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In Saccharomyces cerevisiae, genes encoding maltose permeases and maltases are located in the telomeric
regions of different chromosomes. The COMPASS methylation complex, which methylates lysine 4 on histone
H3, controls the silencing of telomeric regions. Yeast strains deleted for SWD1, SWD3, SDC1, SET1, BRE2, or
SPP1, encoding components of the COMPASS complex, fermented a medium containing 22% maltose with
noticeably higher attenuation than did the wild type, resulting in production of up to 29% more ethanol. The
least effective strain was sppl. Absence of COMPASS components had no effect on the fermentation of media
with 20% glucose, 20% sucrose, or 16% maltose. Deletion of SWD3 resulted in larger amounts of MALI2
transcript, encoding maltase, at the late stages of fermentation of 22% maltose. A similar effect on maltase
activity and maltose uptake capability was seen. The lysine 4 residue of histone H3 was trimethylated in
wild-type cells at the late stages, while only small amounts of the dimethylated form were detected. Trimeth-
ylation and dimethylation of this residue were not detected in strains deleted for SWD1, SWD3, SETI1, BRE2,
or SDCI1. Trimethylated lysine 4 was apparent only at the early stages (48 and 96 h) of fermentation in an spp1
strain. This work indicates that the COMPASS complex represses the expression of maltose utilization genes

during the late stages of fermentation of a high concentration of maltose.

The carbohydrate of brewer’s wort made from barley malt
consists mainly of maltose (60 to 70%), and efficient assimila-
tion of this disaccharide is important for fast and efficient
fermentation. Incomplete fermentation of high-gravity worts
can be a problem in beer production (9, 18, 36), leading to
unwanted sweetness and abnormal flavor. The transcription of
genes required for maltose and maltotriose assimilation is re-
pressed in the late stages of brewery fermentations (16). Con-
stitutive expression of a maltose permease gene in a brewer’s
yeast strain improved maltose utilization and resulted in faster
and more complete fermentation of very high gravity wort (19).

Assimilation of maltose by Saccharomyces requires a least
one of five unlinked MAL loci (MALI to MAL4 and MALG).
Each locus, designated x in the following list, consists of up to
three functionally distinct genes encoding a maltose permease,
MAL(x)1; a maltase, MAL(x)2; and a transcriptional activator,
MAL(x)3 (5, 6, 34). Saccharomyces cerevisiae strains can con-
tain maltose permeases encoded by genes from any of these
loci. In addition, MPH2 and MPH3 encode permeases for
a-glucosides, including maltose (8). The maltose permeases
transport maltose across the plasma membrane by proton sym-
port, and efficient transport requires an intact plasma mem-
brane proton gradient (32). The transcription of genes encod-
ing maltose permease and maltase is repressed through
binding of the Miglp and/or Mig2p repressor in the presence
of glucose (14, 15). Activation of transcription occurs through
binding of the MAL(x)3-encoded transcription activator when
maltose constitutes the carbon source. In the absence of a
repressing or an inducing carbon source, MAL genes are tran-
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scribed at a low basal level (38). Nitrogen starvation or the
presence of glucose leads to downregulation of maltose trans-
port by inactivation and proteolytic degradation of the maltose
permease in the vacuole (25, 29).

MAL loci and the a-glucoside permease genes MPH2 and
MPH3 map to telomeric regions on different chromosomes in
Saccharomyces cerevisiae (28, 8). In certain regions of chromo-
somes, repression of genes transcribed by RNA polymerase 11
can occur by transcriptional silencing (30). Silencing of gene
expression at telomeres and subtelomeric regions requires
posttranslational modifications of histones (17, 33). Deacety-
lation of lysine residues in the tail of histone H3 or H4 by Sir2p
leads to silencing, as does trimethylation of lysine 4 of histone
H3 by the COMPASS complex (30, 27, 21, 26), which is re-
sponsible for the mono-, di-, and trimethylation of this residue.
The COMPASS complex consists of eight subunits. One,
Swd2p, is essential for viability (7), and SETI encodes the
methyl transferase, the catalytic component of the complex.
Together, Swdlp, Swd3p, and Setlp constitute a core of the
complex, and the absence of any of these subunits abolishes
methylation of lysine 4 on histone H3. Subunits encoded by the
genes BRE2 and SDCI are essential for trimethylation and
important for mono- and dimethylation. Spplp is important
for trimethylation, while the absence of Shglp results in a
minor reduction in the capacity of the COMPASS complex
for trimethylation (26). Mono- and/or dimethylation of ly-
sine 4 of histone H3 is important for the proper growth of S.
cerevisiae, while trimethylation is needed for silencing in the
ribosomal DNA (rDNA) and telomere regions (10, 26).
Silenced regions are hypomethylated compared to actively
transcribed euchromatic regions, and methylated lysine 4 on
histone H3 is associated with genes actively transcribed by
RNA polymerase II (3). However, chromatin immunopre-
cipitation analysis has revealed methylation of lysine 4 of

uipjuelq uiweluag wnyiu--Alun ‘ulpag N4 Aq STOZ ‘2T Ae uo /6Bio°wse wae//:dny woiy papeojumod


http://aem.asm.org/

VoL. 72, 2006

TABLE 1. Primers used to generate PCR fragments®

Primer Sequence
BRE2 F ....ccccovvnnne. AGGTGGCCATAATTGGACGAAGACAAATAATTCA
CTTCCTTAATAGCTTCGTACGCTGCAGGTCGAC
BRE2 R.....ccccoovurnee GAAACACACTTTCAGTGTGTTTTAATTATTCTTCT
TTGAATGCTGGGCCACTAGTGGATCTGATATC
SET1_F .ol TTCCTTATTTGTTGAATCTTTATAAGAGGTCTCTG
CGTTTAGAGAGCTTCGTACGCTGCAGGTCGAC
SET1 R CGATATGTTAAATCAGGAAGCTCCAAACAAATCA
ATGTATCATCGGGCCACTAGTGGATCTGATATC
SPP1_F ..GAAAAGGCTACTTCGACCTCAATAATTTCTCAGCC
TATCTTTCTAGCTTCGTACGCTGCAGGTCGAC
SPPI_R .ol TATATATATATGTAGAAACTGATATTTGATTAGGC
TCCAACGCCGGGCCACTAGTGGATCTGATATC
SDCI_F...ccovvrrrranns CCTTCATAAGCAGGTTCTCTTAAGAGAATTAGGG
AAACCTATACAGCTTCGTACGCTGCAGGTCGAC
SDC1_R..ovvvien GTAAGGAAAAATAAATACACATGTATATTTATAT
AATTATGGTTAGGCCACTAGTGGATCTGATATC
SWDI_F....cccoevnnan GACCGAGTCCTTTTAGTTTGTGTATATCAGCTGGT
TCTTTTCGTTGCTTCGTACGCTGCAGGTCGAC
SWDI1_ R TCAGTGTCAGTTGCCTATTTAAACTTTCTCCTTTTG
AAGAGAAACGGCCACTAGTGGATCTGATATC
SWD3 _F...cooonrnnnt TTGAGCGTAGGCTCATTCATTTGCAAGTGGCCATT
ATATGCTAACGCTTCGTACGCTGCAGGTCGAC
SWD3_R ..GTTACACCTTAAGGGAATGTCTGTCGTGTACATA

ACGCAGATTCTGGCCACTAGTGGATCTGATATC

“ The fragments were used to delete genes encoding COMPASS components.

histone H3 in the silenced left arm of chromosome VI and
the rDNA regions (26).

According to the “histone code” hypothesis, different com-
binations of histone modifications are read by different pro-
teins, resulting in distinct downstream events. Differences be-
tween the histone code at actively transcribed genes and that in
silenced regions could explain how methylated lysine 4 on
histone H3 could be important for both active transcription
and silencing (33).

How maltose uptake and utilization in S. cerevisiae are in-
fluenced by telomeric silencing mediated by the COMPASS
complex has not previously been studied. The present study
describes a negative influence of an intact COMPASS com-
plex on the fermentation of media with high concentrations
of maltose.

MATERIALS AND METHODS

Yeast strains. All yeast strains used in this study are based on the prototrophic
Saccharomyces cerevisiae Y55 (24) derivatives JT20149 (MATa MALI), JT20150
(MATo MALI), and JT20151 (MATa/MATo MALI/MALI), which were ob-
tained from Johan Thevelein, Katholieke Universiteit, Leuven, Belgium. A PCR-
based deletion strategy (2, 37) was used to delete single components of the
COMPASS complex in JT20149. Chromosomal DNA constituting open reading
frames of genes encoding components of the COMPASS complex was replaced
by a PCR fragment amplified from the plasmid pUG6 (11), containing the
kanMX cassette flanked by two loxP sites and generated with primers with
sequences that allowed integration by homologous recombination. All deletion
strains were checked by restriction analysis of PCR fragments amplified by
primers flanking the inserted fragment. PCR was carried out with Phusion
High-Fidelity DNA polymerase (Finnzymes OY). Primers used to create dele-
tion fragments are listed in Table 1. Removal of the kanMX cassette by the
lox-out procedure with Cre recombinase was performed by transformation with
the pAURI112 vector (13) containing the SacI-KpnI fragment from plasmid
pSHO62 (12). This fragment contains a GAL promoter, the Cre recombinase gene,
and a CYCI terminator. As expected, an swd3 deletion strain without the kanMX
cassette fermented like the swd3::kanMX strain. Thus, deletion of the gene and
not the presence of the kanMX cassette causes the fermentation phenotype of
COMPASS deletion strains. Diploid strains were made by mating a and « strains.
Strains constructed for use in this study are listed in Table 2.
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TABLE 2. Saccharomyces cerevisiae strains constructed
and used in this study

Strain Genotype

M5675 ..MATa MALI swd3::kanMX

M5676. MATo MALI swd3::kanMX

M5681 .MATa/MATo MAL1/MALI swd3::kanMX/SWD3

M5680 MATa/MATo MAL1/MALI1 swd3::kanMX/swd3::kanMX
M5707. MATa/MATo MAL1/MALI swd3::loxA/swd3::loxA
M5673. MATa MALI swdl::kanMX

M5674 ..MATa MALI sdcl::kanMX

M5704 ...MATa MALI setl::kanMX

M5705. MATa MALI bre2:kanMX

...MATa MALI sppl::kanMX

Media and fermentations. For spot testing of growth on plates, cells were
grown overnight in 5 ml of YPD (1% yeast extract, 2% peptone, 2% glucose).
Cells at an optical density at 600 nm (ODy) of 1 were pelleted by centrifugation
and washed in sterile water. Tenfold serial dilutions were applied to synthetic
complete medium (4) with or without 50 nM rapamycin. Plates were photo-
graphed after 7 days at room temperature.

Small-scale stirred fermentations were performed as described previously (35)
with complex media containing 1% yeast extract, 2% peptone, and one of the
sugars maltose, sucrose, or glucose. The concentrated sugar solution was auto-
claved separately. This created a slight variation in the final sugar concentration
of the medium from batch to batch. Therefore, the densities were determined
with a Density Meter (Anton Paar DMA35n). Densities were expressed in
degrees Plato (°P) corresponding to the percentage of sucrose by weight. Wort
fermentation was done in all-malt 22.5°P wort. The stirred miniaerobic fermen-
tations, containing 200 ml medium, were inoculated to an ODy, of 0.2 from a
preculture grown for 72 h in YP (1% yeast extract, 2% peptone) containing 2%
of the carbon source that was used in the fermentations. Fermentations were
incubated at 22°C in 250-ml measuring cylinders, continuously stirred at 130 rpm,
and covered with an inverted beaker. The weight of each cylinder was deter-
mined at the start and subsequently at all indicated time points. Weight loss by
evaporation was corrected for by monitoring the weight of a parallel cylinder
without added yeast. The density of the medium in degrees Plato was determined
at the start and end of the fermentation. The weight loss at all intermediate
points was used to calculate the density of the culture medium at those time
points.

Maltose uptake capability. Initial uptake rates were determined as described
previously (23), with minor modifications. Samples taken during fermentation
were pelleted by centrifugation at 4000 X g, washed with sterile water, and
resuspended in 0.1 M tartaric acid (pH 4.2) to an ODy of 30 units/ml. Aliquots
of 80 ul were added to 20 pl of 25 mM ["“C]maltose (0.25 wCi/umol) (Amer-
sham Biosciences, United Kingdom) and incubated at 20°C for 20 s. Maltose
uptake was stopped by the addition of 10 ml ice-cold water, and cells were
collected on GC-50 glass fiber filters (Advantec; Toyo Roshi Kaisha Ltd., Japan).
The filters were washed with water and immersed in vials containing 5 ml liquid
scintillation fluid (Ecoscint O; National Diagnostics, Atlanta, Ga.). Radioactivity
was counted in a Beckman LS6500 liquid scintillation counter (Beckman Instru-
ments, Fullerton, Calif.).

Maltase activity. Maltase activity was determined as described previously (20).
Briefly, cells at an ODy of 40 were harvested and resuspended in 1 ml of 0.1 M
potassium phosphate buffer (pH 7.0), 1 mM dithiothreitol, 4 mM MgCl,, 1 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride at 4°C. Cells were broken with glass
beads by repeated whirlimixing for 15 s, with 15 s of resting on ice, for a total of
7 min. Lysates were cleared at 20,000 X g for 5 min. Maltase activity was
determined with 6 mM p-nitrophenyl-a-p-glucopyranoside as a substrate for 15
min at 37°C. The reaction was stopped by adding Na,COj; to 0.15 M, and the
OD,, was measured. One unit is defined as the amount of maltase that produces
1 pmol p-nitrophenol per minute. A millimolar extinction coefficient of 18.1 for
p-nitrophenol was used. The protein level was determined with the BCA protein
assay reagent kit (Pierce).

Ethanol determinations. Samples were taken at the end of fermentation and
cleared by centrifugation at 3,000 X g for 10 min. The ethanol level was deter-
mined in 1,000-fold diluted aliquots with the K-ETOH kit (Megazyme Interna-
tional Ireland Ltd.).

Sugar analysis. Samples were taken at the end of a 22.5°P all-malt wort
fermentation. Cells were pelleted by centrifugation at 3,000 X g. The concen-
trations of fermentable carbohydrates in aliquots of the beer and in unfermented
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FIG. 1. Lack of COMPASS components causes rapamycin toler-
ance. Cell suspensions of the wild-type (WT) parental strain JT20149
and strains deleted for genes encoding COMPASS components were
serially diluted and spotted onto synthetic complete medium without
(upper panel) or with (lower panel) 50 nM rapamycin.

wort were determined by chromatography on a Dionex HPLC system with a
Carbopac PA1 column and an electrochemical detector.

RNA isolation and Northern blotting. RNA was isolated from cells at an
ODy of 50 by phenol extraction, according to the method of Burke et al. (4).
Twenty-five micrograms of total RNA was subjected to electrophoresis in a
MOPS (morpholinepropanesulfonic acid) buffer system (31) and blotted onto
Hybond-plus nitrocellulose filters. As a probe, we amplified 571 bp of the MALI2
coding region and labeled the DNA with 2P using the Prime-a-Gene labeling
system (Promega). Hybridization was carried out in 50% formamide, 5X SSC
(1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate), and 0.1% Denhardt
solution at 42°C. Hybridizing RNAs were detected by a phosphorimager screen
and analyzed with a Storm 860 scanner (Molecular Dynamics).

Western blotting. Aliquots of cells at an ODg, of 1 were pelleted by centrif-
ugation at 15,000 X g for 1 min. Pellets were resuspended in sodium dodecyl
sulfate sample buffer (0.2 M Tris, 20% glycerol, 5 mM EDTA, 0.01% bromo-
phenol blue, 0.01 M phenylmethylsulfonyl fluoride, and 0.01 dithiothreitol) and
placed at 96°C for 10 min, and soluble proteins were loaded onto NuPAGE 4 to
12% bis-Tris gels (Invitrogen Life Technologies). Equal amounts of protein were
loaded. The amount of protein was visualized both with Coomassie brilliant blue
R250 staining of separate gels and with Ponceau Red staining of each nitrocel-
lulose filter following electroblotting (22). Filters were incubated with anti-
trimethyl-histone H3 (Lys4) rabbit antiserum (Upstate Cell Signaling Solutions)
diluted 1:500 or with anti-dimethyl-histone H3 (Lys4) rabbit monoclonal immu-
noglobulin G (Upstate Cell Signaling Solutions) diluted 1:1000 as the primary
antibody. Horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin
(DakoCytomation Denmark A/S) diluted 1:1,000 was used as the secondary
antibody. Reacting polypeptides were visualized with the ECL Plus Western
blotting detection system (Amersham Biosciences) and a Storm 860 scanner
(Molecular Dynamics).

RESULTS

Deletion of SET1, BRE2, SPP1, SWDI1, SWD3, or SDCI re-
sults in two distinct growth phenotypes. The genes SETI,
SWDI, SWD3, BRE2, SDC1, and SPPI, encoding components
of the COMPASS lysine 4 histone H3 methylation complex,
were individually deleted in the haploid Saccharomyces cerevi-
siae laboratory strain JT20149. Deletion of SDC1, SWDI, or
SWD3 in the S. cerevisiae BY4741 strain background has been
reported to result in rapamycin tolerance (39). Similarly, all
mutants in the JT20149 strain background, except the spplA
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FIG. 2. Lack of COMPASS components causes a decreased growth
rate. Growth of the wild-type (WT) strain (JT20149) and two strains
each deleted for a gene encoding a COMPASS component was mon-
itored during fermentation of complex medium containing 22°P mal-
tose (single determinations).

strain, displayed rapamycin resistance (Fig. 1). Thus, a func-
tional COMPASS complex is required for the rapamycin sen-
sitivity of yeast strain JT20149.

The sppl and swd3 deletions caused decreased growth rates
at the beginning of small-scale stirred fermentations of com-
plex medium containing 22°P maltose (roughly 22% maltose;
strictly, a solution with a density of that of 22% sucrose) (Fig.
2), demonstrating that the presence of a functional COMPASS
complex is important for the initiation of yeast growth in me-
dium containing high concentrations of maltose. After approx-
imately 5 days, however, the cell densities of the three cultures
had become approximately equal.

Deletion of SETI, BRE2, SPP1, SWD1, SWD3, or SDCI im-
proves the capacity to ferment high concentrations of maltose.
Strains lacking any one of the COMPASS subunits Swdlp,
Swd3p, Sdclp, Bre2p, or Setlp displayed an improved final
attenuation of a 22°P maltose fermentation (Fig. 3A). The spp!
strain was slightly less efficient. The strains lacking COMPASS
components displayed a slightly lower fermentation rate than
the wild type at the early stages of fermentation. The lower
fermentation rate corresponded to the slower growth of the
deletion strains during the early stages of fermentation (Fig. 2).
The sppl strain had a fermentation rate at the beginning of
fermentation comparable to that of the wild type. At the end of
a 22°P maltose fermentation, the wild type had produced 57
g/liter ethanol; the swdl and swd3 strains had produced 74
g/liter; the sdcl, bre2, and set! strains had produced 70 g/liter;
and the spp! strain, which fermented 22°P maltose less com-
pletely, produced 68 g/liter. Thus, in the absence of a func-
tional COMPASS complex, more ethanol is produced during
fermentation of a medium containing high concentrations of
maltose. Diploid a/a strains with one or both copies of SWD3
deleted were also constructed. The swd3/swd3 strain showed
improved attenuation, whereas the swd3/SWD3 strain did not
(data not shown). One copy of the SWD3 gene is apparently
sufficient for the proper functioning of the COMPASS com-
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FIG. 3. Apparent extract during fermentations with the wild-type (WT) strain (JT20149) and yeast strains deleted for genes encoding
COMPASS components. (A) Fermentation of complex medium with 22°P maltose. (B) Fermentation of complex medium with 16°P maltose.
(C) Fermentation of complex medium with 20°P glucose. (D) Fermentation of 22.5°P brewer’s wort. Fermentations were done in duplicate, and

the error bars indicate the range between duplicate experiments.

plex in diploid yeast. The swd3 strain and the wild type fer-
mented 16°P maltose, 20°P glucose (Fig. 3B and C), and 22°P
sucrose (not shown) equally well, indicating that the improved
attenuation in the absence of COMPASS components is re-
stricted to fermentations of media containing high initial mal-
tose concentrations (22°P). The improved fermentation of
swd3 was also apparent in 22.5°P all-malt high-gravity brewer’s
wort (Fig. 3D). Sugar analysis of the wort and the beer showed
that glucose, fructose, sucrose (together comprising approxi-
mately 20% of the fermentable sugars in the wort), and mal-
tose (approximately 60%) were all utilized completely by the
swd3 strain, while only 81% of the maltose was utilized by
the wild type. Maltotriose, which cannot be utilized by any of
the strains investigated here, comprised approximately 16%
of the wort sugar.

Increased initial maltose uptake rate and maltase activity in
the absence of COMPASS components. During a 22°P maltose
fermentation, the initial maltose uptake capability was highest

at the beginning of the fermentation process and then declined
(Table 3). The reduction in maltose transport activity was more
pronounced in the wild type than in the swd3A strain (Table 3).
During later stages of fermentation, the initial maltose uptake

TABLE 3. Initial uptake rates of ['*C]maltose and maltase
activities in cells from a fermentation of complex
medium containing 22°P maltose”

Maltose uptake
(nmol/ODgy/min) = SEM

Maltase activity
(U/mg of protein/min) + SEM

Time (h)
JT20149 JT20149 swd3 JT20149 JT20149 swd3
48 1.20 = 0.34 1.76 = 0.09 10.84 = 0.42 6.05 = 0.77
96 0.71 = 0.04 0.71 = 0.09 ND ND
120 ND ND 3.57 £0.37 5.06 = 0.31
192 0.46 = 0.10 0.67 = 0.06 0.70 = 0.06 2.26 = 0.15
216 0.43 £0.03 0.69 = 0.07 1.13 = 0.02 2.62 = 0.06

¢ Each analysis was done in triplicate. ND, not determined.
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FIG. 4. Northern blot of RNA from yeast taken after 72 and 216 h
of fermentation of a complex medium with 22°P maltose. (A) Wild-
type strain (JT20149). (B) swd3 strain. Equal loadings of rRNA were
done. The probe was a MAL12-specific 571-bp fragment.

capability of the swd3 strain was approximately 50% higher
than that of the wild type. Maltase was approximately 40%
lower at 48 h in the swd3 strain, while in the late stages of
fermentation the maltase activity was two- to threefold higher
in the swd3 strain than in the wild type (Table 3). Thus, both
maltose permease and maltase activity were increased in the
absence of a functional COMPASS complex during the late
stages of a 22°P maltose fermentation.

Maltose utilization genes are repressed during the late
stages of fermentation (16). The amount of MALI2 maltase
transcript was therefore determined during a 22°P maltose
fermentation (Fig. 4). Equal amounts of rRNA were loaded
onto the gel. The amount of MALI2 transcript was large after
72 h in both the wild type and the swd3 strain. At 216 h, the
amount was small in the wild type, while the swd3 strain still
contained significant amounts of MALI2 transcript. Thus, a
functional COMPASS complex is important for repression to
occur during the late stages of very high gravity maltose fer-
mentations.

Methylation of lysine 4 on histone H3. We analyzed the
methylation status of lysine 4 of histone H3 by Western blot-
ting using antibodies recognizing tri- or dimethylated lysine 4.
The strains lacking SWD1, SWD3, SETI, BRE2, or SDCI had
no detectable levels of di- or trimethylation, while the spp!
strain retained the ability to methylate lysine 4 on histone
H3, although trimethylation appeared to be reduced (Fig. 5A).

A
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The effects on methylation caused by removing individual
COMPASS components in the JT20149 strain background
were similar to the effects in the MBY 1198 strain background
reported by Mueller et al. (26). We were, however, unable to
detect dimethylation in the JT20149-derived sdcl and bre2
strains (Fig. 5A, lanes 6 and 7).

Methylation of lysine 4 on histone H3 was subject to a series
of changes in wild-type cells. In the first half of a 16°P maltose
fermentation, when the cells were growing, large amounts of
both di- and trimethylated lysine 4 on histone H3 were de-
tected (Fig. 5B, 24, 48 and 72 h). This methylation almost
disappeared in the later stages of fermentation (Fig. 5B, 96 and
120 h). Throughout the growth phase of a 22°P maltose fer-
mentation, trimethylated lysine 4 on histone H3 was detected
(Fig. 5C, 48 and 96 h). Dimethylated lysine 4 was also present.
When cell growth slowed down, the amounts of trimethylated
lysine 4 became low, and dimethylation was barely detected
(Fig. 5C, 144 h). After cessation of growth, the reduction in
methylation of lysine 4 on histone H3 was followed by an
increase in trimethylation during the later stages of fermenta-
tion (Fig. 5C, 192 and 240 h). Dimethylation was barely de-
tected at these stages. The overall methylation pattern of the
sppl strain during fermentation of 22°P maltose (Fig. 5D)
resembled the methylation pattern of the wild-type strain (Fig.
5C). However, both tri- and dimethylation were hardly detect-
able after 96 h of fermentation. The patterns of dimethylation
of the wild type and the sppl strain during a 22°P maltose
fermentation were similar, suggesting that the improved atten-
uation of the sppl strain was a result of a reduced trimethyla-
tion of lysine 4 of histone H3. As expected, di- or trimethyla-
tion of lysine 4 on histone H3 could not be detected in the swd3
strain during a 22°P maltose fermentation (data not shown).

DISCUSSION

During fermentation of high-gravity worts, yeast is exposed
to many environmental stresses (36, 16). While a complex
medium containing high concentrations of glucose (20°P) was
fermented completely by the wild-type strain JT20149, fermen-

24 48 72 96 120 (hours)

a5

Anti-dimethyl  me—

D

48 96 144 192 240 (hours)

Anti-trimethyl BESSSSSS

s

FIG. 5. Methylation of histone H3 by the COMPASS complex during maltose fermentation. Western blots were probed with antibodies
recognizing dimethylated or trimethylated lysine 4 in histone H3. (A) The wild-type strain (JT20149, lane 1) or strains deleted for genes encoding
COMPASS components were, as a control, grown for 20 h in YPD (complex medium with 2°P glucose). Lanes: 2, swd3; 3, swdl; 4, setl; 5, sppl;
6, bre2; 7, sdcl. (B) Samples of wild-type (JT20149) cells taken during fermentation in complex medium containing 16°P maltose. (C) Samples of
wild-type (JT20149) cells taken during fermentation in complex medium containing 22°P maltose. (D) Samples of the spp! strain taken during

fermentation in complex medium containing 22°P maltose.
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tation of a medium containing high concentrations of maltose
(22°P) was incomplete (Fig. 3A and C). Kodama et al. (19)
achieved more complete high-gravity wort fermentations by
constitutive overexpression of a maltose permease gene. This
shows that incomplete fermentation of media containing high
concentrations of maltose can be improved by increased tran-
scription of MAL genes. The expression of the maltase gene in
the JT20149 strain was repressed in the late stages of fermen-
tation of 22°P maltose (Fig. 4), even though a substantial
amount of maltose was present in the medium (5 to 10°P
residual maltose). The repression resulted in reduced maltose
uptake capability and reduced maltase activity (Table 3). A
functional COMPASS complex contributed to the repression
of maltose uptake and maltase activity in the late stages of
fermentation (Table 3). In view of the subtelomeric location
of the MAL genes, this is consistent with the role of the
COMPASS complex in telomeric silencing (26).

Fingerman et al. (10) showed that trimethylation of lysine 4
of histone H3 was required for silencing of telomeres, while
mono- and dimethylation was not. In agreement with this, we
found that the spp! strain, which has a reduced capacity for
trimethylation, fermented high-gravity maltose medium to a
higher attenuation than did the wild-type strain. Complete
prevention of lysine 4 methylation of histone H3 by deleting
SWD3 resulted in a further improvement of the final atten-
uation.

During the early stages of fermentation, the sppIA strain
grew slower than the wild type and faster than the swd3A strain
(Fig. 2). This is in agreement with the finding that mono- and
dimethylation of lysine 4 of histone H3 are important for
proper growth of yeast (10).

Ai et al. (1) showed that in S. cerevisiae, Sir3p is phosphor-
ylated by the mitogen-activated protein kinase Slt2p, and the
presence of hyperphosphorylated Sir3p is correlated with re-
duced subtelomeric silencing. They also reported that TOR
inhibits Sir3p phosphorylation and that rapamycin activates
Slt2p. We found that deletion of SET1, SDCI, BRE2, SWDI, or
SWD3 in the JT20149 strain resulted in increased tolerance to
rapamycin (Fig. 1). The distinct rapamycin sensitivity of the
sppl strain, rather closely resembling that of the wild type,
showed that a mere reduction in trimethylation of lysine 4 of
histone H3 was insufficient for the rapamycin tolerance seen in
the other mutants.

Reduced telomere silencing during the late stages of very
high gravity maltose fermentations is expected to influence the
expression of many genes. Some, such as the MAL genes, may
contribute to the improved fermentation phenotype, and some,
such as the seripauperin (PAU) gene family, may contribute to
increased stress resistance. The construction and analysis of
transcriptional fusions of MAL genes to promoters that are
active during the late stages of fermentation with high concen-
trations of maltose may reveal whether increased transcription
of maltose utilization genes is sufficient to improve fermenta-
tion of media with high concentrations of maltose.

Future experiments may further improve our understanding
of the negative effects of telomere silencing on maltose fer-
mentation by, e.g., establishing whether telomere silencing by
Sir2p-mediated histone deacetylation also limits the fermenta-
tion of high concentrations of maltose.
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