a low-cost biofuel production industry. Scheffersomyces
(Pichia) stipitis is a naturally occurring C-5 sugar utilization
yeast; however, little is known about the genetic background
underlying its potential tolerance to biomass conversion inhibi-
tors. We investigated and identified five uncharacterized puta-
tive aryl-alcohol dehydrogenase genes (SsAADs) from this yeast
as a new source of resistance against biomass fermentation in-
hibitor 2-furaldehyde (furfural) by gene expression, gene clon-
ing, and direct enzyme assay analysis using partially purified
proteins. All five proteins from S. stipitis showed furfural reduc-
tion using cofactor NADH. An optimum active temperature was
observed at 40 °C for SsAadlp; 30 °C for SsAad3p, SsAad4p,
and SsAad5p; and 20 °C for SsAad2p. SsAad2p, SsAad3p, and
SsAad4p showed tolerance to a wide range of pH from 4.5 to 8,
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but SsAadlp and SsAad5p were sensitive to pH changes be-
yond 7. Genes SsAAD2, SsAAD3, and SsAAD4 displayed sig-
nificantly enhanced higher levels of expression in response to
the challenge of furfural. Their encoding proteins also showed
higher levels of specific activity toward furfural and were sug-
gested as core functional enzymes contributing aldehyde resis-
tance in S. stipitis.

Keywords Aldehyde reduction - Biofuel conversion -
Detoxification - Tolerant strain development - Yeast

Introduction

Lignocellulosic biomass and agricultural residues are abundant
resources for renewable energy including conversion and pro-
duction of cellulosic biofuels. In order to release fermentable
sugars for microbial utilization, a pretreatment procedure is re-
quired to decompose cellulose structures of lignocellulosic bio-
mass materials. During the pretreatment especially for the com-
monly used dilute acid pretreatment procedure, toxic chemical
compounds are commonly produced as by-products that inhibit
microbial growth and subsequent fermentation. For example,
2-furaldehyde (furfural) and 5-[hydroxymethyl]-2-furaldehyde
(HMF) are commonly observed by dehydration of pentoses
and hexoses from dilute acid pretreatment. The inhibitory chem-
ical compounds have been classified into three major classes of
aldehydes, phenols, and weak organic acids (Larsson et al. 1999;
Klinke et al. 2004; Liu and Blaschek 2010). Aldehyde inhibitors
represent compounds with a functional aldehyde group includ-
ing aldehyde compounds attached with furan-, benzene-, or
phenol-related structures (Liu and Blaschek 2010). These inhib-
itors have been reported to damage membrane and cell wall,
break down DNA, inhibit protein and RNA synthesis, suppress
biological activity, kill microbe cells, and cause cellular damages
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in yeast by inducing reactive oxygen species (Sanchez and
Bautista 1988; Modig et al. 2002; Liu et al. 2009a; Allen et al.
2010; Liu 2011). Overcoming the toxic compounds derived
from lignocellulosic biomass is one of significant challenges
for low-cost and sustainable advanced biofuel production.

Remediation of these toxic compounds by chemical or
physical means involves complicated methods and is econom-
ically impractical (Liu and Blaschek 2010). The economics of
fermentation-based bioprocess for biofuel production rely ex-
tensively on the performance of microbial biocatalysts. Since
current industrial microbial strains are susceptible to the inhib-
itor stress conditions associated with the biomass conversion
process, development of more robust strains that can withstand
the presence of inhibitors is vital for a sustainable lignocellu-
losic biomass-to-biofuel industry. Many tolerance genes were
characterized and successfully used in tolerant new strain de-
velopment. For example, an evolutionary engineered tolerant
strain of Saccharomyces cerevisiae displayed enhanced expres-
sion for many genes with aldehyde reduction functions (Liu
et al. 2009a). A furfural reductase gene was genetically
engineered into Escherichia coli to successfully improve the
bacterial resistance to furfural (Wang et al. 2013). Incorporation
of numerous genes with aldehyde reduction functions in
Zymomonas mobilis increased ethanol productivity and the
bacterial resistance to several furan aldehydes and phenol alde-
hydes (Yang et al. 2010; Yi et al. 2015).

Mechanisms of yeast tolerance and in situ detoxification
have been intensively studied for S. cerevisiae. It is known that
aldehyde reduction is a major function to reduce furfural and
HMEF into less toxic furanmethanol (FM) and furandimethanol
(FDM), respectively (Liu et al. 2004, 2005; Liu 2006). Multiple
gene mediated NAD(P)H-dependent aldehyde reduction, and
reprogrammed pathways facilitated cofactor regeneration bal-
ance for improved cell functions (Liu et al. 2008, 2009a).
Following characterization of a novel aldehyde reductase gene
ARII from S. cerevisiae (Liu and Moon 2009; Bowman et al.
2010; Jordan et al. 2011), numerous genes and open reading
frames (ORFs) were characterized by direct enzyme assays
showing strong aldehyde reductase activities (Larry et al.
2002, 2003; Liu et al. 2008; Moon and Liu 2012, 2015). It
appeared that an aldehyde reductase gene family exists in the
tolerant strains of S. cerevisiae (Moon and Liu 2015).

Scheffersomyces (Pichia) stipitis is a naturally occurring
xylose utilization yeast and has a potential as a candidate for
development of the next-generation biocatalyst (Jeffries et al.
2007; Weber et al. 2010; Cho et al. 2011). Stress tolerance in
S. stipitis was observed (Slininger et al. 2009, 2011); however,
little is known about the genetic background underlying the
tolerance of S. stipitis. Several alcohol dehydrogenases from
S. stipitis were identified to have aldehyde reductase activity
toward furfural and HMF (Ma et al. 2013). The product of a
recently characterized gene GRE2 from S. stipitis was also
demonstrated to be resistant to aldehyde inhibitors (Wang
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et al. 2016). During our preliminary study, we observed that
a group of putative aryl-alcohol dehydrogenase genes (AADs)
in S. stipitis showed tolerance gene expression response to
furfural and HMF. However, little is known about the function
of these uncharacterized ORFs.

Annotation of the current putative AAD genes of S. stipitis
is performed based on computation analysis. Computational
annotations serve as a preliminary reference and need to
be further validated by biological evidence. Such practices
have been commonly observed in the development of
Saccharomyces Genome Database and many other microbial
genome databases. Evaluation by direct enzyme assay is
considered as the most convincing method to assign and val-
idate gene functions. In this study, we investigated five
uncharacterized and tentatively assigned aryl-alcohol dehy-
drogenase genes from S. stipitis (SSAADs), through gene ex-
pression, gene cloning, and direct enzyme assay analyses
against the representative fermentation inhibitor furfural and
numerous other aldehyde compounds. Results of this study
defined a new source of resistance to furfural from S. stipitis
for microbial tolerance, which will aid more tolerant strain
development for low-cost and sustainable advanced biofuel
production.

Materials and methods

Bacterial and yeast strains, plasmids, media,
and chemicals

Yeast strain S. stipitis CBS 6054 used in this study was ob-
tained from the China Center of Industrial Culture Collection,
Beijing, China. S. cerevisiae strain INVScl (his3A1/his3Al
leu2/leu2 trp1-289/trp1-289 ura3—52/ura3—52) was pur-
chased from Invitrogen (Carlsbad, CA, USA) and used to
overexpress the targeted proteins. E. coli DH5« from
Sangon Biotech (Shanghai, China) was used for recombinant
DNA manipulation and gene cloning. Strains of S. stipitis
were cultured on yeast peptone dextrose (YPD) medium (w/
v 1% yeast extract, 2% peptone, and 2% dextrose). The syn-
thetic complete (SC) medium lacking uracil (SC-U) with ad-
ditional 2% (w/v) glucose or 2% (w/v) galactose and 1% (w/v)
raffinose was used for clone selection or induced expression
as previously described (Ma et al. 2013). Luria-Bertani (LB)
medium (w/v 1% tryptone, 0.5% yeast extract, 1% NaCl,
pH 7.0) with a 100 pg/ml ampicillin was used for clone se-
lection. Two-percent agar was applied in the medium when a
solid medium was used. All chemicals including various
aldehyde-containing compounds were supplied by
Best-Reagent (Chengdu, China), Sigma-Aldrich (St. Louis,
MO, USA), Difco (Detroit, MI, USA), or Sangon Biotech
(Beijing, China).
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Cell treatment and RNA isolation

Cells of S. stipitis CBS 6054 were incubated in YPD medium
at 30 °C with agitation at 200 rpm overnight. Cell growth was
monitored by culture density using a UV-2802 spectropho-
tometer (Unico, Dayton, NJ, USA). Furfural or HMF was
added to the media separately at a final concentration of
30 mM when the ODgq reading reached approximately 1.
The time point of the addition of furfural or HMF was defined
as 0 h. Cultures grown on a YPD medium without furfural or
HMF served as a control. Culture samples were taken period-
ically and cells collected by centrifugation at 3645xg for
2 min at room temperature. Cell pellets in a tube were freezed
immediately in liquid nitrogen and then stored at —80 °C until
use. Total RNA was isolated from cell samples following a
previously described protocol (Liu and Slininger 2007). RNA
samples were purified using a RNA cleaning kit from Tiangen
Biotech (Beijing, China). RNA vyield, integrity, and purity
were measured by denatured gel electrophoresis and spectro-
photometry. Samples with RNA purity greater than 1.8 were
used. The concentration of purified RNA was determined by
a NanoDrop 2000C fluorescence spectrophotometer
(Thermo-Fisher Scientific, Wilmington, DE, USA).

Gene expression

Reverse transcription reaction was performed using a set of
calibrated spike-in RNA references following procedures as

previously described (Liu et al. 2009a). Primers (Table 1) were
designed using Primer3 (http://biotools.umassmed.edu/
bioapps/primer3 www.cgi). Quantitative reverse
transcription real-time PCR (qRT-PCR) was performed on a
Mastercycler® ep realplex system from Eppendorf (Hamburg,
Germany) applying a Real Master Mix kit (SYBR Green)
from Tiangen Biotech (Beijing, China). Data were normalized
and analyzed using the standard RMA reference and a master
equation as described previously (Liu et al. 2009b). Each gene
expression experiment was carried out with two biological
replications and three technical replications.

Gene cloning

Standard molecular biology techniques were performed using
standard protocols as described (Sambrook and Russell 2001).
Yeast genomic DNA was prepared using an E.Z.N.A. Yeast
DNA kit (Omega Bio-Tek, Norcross, GA, USA). The AAD
genes were amplified by PCR using genomic DNA from
S. stipitis CBS 6054 as a template applying corresponding
primers. DNA fragments were recovered from the agarose
gel applying an E.Z.N.A. Gel Extraction kit (Omega
Bio-Tek). The targeted fragment was confirmed by restriction
digest and then purified using an E.Z.N.A. Cycle-Pure kit
(Omega Bio-Tek). Each purified DNA fragment was verified
by sequence analysis performed by Sangon Biotech
(Shanghai, China). The DNA fragments were subcloned into
E. coli DH5« separately using a TOPO TA Cloning® Kit

Table 1 Primers used in this
study with endonuclease ID

Sequence (5'-3")

restriction sites underlined

SSAADI_F TCGCGGCCGCATGAAGTCCACAGGACTTTGTCACACCGATA
SSAADI R TCCTCGAGTTAGTACACTAATATTGGCTTCACAACAGTACCTGCCT
SSAAD2_F TCGCGGCCGCATGTCCTCTTCAATTGAATACAAAAAGCT

SSAAD2 R TCCTCGAGGGGTAGCTGGAAGCATTATAGTAATTTT

SSAAD3 F TCGCGGCCGCATGTCTTCTTCAATTGAATACAAAAAGC

SSAAD3 R TCCTCGAGCTTGAATGAAAACTAAACAAATCCGTAT

SSAAD4 F TCGCGGCCGCATGTCTTCTTCAATTGAATACAAAAAGCTTGGTGCCTC
SSAAD4 R TCCTCGAGTGGGTGTAGGCCATTCTCTGTTTGCATCATAA

SSAADS F TCGCGGCCGCATGTCAGCCTCTCCTGTTCAAAA

SSAADS R TCCTCGAGAAAATCAAAGTCATACAACTAATCAAACAA
qSSAADI_F TCCCACAGGGTAACTTGGTC

qSsAADI R AACCCCAACCTTGGAGAAAG

qSSAAD2_F GATGCCGTCAAAGGTTCAGT

qSSAAD2 R CATCGTGCAAGGCTCTCATA

qSSAAD3 F TGCTGTCAAGGGTTCAGTTG

qSSAAD3 R ACGACATCGTTCAAGGCTCT

qSSAAD4 F CTCCAATTGCCAGAGGTCTT

qSSAAD4 R TGTCGGCCTCAGTCAAGTTT

qSSAADS F CGTGAAGAGGAGCGTGAAAT

qSSAADS R CAGATTTGGCACCAAGAGGT
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Fig. 1 Gene expression of five AAD genes from S. stipitis in response to
30 mM of furfural (a) and HMF (b) on an enriched YPD medium as
measured by quantitative transcription analysis using qRT-PCR. A
blank bar represents expression level at 0 h, a light gray-shaded bar
represents a non-treated control at 2 h, and a black bar represents
expression under the inhibitor challenge at 2 h

(Invitrogen, Carlsbad, CA, USA). Subsequently, the gene in-
serts were cloned into the expression vector pYES2/NT B
with a galactose-inducible GALI promoter (Invitrogen,
Carlsbad, CA, USA), resulting in a serial of plasmids of
pYES2/NT B-AAD:s.

Heterologous overexpression

The recombinant construct plasmids were verified and trans-
formed into S. cerevisiae strain INVSc1 (Invitrogen, Carlsbad,
CA, USA) by the conventional lithium acetate method as
previously described (Daniel et al. 1995). The transformants
were selected on solid selective SC-U plates, supplemented
with 2% (w/v) glucose at 30 °C. Cell cultures of each
S. cerevisiae INVScl transformant were transferred onto
SC-U medium supplemented with 2% (w/v) glucose and in-
cubated at 30 °C with agitation at 200 rpm overnight. Then,
2% (w/v) galactose and 1% (w/v) raffinose were added into the
SC-U medium, and the culture was incubated at 30 °C with
agitation at 200 rpm overnight for protein expression. An
INVScl transformant containing pYES2/NT B without a gene
insert served as a control.
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Protein isolation and purification

Fresh cells were harvested and lysed using Y-PER® Plus di-
alyzable yeast protein extraction reagent from Thermo
Scientific (Rockford, IL, USA) with Protease Inhibitor
Cocktail (Sangon Biotech, Shanghai, China) following the
instructions of the manufacturers. Protein expression was in-
duced by galactose for each gene clone. To facilitate efficiency
of protein purification, a polyhistidine tag with 65 extra amino
acid residues was added, accounting approximately additional
5.37 kDa. Crude protein extract was purified using a Ni-NTA
Sefinose™ Kit (Sangon Biotech, Shanghai, China). Samples
of the purified proteins were kept on ice and used within 24 h.
Concentrations of partially purified proteins were determined
applying a standard curve established using bovine serum
albumin applying a Modified Bradford Protein Assay Kit
(Sangon Biotech, Shanghai, China). Molecular weight of the
partially purified proteins was estimated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with
1.8 to 2.2 pug/well protein loaded on the gel.

Enzyme assay

Specific activity of each enzyme was measured by monitoring
NAD(P)H oxidation at 340 nm using a UV-2802 spectropho-
tometer (Unico, Dayton, NJ, USA) as previously described
(Liu et al. 2008). Briefly, the final concentration of 10 mM
furfural or HMF substrate was added in 500 pul of 100 mM
potassium phosphate buffer (pH 7.2) including 100 uM
NADH or NADPH. One enzyme unit was defined as
1 umol of NAD(P)H oxidized per minute, and the specific
activity was described as the units per milligram of protein
as previously described. In addition to furfural and HMF, nine
other aldehyde substrates were also evaluated including form-
aldehyde, acetaldehyde, propionaldehyde, butyraldehyde,
isovaleraldehyde, glutaraldehyde, hexaldehyde, benzalde-
hyde, and phenylacetaldehyde. All reagents were prewarmed
and reactions carried out at 30 °C using a water bath. Assays
were carried out in duplicate for each defined condition. The
optimal pH of specific activity for each enzyme was tested in

41kD

Fig. 2 An SDS-PAGE gel showing partially purified proteins encoded
by AAD genes from S. stipitis. Lanes: M, molecular weight marker; /, a
buffer control without protein; 2, SsAadlp; 3, SsAad2p; 4, SsAad3p; 5,
SsAad4p; and 6, SsAad5Sp
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Table 2 Estimated molecular

weights of expressed AAD Protein SsAadlp SsAad2p SsAad3p SsAad4p SsAad5p
proteins from S. stipitis
SsAAD protein (kDa) 36 40 40 40 40
His-tag (kDa) 537 5.37 5.37 537 537
Fusion protein (kDa) 41 45 45 45 45

the range of 4.5-9.0 and the optimal temperature estimated
between 20 and 60 °C. Kinetic parameters were estimated
with the double-reciprocal Lineweaver-Burk transformation
of the Michaelis-Menten equation.

Sequence analysis

Amino acid sequence analysis was performed using the
ClustalW method of the MegAlign program 5.0 (DNAStar,
Inc. Madison, WI, USA). Sequences of the five AADs from
S. stipitis (SSAADs) were analyzed in alignment with previ-
ously reported sequences of AADs from Phanerochaete
chrysosporium (PcAAD, NCBI accession: L08964) and
Taiwanofungus camphoratus (TcAAD, NCBI accession:
HQ453361); AAD3 from S. cerevisiae (ScCAAD3, NCBI ac-
cession: NM_001178814); ADH4 from S. stipitis (SSADH4,
NCBI accession: XM _001387085); and aldehyde reductases
YGLO39W (NCBI accession: AY692765), YGL157W
(NCBI accession: EF059032), and YDR541C (NCBI acces-
sion: AY692675) from S. cerevisiae. A phylogenetic analysis
was also performed for 30 proteins using the neighbor-joining
method from MEGA 5.10 (Tamura et al. 2011). In order to
access relationships for more proteins possessing aldehyde
reductase activity, additional proteins that demonstrated vari-
ous levels of aldehyde reduction activity were also included in
the analysis, including four AADs from S. cerevisiae
(ScAAD4, ScAAD10, ScAADI14, and ScAADI15), six
ADHs from S. stipitis (SSADH1, SsADH2, SsADH3,
SsADHS5, SsADH6, and SsADH?7), seven ADHs from

S. cerevisiae (SCADH1, ScADH2, ScADH3, ScADH4,
ScADHS5, ScADH6, and ScADH7), and YOL151W from
S. cerevisiae (SCYOL151W).

Results
Gene expression

Gene expression response of S. stipitis cells was analyzed
under the challenge of furfural and HMF separately. Under
normal cell growing conditions without the chemical treat-
ment, all genes showed relatively lower levels of expression
and a slightly increased number of transcripts 2 h after incu-
bation (Fig. 1a, b). For 30 mM furfural-treated cells, AAD2,
AAD3, and AAD4 displayed a significantly greater increase of
transcription compared with the non-treated control at 2 h
(Fig. 1a). The increased expression levels ranged from 5- to
12-fold compared with a non-treated control. AADI and
AADS5 did not show a significant change of expression in
response to the challenge of furfural. Most genes were not
sensitive in response to HMF, except for AAD3 which showed
about 2-fold increased expression than the non-treated control
with 30 mM HMF at 2 h (Fig. 1b).

Gene cloning

Constructs of positive gene clones were selected and verified
by restriction digests and sequencing analysis, resulting in

Table 3 Enzyme units and

specific activities of the partially Substrate  Enzyme ~ NADH mU (umol  Specific activity NADPH mU Specific activity
purified AAD proteins from cofactor/min) (U/mg protein) (pumol cofactor/ (U/mg protein)
S. stipitis in reduction of furfural min)
and HMF using NADH or
NADPH as a cofactor Furfural SsAadlp  1.90+0.00 2.42 +0.00 ns ns

SsAad2p  7.65+0.32 10.20 = 0.45 ns ns

SsAad3p  5.71+0.00 6.59 +0.00 ns ns

SsAad4p  4.64+0.03 393+0.14 ns ns

SsAad5p  3.49+0.06 438 £0.64 ns ns

HMF SsAadlp ns ns ns ns

SsAad2p ns ns ns ns

SsAad3p ns ns 1.75 £ 0.08 242 +0.26

SsAad4p ns ns ns ns

SsAadSp ns ns ns ns

Data are presented by mean values + standard deviations (n = 3), and ns stands for not significant
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Table 4 Kinetic parameters of

partially purified AAD proteins Enzyme Kin (mM)

from S. stipitis in reduction of

furfural using NADH as a SsAad2p 34.12+£0.15

cofactor SsAad3p 20.55+0.33
SsAad4p 3.24+0.03
SsAad5p 58.33+0.45

Vinax (tmol min ™' mg ™) Ko (min ) KoK (M ' min™")
49.63 +0.16 1361.00 + 0.81 39.77 +0.87
28.24 + 0.46 1467.57 + 0.98 71.43 £0.82
435+0.16 165.93 +0.18 51.27 £0.55
80.23 £ 0.59 4579.72 £2.78 78.51 £ 1.82

pYES2/NT-SsAADI, pYES2/NT-SsAAD2, pYES2/NT-SsAAD3,
pYES2/NT-SsAAD4, and pYES2/NT-SsAADS, respectively.
Each newly constructed plasmid was transformed into strain
INVScl of S. cerevisiae separately and confirmed by heterolo-
gous expression.

Isolation and purification of protein

Partially purified proteins were obtained separately each for
SsAadlp, SsAad2p, SsAad3p, SsAad4p, and SsAadSp.
Molecular weight was estimated by SDS-PAGE gel electro-
phoresis. After subtraction of the His-tag, the net molecular
weight was estimated at approximately 36 kDa for SsAadlp
and 40 kDa for SsAad2p, SsAad3p, SsAad4p, and SsAad5p
(Fig. 2 and Table 2). This estimate was consistent with the
theoretical molecular weight calculated using protein molec-
ular weight software (http://www.bioinformatics.org/sms/
prot mw.html).

Enzyme activity and cofactor preference

All AAD proteins from S. stipitis demonstrated a strong spe-
cific activity against furfural using cofactor NADH. Among
which, SsAad2p showed the highest level of activity, followed
by SsAadp3p, SsAad4, SsAadp5p, and SsAadplp (Table 3).
When cofactor NADPH was used, no significant activity was
observed against furfural (data not shown). Most proteins
showed no significant reduction activity for HMF, except for
SsAadp3, which showed HMF reduction activity using
NADPH.

Using furfural as substrate, kinetic parameters of SsAadp2,
SsAadp3, SsAadp4, and SsAadp5 were determined applying
cofactor NADH. SsAadp4 displayed the strongest binding
affinity for furfural with a low K, of 3.24 mM. SsAad5p
and SsAad3p showed relatively higher levels of catalytic
efficiency and substrate preference as indicated by the mea-
surement of catalytic constant over the Michaelis constant
(K.a/Kyy) (Table 4).

Optimal temperature and pH
Using cofactor NADH and furfural as substrate, an optimal
temperature of 40 °C was observed for SsAadlp, and 30 °C

was recorded for SsAad3p, SsAad4p, and SsAad5p (Fig. 3a, c,
d, e). SsAad2p seemed sensitive to higher temperatures, and
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the highest specific activity was shown at 20 °C (Fig. 3b).
While the enzyme activity remained at 30 °C, its specific
activity declined sharply with increased temperatures.
SsAadlp, SsAad4p, and SsAad5p displayed the best specific
activity at pH 7 (Fig. 3f, i, j) while SsAad2p and SsAad3p
preferred pH 6 (Fig. 3g, h). SsAad2p appeared to be relatively
stable to a wide range of pH from 4.5 to 8. In contrast,
SsAadlp and SsAad5p were more sensitive and their specific
activity declined sharply when the pH value was changed
beyond 7.

Substrate specificity

In addition to furfural, we evaluated enzyme specific activity
of five AAD proteins toward other nine aldehyde substrates
using cofactor NADH and NADPH. It was interesting to find
these proteins showing activity toward a broad range of sub-
strate using both NADH and NADPH. For the nine substrates
tested in this study, SsAad2p and SsAad3p preferred NADH
in general, and SsAad4p preferred cofactor NADPH against
most aldehydes tested (Table 5). Both SsAadlp and SsAad5p
showed a decent specific activity using either cofactor NADH
or NADPH toward various aldehydes. The highest specific
activity was recorded for SsAad2p in reduction of acetalde-
hyde and formaldehyde using NADH.

Amino acid sequence analysis

Amino acid sequences of all AAD proteins from S. stipitis,
except for SSAADI, were found to be highly conserved.
These proteins consisted of approximately 350 residues of
amino acids. A typical zinc-containing signature sequence
motif [GXSEX,(V,)LGKFLKK] for catalytic reaction was
identified for SSAAD2, SSAAD3, SSAAD4, and SSAADS as
indicated in segment 67 to 79 near the N-terminus in SSAAD2
(Fig. 4). A sequence region of GX,GXoG involved in cofactor
binding (Kavanagh et al. 2008) was observed in position from
229 to 242 as shown in SSAAD?2. A conserved catalytic do-
main (YXsK) (Bottoms et al. 2002) positioned from 337 to
342 in SSAAD?2 was also identified for these proteins. Based
on these characteristics, most AAD proteins from S. stipitis

Fig. 3 Specific enzyme activity observed for partially purified proteins
encoded by AAD genes from S. stipitis under varied temperature (a—e)
and pH conditions (f—j) against furfural using cofactor NADH
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investigated in this study were identified as members of the oo § § é
zinc-dependent medium-chain dehydrogenase/reductase (MDR) é é ;o ;
superfamily. As indicated in SSAAD2, a NADH-specific binding Z|lgzggzga=Z gz
residue Aspl52 was also observed for these proteins. Aspl52
was reported to be bonded to oxygen atoms of the adenine ribose ® =
moiety of NADH in a reduction reaction (Fan et al. 1991). Many ol 3 3
conserved sequence groups were also identified following proce- % Ec SRR~ R ~ S
dures of Biological Workbench v3.2 (http://workbench.sdsc. 2|z Fa 8 &8 8< 88
edu/). These sequences were highly consistent with AADs
observed from other species such as TcAAD, PcAAD, and T8 88 2 g
ScAAD3. In contrast, the amino acid sequence of SSAADI E 3 i i 3 3 i
was distinct from other AADs in S. stipitis and SSAAD1 = © 23 g 2 % 2 2 §
appeared to be a member of the short-chain dehydrogenase/
reductase (SDR) superfamily. -
A phylogenetic analysis was performed for 30 proteins g & =
with various levels of aldehyde reductase activity. Based on €| E o
similarity of amino acid sequences, two major groups were = é § 2 2 2 22 23 2 23
obtained each containing 15 proteins (Fig. 5). Except for ‘;"
SsAADI falling into group I, all the rest AAD proteins from & o 0 o o
S. stipitis were classified in group II. Among four SSAAD <zt z = S 3 3
proteins, SSAAD2, SSAAD4, and SSAAD3 were clustered E 2 g § E g
together and found to be closely related to each other 9): Z|la 8 88~ 8 8Bo ~
(Fig. 5). These proteins were distantly related to SSAADS z
and distinct from other ADHs from S. stipitis and .%D ag g g g
S. cerevisiae in group II. In group I, three subgroups can be ; § z i i fj ‘j ‘j i ‘j
recognized. Five aldehyde reductases from S. cerevisiae were } <[ < | LEITEH , L«
closely related to each other as a subgroup and distinct from 2 alzfws =~ =88~
other proteins. SCADH6 and SCADH7 from S. cerevisiae, in- o
cluding SSADH7 from S. stipitis, were also separated from Eg . §
other proteins. SSAADI1 from S. stipitis fell into this subgroup 2 5 #
and was related to SCAAD4 from S. cerevisiae. Four AAD é <Z: 2 22238322832
proteins including ScAADI14 and ScCAADI10 from &
S. cerevisiae, the earlier reported TcAAD from ‘§ °
T. camphoratus, and PcAAD from P. chrysosporium were ‘:; . § - Sxgw 2
found to be related to each other forming another subgroup. £ sg g 3 2, S 559 i
Slsl2lz2ggs8dn , 858
E 1%} Z —~— A S~ Y 83 3
Q
Discussion g
= S 8 g =
. ) < sl IP== S <
In this study, we reported a new source of resistance from j;f ol o
S. stipitis against toxic furfural by gene expression analysis, % <Z: ® v 2 282252
gene cloning, and characterization of partially purified proteins g
using direct enzyme assay analysis. Evaluation by direct en- ;; - o -
zyme assay is considered the most reliable evidence to sign and 5| = = 2 pd
validate functions of unknown genes. All five AAD proteins < | 8 = H H H
. O . S| = & g , 8
showed strong aldehyde reduction activity toward various al- S|l Z| &8 Ew 88 EGES
dehyde compounds coupled with either cofactor NADH or :é
NADPH. Genes SsAAD2, SsAAD3, and SsAAD4 displayed : 3
significantly higher levels of expression in response to the chal- E, . -“.; Y o -§ % E
lenges of furfural, a commonly observed toxic furan aldehyde o } —%; 5 } } § @ '§ % 'é
derived from lignocellulosic biomass pretreatment. Their w | 2 S E E jz % 5 g E g 2
encoding proteins also showed higher levels of specific activity = § g £ % ES fg g s § g g
toward furfural reduction. The close relatedness of their amino el 3 E<ER0Z 2Rz
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Fig. 4 Comparisons of amino acid sequences of five putative aryl-
alcohol dehydrogenases from S. stipitis (SSAADI1, SSAAD2, SsSAAD3,
SsAADA4, and SSAADS) with AAD proteins from other species including
Phanerochaete chrysosporium (PcAAD, NCBI accession: L08964),
Taiwanofungus camphoratus (TcAAD, NCBI accession: HQ453361),
and Saccharomyces cerevisiae (SCAAD3, NCBI Accession: NM_
001178814); alcohol dehydrogenase from S. stipitis (SSADH4, XM _
001387085); and aldehyde reductases from S. cerevisiae (ScYGL157W,
ScYDR541C, and ScYGLO039W with NCBI accession numbers
EF059032, AY692675, and AY692765, respectively) using the

acid sequences suggests SSAAD?2, SSAAD3, and SsAAD4 as the
core function genes for aldehyde reduction in S. stipitis.
Discovery of this new source of resistance directly impacts
more tolerant strain development for low-cost and sustainable
advanced biofuel production from lignocellulosic materials.
Mechanisms of tolerance against toxic chemicals for the
industrial yeast S. cerevisiae have been studied intensively;
however, little is known about the genetic background associ-
ated with potential tolerance in S. stipitis. Selective strains of
S. stipitis were able to survive and grow on an enriched
medium with modest concentrations of furfural or HMF.
Some ADH proteins in S. stipitis showed aldehyde reductase
activities and were suggested as tolerance genes such as
ADH4 (Ma et al. 2013). Previously, we designated an
uncharacterized ORF from S. stipitis tentatively as GRE?2
and its encoding protein showed strong reduction activity
against furfural and HMF (Wang et al. 2016). These genes
were considered as candidate genes involved in the tolerance

o — LEGONER

ClustalW method form the MegAlign program 5.0. A typical zinc-
containing signature sequence motif [GXSEX,(V,)LGKFLKK] as
indicated in segment from 67 to 79 near the N-terminus in SSAAD2 is
boxed. A sequence region of GX,GXoG involved in cofactor binding
from position 229 to 242 as shown in SSAAD2 and a conserved
catalytic domain (YX;sK) positioned from 337 to 342 as in SSAAD2 are
boxed. A NADH-specific binding residue as exampled at Asp152 in
SsAAD?2 is marked with a star. Strongly conserved groups and weak
groups are marked with solid and open triangles, respectively

of S. stipitis. In this study, we present another group of AAD
genes in S. stipitis possessing aldehyde reduction functions
that may contribute to the tolerance against furfural in this
yeast. Yeast tolerance to aldehyde inhibitors was demonstrated
to be involved in multiple genes in S. cerevisiae (Liu et al.
2008). We observed numerous genes with strong aldehyde
reduction activity in S. stipitis that is consistent with those
previously reported in S. cerevisiae. Genetics and molecular
biology of S. stipitis have not been well studied. Currently,
many genes putatively assigned by computation analysis are
not validated with biological evidence. In this study, we re-
ported the function of five SSAAD genes using direct enzyme
assay evidence. Our results suggest that these AAD genes, in
addition to the previously reported GRE2 and ADH genes
from S. stipitis, can be considered as candidate genes contrib-
uting to the tolerance of this yeast against the toxic chemicals.

Unlike most ADH proteins in S. stipitis, such as ADH4,
showing strong affinity with furan aldehydes using cofactor
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Fig. 5 A phylogenetic tree ScYDR541C |
showing relationships of five ScYGLO39W
putative aryl-alcohol
dehydrogenases from S. stipitis 07 ScAAD15
(SsAADI1, SsAAD2, SSAAD3, ScYGL157W
SSAAD4, and SSAADS) with 0.1
AAD proteins from other species, 12 ScYOL151W
including Phanerochaete - ScADH3
ch@sosporium (PcAAD), 1.3 SCAADA4
Taiwanofungus camphoratus 12
(TcAAD), and Saccharomyces : SsAAD1 — |
cerevisiae (SCAAD3, SCAADA4,
ScAADI0, ScAAD14, and o1 SsADH?
ScAADIS5); alcohol I 0.4 ScADH6
dehydrogenase from S. stipitis ScADH7
(SsADH1, SsADH2, SsADH3,
SsADH4, SsADH3, SsADH6, ScAAD10
and SSADH?7); alcohol TcAAD
dehydrogenase from S. cerevisiae 0.2
(ScADHI1, ScADH2, ScADH3, 0.1 PcAAD
ScADH4, ScCADH5, ScCADH6, 0.3 ScAAD14 -
ADH?7); Ideh
and Sc 7); and aldel 'y.de SSAAD2
reductases from S. cerevisiae
(ScYGLI157W, ScYDR541C, 1.3 SsAAD4
ScYOLI151W, and 0.1
ScYGLO39W). The phylogenetic ] - SSAAD3
analysis was performed using the ScADH5
neighbor-joining method from 14 SCAAD3
MEGA 5.10 (Tamura et al. 2011) 1.2
0.1 ScADH4
1.2
SsADH3
0.7 [— SsADH4 —
05 L SsADH6
SsADH5
1.2
SsAAD5
[ ScADH1
ScADH2
11 ~|: SsADH1
— SsADH2 —
0.2

NADPH (Ma et al. 2013), all SSAADs from S. stipitis reported
in this study preferred cofactor NADH in reduction of furfural.
GRE2 from S. stipitis also preferred NADH in furfural reduc-
tion reactions (Wang et al. 2016). It is commonly observed
that many enzymes use both cofactors in aldehyde reductase
reactions. However, the use of NADH is more economic for
catabolic reactions since NADPH will require additional en-
ergy in the cofactor regeneration process (Modig et al. 2002).
Thus, the use of cofactor NADH in an enzyme reaction in
yeast is more desirable under stress conditions. In this regard,
SsGRE2 and SsAADs can be more efficient for in situ detox-
ification of furan aldehydes in S. stipitis. It was interesting to
note that in addition, to reduce furfural using NADH,
SsAAD3 also showed specific activity against HMF using
NADPH. Mechanisms of reduction function by SSAAD3 in-
volved in both cofactors are currently unknown. A

@ Springer

stereochemistry mechanism study for an aldehyde reductase
from S. cerevisiae revealed that Arilp directed hydrate trans-
fer from the si face of NADPH to the re face of furfural re-
duction using NADPH (Bowman et al. 2010). A recent inves-
tigation using reverse engineering and site-directed mutagen-
esis demonstrated that a single amino acid substitution of
Val285 to Asp285 enabled GRE2 from S. cerevisiae to utilize
cofactor NADPH in addition to its major cofactor NADH
(Moon and Liu 2012). Nonetheless, SSAAD3 appeared to be
one of the strong candidates toward furfural reduction due to
its higher level of enzyme activity observed in this study.
Under stress conditions, excessive amino acids in cells
were also observed to form various aldehydes through the
Ehrlich pathway (Hazelwood et al. 2008). In addition, dam-
aged or misfolded proteins are highly toxic once aggregated
together (Goldberg 2003). Degradation of the damaged and
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misfolded proteins was considered to be critical maintaining
cell viability (Wang et al. 2010). Pathway analysis suggested
that numerous tolerance genes with aldehyde reduction func-
tions in S. cerevisiae may contribute to detoxification of en-
dogenous intermediate aldehydes (Ma and Liu 2010; Liu
2011). It is expected that the newly defined aldehyde reduc-
tion functions from S. stipitis reported in this study can be used
in detoxification of toxic chemicals and intermediate alde-
hydes from both endogenous and exogenous sources.

In general, most SSAAD proteins showed higher levels of
specific activity at relatively lower temperatures in the range
0f20to 30 °C, except for SSAAd1p which showed the highest
specific activity at 40 °C. Some of aldehyde reductases in
S. cerevisiae were able to tolerate relatively higher tempera-
tures and function well even at 45 °C such as Ydr541cp
(Moon and Liu 2015). To function at a higher temperature
close to the fermentation, condition benefits practical applica-
tions for in situ detoxification. Except that SsAadlp and
SsAad5p were sensitive to pH conditions, SsAad2p,
SsAad3p, and SsAad4p were tolerant to a wide range of pH
from 4.5 to 8, which is desirable for potential industrial
applications.

The strain of S. stipitis used in this study showed resistance
to furfural on an enriched medium as previously reported (Ma
et al. 2013). However, it is not as robust as the highly tolerant
strains from S. cerevisiae such as NRRL Y-50049. Most tol-
erant strains of S. cerevisiae were developed on synthetic min-
imum medium through environmental engineering and genet-
ic engineering (Liu et al. 2005, 2009a; Ma et al. 2012; Moon
et al. 2013). Such strains can be applied for in situ detoxifica-
tion and ethanol production (Liu and Wang 2015). It is impor-
tant to point out that the current strain from S. stipitis requires
additional adaptation and engineering efforts to improve its
overall resistance and robustness. However, with the aid of
an enriched medium in this study, we were able to identify
and define functions of the new AAD genes from this yeast
that showed resistance against furfural.

An aryl-alcohol dehydrogenase in the white-rot fungus
P. chrysosporium, also known as aryl-aldehyde reductase,
was previously confirmed to reduce varied aldehyde-
containing compounds (Muheim et al. 1991). The defined
aryl-dehydrogenase is considered as one of functional en-
zymes in lignin biodegradation. Another lignin degradation
fungus Trametes versicolor (Coriolus versicolor) was found
to have a protein sequence similar to AAD amino acid se-
quences from P chrysosporium and S. cerevisiae (Ichinose
et al. 2002). Its encoding gene was observed to have higher
levels of gene expression response to the chemical stress
caused by 4-methyldibenzothiophene-5-oxide or
dibenzothiophene-5-oxide. These results suggested that AAD
genes are able to reduce certain phenol compounds. In our
study, SsAadlp, SsAad2p, SsAad3p, and SsAad4p also
showed reduction capability to phenylacetaldehyde that is in

agreement with the previously reported (Ichinose et al. 2002).
In addition, most SSAAD proteins demonstrated relatively
higher levels of specific activity toward an array of aldehyde
substrates as observed in this study. These results suggest
that the defined AAD genes by this study may have reduc-
tion functions toward a wide range of substrate of aldehydes.

Our amino acid sequence analysis indicated that AAD pro-
teins and genes encoding aldehyde reductase activity from
different species are highly diversified. Among the two groups
recognized, SSAAD2, SSAAD3, and SsSAAD4 are highly con-
served and closely related to each other. They fell into group II
along with SSAADS, which was distantly related. In contrast,
SsAADI1 was distinct from all other AAD proteins in
S. stipitis. It was grouped in group I and more closely related
to SDR proteins from S. cerevisiae. SSAADI also showed
relatively lower levels of specific activity against furfural than
other proteins. It is possible that SSAAD1 may have additional
functions beyond the current observations by this study. The
identity and function of the putative gene SsAADI remain to
be clarified by additional investigations.
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