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Abstract Aldehyde inhibitors such as furfural and 5-
hydroxymethylfurfural (HMF) are generated from biomass
pretreatment. Scheffersomyces stipitis is able to reduce furfural
and HMF to less toxic furanmethanol and furan-2,5-
dimethanol; however, the enzymes involved in the reductive
reaction still remain unknown. In this study, transcription
responses of two known and five putative alcohol dehydroge-
nase genes from S. stipitis were analyzed under furfural and
HMEF stress conditions. All the seven alcohol dehydrogenase
genes were also cloned and overexpressed for their activity
analyses. Our results indicate that transcriptions of SsADH4
and SsADHG6 were highly induced under furfural and HMF
stress conditions, and the proteins encoded by them exhibited
NADH- and/or NADPH-dependent activities for furfural and
HMF reduction, respectively. For furfural reduction, NADH-
dependent activity was also observed in SsAdhlp and
NAD(P)H-dependent activities were also observed in
SsAdhSp and SsAdh7p. For HMF reduction, NADPH-
dependent activities were also observed in SsAdh5p and
SsAdh7p. SsAdh4p displayed the highest NADPH-
dependent specific activity and catalytic efficiency for reduc-
tion of both furfural and HMF among the seven alcohol
dehydrogenases. Enzyme activities of all SSADH proteins
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were more stable under acidic condition. For most SSADH
proteins, the optimum temperature for enzyme activities was
30 °C and more than 50 % enzyme activities remained at
60 °C. Reduction activities of formaldehyde, acetaldehyde,
isovaleraldehyde, benzaldehyde, and phenylacetaldehyde
were also observed in some SsADH proteins. Our results
indicate that multiple alcohol dehydrogenases in S. stipitis
are involved in the detoxification of aldehyde inhibitors de-
rived from lignocellulosic biomass conversion.

Keywords Alcohol dehydrogenase - Aldehyde inhibitors -
Detoxification - Ethanol - Lignocellulosic biomass -
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Introduction

Conversion of low-cost lignocellulosic biomass to ethanol has
become an attractive option for alternative transportation fuels
because lignocellulosic biomass is the most abundant renew-
able organic material on earth and its use will not release net
carbon dioxide into the earth's atmosphere (Sanchez and
Cardona 2008; Vertes et al. 2010). Saccharomyces cerevisiae
is the most widely used microorganism for crop-based
bioethanol production from hexose sugars; however, the
wild-type S. cerevisiae strains cannot ferment pentose sugars
that are abundantly present in lignocellulosic hydrolysates
(Hahn-Hégerdal et al. 2007; Lin and Tanaka 2006). Although
the genetically engineered S. cerevisiae strains with pentose
metabolizing genes from other yeasts or bacteria can ferment
xylose to ethanol, the yield and productivity of ethanol from
xylose fermentation of the best engineered strain are still far
below expectation (see review by Kim et al. 2013). Among the
natural pentose-fermenting yeasts, Scheffersomyces (Pichia)
stipitis has shown the most promise for industrial ethanol
production from lignocellulosic biomass. S. stipitis can not
only ferment xylose with better ethanol yield and productivity
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but also ferment a wider range of sugars (such as cellobiose) to
ethanol than the genetically engineered xylose fermentation S.
cerevisiae strains (du Preez and Prior 1985; Kim et al. 2013;
Parekh and Wayman 1986; Slininger et al. 2006). Meanwhile,
the complete genome sequence revealed that S. stipitis has
developed various cellulases and hemicellulases which can
break down lignocellulose into monomeric sugars, offering a
very useful promise for simultaneous saccharification and
fermentation of lignocellulosic materials for ethanol produc-
tion (Antoni et al. 2007; Jeffries et al. 2007; Weber et al. 2010).
Recently, ethanol production from lignocellulosic biomass was
studied using S. stipitis (Cho et al. 2010; Lin et al. 2012) or S.
stipitis cocultured with S. cerevisiae (Li et al. 2011; Rudolf
et al. 2008; Yadav et al. 2011).

Prior to ethanol fermentation by microorganisms, complex
lignocellulosic biomass needs to be hydrolyzed to simple
sugars via pretreatment and hydrolysis processes. During the
pretreatment and hydrolysis processes, lignocellulosic bio-
mass releases not only sugars but also numerous fermentation
inhibitors (such as aldehydes, lignin derivatives, and acetic
acid) that hinder microbial cell growth and subsequent fer-
mentation (Jonsson et al. 2013; Klinke et al. 2004; Liu and
Blaschek 2010). Thereafter, this poses a significant challenge
for bioethanol production from lignocellulosic biomass.
Among the numerous fermentation inhibitors, furfural and 5-
hydroxymethylfurfural (HMF), derived from pentoses and
hexoses, respectively, are the representative aldehyde inhibi-
tors (Antal et al. 1991; Heer and Sauer 2008; Jonsson et al.
2013; Larsson et al. 1999; Lewkowski 2001; Taherzadeh et al.
1997). Remediation of inhibitory compounds by various
physical and chemical methods has been studied, but it was
too expensive for practice use (see review by Liu and
Blaschek 2010). Overcoming the inhibitory effect of furfural
and HMF on yeast is a key factor for cost-efficient bioethanol
production from lignocellulosic biomass.

Previous studies have found that many microorganisms
possess the ability to detoxify furfural and HMF. Stress re-
sponse and in situ detoxification of furfural and HMF to the
less toxic compounds furanmethanol (FM) and furan-2,5-
dimethanol (FDM) were extensively studied in S. cerevisiae
(see review by Liu 2011). The detoxification reaction was
NADH- and/or NADPH-dependent and catalyzed by multiple
enzymes, especially alcohol dehydrogenases (ADH) such as
ScAdh6p (Sc for S. cerevisiae), ScAdh7p, and mutated
ScAdhlp (Almeida et al. 2008; Heer et al. 2009; Laadan
et al. 2008; Liu and Moon 2009; Liu et al. 2008; Petersson
et al. 2006). Similar to S. cerevisiae, S. stipitis is able to
convert furfural and HMF to FM and FDM, respectively, in
the lag phase. Once furfural and HMF were reduced to a
certain low concentration, cell growth recovered and ethanol
production resumed (Bellido et al. 2011; Liu et al. 2004, 2005;
Slininger et al. 2009). However, the enzymes involved in
reduction of furfural and HMF in S. stipitis remain unknown.
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Now that alcohol dehydrogenases are most probably involved
in the furfural and HMF detoxification, we selected all the
seven SsADH (Ss for S. stipitis) genes as research targets
(Table 1) based on previous reports (Cho and Jeffries 1998;
Passoth et al. 1998) and recently annotated S. stipitis genome
sequences (Jeffries et al. 2007). The objectives of this study
were to (1) investigate the transcription response of the
SsADH genes to furfural and HMF, (2) test their enzyme
activities and properties for reduction of furfural and
HMF in details, and (3) test their enzyme activities in brief
for reduction of other six aldehydes—some of them are
inhibitors generated during pretreatment of lignocellulosic
biomass.

Materials and methods
Strains, media, and chemicals

The yeast strains of S. stipitis CBS 6054 and S. cerevisiae
INVScl (his3A1/his3AI leu2/leu2 trp1-289/trp1-289 ura3-
52/ura3-52) were purchased from the China Center of
Industrial Culture Collection (Beijing, China) and Invitrogen
(Carlsbad, CA, USA), respectively. Escherichia coli DH5x
(Sangon Biotech, Shanghai, China) was used for cloning and
recombinant DNA manipulation. Yeast strains were cultivated
in either YPD medium (1 % yeast extract, 2 % peptone, and
2 % dextrose) or synthetic complete (SC) medium [6.7 g/L of
yeast nitrogen base without amino acids but with ammonium
sulfate (Difco, Detroit, MI, USA); 20 mg/L of adenine, argi-
nine, cysteine, leucine, lysine, threonine, and tryptophan; and
10 mg/L of aspartic acid, histidine, isoleucine, methionine,
phenylalanine, proline, serine, tyrosine, and valine (Sigma-
Aldrich, St. Louis, MO, USA)] with or without uracil
according to requirements. Competent cells of E. coli were
grown on LB medium (1 % tryptone, 0.5 % yeast extract, 1 %
NaCl, pH 7.0) amended with 100 mg/L ampicillin for plasmid
selection. For the preparation of solid plate, 2 % agar was
added into the medium. All reagents for medium preparation
were purchased from Sigma-Aldrich (St. Louis, MO, USA),
Difco (Detroit, MI, USA), or Sangon Biotech (Shanghai,
China). All chemicals including the aldehydes of furfural,
HMF, formaldehyde, acetaldehyde, isovaleraldehyde, benzal-
dehyde, phenylacetaldehyde, and cinnamaldehyde were pro-
vided by Best-Reagent Company (Chengdu, China).

Cell growth and metabolic response to furfural and HMF

For cell growth, S. stipitis CBS 6054 was incubated in YPD
medium at 30 °C overnight with agitation of 200 rpm. Culture
inocula of S. stipitis were prepared using freshly grown cells
harvested at logarithmic growth phase. Inoculum cells of S.
stipitis were incubated in fresh YPD medium containing
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Table 1 General annotation of ADH proteins from S. stipitis

UniProt Name Description Evidence Sequence  GenBank Reference(s)
entry length accession no.
000097 SsAdhlp  Alcohol dehydrogenase I Direct 348 AA XM 001382885  Cho and Jeffries (1998),
Passoth et al. (1998)
013309 SsAdh2p  Alcohol dehydrogenase 11 Direct 348 AA XM 001383173 Cho and Jeffries (1998),
Passoth et al. (1998)
A3LSI9 SsAdh3p  NADPH-dependent alcohol Inferred from homology 374 AA XM 001383567  Jeffries et al. (2007)
dehydrogenase
A3GHR6 SsAdh4p  Alcohol dehydrogenase Inferred from homology 374 AA XM 001387085  Jeffries et al. (2007)
A3LT79 SsAdh5p  NAD(P)H-dependent alcohol ~ Inferred from homology 371 AA XM_001384351 Jeffries et al. (2007)
dehydrogenase
A3GHLA4 SsAdh6p  NADPH-dependent alcohol Inferred from homology 374 AA XM 001386826  Jeffries et al. (2007)
dehydrogenase
A3LSQ4 SsAdh7p NADPH-dependent alcohol Inferred from homology 357 AA XM 001384263 Jeffries et al. (2007)
dehydrogenase

AA amino acids, ADH alcohol dehydrogenase, Ss S. stipitis

30 mM of furfural at a final concentration under microaerobic
conditions with agitation of 200 rpm at 30 °C for 72 h. The
concentration of furfural used in this study was determined
according to a brief pretest using 20, 30, and 40 mM of
furfural for treatment. To observe the different inhibition
degree on cell growth and metabolic responses, the concen-
tration of HMF was equivalent to furfural. Cell cultures lack-
ing inhibitors were used as an untreated control. Cell growth
of S. stipitis was monitored over time by measuring absor-
bance at ODg using a UV-2802 spectrophotometer (Unico,
NJ, USA). Metabolic conversion profiles including glucose,
furfural, HMF, ethanol, FM, and FDM for each sample were
analyzed using a Waters high-performance liquid chromatog-
raphy equipped with an Aminex HPX-87 H column (Bio-Rad
Laboratories, Hercules, CA) and a refractive index detector as
previously described (Ma et al. 2012). The experiments were
carried out in triplicate under each condition.

Gene expression response to furfural and HMF

Culture inocula of S. stipitis CBS 6054 were prepared as
mentioned above. Inoculum cells were inoculated into fresh
YPD medium and incubated under microearobic conditions as
described above and until the ODgq reached about 1.0. At that
time, furfural or HMF was added into the medium at a final
concentration of 30 mM. The time point at the addition of an
inhibitor was designated as 0 h. Cell samples were harvested
at 0 and 2 h. Cells lacking inhibitor treatment served as an
untreated control. Primers for qRT-PCR assay were designed
(Supplementary material Table S1) using Primer 3 (Rozen and
Skaletsky 2000). The total RNA was isolated from each of two
biological and two technical replications using a protocol as
previously described (Liu and Slininger 2007) and purified
using an RNAclean kit (Tiangen Biotech Co., LTD, Beijing,

China). RNA integrity was verified by gel electrophoresis and
concentration was determined by a NanoDrop 2000C
Spectrophotometer (Thermo Fisher Scientific, Wilmington,
DE). Reverse transcription reactions were carried out using
the procedures described previously (Liu et al. 2009a). For
each qRT-PCR reaction, a RealMasterMix (SYBR Green) kit
(Tiangen Biotech Co., Ltd, Beijing, China) was utilized
and the PCR reaction was run on a Mastercycler® ep
realplex system (Eppendorf, Hamburg, Germany). Data were
analyzed using a defined profile as previously described
(Liu et al. 2009b).

Gene cloning

Standard molecular biology techniques were performed to
transform yeast as previously described (Sambrook and
Russell 2001). All of the seven SsADH genes (refer to
Table 1 for accession numbers) were individually amplified
from S. stipitis using corresponding primers (Supplementary
material Table S1). PCR products were verified by sequencing
analysis (Sangon Biotech, Shanghai, China). The shuttle vec-
tor pYES2/NT B (Invitrogen, Carlsbad, CA, USA), carrying
the URA3 selection marker and the galactose-inducible pro-
moter of GALI, was used to clone the coding region of the
target genes at Notl and Xhol (or Xbal) sites individually. The
individual pYES2/NT B construct with the ORF insert was
transformed into E. coli DHS5«, and the constructed plasmids
(Supplementary material Fig. S1) were isolated and verified
using diagnostic PCR method. The confirmed pYES2/NT
B construct containing an individual ORF insert was
transformed into INVScl using the lithium acetate method
(Gietz et al. 1995). Transformants were selected on SC medi-
um lacking uracil supplemented with 2 % glucose at 30 °C
and then verified using diagnostic PCR method.
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Protein expression, purification, and characterization

Clones were recovered in SC medium lacking uracil
supplemented with 2 % glucose for initial yeast growth at
30 °C with agitation of 200 rpm. After overnight incubation,
the fresh cells were transferred to an induction medium
supplemented with 2 % galactose and 1 % raffinose and
incubated at 30 °C with agitation of 200 rpm for 24 h. The
induction cells were harvested and lysed using Y-PER® Plus
reagent (Pierce, Rockford, IL, USA) following the manufac-
turer's instructions. Cell pellets were resuspended in the lysis
solution and incubated at 25 °C with continuous shaking for
20 min. The solution was then centrifuged at 20 °C at
18,000xg to pellet the cells. The supernatant was collected
and kept on ice. The lysis procedure was carried out twice and
the supernatants were combined. The induced protein was
purified from the supernatants using a Ni-NTA Sefinose'™
Kit (Sangon Biotech, Shanghai, China). Protein concentra-
tions for all samples were evaluated using a Modified
Bradford Protein Assay Kit (Sangon Biotech, Shanghai,
China), and a standard curve was created using bovine serum
albumin (Sangon Biotech, Shanghai, China). Molecular
weight of the purified proteins was estimated using 12 %
SDS-PAGE gel electrophoresis and stained by Coomassie
Brilliant Blue G-250 dye (Sangon Biotech, Shanghai,
China). The remaining purified proteins were stored at 4 °C
and all samples were used for enzyme activity assays within
2 days after protein purification.

Enzyme activity assay

All enzyme activities were assayed using a UV-2802 spectro-
photometer (Unico, NJ, USA). Enzyme activity was deter-
mined by measuring a decrease in absorbance at 340 nm using
the cofactor NADH or NADPH (Liu et al. 2008). The protein
samples were kept on ice until use. All assays were carried out
in a total volume of 500 uL at 30 °C for regular test. The
reaction mixtures consisted of a final concentration of 10 mM
furfural or HMF substrate and 100 or 200 uM (depending on
enzyme activity) of cofactor in 100 mM potassium phosphate
buffer (pH 7.2). The NADH concentration was increased to
3,000 uM and the substrate concentration was increased to
50 mM when acetaldehyde was used for Adhlp enzyme
activity. All reagents were maintained in water bath at 30 °C
prior to use. Kinetic experiments were performed using sub-
strates in a concentration range of 0.5 to 10 mM. Kinetic
parameters were estimated using the Lineweaver—Burk trans-
formation of the Michaelis-Menten equation. The optimum
pH for the specific enzyme activity was determined following
incubation at pH levels ranging from 4.5 to 9.0. To determine
the optimum temperature, enzyme activity was measured at
temperature from 20 to 60 °C. One enzyme unit was defined
as 1 pumol of NAD(P)H oxidized per minute, and specific
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activity was defined as the units of enzyme activity per milli-
gram of protein. All assays were performed in triplicate.

Sequence analysis

Using the ClustalW method in the MegAlign program 5.0
(DNAStar, Inc. Madison, WI, USA), amino acid sequences of
the seven SSADH proteins (refer to Table 1) from S. stipitis were
aligned with ScAdh6p (accession number NM_001182831),
ScAdh7p (accession number NM_001178812), and mutated
ScAdhlp (accession number NM 001183340) from S.
cerevisiae which have been demonstrated to exhibit enzyme
activities for furfural and/or HMF reduction (Almeida et al.
2008; Laadan et al. 2008; Liu et al. 2008; Petersson et al.
2006). Cofactor binding and catalytic sites and regions were
annotated according to previous reports (Baker et al. 2009;
Larroy et al. 2002a, b; McKie et al. 1993; Valencia et al.
2004). The phylogenic tree of the above-mentioned proteins
was constructed using the neighbor-joining method in the
MEGA 5.10 (Tamura et al. 2011).

Results

Cell growth, metabolic conversion, and gene expression
in response to furfural and HMF

Cell growth of S. stipitis was rapidly inhibited by both furfural
and HMF at final concentrations of 30 mM (Fig. 1a). Furfural
was more toxic to cell growth than HMF. The inhibition was
much stronger with furfural than HMF, displaying a lag phase
of approximate 16 and 4 h, respectively, and then cell growth
resumed. Final cell density under furfural condition was sig-
nificantly lower than that under both HMF and the untreated
control conditions, and the final cell densities under the latter
two conditions were almost equivalent. Consistent with cell
growth performance, glucose consumption and ethanol pro-
duction were delayed under furfural and HMF stress condi-
tions, and the inhibition degree was stronger by furfural than
HMF, too (Fig. 1b). Furfural and HMF were reduced to FM
and FDM, respectively, under microaerobic fermentation con-
ditions in this study, and none of them were detected in the
untreated control samples (Fig. 1c¢). Within the first 4 h of lag
phase, conversion of furfural to FM was faster than that of
HMF to FDM. After that, cell growth recovered in HMF-
treated condition and then the conversion of HMF to FDM
accelerated gradually.

Transcription analyses indicated that, under untreated con-
trol condition, SsADHI[ was the highest expressed gene
among the seven SsADH genes; transcription level of
SsADHS5 was about 85 % lower than that of Ss4DHI and
the levels of the remaining genes were very low (Fig. 2a, b).
Under inhibitor stress conditions, SsADH4 and SsADHG6 were
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Fig.1 Cell growth and metabolic
response to furfural and HMF. a
Comparison of cell growth of S.
stipitis CBS 6054 by estimating
cell density at ODgq in response
to 30 mM furfural (filled
triangle), 30 mM HMF (filled
square), and without inhibitors as
control (filled circle). b Glucose
consumption (filled symbol) and
ethanol production (open symbol)
in response to 30 mM furfural
(triangle), 30 mM HMF (square),
and without inhibitors as control
(circle). ¢ Concentrations of
furfural (filled diamond) and
HMF (filled triangle) along

with their respective conversion
products FM (open diamond)
and FDM (open triangle). Mean
values are presented with vertical
error bars representing the
standard deviations (n=3)

significantly induced at 2 h time point after furfural or HMF
was added into the medium. Transcription levels of SsADH4
and SsADH6 displayed more than 100- and 24-fold increase in
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response to furfural and 150- and 50-fold increase in response
to HMEF, respectively. The induced transcription level of
SsADH4 by both furfural and HMF was higher than that of
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Fig. 2 Transcription levels of 18
ADH genes in response to furfural a = ®r
and HMF. Comparison of o o
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SsADHG at 2 h time point. Under furfural stress condition,
transcription levels of the remaining SsADH genes showed no
significant difference with that of the control at 0 and 2 h time
points, except for SsADHI displaying higher transcription
level at 2 h time point compared to the control (Fig. 2a).
Similarly, transcription levels of SsADH2, SsADHS5, and
SsADH7 showed no significant difference with that of the
control under HMF stress condition, but transcription of
SsADH1 and SsADH3 was up-regulated at 2 h time point
(Fig. 2b). Transcription level of SsADH3 was relatively low,
despite its transcription was up-regulated at 2 h time point
under HMF stress condition.
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Gene cloning and protein expression

The amplified fragment of the SsADH gene from S. stipitis
CBS 6054 was inserted into designed restriction sites of the
pYES2/NT B plasmid and the recombinant plasmids for
overexpression of the seven SsADH genes under control of
the galactose-inducible GALI promoter were constructed
(Supplementary material Fig. S1). Agarose gel electrophoresis
analysis of the newly constructed plasmids demonstrated that
all the SsADH genes were successfully inserted into the
pYES2/NT B plasmid (Supplementary material Fig. S2),
and sequencing analysis confirmed that the inserted fragment
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was the corresponding Ss4ADH gene. The newly constructed
plasmids were transformed into S. cerevisiae strain INVScl.
The recombinant SSADH proteins were expressed in
galactose induction medium and purified using the
His-tag column chromatography for enzyme-specific
analysis. Using the Protein Molecular Weight software
(http://www.bioinformatics.org/sms/prot_ mw.html), molecular
weight of the SSADH proteins, His-tag amino acid sequence,
and the corresponding fusion proteins were estimated (Table 2).
SDS-PAGE analysis of the purified recombinant proteins indi-
cated that the molecular weights of the expressed proteins
ranged from 40 to 45 kDa, consistent with the estimated value
of recombinant proteins (Supplementary material Fig. S3).
Protein analysis indicated that all the SsADH genes were suc-
cessfully expressed in S. cerevisiae.

Enzyme activity and kinetic parameters for furfural and HMF
reduction

For furfural reduction, SsAdh4p, SsAdhSp, SsAdh6p, and
SsAdh7p showed both NADH and NADPH-dependent activ-
ities, and SsAdh4p and SsAdh5p had relatively stronger reduc-
tion activities with cofactor NADPH than NADH (Table 3).
SsAdhlp showed the highest NADH-dependent specific activ-
ity in furfural reduction, but no significant activity was ob-
served with NADPH as cofactor (Table 3). For HMF reduction,
NADPH-dependent activities were observed in SsAdh4p,
SsAdh5p, SsAdh6p, and SsAdh7p, but no significant NADH-
dependent activity was observed in all SSADH proteins.
SsAdhdp displayed the highest NADPH-dependent specific
activity for both furfural and HMF reduction.

Kinetic parameters of the SSADH proteins for furfural and
HMEF reduction were presented in Table 4. For furfural reduc-
tion, SsAdhlp and SsAdh7p showed relatively lower K,
values (3.15+0.21 and 1.94+0.12, respectively) and higher
catalytic efficiency (K¢o/Km, 50.23+3.42 and 51.09+3.54,
respectively) when NADH was used as the cofactor.
However, SsAdhSp and SsAdh6p showed relatively higher
Vimax (8.07£0.54 and 9.29+0.42, respectively) and catalytic
activity (Ka, 323.00+20.13 and 374.26+15.51, respectively).
When NADPH was used as a cofactor, SsAdh4p showed
the lowest K, value (0.24+0.02) and the highest values
of Viax (7.07+0.55), K. (285.22£10.11), and K /K,

(1,193.20+98.16). Catalytic efficiency of SsAdh4p was
higher than that of SsAdh5p and SsAdh6p by more than 2.4-
and 35-fold, respectively. Catalytic efficiencies of SsAdh4p
and SsAdhSp were significantly higher when NADPH was
used as cofactor than that of all the five SSADH proteins when
NADH was used as cofactor. For HMF reduction, SsAdh4p
showed much lower K;,, value (0.26+0.03) and much higher
values of Vax (9.66£1.02), Ko (389.66+22.15), and K ../K
(1,516.17+120.23) than that of SsAdh5p when NADPH was
used as cofactor. Especially, catalytic efficiency of SsAdh4p
was higher than that of SsAdhSp by more than 5-fold.

Effect of pH and temperature on enzyme activity for furfural
and HMF reduction

Optimum enzyme activities for furfural and HMF were deter-
mined within the pH range of 4.5 to 9.0 (Fig. 3) and the
temperature range of 20 to 60 °C (Fig. 4). The optimum
enzyme activities were observed at pH 6.0 for most SSADH
proteins with either NADH or NADPH as cofactor. Enzyme
activities of all SSADH proteins were more stable in acidic
condition than in alkaline condition. The optimal temperatures
were 30 °C for most SsADH proteins with either NADH or
NADPH as cofactor. More than 50 % enzyme activities
remained at 60 °C for most SSADH proteins with either
NADH or NADPH as cofactor, especially for NADPH-
dependent furfural and HMF reduction activities in SsAdhS5p.

Enzyme activity for other aldehydes

In this study, enzyme activities for reduction of other six
aldehydes were detected, including formaldehyde, acetalde-
hyde, isovaleraldehyde, benzaldehyde, phenylacetaldehyde,
and cinnamaldehyde (Table 5), and some of them are inhibi-
tors commonly detected in lignocellulosic hydrolysates (Liu
2011). SsAdh4p, SsAdhSp and SsAdh7p showed both
NADH- and NADPH-dependent activities for reduction of
formaldehyde and acetaldehyde. Formaldehyde reduction ac-
tivity was also observed for SsAdhlp with NADH as cofactor
and for SsAdh3p with NADPH as cofactor. NADH-dependent
activity for acetaldehyde reduction was also observed for
SsAdhlp and SsAdh2p. As for reduction of acetaldehyde,
the highest activity was observed for SsAdhlp with NADH

Table 2 Estimated molecular weights of expressed ADH proteins from S. stipitis in S. cerevisiae

Protein name SsAdhlp SsAdh2p SsAdh3p SsAdhdp SsAdh5p SsAdh6p SsAdh7p
SsADH protein (kDa) 36.53 36.57 40.32 40.33 40.02 40.27 39.03
His-tag (kDa) 5.37 706
Fusion protein (kDa) 41.90 41.94 45.69 45.70 45.39 45.64 44.40

ADH alcohol dehydrogenase, Ss S. stipitis
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Table 3 Enzyme units and

specific activities of the Substrate Enzyme NADH NADPH
overexpressed SSADH
proteins from S. stipitis in S. mUnits Specific activity mUnits (umol Specific activity
cerevisiae for reduction of (umol cofactor/min) (U/mg protein) cofactor/min) (U/mg protein)
furfural and HMF with
NADH or NADPH as Furfural SsAdhlp 7.02+0.51 5.20+0.37 N/S N/S
cofactor SsAdh2p  N/S N/S N/S N/S
SsAdh3p N/S N/S N/S N/S
SsAdh4p 2.86+0.34 1.90+0.22 11.25+0.59 7.50+0.39
SsAdh5p 2.98+0.51 2.76+0.47 6.11+0.39 5.66+0.36
SsAdh6p 3.10+0.34 3.01£0.33 3.06+0.39 2.97+£0.38
SsAdh7p 2.02+0.17 2.77+£0.23 2.22+0.00 3.04+0.00
HMF SsAdhlp N/S N/S N/S N/S
SsAdh2p N/S N/S N/S N/S
SsAdh3p N/S N/S N/S N/S
SsAdh4p N/S N/S 12.50+0.79 8.33+£0.52
Data are presented by mean SsAdhSp N/S N/S 4.58+0.20 424+0.18
values + standard deviations SsAdhép  N/S N/S 1.53+0.20 1.48+0.19
(n=3) SsAdh7p  N/S N/S 1.25+0.20 1.71£0.27

N/S not significant, Ss S. stipitis

as cofactor, much higher than any other SSADH protein en-
zyme with either NADH or NADPH as cofactor in this study.
For isovaleraldehyde reduction, NADH-dependent activity
was observed for SsAdh3p, and NADPH-dependent activity
was observed for both SsAdh4p and SsAdhSp. SsAdh3p and
SsAdh7p showed NADH-dependent activities for benzalde-
hyde reduction. SsAdh5p showed both NADH- and NADPH-
dependent activity for phenylacetaldehyde reduction; SsAdh3p
possessed only NADH-dependent activity, and SsAdh4p and
SsAdh7p exhibited only NADPH-dependent activity for the
reduction of phenylacetaldehyde.

Sequence analysis

All of the seven SsSADH proteins were identified as zinc-
dependent medium-chain dehydrogenase/reductase (MDR),
which consists of approximately 350 residues of amino acids
with one catalytic and one cofactor binding domains (Fig. 5).
The typical sequence motif known as the zinc-containing
ADH signature (GHEX,GX5(G,A)X5(I,V,A,C,S)) (segment
66-80 in SsAdhlp) for catalytic reaction was found in all
the SSADH proteins, and the catalytic and structural zinc
binding sites were marked with a triangle. The boxed region

Table 4 Kinetic parameters of overexpressed SSADH proteins from S. stipitis in S. cerevisiae for reduction of furfural and HMF with NADH or NADPH

as cofactor

Substrate Enzyme NADH NADPH
Kin (M) Vi Kea (min™)  KeadKpn Kin (mM) Vi Kea (min")  KeulKi,
(umol/min mg) (mM " min") (umol/min mg) (mM " min")
Furfural SsAdhlp 3.15+0.21 4.33+0.15 158.14+£12.30 50.23+342  N/D N/D N/D N/D
SsAdhdp 20.55£1.20 4.03+0.12 162.36+£9.25 7.90+0.85 0.24+£0.02 7.07+0.55 285.22+10.11 1,193.20+98.16
SsAdh5p 20.32+1.95 8.07+0.54 323.00+£20.13 15.90£1.46  0.44+£0.07 5.31+0.35 212.65+12.43 481.01£10.58
SsAdh6p 23.84+0.88 9.29+0.42 374.26+15.51 15.70+£2.21 4.11+£0.10 3.31+0.22 133.12+£8.58 32.42+3.44
SsAdh7p 1.94+0.12 2.54+0.31 99.06+7.67  51.09£3.54  N/D N/D N/D N/D
HMF SsAdhlp N/D N/D N/D N/D N/D N/D N/D N/D
SsAdhdp N/D N/D N/D N/D 0.26+£0.03 9.66+1.02 389.66+22.15 1,516.17+£120.23
SsAdhSp N/D N/D N/D N/D 0.81+£0.06 5.12+0.45 205.02+15.23 252.49+21.34
SsAdh6p N/D N/D N/D N/D N/D N/D N/D N/D
SsAdh7p N/D N/D N/D N/D N/D N/D N/D N/D

Data are presented by mean values + standard deviations (n=3)
N/D not determined, Ss S. stipitis
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Fig. 3 Effect of pH on enzyme = 8 a =10 b
activities of SSADH proteins. '% 7 % 9
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(GxxGxxQ) (position 178 to 184 in SsAdhlp) is involved in
cofactor binding, and the conserved glycine residues allow the
cofactor to close to the main chain (Bottoms et al. 2002). The
Asp residue (202 in SsAdhlp and SsAdh2p) marked with a
star in Fig. 5 determines the specificity for NADH, which is
bonded to oxygen atoms of the adenine ribose moiety of

Fig. 4 Effect of temperature on
enzyme activities of SSADH
proteins. Effect of temperature
on enzyme activities of SsAdhlp
(a), SsAdh4p (b), SsAdhSp (c),
and SsAdh6p (d) for reduction
of furfural with NADH (filled
diamond) or NADPH (filled
squared) as cofactor as well as

reduction of HMF with NADPH

NADH (Fan et al. 1991). The Ser residue in the same align-
ment position determines the specificity for NADPH, which
participates in the binding of the terminal phosphate group of
NADPH (Valencia et al. 2004). Phylogenetic relationships
derived from the deduced amino acid sequences of SSADH
proteins from S. stipitis indicate that SsAdh4p, SsAdho6p,

-

Specific activity (U/mg protein)
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Q
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as cofactor (filled triangle) 0 ) ™ ™ T T - )
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Table 5 Enzyme units and specific activities of the overexpressed SSADH proteins from S. stipitis in S. cerevisiae for reduction of other six aldehydes
with NADH or NADPH as cofactor

Enzyme Substrate NADH NADPH
mUnits Specific activity mUnits Specific activity
(umol cofactor/min) (U/mg protein) (umol cofactor/min) (U/mg protein)
SsAdhlp Formaldehyde 12.02+1.18 8.9+0.87 N/S N/S
Acetaldehyde 1,192.14+11.11 883.07+8.23 N/S N/S
Isovaleraldehyde N/S N/S N/S N/S
Benzaldehyde N/S N/S N/S N/S
Phenylacetaldehyde N/S N/S N/S N/S
Cinnamaldehyde N/S N/S N/S N/S
SsAdh2p Formaldehyde N/S N/S N/S N/S
Acetaldehyde 54.76+3.37 37.77+2.32 N/S N/S
Isovaleraldehyde N/S N/S N/S N/S
Benzaldehyde N/S N/S N/S N/S
Phenylacetaldehyde N/S N/S N/S N/S
Cinnamaldehyde N/S N/S N/S N/S
SsAdh3p Formaldehyde N/S N/S 2.86+0.34 2.07+0.24
Acetaldehyde N/S N/S N/S N/S
Isovaleraldehyde 2.26+0.17 1.64+0.12 N/S N/S
Benzaldehyde 1.794£0.17 1.29+0.12 N/S N/S
Phenylacetaldehyde 1.43+0.34 1.04+0.24 N/S N/S
Cinnamaldehyde N/S N/S N/S N/S
SsAdh4p Formaldehyde 1.67+0.34 1.11+0.22 1.90+0.34 1.27+0.22
Acetaldehyde 23.33+£4.38 15.56+2.92 18.33+0.34 12.22+0.22
Isovaleraldehyde N/S N/S 8.10+1.01 5.40+0.67
Benzaldehyde N/S N/S N/S N/S
Phenylacetaldehyde N/S N/S 10.83+0.51 7.22+0.34
Cinnamaldehyde N/S N/S N/S N/S
SsAdhS5p Formaldehyde 1.90+0.34 1.76+0.31 1.07£0.17 0.99+0.16
Acetaldehyde 44.64+3.20 41.34+2.96 6.67+1.68 6.17+1.56
Isovaleraldehyde N/S N/S 5.24+0.67 4.85+0.62
Benzaldehyde N/S N/S N/S N/S
Phenylacetaldehyde 4.40+0.51 4.08+0.47 3.93+0.17 3.64+0.16
Cinnamaldehyde N/S N/S N/S N/S
SsAdh6p Formaldehyde N/S N/S N/S N/S
Acetaldehyde N/S N/S N/S N/S
Isovaleraldehyde N/S N/S N/S N/S
Benzaldehyde N/S N/S N/S N/S
Phenylacetaldehyde N/S N/S N/S N/S
Cinnamaldehyde N/S N/S N/S N/S
SsAdh7p Formaldehyde 2.50+0.17 2.27+0.15 1.55+0.17 1.41£0.15
Acetaldehyde 43.57+£1.01 39.61+£0.92 2.50+0.51 2.27+40.46
Isovaleraldehyde N/S N/S N/S N/S
Benzaldehyde 3.93+£0.51 3.57+0.46 N/S N/S
Phenylacetaldehyde N/S N/S 1.90+0.34 1.73+£0.31
Cinnamaldehyde N/S N/S N/S N/S

Data are presented by mean values + standard deviations (n=3)

N/S not significant, Ss S. stipitis
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Fig.5 Alignment of amino acid sequences of ADH proteins. Residues in
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binding of the
whereas the cysteine residues involved in the binding of the “structural
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Fig. 6 Phylogenetic tree of ADH proteins. Ss S. stipitis and Sc S.
cerevisiae

ScAdhlp from S. cerevisiae and are distinct to the other
SsADH proteins in this study.

Discussion

Previous studies in S. cerevisiae demonstrated that alcohol
dehydrogenases of ScAdh6p, ScAdh7p, and mutated ScAdhlp
have NAD(P)H-dependent activities for furfural and/or HMF
reduction (Almeida et al. 2008; Heer et al. 2009; Laadan et al.
2008; Liu and Moon 2009; Liu et al. 2008; Petersson et al.
20006). S. stipitis is also able to reduce furfural to FM and HMF
to FDM, respectively. However, whether the alcohol dehydro-
genases in S. stipitis have those kinds of reductive activities is
unclear. To address the questions, we selected all the SsADH
genes (either identified or putative) as targets and then carried
out transcription analysis under furfural and HMF stress condi-
tions. Furthermore, the SsADH genes were cloned and enzyme
activities as well as kinetic parameters of the purified SSADH
proteins were determined for furfural and HMF reduction in
details. Finally, enzyme activities of the SSADH proteins for the
reduction of other six aldehydes were studied in brief. To the
best of our knowledge, this is the first report of Ss4DH genes
involved in the detoxification of aldehydes derived from ligno-
cellulosic hydrolysis in S. stipitis. Knowledge obtained in this
study will aid to develop more inhibitor-tolerant strains of S.
stipitis by genetic engineering.

Transcription analyses in this study demonstrated that
SsADH4 and SsADH6 were highly induced by both furfural
and HMF under microaerobic fermentation conditions, which
suggests furfural and HMF may trigger a similar regulation
mechanism for transcription response of Ss4DH4 and SsADH6
in S. stipitis. In comparison, ScADH6 and ScADH7 were
significantly induced by furfural and HMF in S. cerevisiae;
however, ScADH4 was not significantly induced under the
same stress conditions (Liu et al. 2009a). Induced expression

@ Springer

of ScADH6, ScADH7, as well as other furfural and HMF
reductase genes was considered to be mainly co-regulated by
oxidative stress-related transcription factors of Yaplp, Yap5p,
and Yap6p under furfural and HMF stress conditions in S.
cerevisiae (Ma and Liu 2010 and unpublished data), and the
yeast activator protein (YAP) binding motifs (cis-acting ele-
ments) were found in the upstream sequences of the regulated
genes (Ma and Liu 2010). Alriksson et al. (2010) demonstrated
that the overexpression of the YAP/ gene increased resistance
to coniferyl aldehyde, HMF, and spruce hydrolysate in S.
cerevisiae. However, transcription factors and cis-acting ele-
ments involved in the regulation of SsADH4 and SsADH6
expression in S. stipitis remained unknown. CAP] is a putative
transcription factor gene involved in oxidative stress response
in S. stipitis (Jeffries et al. 2007), which may have a similar
function to YAPI gene in S. cerevisiae (Jeffries and Van Vleet
2009). Whether the induced expression of SsADH4 and
SsADHG6 in S. stipitis is regulated by Caplp deserves
further investigation, and the molecular mechanism of
transcription regulation including interaction of cis-acting el-
ement and trans-acting factor should be further studied in
details.

Metabolic analyses indicated that furfural and HMF were
reduced to less toxic FM and FDM under microaerobic con-
dition in vivo by §. stipitis. Enzyme activity tests indicated
that reduction of furfural and HMF were catalyzed by multiple
SsADH proteins in vitro. SsAdh4p exhibited the highest cat-
alytic efficiency in vitro for both furfural and HMF reduction
among all the SSADH proteins. Considering its highly in-
duced transcription by both furfural and HMF, we have reason
to believe that SsADH4 plays more important roles in adapta-
tion response to furfural and HMF stress than the remaining
SsADH genes in S. stipitis. Enzyme assays with other alde-
hydes in vitro indicated that reduction activity of alcohol
dehydrogenase in S. stipitis is not specific to a certain alde-
hyde but to a broad range of aliphatic and aromatic aldehydes.
Similarly, activities of aldehyde reductase for reduction of
multiple aldehydes were observed in S. cerevisiae (Liu and
Moon 2009). In this study, we also found that some alcohol
dehydrogenases (for example SsAdh2p and SsAdh3p) may
lack activity for furfural and/or HMF reduction, but can have
activities for reduction of other aldehydes. These findings
indicate that alcohol dehydrogenases in S. stipitis are involved
in the detoxification of multiple aldehyde inhibitors derived
from lignocellulosic biomass conversion. It should be pointed
out that at least a dozen of aldehyde inhibitors are generated
during the hydrolysis of lignocellulosic biomass (see
review by Liu 2011) and some of them (such as coniferyl
aldehyde, wvanillin, glycolaldehyde, and methylglyoxal)
were not tested in this study. Whether these kinds of alde-
hyde inhibitors derived from lignocellulosic hydrolysis can
be reduced by alcohol dehydrogenases needs to be further
studied.
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NADH and/or NADPH can be used as cofactors for reduc-
tion of furfural and HMF by aldehyde reductases in S.
cerevisiae (Almeida et al. 2008; Laadan et al. 2008; Liu
et al. 2008; Petersson et al. 2006). In this study, we found that
both NADH and NADPH were used as cofactors for reduction
of furfural by multiple SSADH proteins in S. stipitis, and
NADPH was used as cofactor for reduction of HMF by
SsAdh4p and SsAdhSp in S. stipitis. Reduction of furfural
and HMF will cause a deficit of cofactors, and accelerated
regeneration of NAD(P)H can compensate this negative effect
in S. cerevisiae (Gorsich et al. 2006; Liu et al. 2009a ). More
SsADH proteins with good activities as well as more available
cofactors (both NADH and NADPH) involved in the reduc-
tion of furfural could make S. stipitis detoxify furfural faster
than HMF, which is consistent with metabolic conversion
results observed in the same lag phase of 4 h after inhibitor
addition as found in this study and previous reports (Liu et al.
2004, 2005).

Analysis of amino acid sequences of all SSADH proteins
from S. stipitis and ScAdh6p, ScAdh7p, and the mutated
ScAdhlp from S. cerevisiae found that the catalytic and struc-
tural zinc sites align together, which is consistent with other
MBDR proteins (Baker et al. 2009; Larroy et al. 2002a, b; McKie
et al. 1993; Valencia et al. 2004). The cofactor binding region
and single binding sites (Fig. 5) determine the preference for
cofactors. SsAdh3p, SsAdh4p, SsAdh5p, and SsAdh6p have a
more similar cofactor binding region (GxxGxxG), and all of
them showed a preference for NADPH over NADH as
evidenced by enzyme activity tests in this study. SsAdhlp
contains a single amino acid difference with the mutated
ScAdhlp in this cofactor binding region, and the sequence of
amino acids of SsAdh2p in this region is identical to those in
the mutated ScAdhlp. Moreover, the Asp that positions at
the first star site in the amino acid sequences of SsAdhlp,
SsAdh2p, and mutated ScAdhlp (Fig. 5) is considered to
determine the specificity for NADH (Fan et al. 1991), which
is consistent with the observed enzyme activity with NADH
as cofactor in S. stipitis in this study and in a previous report in
S. cerevisiae (Laadan et al. 2008). Phylogenetic analysis
showed that the NADH-dependent SSADH proteins are more
closely related, but are distinct to the NAD(P)H-dependent
SsADH proteins (Fig. 6).

Reduction of furfural and HMF in fact is a kind of oxido-
reductive reaction. Oxidoreductases represent a large family
comprised of thousands of enzymes. This large family can be
further grouped into three superfamilies, including long-chain
dehydrogenase/reductase (approximately 385 residues but in
few cases 900 residues), MDR (about 350 residues), and
short-chain dehydrogenase/reductase (250-350 residues) su-
perfamilies. Previous studies on S. cerevisiae showed that
reduction of furfural and HMF is catalyzed not only by alco-
hol dehydrogenases, but also by multiple reductases, such as
Arilp, Ald4p, Ald6p, Gre2p, and Gre3p (Liu et al. 2008;

Moon and Liu 2012; Park et al. 2011). According to these
findings in the model yeast of S. cerevisiae, identification of
alcohol dehydrogenases from S. stipitis for furfural and HMF
reduction is just a beginning. More oxidoreductases involved
in the detoxification of aldehyde inhibitors in S. stipitis should
be identified in the future.
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