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Biomass Conversion Inhibitors Furfural and 5-Hydroxymethylfurfural
Induce Formation of Messenger RNP Granules and Attenuate
Translation Activity in Saccharomyces cerevisiae

Aya Iwaki, Takao Kawai, Yosuke Yamamoto, Shingo lzawa

Laboratory of Microbial Technology, Graduate School of Science and Technology, Kyoto Institute of Technology, Matsugasaki, Kyoto, Japan

Various forms of stress can cause an attenuation of bulk translation activity and the accumulation of nontranslating
mRNAs into cytoplasmic messenger RNP (mRNP) granules termed processing bodies (P-bodies) and stress granules (SGs)
in eukaryotic cells. Furfural and 5-hydroxymethylfurfural (HMF), derived from lignocellulosic biomass, inhibit yeast
growth and fermentation as stressors. Since there is no report regarding their effects on the formation of cytoplasmic
mRNP granules, here we investigated whether furfural and HMF cause the assembly of yeast P-bodies and SGs accompa-
nied by translational repression. We found that furfural and HMF cause the attenuation of bulk translation activity and
the assembly of cytoplasmic mRNP granules in Saccharomyces cerevisiae. Notably, a combination of furfural and HMF
induced the remarkable repression of translation initiation and SG formation. These findings provide new information
about the physiological effects of furfural and HMF on yeast cells, and also suggest the potential usefulness of cytoplasmic
mRNP granules as a warning sign or index of the deterioration of cellular physiological status in the fermentation of ligno-

cellulosic hydrolysates.

ignocellulosic biomass, including agricultural and wood resi-

dues, is a promising source for bioethanol production, because
it is regenerable, abundant, and uncompetitive with food re-
sources. Lignocellulosic biomass is often pretreated with acid or
hot-compressed water for saccharification (1, 2). However, these
pretreatments generate fermentation inhibitors such as furfural
and 5-hydroxymethylfurfural (HMF) (1, 3). Furfural and HMF
are furaldehydes and degradation products of pentoses and hexo-
ses, respectively (4, 5). They inhibit the growth of yeast cells and
subsequent fermentation in a dose-dependent manner (6). Al-
though furfural and HMF can act synergistically, yeast cells are
more sensitive to growth inhibition by furfural than by HMF at
the same concentration (7-9). It is known that furfural affects
glycolytic activity and the tricarboxylic acid cycle (10, 11). It has
also been reported that furfural causes oxidative stress and reduces
the activities of various dehydrogenases in yeast cells (12, 13).
Although several genome-wide analyses regarding the response to
furfural and HMF have been carried out (14, 15), the cellular stress
response caused by furfural and HMF is not fully understood in
yeast cells.

Various forms of stress can reduce bulk translation activity
and consequently elevate levels of nontranslating mRNAs. In
eukaryotic cells, nontranslating mRNAs can be recruited from
polysomes and segregated into cytoplasmic messenger RNP
(mRNP) granules via associations with various RNA-associ-
ated proteins under stressed conditions (16, 17). Saccharomy-
ces cerevisiae as well as mammalian cells has processing bodies
(P-bodies) and stress granules (SGs) as cytoplasmic mRNP
granules. P-bodies generally contain the mRNA decay machin-
ery, including decapping enzymes such as Dcpl and Dcp2 (18),
a decapping activator (Dhhl) (18), an exonuclease (Xrnl)
(18), deadenylases (Pop2 and Ccr4) (19), and nontranslating
mRNAs (16, 20,21). On the other hand, SGs typically consist of
a subset of RNA binding protein (Ngrl) (17, 22), a 40S ribo-
somal subunit (Rps30A) (17, 23), a Pabl binding protein
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(Pbpl) (22, 23), translation initiation-related factors (Eapl,
Prtl, Rpgl, and Nipl) (22, 23), and nontranslating mRNAs
(17). Therefore, these proteins are used as representative mark-
ers of P-bodies and SGs (16-18, 20, 22-25).

In S. cerevisiae, several kinds of stress such as glucose deple-
tion, severe heat shock, severe ethanol stress, and exposure to
sodium azide (NaNj;) induce the formation of SGs with a pro-
nounced repression of translation (22-25). On the other hand,
it has been reported that high Ca®" levels, hyperosmotic shock,
and acidic stress can induce P-body formation without pro-
nounced repression of translation and SG formation (22, 26,
27). It has also been reported that yeast SGs are assembled
following P-body formation during severe ethanol stress, glu-
cose deprivation, and NaNj treatment (22, 24, 25). These find-
ings suggest that SG formation requires severer stress than P-
body formation. It has been indicated that P-bodies and SGs
serve as sites of nontranslating mRNA storage under stressed
conditions and are responsible for translational repression (16,
17, 28-30). Additionally, both granules might play important
roles in the rapid recovery from stress, since the segregated
mRNAs in these granules can rapidly re-enter the translation
initiation process when stress is eliminated (16, 17, 22, 24).

In order to understand posttranscriptional events in the re-
sponse to furfural and HMF in yeast cells, here we investigated
whether these furaldehydes induce the formation of cytoplasmic
mRNP granules and repression of bulk translation activity. We
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found that furfural and HMF cause the attenuation of bulk trans-
lation activity and the assembly of cytoplasmic mRNP granules in
S. cerevisiae. Notably, a combination of furfural and HMF induced
the remarkable repression of translation initiation and SG forma-
tion. This is the first report about the formation of cytoplasmic
mRNP granules by furaldehydes in S. cerevisiae, providing new
information about the physiological effects of furfural and HMF
on yeast cells.

MATERIALS AND METHODS

Strain, plasmids, and media. The S. cerevisiae strain used in this study was
W303-1A (MATa his3-11,15 leu2-3,112 trpl-1 ade2-1 ura3-1 canl-100) as
a laboratory strain. Cells were cultured in 50 ml of SD medium (2%
glucose and 0.67% yeast nitrogen base without amino acids) with appro-
priate supplements of amino acids and bases at 30°C with reciprocal shak-
ing (120 rpm) in Erlenmeyer flasks (300 ml). Plasmids used for the obser-
vation of P-bodies and SGs were previously described (24, 27, 31). Briefly,
the DCPI gene amplified with primers (5'-AAAAAGCAGCTTGGGAAT
TTCTAGAGGAGA-3" and 5'-CCTCTCTCGAGAAGCAAAAGAATCTT
TTGGCTCATT-3") was digested with Xbal and Xhol and cloned into the
Xbal-Xhol sites of pAUR-ZRC1-GFP (pAUR-ZRCl-green fluorescent
protein) (32) to construct pAUR-DCP1-GFP. The DCP2 gene was ampli-
fied using primers (5'-GAGCAGATTGATCCCTCTAGAGAGTTGCT
G-3' and 5'-CTTATTCTTGCTAGCCCTATGCAAAATGCT-3'), di-
gested with Xbal and Nhel, and cloned into the Xbal-Nhel sites of pJK67
(33) to construct YIp-DCP2-GFP. The NGR1 gene amplified with primers
(5'"-AACCCTCTAGAACGTTATGGATGGGAGATT-3" and 5'-CTTTT
CTCGAGAATGTAGAAGAGAAGGATG-3") was digested with Xbal and
Xhol and cloned into the Xbal-Xhol sites of pJK67 to construct YIp-
NGR1-GFP. The RPS30A gene was amplified (5'-GCACATCTAGACAG
ACGGCCGGCAGGAGGAA-3" and 5'-TTAATCTCGAGATTGGACGG
ATGGACCTGGG-3'), digested with Xbal and Xhol, and cloned into the
Xbal-Xhol sites of pAUR-ZRC1-GFP to construct pAUR-RPS30A-GFP.
pAUR-DCP1-GFP and YIp-NGRI1-GFP were linearized by Stul and in-
troduced into the yeast cells. YIp-DCP2-GFP and pAUR-RPS30A-GFP
were digested with Eco471II and BsiW], respectively.

Chemicals and analysis methods. Furfural and HMF were obtained
from Wako (Osaka, Japan) and Tokyo Chemical Industry (Tokyo, Japan),
respectively. The purity of both furaldehydes was >95.0%. To prevent
oxidation, they were immediately dissolved in dimethyl sulfoxide
(DMSO) as 2 M stock solutions after new bottles were opened (34). The
stock solutions were stored at —30°C in small quantities. Exponentially
growing cells (ca. 1 X 107 cells/ml) were further incubated with various
concentrations of furaldehydes at 30°C. Since the common concentra-
tions of furfural and HMF in bioethanol fermentors for lignocellulosic
biomass and in previous reports are 20 to 50 mM (3, 6, 8—15), we exam-
ined the effects of 10 to 70 mM furfural and HMF. We verified that DMSO
has no effect on the formation of mRNP granules and translation activity.
The preparation of the yeast extract and sucrose gradient separation for
the polysome analysis were carried out by the methods of Inada and Aiba
(35) using a gradient master and fractionator (BioComp Instruments Inc.;
catalogno. 107-201 M and 152-002). A Leica AF6500 (Leica Microsystems
Vertrieb GmbH, Germany) fluorescence microscopic system was used for
the microscopic analysis. Cells treated with furfural or HMF were imme-
diately observed without fixation. All experiments were repeated more
than 4 times.

RESULTS

Furfural and HMF cause the formation of P-bodies. First we
examined whether furfural and HMF can induce the assembly
of P-bodies. Dcpl and Dcp2 are decapping enzymes and the
core components of yeast P-bodies (18). Since they have been
used in numerous previous studies (18, 20, 22, 26-29, 31, 36),
here we used Dcp1-GFP and Dcp2-GFP as P-body markers. As

1662 aem.asm.org

shown in Fig. 1, these P-body markers formed granules in the
cytoplasm when cells were treated with furfural or HMF for 30
min at 30°C. Treatment with furaldehydes caused a dose-de-
pendent increase in the number of cells containing P-bodies.
Over half of the cells formed cytoplasmic foci of Dcp1-GFP and
Dcp2-GFP after the treatment with 30 mM furfural or 60 mM
HMEF for 30 min. We observed similar phenomena using other
P-body markers such as Dhh1-GFP (18, 19, 27, 31) and Xrn1-
GFP (22,25) (datanot shown). These results indicate that these
furaldehydes can induce the formation of P-bodies in yeast
cells. No clear correlation was observed between the concen-
tration of furaldehydes and the number or size of P-bodies.

Furfural but not HMF causes the formation of stress gran-
ules. We next investigated the effects of furfural and HMF on
the formation of SGs. Ngr1-GFP and Rps30A-GFP were used as
SG markers. Ngrl (negative growth regulatory protein) and
Rps30A (ribosomal protein of the 40S small subunit) are core
components of SG and representative SG markers (22-24). As
shown in Fig. 2A and B, treatment with furfural caused the
formation of Ngr1-GFP foci or Rps30A-GFP foci in the cyto-
plasm. Furfural caused a dose-dependent increase in the num-
ber of cells containing SGs, and over half of the cells formed
cytoplasmic granules of Ngr1-GFP and Rps30A-GFP following
treatment with more than 30 mM furfural for 30 min (Fig. 2A
and B). The number and size of the granules did not show a
clear correlation with the concentration of furfural. We verified
the SG formation caused by furfural using other components
such as Pbp1-GFP and Eap1-GFP (22, 23) (data not shown).
These results clearly indicate that furfural can induce the for-
mation of SGs.

On the other hand, HMF treatment (20 to 70 mM for 30 min)
did not cause the formation of SGs (Fig. 2A and B). We have
reported that SG formation upon ethanol stress requires a more
severe stress and a longer period of time than P-body formation
(24). Additionally, Buchan et al. have reported that SGs are assem-
bled following P-body formation during glucose deprivation or
NaNj treatment (22, 25). Therefore, we investigated the effects of
prolonged treatment with HMF at higher concentrations (40 to
200 mM for 120 min). Even prolonged treatment with 200 mM
HMEF for 120 min did not have any significant effect on the for-
mation of Ngr1-GFP foci (data not shown), indicating that HMF
induces almost no SG formation.

When cells were treated with 30 or 40 mM furfural, it
took around 10 min to form SGs in more than 50% of cells,
while it took only 5 min to form P-bodies in over half of the
cells (Fig. 2C). This result indicates that P-body formation was
induced more quickly than SG formation in the presence of
furfural.

Cycloheximide prevents the formation of cytoplasmic
mRNP granules. It is well established that cycloheximide prevents
the assembly of P-bodies and SGs by trapping mRNAs in poly-
somes (22, 29). We also examined the effects of cycloheximide on
the formation of P-bodies and SGs caused by furaldehydes. Cells
were treated with cycloheximide (100 wg/ml) for 1 min prior to
the treatment with furfural or HMF, and then the assembly of
P-bodies and SGs was investigated using Dcp2-GFP and Ngrl-
GFP, respectively. Consistent with previous studies (22, 29), pre-
treatment with cycloheximide prevented the formation of Dcp2-
GFP foci upon glucose depletion and Ngr1-GFP foci upon robust
heat shock (Fig. 3). Likewise, the formation of Dcp2-GFP and
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FIG 1 P-body formation is induced by furfural and HMF in S. cerevisiae. Cells in an exponential phase of growth in SD medium were treated with furfural (10
to 40 mM) or HMF (10 to 70 mM) at 30°C for 30 min or subjected to glucose deprivation stress (-Glc) for 15 min. The assembly of P-bodies was examined with
Dcp2-GFP (A) and Dcp1-GFP (B). The white bar indicates 5 pm. BF, bright field. At least 150 cells under each condition were examined. Numbers in the panels

indicate percentages of cells with GFP foci.

Ngr1-GFP foci caused by 40 mM furfural or 70 mM HMF was also
prevented by the pretreatment with cycloheximide (Fig. 3). These
results indicate that the furaldehydes cause the formation of cyto-
plasmic mRNP granules via the release of nontranslating mRNAs
from polysomes.

Furfural and HMF reduce bulk translation activity. The for-
mation of cytoplasmic mRNP granules is often accompanied
by translational repression (20, 23, 25, 27). Since we found that
furfural and HMF can induce the formation of cytoplasmic
mRNP granules, we examined how these furaldehydes affect
bulk translation activity using polysome profiles. Consistent
with a previous study (37), 10% ethanol stress caused a pro-
nounced reduction in the polysome fraction and a concomitant

March 2013 Volume 79 Number 5

increase in the monosome fraction (80S), indicating the re-
pression of translation initiation by ethanol stress (Fig. 4).
Treatment with furfural (20 mM and 40 mM) for 30 min led to
a clear increase in the monosome fraction (80S), indicating
that furfural caused an attenuation of bulk translation initia-
tion (Fig. 4). Additionally, HMF also caused a gradual reduc-
tion in the polysome fraction and a concomitant increase in the
80S monosome fraction. These results clearly indicate that fur-
fural and HMF have negative effects on translation and subse-
quently increase the levels of nontranslating mRNA, although
the repressive effects of these furaldehydes were apparently
milder than that of 10% ethanol stress. Elevation of the non-
translating mRNA levels upon the treatment with furfural or
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FIG 2 SG formation is induced by furfural but not HMF in S. cerevisiae. Cells in an exponential phase of growth in SD medium were treated with furfural (15
to 40 mM) or HMF (20 to 70 mM) at 30°C for 30 min or with robust heat shock at 46°C for 10 min. The assembly of SGs was examined with Ngr1-GFP (A) and
Rps30A-GFP (B). (C) Time course of SG formation caused by furfural. Cells were treated with 30 or 40 mM furfural for 0 to 30 min. The assembly of P-bodies
and SGs was examined with Dcp2-GFP and Ngr1-GFP, respectively. At least 150 cells under each condition were examined. Numbers in the panels indicate

percentages of cells with GFP foci.

HMF presumably contributes to the formation of mRNP gran-
ules.

The combination of furfural and HMF causes severe repres-
sion of translation. Furfural and HMF usually coexist during
bioethanol production, and reportedly can act synergistically
to suppress yeast cell growth even at low concentrations (8, 9).
Therefore, we next examined the effects of combinations of
these furaldehydes on the formation of cytoplasmic mRNP
granules and bulk translation activity. Since the most common
concentrations of furfural and HMF in bioethanol fermentors
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FIG 3 Cycloheximide prevents the formation of mRNP granules caused by
the furaldehydes. Cells were treated with cycloheximide (CHX) (100 wg/ml)
for 1 min prior to treatment with 40 mM furfural or 70 mM HMF for 30 min,
glucose deprivation (- Glc) for 15 min, or robust heat shock at 46°C for 10 min.
The assembly of P-bodies and SGs was examined with Dcp2-GFP and Ngrl-
GFP, respectively. At least 150 cells under each condition were examined.
Numbers in the panels indicate percentages of cells with GFP foci.
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for lignocellulosic biomass are 20 to 50 mM (3, 6), we examined
the effects of 15 mM furfural and 40 mM HMF. Although 15
mM furfural or 40 mM HMF alone did not cause SG formation,
the assembly of SGs was induced when cells were treated with
these furaldehydes in combination (Fig. 5A). Cytoplasmic foci
of Ngr1-GFP and Rps30A-GFP were formed in over half of cells
within 30 min upon the treatment with 15 mM furfural plus 40
mM HME. Additionally, synergistic effects of furfural and
HMF were observed on bulk translation activity. Although
each furaldehyde alone (15 mM furfural or 40 mM HMF) had
little effect on the polysome profile, in combination they
caused a significant decrease in the polysome fraction and a
concomitant increase in the 80S monosome fraction, indicat-
ing a definite repression of translation activity (Fig. 5B). Addi-
tionally, SG formation and severe repression of translation ac-
tivity were induced within 30 min upon the treatment with 15
mM furfural plus 3% ethanol stress, although 3% ethanol alone
did not cause SG formation or translational repression (Fig. 5)
(24). These findings also suggest that translational repression
in yeast cells might be caused in the fermentor for bioethanol
production from lignocellulosic biomass.

DISCUSSION
Here we found that furfural and HMF can induce the forma-
tion of P-bodies and SGs in S. cerevisiae. The minimum con-

centration required for P-body formation in over half of the
cells within 30 min was higher for HMF (60 mM) than furfural
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FIG 4 Polysome profiles of cells treated with furfural, HMF, or ethanol were determined. Cells in an exponential phase of growth were treated with furfural (20
mM or 40 mM for 30 min), HMF (40 mM or 70 mM for 30 min), or ethanol (10% for 30 min). The polysome, 40S (small ribosomal subunit), 60S (large ribosomal

subunit), and 80S (monosome) peaks are labeled.

(30 mM) (Fig. 1). Additionally, SG formation was caused by
furfural but not by HMF (Fig. 2). These results are not surpris-
ing because it has been reported that yeast cells are more sen-
sitive to growth inhibition by furfural than by HMF at the same
concentration (7-9). It is quite likely that yeast cells are also
more sensitive to furfural than HMF regarding the formation
of cytoplasmic mRNP granules.

We have reported that the formation of SGs upon ethanol
stress requires a longer period of time and higher concentration
than that of P-bodies (24). Furfural (30 or 40 mM) also required a
longer period for SG formation (around 10 min) than P-body
formation (within 5min) (Fig. 2C). Parker and his colleagues have
reported that, first, nontranslating mRNAs caused by stress form
P-bodies with various proteins and then a portion of the P-bodies
load translation initiation factors and form SGs in S. cerevisiae (16,
17,22, 38). Since P-body formation was faster than SG formation
upon furfural stress (Fig. 2C), our findings also seem to support
this model.

Here we also demonstrated that furfural and HMF cause the
repression of bulk translation initiation. The monosome frac-
tion was clearly increased by the treatment with furfural or
HMF (Fig. 4). Additionally, synergistic effects of furfural and
HMF-ethanol on translational repression were observed
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o
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(Fig. 5B). It is feasible that an attenuation of translation is one
of the main reasons for the reduction in the growth rate by
furfural and HMF.

Synergistic effects of furfural and HMF on SG formation were
also observed (Fig. 5A). Yeast cells are usually exposed simultane-
ously to furfural and HMF during the industrial production of
bioethanol from lignocellulosic biomass. Additionally, other
stressors such as weak acids, phenolics, and ethanol also exist in
the bioethanol fermentor of lignocellulosic hydrolysates and
might have synergistic inhibitory effects with furfural and HMF
on yeast cells (6). Therefore, it is conceivable that pronounced
translational repression and SG formation occur frequently dur-
ing industrial bioethanol production, having adverse effects on
yeast cells.

Since the formation of the cytoplasmic mRNP granules re-
flects the deterioration of cellular physiological status, P-bod-
ies and SGs might be useful as warning signs for the impair-
ment of cell growth and fermentation during the process of
bioethanol production from lignocellulosic biomass (Fig. 6).
Additionally, tolerance toward furaldehydes is clearly strain
dependent and obtained by the reduction of these compounds
to less-toxic alcohols (6, 9, 39, 40). It is conceivable that yeast
strains with greater tolerance of furaldehydes would require

15 mM Furfural

+
3% EtOH

15 mM Furfural 15 mM Furfural
+ +
40 mM HMF 3% EtOH 3% EtOH

e

e

L

FIG 5 Furfural and HMF in combination induce SG formation. Cells were treated with the combination of furfural (15 mM) and HMF (40 mM) for 30 min. Cells
were also treated with the combination of furfural (15 mM) and ethanol (3% [vol/vol]) for 30 min. (A) The assembly of SGs was examined with Ngr1-GFP and
Rps30A-GFP. At least 150 cells under each condition were examined. Numbers in the panels indicate percentages of cells with SGs. (B) Polysome profiles of cells

treated with furfural, HMF, and ethanol were determined.
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FIG 6 For the proper and efficient control of fermentation conditions for
lignocellulosic hydrolysates, GFP-tagged markers of mRNP granules might
be useful as warning signs of the deterioration of cellular physiological
status.

higher concentrations of furfural and HMF to cause the forma-
tion of P-bodies and/or SGs. Therefore, P-bodies and SGs
might also be useful as indexes of furaldehyde tolerance in the
isolation or development of yeast strains. GFP-tagged markers
of P-bodies and SGs might be utilized as a powerful and easily
handled tool for the control of fermentation conditions and
breeding of suitable yeast strains.
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