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cannot out compete [*°H]9cRA at all. This difference in
the ability of TChTOH to compete with [®H]9cRA and
['"*C]TPTOH may be caused by differences in their
ligand-protein contacts (see following paragraph).
These results suggest that the affinity of tin com-
pounds to RXR is related to both the numbers and
lengths of their alkyl groups.

RXR has been characterized as a nuclear receptor
that demonstrates a highly restricted substrate spec-
ificity. Until recently, 9cRA was defined as the most
potent RXR activator. However, various fatty acids,
such as docosahexaenoic acid (DHA) and phytanic
acid, and methoprene acid, a synthetic juvenile hor-
mone analog used as an insect regulator, have been
identified as RXR ligands (58-62). In addition, several
retinoids with RXR selectivity have been developed
(63), because retinoids are important therapeutic
agents in the treatment of cancer and proliferative
diseases of the skin. Although fatty acid- or metho-
prene acid-induced RXR activation requires greater
than 1000-fold higher concentrations than that in-
duced by 9cRA (58-62), the protein-ligand interactions
of almost all RXR ligands share several common char-
acteristics. Recently, Egea et al. (64) have obtained
some interesting findings through analyzing the crystal
structures of RXR with DHA, the synthetic ligand
BMS649, and 9cRA. For example, RXR ligands con-
tain a carboxylate group, which is important in their
ability to be buried stably in the predominantly hydro-
phobic pocket. This functional group is involved in an
ionic interaction with the strictly conserved basic res-
idue R316 of helix H5 and forms a hydrogen bond with
the backbone carbonyl amide group of the B-turn res-
idue A327. Furthermore, ligand atoms C14-C22 of
DHA and the tetrahydrotetramethylnaptho group of
BMS649 occupy the same hydrophobic cavity (delin~
eated by helices H3, H7, and H11), in which the g-ion-
one ring of 9cRA is buried stably. However, although
trialkyltin compounds bind RXR with high specificity
and induce RXR activation at doses similar to those of
9cRA, they lack a carboxylate group. Further, except
for the TPT derivatives and TChTOH, RXR-stimulating
trialkyltin compounds also lack sufficiently long fatty
acid and cyclic functional groups, both of which might
be buried in the B-ionone binding subpocket. In the
competitive ligand-binding assay, RXR-stimulating tri-
alkyltin compounds, except for TChTOH, completely
out competed both [PH]9cRA and [““C]JTPTOH,
whereas 9cRA could not completely out-compete
[**C]TPTOH for binding to RXR. In addition, TChTOH
out competed [““CITPTOH but not [PH]9cRA. To-
gether, these results suggest that the protein-ligand
interaction of trialkyltin compounds and RXR is very
different from those seen with other RXR ligands. In-
deed, previous studies have reported that, despite the
overall similarity of protein-ligand interactions, RXR
ligands differ, especially within the L-shaped binding
pocket. Although further studies are necessary to clar-
ify which amino acid of RXR is important to the binding
of trialkyltin compounds to the ligand-binding pocket,
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the ligand-protein contacts of these trialkyltin com-
pounds are probably unique to them.

To our knowledge, ours is the first study to clarify
the molecular mechanism of trialkyltin-induced endo-
crine-disrupting effects in the human placenta.
Through RXR activation, trialkyltin compounds may be
potent endocrine disruptors of other human tissues,
because these compounds alter the endocrine func-
tions, differentiation, and other processes of several
human cell types (21, 47, 65-67). Furthermore, we
demonstrated that trialkyltin compounds function as
RXR ligands with novel structures, which bind to the
LBD of RXR with high affinity and stimulate transcrip-
tion of the receptor. We believe that our results provide
information useful in the design of novel RXR ligands.

MATERIALS AND METHODS

Chemicals and Cell Cuiture

TBTCI, TPTOH, TOTH, and DBTCI, were obtained from To-
kyo Kasei Kougyo (Tokyo, Japan). SnCl,, TMTCI, TETBr,
TChTOH, MBTCl,;, MPTCI,, DPTCI,, TPTCI, TBTH, TBTBr,
TeBT, and TBVT were obtained from Aldrich Chemicals (Mil-
waukee, WI). 9cRA, atRA, AM580, and CDCA were obtained
from Sigma Chemical Co. (St. Louis, MO). 15dPGJ, and
rosiglitazone were obtained from Cayman Chemical {(Ann
Arbor, Ml). TPrTCl was obtained from Merck (Darmstadt,
Germany). LG100268 (>95% pure) was synthesized in the
Medical Chemistry Laboratories of Fujisawa Pharmaceutical
(Osaka, Japan). Human choriocarcinoma cell lines Jar and -
JEG-3 were obtained from American Type Culture Collection
(ATCC; Manassas, VA). Jar cells (ATCC No. HTB-144) were
cultured in RPMI 1640 medium with 2 mm L-glutamine, 1 mm
pyruvate, 4.5 g/liter glucose, and 10% fetal calf serum (FCS).
JEG-3 cells (ATCC no. HTB-36) were cultured in MEM with 2
mu L-glutamine, 0.1 mM MEM nonessential amino acid solu-
tion (Invitrogen, Carlsbad, CA), and 10% FCS. To determine
the effect of tin compounds on hCG secretion, aromatase
activity, and mRNA expression of Jar cells, the cells were
seeded and precultured for 24 h and then treated with either
various concentrations of tin compounds in 0.1% dimethyl
sulfoxide (DMSO) or vehicle alone (0.1% DMSQ) for an ad-
ditional 24 or 48 h. In control experiments, 0.1% DMSO did
not alter hCG secretion, aromatase activity, mRNA expres-
sion of hCGB and aromatase, or the results of reporter gene
assays in any of the cell lines examined.

Determination of hCG Production in Culture Media

hCG production was assessed as previously described (27).
Jar cells were seeded in 48-well plates (4 X 10* cells per well)
in regular culture medium supplemented with 5% charcoal-
stripped FCS instead of 10% normal FCS. After 24 h, cells
were treated with various tin compounds for 48 h. To deter-
mine hCG production, the cells were then washed and cul-
tured in fresh medium for another 24 h. Culture supernatant
was collected, and hCG concentration was determined by
ELISA. Microtiter ELISA plates were coated with 5 pg/mi
rabbit polyclonal antibody against intact hCG in 0.05 m so-
dium bicarbonate, 0.02 M sodium carbonate buffer (pH 9.6)
overnight at 4 C. They were blocked for 2 h at room temper-
ature with 1% (wt/vol) gelatin in PBS, washed with 0.05%
(vol/vol) Tween 20 in PBS (TPBS), and incubated for 2 h at 37
C with 50 ul collected test samples. After being washed three
times with TPBS, the plates then were incubated for 2 h at 37
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C with 1:1000 mouse monoclonal antibody against the
B-subunit of hCG. After being washed with TPBS, the plates
were incubated for an additional 2 h at 37 C with 1:1000
rabbit antimouse IgG1 antibody conjugated with horseradish
peroxidase (Zymed Laboratories, Inc., South San Francisco,
CA). The plates then were washed with TPBS and developed
using 2.5 mm 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (Sigma) in 0.1 M citrate buffered so-
lution containing 0.015% H,0,. The reaction was stopped by
the addition of 0.1% NalN,, after which the plates were read
at a wavelength of 415 nm in a microplate reader (Bio-Rad
Laboratories, Inc., Hercules, CA). The level of hCG in the
culture supernatant was calculated from a standard curve by
using Microplate Manager il software (Bio-Rad). The stan-
dardized hCG was a kind gift from Teikoku Hormone Manu-
facturing (Tokyo, Japan).

Aromatase Assay

Aromatase activity was determined as previously described
(27). Jar cells were seeded in 12-well plates (1.5 x 10° cells

per well) in regular culture medium supplemented with 5%

charcoal-stripped FCS instead of 10% normal FCS. After
24 h, cells were treated with various tin compounds for 48 h.
At the end of each treatment, cells were washed three times
with PBS. Aromatase activity then was determined by tritium
release assay. This method measures production of 3H,0,
which forms as a result of aromatization of the substrate
[1B8-®H]androst-4-ene-3,17-dione (New England Nuclear,
Boston, MA). Serum-free medium containing [18-3H]androst-
4-ene-3,17-dione solution (64 nv) was prepared, and 0.5 ml
of this solution was added to each well. In addition, wells
containing media alone were tested to provide control values
for aromatase activity. After incubation for 1 h, each plate was
placed on ice, and 200 p! of culture medium was withdrawn
from each well. The medium was extracted with 500 pl chio-
roform, vortexed, and then centrifuged for 1 min at 9000 X g.
A 100-pl aliquot of the aqueous phase was mixed with 100 ul
of a 5% wt/vol charcoal 0.5% wt/vol dextran T-70 suspen-
sion, vortexed, and then incubated for 10 min. After centrif-
ugation of the solution for 5 min at 9000 X'g, a 150~ aliquot
was removed to measure the level of radioactivity by liquid
scintillation.

‘Quantitative RT-PCR

Jar cells were seeded in 100-mm tissue culture plates (1 X
10° cells) and treated with various compounds in regular
culture medium supplemented with 5% charcoal-stripped
FCS instead of 10% normal FCS, after which total RNA was
extracted from them using TRIzol reagent (Invitrogen). mRNA
expression of hCGB and aromatase in Jar cells was deter-
mined by quantitative RT-PCR, as previously described (27).
Total RNA (5 ng) extracted from Jar cells was reverse tran-
scribed using SuperScript Il reagent (Invitrogen) and oligo-
(dT) as primer. The reaction was performed by incubation for
1 h at 42 C. After termination of cDNA synthesis, reaction
mixtures were diluted with 4 volumes of Tris-EDTA. Aliquots
(2 ) of diluted reverse transcribed products were amplified
in a reaction mixture containing 2x buffer from the Quanti-
Téct SYBR Green PCR kit (QIAGEN, Valencia, CA) and 0.5 um
of each primer by using LightCycler (Roche Diagnostics,
Mannheim, Germany). After preincubation at 95 C for 15 min,
PCR was performed with 35-40 cycles of denaturation at 95
C for 15 sec, annealing at 65 C for 30 sec, and elongation at
72 C for 10 sec. Primers used were as follows: human aro-
matase, 5'-CCGGCCTTGTTCGTATGGTCA-3' and 5'-CAA-
CACGTCCACATAGCCCGA-3'; hCGB, 5'-CCGTGTGCATC-
ACCGTCAACA-3' and 5'-GTTGCACACCACCTGAGGCAG-
3'; and human B-actin, 5'-CTACGAGCTGCCTGACGGC-3'
and 5’-GCCACAGGACTCCATGCCC-3".
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Plasmid Construction

Human RXRa and RARB cDNAs were amplified by RT-PCR
using total RNA from JEG-3 cells. The amplified RXR« fragment
was cloned into pSVSPORT1 (Invitrogen), whereas the RARS
fragment was cloned into a simian virus 40 promotor-containing
expression vector. The resulting RXRa and RARB expression
vectors were termed pSVhRXRa and pSV40hRARB, respec-
tively. A 2.4-kb promoter |.1 sequence of the human aromatase
gene (—2295 to +107 bp) was PCR amplified from JEG-3
genomic DNA. Kpnl and Smal sites were introduced into the 5'-
and 3'-termini, respectively, of the amplified fragment, which
then was subcloned into the Kpnl-Smal site of PGVB2 (Nippon
Gene, Tokyo, Japan), the resulting reporter construct was
termed PGVArom.

To construct a reporter plasmid containing an RXRE and
RAR response element, response elements were cloned into
the Smal site of pTAL-Luc (CLONTECH Laboratories, Inc.,
Palo Alto, CA); response elements with the underlined con-
sensus hexanucleotide sequence were as follows: DR1 X 2
(5'-AGGTCA a AGGTCA a AGGTCA a AGGTCA-3'), DR2 X 2
(5'- aa AGGTCA aa AGGTCA ccatcccgggaaa AGGTCA aa
AGGTCA cc-3'); DR5 X 2 (6'-aa AGGTCA ccgaa AGGTCA
ccatcccgggaaa AGGTCA ccgaa AGGTCA cc-3'); the result-
ing reporter constructs were termed pTALDR1, pTALDRZ,
and pTALDRS, respectively. The LBDs of hRXRa (codons
201-693), hRXRB (codons 275-534), and hRXR+y (codons
172-455) were amplified by RT-PCR using mRNA from hu-
man liver and kidney and subcloned into pGEX-4T (Amer-
sham Biosciences, Piscataway, NJ). These constructs were
used for generation of glutathione S-transferase (GST)-hRXR
fusion proteins. For chimeric receptor assay, the LBD of
hRXRa was fused to the C-terminal end of GAL4-DNA bind-
ing domain (amino acids 1-147) in the pBK-CMV expression
vector (Stratagene, La Jolla, CA) to yield pBK-CMV-GAL4-
hRXRa. All sequences synthesized by PCR were confirmed
by DNA sequencing. The plasmid p4XUAS-tk-luc, a LUC
reporter construct containing four copies of the GAL4 binding
site [upstream activating sequence (UAS) of GAL1] followed
by a thymidine kinase promoter, was a kind gift from Dr. Y.
Kamei (National Institute of Health and Nutrition, Japan).

Transient Transfection Assay

Transfection was performed with Lipofectamine regent (In-
vitrogen) in accordance with the manufacturer's instructions.
JEG-3 cells (3 X 10* cells) were seeded in 24-well plates 24 h
before transfection with the optimal dose of each DNA con-
struct. At 18 h after transfection, various compounds were
added to the transfected cells, which were then cultured in
regular culture medium supplemented with 1% charcoal-
stripped FCS instead of 10% normal FCS. The celis were
harvested 30 h later, and extracts were prepared and as-
sayed for LUC activity by using the dual-LUC reporter assay
system (Promega Corp., Madison, W) in accordance with the
manufacturer's instructions. To normalize LUC activity for
transfection and harvesting efficiency, the Renilla LUC con-
trol reporter construct pRL-TK (Promega) was cotransfected
as aninternal standard in all reporter experiments. The results
are expressed as the average relative LUC activity of at least
quadruplicate samples.

Ligand Binding Assay

The GST-RXR fusions were expressed in Escherichia coli
DHb5« cells and purified according to the manufacturer’s (Am-
ersham Biosciences) instructions. The purified proteins (30
ug/ml) were incubated with increasing concentrations of ei-
ther PH]9cRA (1.63 tBg/mmol, Amersham Biosciences) or
["*C]TPTOH (2.04 gBg/mmol, Amersham Biosciences) with
or without a 100-fold molar excess of each unlabeled com-
pound. After incubation at 4 C for 1 h, specific binding was
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determined by hydroxyapatite binding assay as described
elsewhere (68). Binding in the presence of a 100-fold molar
excess of uniabeled ligand was defined as nonspecific bind-
ing; specific binding was defined as total binding minus non-
specific binding. Simitarly, tin compounds were used to com-
pete for [PH]9cRA and ['*C]TPTOH in this assay to determine
the binding preferences of RXRs.

Statistics

Data were analyzed by the two-tailed unpaired Student's ¢
test by using SPSS software (SPSS, Inc., Chicago, IL). Con-
trol and treatment group data were always obtained from
equal numbers of replicate experiments. Values with P < 0.05
were considered statistically significant.
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Abstract—Bisphenol A (BPA) is known as an endocrine disruptor and often is found in landfill leachates. Removal of BPA by
green alga, Chlorella fusca, was characterized, because we previously found that various phenols were well removed by this strain,
including BPA. Chlorella fusca was able to remove almost all BPA in the concentration range from 10 to 80 uM for 168 h under
continuous illumination at 18 W/m? At the low light intensity of 2 W/m?, 82% of 40 uM BPA was removed, and only 27% was
removed in the dark. Moreover, C. fusca could remove 90% of 40 pM BPA under the 8:16-h light:dark condition, which was
almost as high as that under the continuous-light condition. The amount of BPA contained in the cells was less than the amount
of BPA removed from the medium. Monohydroxybisphenol A was detected as an intermediate of BPA degradation. Moreover,
estrogenic activity that originated from BPA in the culture medjum also completely disappeared. Based on these results, BPA was
finally degraded to compounds having nonestrogenic activity. Therefore, C. fusca can be considered a useful organism to remove

BPA from landfill leachates.

Keywords—Bisphenol A Chlorella fusca

INTRODUCTION

Microalgae frequently have been used in processes for re-
moving pollutants, such as nitrogen and phosphorus, from
wastewaters [1]. Biosorption- of heavy metals and biodegra-
dation of hazardous organic compounds by microalgae also
have been reported [2,3]. In a previous study, we found that
the green alga, Chlorella fusca var. vacuolata 1AM C-28,
which was obtained from the Institute of Applied Microbiology
Culture Collection (Tokyo, Japan), could remove various kinds
of phenols, such as chlorophenols, nitrophenols, and bisphenol
A (BPA; 2,2-bis(4-hydroxyphenyl)propane), from medium [4].

Recently, BPA has often been detected in aquatic and soil
environments [5,6]. Bisphenol A has an acute toxicity to aquat-
ic organisms. It was reported that a median lethal concentration
for fish is 3 to 15 mg/L and that a median effective concen-
tration for green algae is 1 to 3 mg/L [6]. Because BPA also
has endocrine-disrupting activity, it is hazardous to animals
even at low concentrations [7,8]. Bisphenol A is widely used
as a material to produce polycarbonate, epoxy resins, flame
retardants, and other products. These plastics are finally dis-
posed of into landfills, and BPA often is detected in landfill
leachates at higher concentrations than those in environmental
water [9,10]. Therefore, leachates are thought to be significant
sources of BPA in aquatic environments. In Japan, landfill sites
are categorized into three types depending on waste contents.
Waste plastics, rubber, glasses, ceramics, nontoxic metals, and
construction scrap materials are disposed of into landfill sites
for stable industrial wastes. Industrial wastes containing toxic
substances at high level are disposed of into strictly controlled

* To whom correspondence may be addressed
(nagase @phs.osaka-u.ac.jp). -
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landfills for industrial wastes. The other industrial and do-
mestic wastes are disposed of into leachate-controlled landfills
equipped with a leachate-treatment system. Urase et al. [11]
and Yamada et al. [12] reported that more than 90% of the
BPA contained in leachates from controlled-type landfill sites
was removed by treatment processes consisting of activated
sludge method, coagulation, sedimentation, sand filtration, and
activated carbon adsorption. However, BPA also is detected
in leachate from landfill sites for stable industrial wastes,
which are not equipped with a leachate-treatment system
[11,12]. Because the cost of the usual leachate-treatment sys-
tem is high, a low-cost treatment system is required to remove
BPA in leachates from open-landfill sites.

The present report focuses on the utilization of microalgae
for removing BPA from landfill leachates. We evaluated the
ability of C. fusca to remove BPA in batch experiments under
light, dark, and light-dark cycle conditions. We also investi-
gated the degradation of BPA by the cells, and then we iden-
tified an intermediate of BPA degradation. The disappearance
of estrogenic activity originated from BPA in the culture me-
dium also was analyzed by the yeast two-hybrid assay [13].

MATERIALS AND METHODS
Microorganism and culture condition

Chlorella fusca was precultivated in a modified Bristol
medium at 27.5°C under continuous illumination with white
fluorescent light at an intensity of 18 W/m? and aerated with
air containing 1% CO,. After 7 d, cells were harvested and
inoculated into a 100-ml glass test tube as described previously
[4]. Algal cells were cultivated under the same conditions as
used for precultivation with 40 uM BPA as basal condition
for BPA removal. To evaluate the ability of C. fusca for BPA
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removal, the BPA concentration was varied from 10 to 160
uM. To examine the effect of illuminating conditions on BPA
removal, the light intensity was changed from 0 to 36 W/m?
at the surface of the glass test tube, and the effect of a light-
dark cycle (8:16-h light:dark photoperiod; light intensity, 18
W/m?) also was investigated. The concentration of BPA and
the cell density were measured every 24 h after addition of
BPA. All the batch experiments were undertaken in triplicate.

Analytical methods

The cell growth was evaluated by the optical density at 680
nm and measured by a spectrophotometer (U-2000; Hitachi,
Tokyo, Japan). The concentration of BPA was measured using
a high-performance liquid chromatography (HPLC) system
(D-7000 series; Hitachi) with a diode-array detector (L-4500;
Hitachi) at 280 nm. The pretreatment method for the HPLC
sample was as follows: The culture (2 ml) was centrifuged
(11,000 g, 4°C, 5 min), 200 pl of the supernatant were mixed
with 20 pl of 6 N HCI to remove proteins, and a second
centrifugation was performed (17,360 g, 4°C, 11 min). The
supernatant (40 pl) was then injected into the HPLC system,
which was equipped with a reversed-phase column (250 X 4.6
mm I. D., 5 mm; Mightysil RP-18; Kanto Chemical, Tokyo,
Japan). Acetonitrile/50 mM potassium dihydrogenphosphate
buffer (pH 2.5; 50/50 [v/v]) was used as the mobile phase at
a flow rate-of 0.7 ml/min. Degradation intermediates of BPA
were identified using the HPLC—mass spectrometry (LC-MS)
system (LCQ Advantage; Thermo Finnigan, San Jose, CA,
USA) with an electrospray ionization interface. The HPLC
sample (50 wl) was injected into the LC-MS system equipped
with a reversed-phase column (250 X 4.6 mm I. D., 5 mm;
L-column; Chemical Evaluation and Reséarch Institute, Tokyo,
Japan). Water/acetonitrile (60/40 [v/v]) was used as the mobile
phase at a flow rate of 1.0 ml/min. The electrospray ionization
interface was operated in a negative-ion mode..

Extraction of BPA from algal cells

Chlorella fusca was cultivated in the presence of 40 pM
BPA in the light at 18 W/m?2. Algal cells were harvested from
5 ml of culture by centrifugation (845 g, 5°C, 5 min) and
washed three times with distilled water. Cell pellets were re-
suspended in 5 ml of distilled water. After ultrasonic disruption
(Sonifier 450; Branson, Danbury, CT, USA) of the cells, 12.5
m! of methanol and 6.25 ml of chloroform were added. This
solution was shaken for 1 h. Next, 6.25 ml of distilled water
and 6.25 ml of chloroform were added to the solution, and the
organic phase was collected by centrifugation (845 g, 5°C, 5
min). This treatment was repeated four times. Chloroform was
evaporated completely from the organic phase by a rotary
evaporator. The residual matter was dissolved in 10 ml of
methanol and then analyzed by HPLC.

Chemical oxidation of BPA by Fremy’s salt

Bisphenol A was oxidized by potassium nitrosodisulfonate
(Fremy'’s salt; Sigma-Aldrich, St. Louis, MO, USA) to prepare
monohydroxybisphenol A according to a previously reported
method [14]. Fremy’s salt (0.1 g) was added to 66 ml of 25
mM sodium dihydrogenphosphate buffer solution containing
13 mM BPA in a 200-m! Erlenmeyer flask. The mixture was
shaken for 20 min at 25°C and then extracted with chloroform.
After the organic phase was collected and chloroform evap-
orated, the residual matter containing red crystals was dis-

Environ. Toxicol. Chem. 24, 2005 . 1897

solved in 10 ml.of ethanol. The solution was analyzed by
LC-MS.

Estrogenic activity of the culture supernatant

The estrogenic activity of the culture supernatant was es-
timated by a two-hybrid yeast assay using the recombinant
yeast Saccharomyces cerevisiae Y190 with pGBT9-ER LBD
and pGAD424-TIF2 as described by Nishikawa et al. [13] with
some modifications. Then, 250 pl of the supernatant of the C.
fusca culture containing BPA or of that containing ethanol as
a negative control were mixed with 200 pl of synthetic dex-
trose medium. The yeast, which had been precultured for 48
h, was added to the mixture at a volume of 50 pl and then
cultivated for 4 h at 30°C in a culture-tube rotator (LD-76;
Labinco B.V., Breda, The Netherlands) at 30 rpm. After the
optical density at 595 nm (ODsy;) of the culture was measured,
the yeast cells were collected by centrifugation (1,100 g, 4°C,
5 min) from 350 pl of the culture and then resuspended in
200 pl. of Z buffer (pH 7.0) containing 21.49 g of
Na,HPO,-12H,0, 6.22 g of NaH,P0,2H,0, 0.75 g of KClI,
0.246 g of MgS0,-7TH,0, 0.27 m! of B-mercaptoethanol, and
1 g of Zymolyase 20T (Seikagaku, Tokyo, Japan) in 1 L.
Samples were incubated for 15 min at 37°C, and then enzy-
matic reaction was started by adding 40 pl of 4 g/L. o-nitro-
phenyl-B-D-galactopyranoside. The mixtures were incubated
for 90 min at 30°C, and 100 pl of 1 M Na,CO, were added
to stop the reaction. After centrifugation (17,360 g, 4°C, 5
min), the absorbance of the supernatant at 415 and 550 nm
(A5 and A, respectively) was measured. Estrogenic activity
was indicated as B-galactosidase activity (U) calculated by the
following equation:

U= (Ays — (1.75:A55)) X 10%/(t-v-ODysg5)

where ¢ is the time of reaction (90 min) and v is the volume
of mixture used in the assay (0.05 ml).

RESULTS

Effects of initial BPA concentration on its removal and
algal growth

The effect of initial BPA concentration on its removal was
investigated. The concentration of BPA in uninoculated media
was found not to decrease (data not shown). Chlorella fusca
was cultivated with BPA in the concentration range from 10
to 160 uM for 168 h under the continuous-light condition (18
W/m?). Figure 1 shows the BPA removal and cell growth. More
than 95% of BPA was removed at the concentration between
10 and 80 uM, although only 70% of 160 pM BPA was re-
moved. Therefore, it can be assumed that BPA was removed
by the algal cells. This strain grew well in the BPA concen-
tration range from 10 to 40 pM. Because the concentration of
BPA in Japanese landfill leachates generally was lower than
40 wM [9-12], the initial BPA concentration was set at 40
wM for subsequent experiments.

Effects of light condition on BPA removal

To investigate the effects of light intensity on BPA removal,
C. fusca was cultivated in the light-intensity range from 0 to
36 W/m? for 168 h (Fig. 2). The growth rates of this strain
decreased with decreasing light intensity, and growth did not
occur in the dark. The BPA removal was 98% at 36 W/m? and
82% at 2 W/m?, although the removal decreased to 27% in
the dark. Therefore, light illumination was an important pa-
rameter for achieving a high ability to remove BPA.
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Fig. 1. Effect of initial bisphenol A (BPA) concentrations on its re-

moval (a) and growth (b). The initial BPA concentrations were 0 p.M

(A), 10 pM (W), 20 M (#), 40 1M (@), 80 pM (A), and 180 pM

(V). The light intensity was 18 W/m?. Values were the averages of

triplicate determinations. Error bars indicate standard deviations.

Removal of BPA under the 8:16-h light:dark photoperiod
(light intensity,-18 W/m?) also was investigated (Fig. 3). Chlo-
rella fusca grew well and removed 90% of BPA, a result not
very different from that obtained under continuous light (18
W/m?) for 168 h.

Biodegradation of BPA by C. fusca

To determine whether BPA was degraded by the cells or
simply accumulated in the cells, the amount of BPA in the
cells cultivated at 18 W/m? was analyzed (Fig. 4). The amount
of BPA contained in the cells was significantly less than the
amount of BPA removed from the medium. At the end of the
cultivation time, BPA in the cells finally was decreased below
the detection limit of HPLC analysis. This result indicates that
BPA removal by C. fusca was caused by biodegradation by
the cells rather than by simple accumulation in the cells.

On the HPLC chromatogram, an unknown peak at 8.2 min
was observed in the culture medium in the light. A typical
chromatogram is shown in Figure 5a. At 2 W/m?, this peak
area increased with decreasing BPA until 72 h and then de-
creased (data not shown). This peak was analyzed by L.C-MS,
and the mass spectrum of it revealed a parent-ion peak [M-
1]~ at m/z 243.11 (Fig. 6a). Because the molecular weight of
BPA is 228.29, it was suggested that hydroxylation occurred
in BPA. Based on these LC-MS results, this compound was
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thought to be monohydroxybisphenol A, an intermediate of
BPA degradation by C. fusca. Atkinson and Roy [14] reported
that monoquinone and monohydroxy derivatives of BPA were
produced by BPA oxidation using Fremy’s salt, strong oxi-
dizing agent, and treatment with 1 N HC1. Therefore, monohy-
droxybisphenol A was produced according to their method and
compared with the intermediate of BPA degraded by C. fusca
using HPLC and LC-MS. The BPA degradation intermediate
showed the same retention time (8.2 min) and mass spectrum
as those of monohydroxybisphenol A (Figs. 5b and 6b).

Disappearance of estrogenic activity in the culture

To determine if estrogenic activity originated from BPA in
the culture medium of C. fusca was decreased on BPA re-
moval, the change of this activity was analyzed by yeast two-
hybrid assay (Fig. 7). The activity decreased with decreasing
BPA concentration and then completely disappeared.

DISCUSSION

In the present study, the green alga C. fusca well degraded
BPA in the concentration range from 10 to 80 M in the light
(Fig. 1a). Yamamoto et al. [9] reported that the highest BPA
concentration detected in landfill leachates was 75 uM, indi-
cating that it is possible for C. fusca to remove BPA at this
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Fig. 3. Removal of bisphenol A (BPA) and growth under light-dark
cycle condition. The BPA residual was shown (@). Algal cell con-
centration measured in media containing BPA (O) and not containing
BPA (A), both incubated under 8:16-h light:dark photoperiod. Values
were the averages of triplicate determinations. Error bars indicate
standard deviations.

concentration. Several reports have appeared regarding the re-
moval of BPA by bacteria. The gram-negative bacterium strain
MV-1, isolated from the sludge of a wastewater treatment plant
at a plastic manufacturing facility, was able to use BPA as a
sole carbon and energy source. This bacterium removed 1.1
mM BPA completely from culture for 4 h [15]. Ronen and
Abeliovich [16] reported that the gram-negative bacterium
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Fig. 4. Removal of bisphenol A (BPA) from the culture medium and
change of its amount in the cells. Error bars indicate standard devi-
ations. O = BPA amount in the culture medium; @ = BPA amount
in cells; ¢ = cell amount.
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Fig. 5. High-performance liquid chromatograms of oxidized and de-
graded intermediate of bisphenol A (BPA) by Chlorella fusca (top)
and Fremy'’s salt (bottom).

WHI1, isolated from BPA-contaminated soil, removed 900 uM
BPA completely from culture for 96 h. Kang and Kondo [17]
reported that two Pseudomonas strains isolated from a river-
water sample in Japan removed approximately 90% of 4 uM
BPA for 240 h. However, these heterotrophic bacteria some-
times are difficult to use directly for treatment of BPA in
landfill leachates, because the level of biologically available
organic carbon sources usually is low. Therefore, it is nec-
essary to add an external organic carbon source to maintain
the biomass and the ability to remove BPA. On the other hand,
microalgae can grow by using CO, as a carbon source. In this
case, no need exists to supply any organic carbon sources.
Therefore, C. fusca is thought to be useful to remove BPA
contained in landfill leachates.

Chlorella fusca showed a high ability to remove BPA in
the light-intensity range of 2 to 36 W/m?, although this ability
for removal decreased in the dark (Fig. 2). These results sug-
gest that the light-illumination during cultivation is an im-
portant factor for the treatment of BPA by C. fusca. Bisphenol
A also was removed in the light-dark cycle (Fig. 3), indicating
that C. fusca would be a useful organism for BPA removal in
the day-and-night cycle at most temperate or tropical outdoor
sites.

As shown in Figure 4, the taken-up BPA was degraded in
the cells. The degradation intermediate of BPA by C. fusca
was identified as monohydroxybisphenol A, and this com-
pound disappeared in the subsequent cultivation. Therefore,
monohydroxybisphenol A would be a primary intermediate of
BPA degradation in the light. In the case of bacteria, several
intermediates of BPA degradation have been reported. The
MV-1 strain has two pathways for BPA degradation {15,18].
The major pathway produces two primary intermediates, 4-

-1074-



1900 Environ. Toxicol. Chem. 24, 2005

100 a) Intermediate i
90 4
80
70 -
60 -
50 -
40 - 24418
30 '

20:
10 . 21 1S w_’o 3¢

9304 117072341 %33.01 169.0573 9657 a3 o2 s
9 9 l7 633,14 207.2) 32,
i NY Lo 378 {8 f‘ k‘ .!EJ.I .

P S T BT Ahadi, : etk
80 100 120 140 L()() 180 200 220 240
.
m/z

100 - ) . 243.19
] b) Monohydroxybisphenol A

Relative abundance

90
80 | HyC\_CH

. OO

50 +
40 4

Relative abundance

30 1

20 4 227.20

3,
226,23 24t 1} A
10 1 224,48 4,
J ’90 245 16
9313 B3I 14940 17o4~|sszl9"362u23j ?
Y :

80 100 120 140 160 180 200 220 240
m/z

e

Fig. 6. Liquid chromatography-mass spectra‘of degraded intermediate
of bisphenol A (BPA) by Chlorella fusca (a) and monohydroxybis-
phenol A (b).

40 ' 500
4 =
- 4400 5
230 2
& z
2
S 300
B 50 ®
5 20 2
& 200 2
; 2
=10 <
) 100 §
Y

0 0

0 24 48 72 96 120144168192216
Time ()

Fig. 7. Change of bisphenol A (BPA) concentration and estrogenic
activity in the culture medium. Error bars indicate standard deviations.
O = residual of BPA; @ = estrogenic activity in the culture medium.

-10756-

T. Hirooka et al.

hydroxybenzoic acid and 4-hydroxyacetophenone, and these
intermediates were not detected in the case of C. fusca. On
the other hand, monohydroxybisphenol A was reported as an
intermediate of BPA degradation by potato (Solanum tuber-
osum) [19). The BPA degradation pathway of C. fusca is sim-
ilar to that in higher plants and not bacteria.

The reported degradation intermediates of BPA by hetero-
trophic bacteria have lower estrogenic activity compared with
BPA [20]. The estrogenic activity also disappeared with the
degradation of BPA by C. fusca (Fig. 7), indicating that C.
fusca degrades BPA to intermediates with no estrogenic ac-
tivity, including monohydroxybisphenol A. Therefore, it is
possible to decrease the environmental effect of BPA using C.

fusca.

The present study is, to our knowledge, the first to show
that microalga C. fusca has the ability to degrade BPA. Mi-
croalgae have been employed to remove nitrogen and phos-
phorus in domestic wastewater by using a large-scale pond
system. A similar system would be possible to remove BPA
from landfill leachates, although further detailed studies will
be required to achieve practical outdoor cultivation of C. fusca
that maintain a high ability for BPA removal.
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ABSTRACT

Transcriptional repression of the silent mating-type
loci HMLa and HMRa in Saccharomyces cerevisiae
is regulated by chromatin structure. Sas2p is a cata-
lytic subunit of the SAS histone acetyltransferase
(HAT) complex. Although many HATs seem to relieve
chromosomal repression to facilitate transcriptional
activation, sas mutant phenotypes include loss of
SIR1-dependent silencing of HML«. To gain insight
into the mechanism of the SAS complex mediated
silencing at HMLa, we investigated the expression
and chromatin structure of the a2 gene in the HML«
locus. We found that deletion of SAS2 in combina-
tion with a null allele of SIRT changed the chromatin
structure of the precisely positioned nucleosome,
which includes the mRNA start site of the a2 gene
and derepressed o2 transcription. The Sas2p HAT
domain was required for this silencing. Furthermore,
chromatin immunoprecipitation analysis revealed
that the SAS complex was associated with the
HMLa locus, and ASF1 (which encodes chromatin
assembly factor Asf1p), but not S/IR7 and SIR2, was
necessary for this localization. These data suggest
thatthe HAT activity and ASF7-dependentlocalization
of the SAS complex are required for SIR1-dependent
HMLa silencing.

INTRODUCTION

Silencing affects gene repression in a regional rather than
promoter- or sequence-specific manner (1). The structure of
the chromatin itself can affect gene expression, and changes in
chromatin structure can result from the modification of his-
tone tails as well as from the action of chromatin-remodeling
complexes (2). A number of factors have been identified

that contribute to transcriptional regulation by covalent modi-
fication of histones. In many cases, a relationship between
histone acetylation and gene activation has been revealed
by the identification of transcriptional co-activators, such as
dedicated histone acetyltransferases (HATs) (3,4). Histone
acetylation is reversed by histone deacetylases (HDACs), and
many repression phenomena are regulated by HDACs (§).
Moreover, HATs have been shown to contribute to repression
and activation- (4).

In Saccharomyces cerevisiae, silenced loci include the
HMLo and HMRa mating-type loci, the telomere regions
and the ribosomal DNA repeats (2). A variety of proteins,
including the silent information regulator (Sir) proteins, are
required to silence the mating information genes at silent loci
(6). One of the Sir proteins, Sir2p, possesses HDAC activity
important for silencing (7,8). Disruption of the SIR2, SIR3
or SIR4 gene results in loss of silencing at HM loci, and a
SIRI-disrupted strain is composed of mixed populations of
silenced and unsilenced cells (9). .

Something About Silencing (SAS) 2 was identified as an
enhancer of sir/ epigenetic HMLo silencing defects (10).
Sas2p is a member of the MYST (MOZ, Ybf2/Sas3, Sas2
and TIP60) family of HATs and forms a complex, termed
the SAS complex, with Sasdp and SasSp (11-14). The SAS
complex mainly acetylates histone H4 at lysine 16 (12-16).
The role of SAS? in silencing is different for each silenced
locus. At HMLa, deletion of SAS2 has very little effect on
silencing. However, deletion of SAS2 combined with deletion
of SIRI causes a severe silencing defect (10,17). Normal
HMRa silencing is unaffected by SAS2 deletion, but sas2
mutation suppresses the silencing defect caused by mutations
in silencer elements of HMRa (10,17). To determine the role of
SAS2 in tDNA silencing, a strain in which the URA3 gene is
integrated at the rDNA locus was used. The sas2 deletion
strain showed more effective URA3 repression, indicating
that the deletion of SAS2 increased rDNA repression (12).
In the case of telomeres, loss of SAS2 causes hypoacetylation
in adjacent sub-telomeric regions, leading to the recruitment of
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Sir3p to these regions and inactivation of gene expression
(15,16). Therefore, sas2 mutations reduce silencing of HMLa
(when combined with deletion of SIRI) but improve silencing
at HMRa when accompanied by a weakened silencer element,
hypoacetylated sub-telomeric regions, or the rDNA locus.
To understand the differing roles of Sas2p, it is important
to investigate the biochemical mechanisms by which these
factors regulate gene silencing in each silent locus.

We previously showed that the chromatin assembly factor
Asflp interacts with the SAS complex, and ASFI and SAS2
genetically function in the same pathway to repress the HMLa
locus (11). In the present study, we show that SASZ is essential
for the organization of the chromatin structure at HMLe. in a
sir] mutant and that ASF] is required for the recruitment of the
SAS complex to the HMLe: locus.

MATERIALS AND METHODS
Yeast strains, plasmids and manipulations

The strains used in this study are listed in Table 1 and were
either published previously or were created for this study

Table 1. Yeast strains used in this study

Strain® Genotype Source
W303-1a MATa ade2-1 his3-11, 15 leu2-3, J. Workman
112 trpl-1 ura3-1 canl-100
W303-1b MATo ade2-1 his3-11, 15 leu2-3, J. Workman
112 trpl-1 ura3-1 canl-100

YIw228 a SAS4-13Myc:kanMX6 J. Workman
YIW229 a SAS5-13Myc:kanMX6 J. Workman
YIW252 a sirl A::LEU2 D. Rivier
YIW253 a sas2A::TRPI D. Rivier
YIW257 a sirdA::URA3 lys2A::hisG D. Rivier
YIW258 a sas2A::TRPI sirlA::LEU2 D. Rivier
YIW265 a SAS2-13Myc:HIS3IMX6 J. Workman
YIW269 a SAS2-13Myc:HIS3MX6 sas4A: kan J. Workman
Yiw270 a SAS2-13Myc:kanMX6 sasSA::HIS3 J. Workman
YIW271  a SAS2-13Myc:TRP sas4A::kan sas5A::HIS3 J. Workman
YIw433 a asflA::HISIMX6 J. Workman
YIW435 a asflA::HIS3 sirlA::LEU2 J. Workman
YIW436 a asflA::HIS3 sas2A::TRP1 J. Workman
Y5480 a sir3A::HIS3MX6
YSM64 a sir2A::HIS3MX6
YSMB85 a SAS2-13Myc:kanMX6 sirl A::HISIMX6
YSM87 a SAS2-13Myc:kanMX6 asflA::HISIMX6
YSM90 a SAS2-13Myc:kanMX6 sir2A::HIS3MX6
YSM104 a SAS2-13Myc:kanMX6

: asflA::HIS3IMXG6 sirl A::TRP
YSM112 W303-1a [pRS416/CEN/URA3 (pS14)]
YSM113 YIW265 [pRS416/CEN/URA3 (pS14)]
YSM114 YSM87 [pRS416/CEN/URA 3(pS14)]
YSM115 YSM87 [YcpS0/CEN/URA3/ASF] (pLS27)]
YSMileé YSM104 [pRS416/CEN/URA3 (pS14)]
YSM117 YSM104 [YcpSO/CEN/URA3/ASFI (pL.S27)]
YSM118 W303-1a [pRS416/CEN/URA3 (pS15)]
YSM119 W303-1b [pRS416/CEN/URA3 (pS15)]
YSMI120 YTW252 [pRS416/CEN/URA3 (pS15)]
YSM121 YTW258 [pRS416/CEN/URA3 (pS15)]
YSM122 YTW258 [pRS416/CEN/URA3/
ik PSAS2-SAS2 (pS126)]
YSM123 YIW258 [pRS416/CEN/URA3/

- PSAS2:SAS2-M1 (pS136)]

YIW251° o hisd D. Rivier

3Strains, except YIW251, are isogenic with W303-1a or W303-1b.
bYJW251 is a lawn strain for mating assays.
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by using standard yeast manipulations (18,19). Expression
plasmids of wild-type and mutant alleles of SAS2 and ASF!
were described previously (11). Mating assays were performed
as described previously (11,20).

RNA blots

A 40 ug aliquot of total RNA prepared from logarithmically
growing cells was separated on 1.0% agarose—formaldehyde
gels and transferred to Hybond-N+ membranes (Amersham
Biosciences, Piscataway, NJ). Specific messages were detec-
ted using randomly labeled o2 and SCRI probes.

High-resolution micrococcal nuclease mapping

Preparation of nuclei was carried out as described previously
(21,22). Briefly, nuclei were isolated from yeast cells, which
were grown to mid-log phase (ODggo = 1). The nuclear pellet
from a 1 liter culture was resuspended in 2.4 ml digestion
buffer (10 mM HEPES, pH 7.5, 0.5 mM MgCl; and 0.05 mM
CaCl,). The suspension was divided into 400 pl portions, each
of which was digested at 37°C for 10 min by using increasing
concentrations (0—16 U/ml) of micrococcal nuclease (MNase;
Amersham Biosciences). The reaction was terminated by add-
ing EDTA, and the DNA was purified after treatment with
RNase, proteinase K digestion and phenol-chloroform extrac-
tion. The purified DNA was resuspended in 0.1x TE (1 mM
Tris-HCI, pH 8.0, 0.1 mM EDTA). MNase cleavage sites
were detected by multiple rounds of Tag DNA polymerase-
based primer extension. The primer (5'-TATGTCTAGTATG-
CTGGATTTAAACTCAT-3') was end-labeled by T4 poly-
nucleotide kinase. The cycling program was 94°C for 1
min, 53°C for 2 min and 72°C for 2 min for 35 cycles, and
was followed by a 10 min chase at 72°C. The products were
electrophoresed on a 6% polyacrylamide-8 M urea gel. The
gel was dried and used to expose X-ray film. Relative MNase
sensitivity was expressed graphically after scanning the auto-
radiogram and analyzing the scan by the NIH Image program
(version 1.62).

Chromatin immunoprecipitation assay

The chromatin immunoprecipitation (ChIP) assay was per-
formed essentially as described previously (23,24). A 50 ml
culture of yeast (ODggo = 1) was treated with formaldehyde
(final concentration of 1%) for 30 min at 20°C, and 2.5 ml of
2 M glycine was added to stop the cross-linking reaction. Cells
were harvested and disrupted by vortexing in the presence of
glass beads, and the lysate was sonicated to generate DNA
fragments that ranged in size from 200 to 800 bp. To immuno-
precipitate Myc-tagged proteins and Sit2p, we incubated anti-
Myc antibody (9E10, Roche, Indianapolis, IN) and anti-Sir2p
antibody (Santa Cruz Biotech., Santa Cruz, CA), respectively,
with the extract overnight at 4°C, and the extract-antibody
mixture then was incubated for an additional 3-4 h with
protein G Sepharose beads (Amersham Biosciences). In some
experiments, Myc-blocking peptide (Roche, final concentra-
tion 313 pg/ml) was added. Immunoprecipitates were washed
with 1 ml each of lysis buffer (50 mM HEPES, pH 7.5, 140 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxy-
cholate, 1 mM phenylmethylsulfonyl fluoride, 1 pg/ml leu-
peptin and 1 pg/ml pepstatin A), lysis buffer supplemented
with 250 mM NaCl (for Myc-tagged Sas proteins) or 500 mM
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NaCl (for Sir2p), LiCl-detergent wash buffer (250 mM LiCl,
10 mM Tris—HCl, pH 8.0, 1 mM EDTA, 0.5% NP-40 and 0.5%
sodium deoxycholate) and TE. DNA was eluted with elution
buffer (50 mM Tris—HCl, pH 8.0, 10 mM EDTA and 1% SDS).
After reversal of the formaldehyde-induced cross-links,
1/5000 of input DNA and 1/45 of each immunoprecipitated
DNA were used as templates for amplification by PCR. The
sequences of primers for PCR were as follows: for the HMLu
region, 5-ATGCTCAGCTAGACGTTTTTCTITTIC-3’ and
5'-TATGTCTAGTATGCTGGATTTAAACTCAT-3'; for the
ACTI promoter region, 5'-CTTTTTCTTCCACGTCCTCTT-
GC-3' and 5’-TGGGATGGTGCAAGCGC-3'; and for the sub-
telomeric chromatin at 7.5 kb from the end of chromosome VI,
5'-TCATGGTCTTGACAACTTTATGCG-3 and 5'-TATC-
TGACGTGAAAGTTCAGCGC-3'. Amplification was per-
formed in a 20 pl reaction volume. The number of PCR cycles
yielding product within the linear range was determined by
analysis of 2-fold serial dilutions of the starting materials, and
PCR products were separated on a 6% polyacrylamide gel and
were detected by autoradiography. For quantitative analysis,
0.025 pl of [*PJdCTP (110 TBg/mmol; Amersham
Biosciences) was added to the PCR. After electrophoresis,
the gel was dried, and the radioactivity corresponding to a
specific band was measured by a bioimage analyzer (model
BAS 18001, Fuji Film, Tokyo, Japan).

Determination of the molecular size of
the SAS-containing complex

Whole-cell extracts were prepared as described previously
(11,25). Approximately 0.4 mg of each whole-cell extract
was loaded onto a 2.4 ml Superdex 200 PC 3.2/30 column
(Amersham Biosciences) that had been equilibrated in buffer
containing 50 mM Tris-HCI, pH 8.0, 500 mM NaCl, 10%
glycerol, 0.1% Tween-20, 1 mM phenylmethylsulfonyl fluor-
ide, 0.5 pg/ml leupeptin and 0.5 pg/ml pepstatin A. A 10 pl
aliquot of each fraction was electrophoresed in an SDS-
polyacrylamide gel, transferred to nitrocellulose membrane
and detected with the ECL western blotting analysis detection
system (Amersham Blosc1ences) Anti-Myc antibody (9E10,
Roche) was used.

RESULTS
HMLa?2 was derepressed in a sas2 sirl-deleted strain

The 02 protein, which is a repressor of transcription of
a-specific genes, is encoded by MATw« and an essential
factor for the regulation of mating-type-specific genes in o
cells (26). The silent o information is also stored at the HML«
locus in both a and o cells. Previous work showed that
the deletion of either SIRI or SAS2 results in a very slight
reduction of mating activity in a MATa strain, as indicated by
quantitative mating analysis. The combined deletion of SIR!
and SAS2 strain causes a much more severe mating defect than
that of the wild-type strain or the single-deletion strains
(10,11). To show that the double deletion of SAS2 and SIRI
directly affects silencing at HMLa, we performed northern
blotting analysis to detect the level of 02 mRNA in wild-
type and deletion strains. o2 was transcribed not only in
MATu cells but also in sirdA and sas2Asirl A MATa cells
(Figure 1A).

A MATo. MATa

strain

saszA
WT WT sir4A s:r1A sas2A sir1iA

o2

SCR1

mating
activity

strain

I 4+ 4 +
i
1
i
i

+
vector +
SAS2 ~

o2

plasmid

SCR1 |

mating
activity

1 2 3 4 5 6

Figure 1. Deletion of SAS2 and SIR! in a MATa strain leads to derepression of
HMLe? expression and a non-mating. (A) RNA from either wild-type (WT,
‘W303-1b and W303-1a), sirdA (YIW257), sirl A (YTW252), sas2A (YTW253)
or sas2Asir] A (YJW258) strains was hybridized by northern blotting to a probe
specific for either the 02 or SCRI ‘gene. RNA loading was standardized to SCRI.
A qualitative mating assay was performed by patches, which were replica-
plated to a lawn of MAT« cells. WT and mutant strains are presented at the
top of the panel. (B) A sasZsirl double-deletion strain was transformed with a
plasmid carrying the WT or a mutant form of the SAS2 gene (M1) under the
control of its own promoter. Strains analyzed (ordered from left to right) were
YSM119, YSM118, YSM120, YSM121, YSM122 and YSM123.

We previously showed that wild-type SAS2, but not SAS2
with a mutation in the conserved HAT domain, could restore
the mating activity of the sas2AsirIA strain. Furthermore,
this mutation of amino acids 219-221 (GLG) to alanine resi-
dues (termed SAS2-M1) abolished the HAT activity of Sas2p
but did not affect the formation of the SAS complex (11,13).
To determine whether Sas2p HAT activity is required for
the repression of o2 expression, wild-type and mutant
SAS2 alleles were transformed into the sas2AsirlA strain
(Figure 1B). The mating activity and RNA level of o2 in
the sir/ mutant were the same as those of the sas2 sir]
double-deletion strain carrying the wild-type SAS2 expression
plasmid (Figure 1B, compare lanes 3 and 5). SAS2-M1 failed
to restore mating activity and o2 repression to the sas2 sirl
double-mutant strain (Figure 1B, compare lanes 4 and 6).
These results suggest that the Sas2p HAT activity is required
for the repression of 02 expression from HMLa in a sirl
mutant.
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A strain with deletions of SIRI and SAS2 shows loss of
nucleosome organization at HMLa

The unique and highly organized chromatin structure of
HMLo has been determined by high-resolution chromatin
mapping analysis using MNase, which preferentially cuts the
linker DNA between nucleosomes (27). Although a precisely
positioned nucleosome (NUC0:2) covers the transcription start
site of the 02 gene at the HMLa locus, the promoter region
of the o2 gene is nucleosome-free [(27); see also Figure 2A
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Figure 2. High-resolution MNase mapping of the promoter region of the a2
gene at the HMLa locus. (A) The chromatin structuse of the Crick strand was
mapped by primer-extension analysis of MNase-digested sites with the primer
located at the coding region of the 02 gene. Strains used were as in Figure 1A.
Extensions of undigested (0) and dose-dependent-digested chromatin are
indicated: The ‘n’ lane shows the naked DNA digested with MNase (lane 25).
The G, A, T and C columns indicate dideoxynucleotide-terminated sequencing
reactions (lanes 1-4). The ellipse corresponds to the inferred position of the
nucleosome, and boxes show the positions of the TATA-box and UAS regions.
Arrow indicates sites in the o2 gene whose nuclease-sensitivity was increased
in mutants relative to WT. The vertical bar indicates the region used for scan-
ning to express the relative intensity in Figure 2B. (B) The relative MNase
sensitivity expressed graphically after scanning and analyzing the antoradio-
gram in (A) by usiig NIH Image 1.62 software. Increased levels of nuclease-
sensitive sites of the 0.2 gene in mutants (sir4A and sas2Asirl A) relative to WT
are indicated by arrows. The position from the transcription start site is shown at
the bottom of each panel. .
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lanes 6-8 and Figure 2B]. We used MNase mapping to exam-
ine the effect of sas2 mutations on the chromatin structure of
HMLg. Deletion of SIR4, which is essential for HMLa silen-
cing, resulted in increased nuclease sensitivity of one site,
indicated by the arrow, compared with that of the wild type
(Figure 2A, compare lanes 6-8 with lanes 10-12). Although
we used downstream and reverse-strand primers in the attempt
to visualize the positioning of NUCo2 clearly, we failed to
obtain sufficient quantities of primer-extension products. For
easy comparison of the MNase sensitivity, the lane treated
with the highest concentration of MNase was selected for
scanning (Figure 2A, lanes 8, 12, 16, 20 and 24). Relative
MNase sensitivity is shown in Figure 2B after scanning and
analyzing with the NIH Image software. The intensity of the
induced sensitivity of the site highlighted in Figure 2A is the
same in sas2 sirl double-deleted cells as in SIR4-deleted cells
(compare lanes 10-12 with lanes 22-24) and stronger than that
of wild-type or singly deleted strains (compare lanes 6-8,
14-16 and 18-20 with lanes 22-24). The MNase sensitivity
of this site in different mutants correlates inversely with their
mating activity and directly with the level of 02 mRNA
(Figure 1A). These results suggest that SAS2 is essential for
the organization of the nucleosome precisely positioned over
the transcriptional initiation site of the 02 in a sir]-mutant
strain.

Interestingly, the nuclease sensitivity of the region between
the UAS and TATA-box regions was decreased in sas2Asirl A
and sir4A strains. This region is generally less nuclease
sensitive at MATx than at HMLe (27), and it is thought
that in oi2-positive cells, the protection of this region in chro-
matin from the nuclease might result from an association of
transcription factors, including Raplp, which bind to UAS
(27). Overall, chromatin in this region is less accessible to
nuclease in sas2AsirlA strain than in wild-type strains.

The SAS complex associates with the HMLa locus

Genetic experiments revealed that combining the null allele
of SIRI with that of SAS2, SAS4, SAS5 or ASFI results in
the reduction of silencing at HMLa (11,17). Meijsing and
Ehrenhofer-Murray (12) reported that Sas2p is physically pre-
sent at the rDNA locus, but not ACTI. To determine whether
Sas2p or the SAS complex is located at the HML« locus, we
performed ChIP analysis using strains expressing Sas2p-Myc.
Immunoprecipitated DNA was amplified by PCR with a primer
pair spanning the ol and o2 promoter regions in the HMLo
locus (Figure 3A). We used ACTI, a gene whose transcription
is not regulated by SAS2, as a negative control, because the
ACTI mRNA level in the sas2 mutant was same as that in the
wild-type strain (15). Two-fold serial dilutions of the input
and the immunoprecipitated DNA were performed to verify
that the amount of PCR product was dependent on the start-
ing material. Input DNA also was used as a template to
confirm that these regions were amplified equally by PCR.
In a SAS2-Myc strain, Sas2p-Myc associated with the pro-
moter regions of the ol and o2 in the HMLo region relative to
ACTI (Figure 3A). This association was completely competed
by adding a Myc-blocking peptide (compare lanes 11 and 12 .
with lanes 13 and 14).

We previously purified a complex containing Sas2p and
showed that Sasd4p and SasSp were components of this
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Figure 3. The SAS complex occupancy at the promoter in the HML« locus. (A) Association of Sas2p with the HMLa region is detected by the ChIP assay. Sonicated
chromatin was prepared from wild-type (WT) and Sas2p-Myc-expressing (YJTW265) strains. Immunoprecipitation was carried out using monoclonal antibodies to
the Myc tag (lanes 3-6 and 11-14), and normal IgG was used as a negative control (lanes 7, 8, 15 and 16). Myc-blocking peptide was added in some immuno-
precipitation experiments (lanes 5, 6, 13 and 14). Input and immunoprecipitated DNA were amplified by PCR using primer pairs spanning the promoter region of a1
and o2 genes or ACT. PCR products were resolved on a 6% polyacrylamide gel and visualized by autoradiography. (B) Localization of subunits of the SAS complex
to the promoter of the 0.1 and 02 genes. Soluble chromatin was prepared from the strains that expressed the C-terminal Myc epitope-tagged Sas2p (YTW265), Sasdp
(YTW228) or SasSp (YJW229), and immunoprecipitated with or without anti-Myc antibody. Final DNA extractions were amplified with [*2P]dCTP. The
PCR product was separated on the polyacrylamide gel and quantitated with a bioimage analyzer after drying the gel. ChIP efficiency is reported as a percentage
of immunoprecipitated material (top panel). Data are presented as the mean =+ SD from three independent experiments. Input DNA (input) was equally amplified by
PCR in WT and Sas2p-Myc-expressing strains. Myc-tagged proteins were detected by western blotting (bottom panel). (C) SAS4 or SASS or both are required for the
recruitment Sas2p to the HMLe: locus. ChIP assay was performed with chromatin prepared from sas¢A (YTW269), sasSA (YIW270) and sasdAsasSA (YTW271)
strains that expressed the C-terminal Myc epitope-tagged Sas2p. Results are shown as in Figure 3B.

Sas2p-Myc was recruited to this region as a component of
the SAS complex.

complex, termed the SAS complex (11,13,14). We next asked
whether Sas4p and SasSp associate with the HMLe locus.
ChIP analyses using SAS4-Myc and SAS5-Myc revealed
that Sas4p-Myc and SasSp-Myc were recruited together with
Sas2p-Myc to the promoter regions of the al and o2 in
the HMLo region (Figure 3B). This finding supports the pos-
sibility that these Sas proteins associate with chromatin as a
complex. Accordingly, deletion of either SAS4 or SASS might

SIR1 and SIR2 are not required for the recruitment of
Sas2p to the promoters in the HMLa locus

Four Sir proteins localize to HML« and HMRa and are import-
~ ant for silencing. Sirlp binds to Orclp, one of the silencer

disrupt the association of Sas2p with the HML« locus.

To evaluate whether this disruption occurs, we performed
ChIP using cells expressing Sas2p-Myc and deleted for SAS4,
SASS5 or both genes (Figure 3C). The amount of amplified PCR
products from the three deletion strains was markedly lower
than from the wild-type strain, although Sas2p-Myc was
expressed efficiently in all of the SAS2-Myc strains. These
results show that mutations in SAS5 and especially SAS4
inhibit the association of Sas2p-Myc with the promoter
regions of the ol and o2 in the HML« region and that

binding proteins, and helps to recruit Sirdp. Sir2p, Sir3p and
Sir4p form a complex and spread in both directions from the
silencers (1,28). A physical interaction between Sas and Sir
proteins has not been reported, although all of them localize to
the HMLa locus. To understand the role of the Sir proteins in
the association of Sas2p with the HMLa« locus, we first asked
whether loss of Sirlp or Sit2p results in disruption of this
association. To do this, Sas2p was tagged with Myc in SIRI
or SIR2 deletion strains. Western blot analysis revealed that
Sas2p-Myc was expressed efficiently in both SIRI and SIR2
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Figure 4. (A) SIR] and SIR2 are not required for the recruitment of Sas2p to the promoter in the HMLe locus. ChIP assay was performed with chromatin prepared
from sirlA (YSMS5) and sir2A (YSM90) strains that expressed the C-terminal Myc epitope-tagged Sas2p. (B) Effect of deletion of SAS2 and SIR genes on the Sir2p
occupancy. Soluble chromatin was prepared from wild-type and deletion strains, and immunoprecipitated with or without anti-Sir2p antibody. Strains analyzed
(ordered from left to right) were W303-1a, sas2A (YTW253), sas2Asir]l A (YTW258), sirl A (YTW252), sir2A (YSM64) and sir3A (YS480). Results are shown as in

Figure 3B.

deletion strains (Figure 4A). We prepared chromatin fractions
from these strains and subjected them to ChIP analysis for
the Myc epitope. As shown previously, Sas2p-Myc associated
with the HML« region in wild-type cells. Loss of SIRI or SIRZ
did not affect this association (Figure 4A). This finding indic-
ates that SIRI and SIR2 are not required for the recruitment of
Sas2p to the promoters in the HMLa locus.

Disruption of SAS2 in a wild-type strain increased the
spreading of Sir proteins to the sub-telomeric region (15,16).
Deletion of SAS2 in a sir] mutant also may lead to spreading
of the finite number of Sir2p molecules into sub-telomeric
regions, resulting in a decrease in Sir2p occupancy at the
HMLa locus. To test this hypothesis, we asked whether
loss of SAS2 results in increased or decreased Sir2p associ-
ation. We observed localization of Sir2p in the regions of
the HMLo locus and sub-telomeric chromatin 7.5 kb from
the end of chromosome VI in the wild-type and deletion strains
(Figure 4B). Consistent with previous observations, the Sir2p
association detected within the HMLa locus and sub-telomeric
regions in the wild-type strain was -greater than that in a
sir2 deletion strain (Figure 4B, compare lanes 1 and 5) and
was slightly increased in the sub-telomeric region by SAS2
deletion (16,29). Interestingly, although Sir2p was expressed
efficiently in all of the strains except a sir2 deletion strain,
the disruption of SAS2 or SIRI decreased the amount of
Sir2p localization at the HMLe: locus (Figure 4B). In the
combination of SAS2 deletion with the null allele of SIRI,
the Sir2p association at the HMLo: locus was completely lost,
similar to that in the SIR2 and SIR3 deletion strains. This
indicates that although Sas2p association at the HMLo locus
does not require SIRI or SIR2, Sir2p localization is partially
dependent on SASZ.

MATo MATa
strain asfiA asfiA
WT WT asflA sir1A sas2A
o2
SCR1
mating
activity

1 2 3 4 5
Figure 5. ASFI and SAS2 function in the same pathway in HMLu silencing.
Disruption of ASFI in combination with a null allele of SIR], but not of SAS2,
derepressed 02 expression. RNA from either wild-type (WT: W303-1b and
W303-1a), asfIA (YIW433), asfl Asirl A (YIW435) or asfl Asas2A (YTW436)
was hybridized by northern blotting to a probe specific for either the a2 or SCR1

gene. A qualitative mating assay was performed by patches, which were replica-
plated to a lawn of o cells.

0.2 expression in the asfI sirl deletion strain

We and others (11,12) previously showed that the SAS com-
plex physically interacts with Asflp and these factors function
in a pathway that enhances the epigenetic silencing defects of
sir] mutants. To learn more about the function of ASFI in the
HMLy silencing, we measured the expression of 0.2 in an
ASFI deletion strain (Figure 5). Deletion of ASF/ results in
a very slight reduction in silencing at HMLa as indicated by
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quantitative mating analysis-(11), and the 02 mRNA level in
the asfl mutant was indistinguishable from that of the wild-
type strain. We previously showed that the combined deletion
of ASFI and SIR] caused much more severe silencing defects
at HMLo than does the deletion of ASFI alone (11). Derepres-
sion of o2 repression occurred in the asf! sirl double-deletion
strain but not in the asfl Asas2A strain. Loss of mating activity
correlated with the increased o2 expression in the asfl sirl
deletion strain (Figure 5).

Loss of ASF1 disrupts the recruitment of the SAS
complex to the HM L« locus

We showed that SIR] and SIR2 are not required for the recruit-
ment of Sas2p to the promoters in the HMLe locus (Figure 4).
Next, we investigated whether ASFI is required for Sas2p-
Myc recruitment. Loss of ASF] markedly decreased Sas2p
association with the HMLe locus (Figure 6A). This decrease
was restored by a plasmid carrying ASFI (compare lanes 3
and 4). In a sir/ mutant, the effect of ASFI on the Sas2p
recruitment was the same as for the SIR] wild-type strain.
These results indicate that ASFI, but not SIRI, is required
for the recruitment of Sas2p to the HMLe locus. Sas2p expres-
sion levels in whole-cell extracts from wild-type, asflA, and
asflAsirlA strains were indistinguishable, and disruption of
ASF1I did not affect the size of the SAS complex (Figure 6A
and B). These data indicate that loss of the association of
Sas2p with the HMLo locus in the asfl mutants is not due
to a decrease in Sas2p expression or disruption of the SAS
complex. :

DISCUSSION

Deletion of SIRI in combination with a null allele of either
SAS2 or ASFI causes a much more severe silencing defect at
HML« than does deletion of either gene alone (11), but the role
of these factors in silencing was unclear. We showed that the
combination of mutation of SAS2 with SIRI induced derepres-
sion of a2 expression and changed the precisely positioned
nucleosome that includes the transcriptional initiation site of
the o2, and that the HAT activity of Sas2p is critical for this
effect. Furthermore, ChIP assays revealed specific association
of the SAS complex with the HML« locus, and the SAS
complex recruitment required ASFI but not SIR] and SIR2.
The effect of the disruption of SAS2 on silencing is different
among loci. For example, normal HMRa silencing is unaf-
fected by SAS2 deletion, but sas2 mutations suppress the silen-
cing defect caused by mutation in the silencer elements of
HMRa (10,17). Deletion of SAS2 leads to loss of hyperacetyla-
tion of histone H4 at lysine 16 in regions adjacent to telomeres.

This results in the spreading of Sir3p away from the telomeres

into these sub-telomeric regions, leading to repression of gene
expression in the sub-telomeric region (15,16). However,
deletion of SAS2 causes the loss of silencing at the telomeres
themselves, presumably because of titration of Sir proteins
away from this locus.

In present study, Sas2p was found to be associated with
the HMLe locus, and Sir2p was not required for this Sas2p
association. Disruption of SAS2 increased the spreading of Sir
proteins to the sub-telomeric region (15,16). Deletion of SAS2
in sir] mutants also led to the spreading of the finite number of

A
SAS2 + Myc Myc Myc Myc Myc

SIRT + + + + - -
ASF1 + + - - - -
vector + + + - + -

ASF1 - - - + - 4
0.4

strain

plasmid

anti-Myc
ChiP )

input,
Western blot
(anti-Myc)

B

ASF1

saszMyc % TE®=T T
asfih . V T
SASZMyC "i1"18 20 22 24 26 28 30 32 34 36 38 40 42

tot 1 2
void 669 440 232 kD

Figure 6. Sas2 occupancy at the HMLea region is dependent on ASFI.
(A) Chromatin was prepared from the Sas2p-Myc-expressing strains contain-
ing either an empty vector or a CEN-based ASF! plasmid expressed from its
own promoter. Strains for the ChIP assay (ordered from left to right) were
YSMI112, YSM113, YSMI114, YSM115, YSM116 and YSM117. Results are
shown as in Figure 3B. (B) Comparison of the Sas2p-Myc elution profiles
from Superdex 200 size exclusion chromatography after fractionation of whole-
cell extracts prepared from wild-type (YIW265) and asflA (YSM87) mutant
strains. Shown are western blots of column fractions probed with the anti-Myc
aiitibody.

Sir2p molecules into sub-telomeric regions and resulted in a
decrease in Sir2p occupancy at the HML« locus. We also
showed that the Sas2p HAT activity is essential for o2 repres-
sion. Acetylation of lysine 16 of histone H4 might be a land-
mark for Sir2p assembly: once lysine 16 of histone H4 is
acetylated by Sas2p, Sir2p recognizes and deacetylates that
residue in the silenced domain and is held in this-region. Sas2p
might contribute to regulating the histone H4 lysine 16 acet-
ylation state at the chromosome level as well as at the locus
level. Deletion of ASFI likely would bring about the same
phenomenon, because we found that Sas2p occupancy at the
HMLe locus was dependent on ASFI. Other investigators have
shown that the association of Sir proteins at the HMLy silencer
is somewhat reduced in sir/-mutant cells (29). The deletion of
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SIRI in combination with null alleles of either SAS2 or ASFI
may decrease the association of Sir proteins to a much greater
extent than that seen after deletion of SIRI only, thereby
causing a much more severe silencing defect at HMLo than
that seen after deletion of either gene alone.

We previously showed that Sas4p, one of the subunits of the
SAS complex, directly interacts with Asflp (11). Therefore,
recruitment of the SAS complex to the HMLa region might
require physical interaction with Asflp. In the present study,
we found that the SAS complex is associated with the HMLa
region, but not the ACTI promoter. However, Moshkin et al.
(30) showed that Drosophila Asfl associated with multiple
sites, including heterochromatic and transcriptionally active
regions. Furthermore, asf] mutants are defective in the repres-
sion of histone gene transcription during the cell cycle and in
cells arrested in the early S phase (31). Finally, Asfl interacts
with bromodomain-containing subunits of TFIID and the
Brahma complex, a member of the SWI/SNF ATP-utilizing
chromatin-remodeling factors (30,32). These results indicate
that ASFI affects transcriptional control through a variety
of mechanisms. The estimated numbers of Asfip and Sasdp
molecules per yeast cell are 6230 and 768, respectively (33).
This distribution suggests that the SAS complex interacts with
a subset of Asf1 proteins. The mechanism of the recruitment
specificity of the SAS complex is still unknown. HMLo
binding factors other than Sir proteins may enhance the
SAS complex association with the HMLa locus. Alternatively,
Asfl1p-associated factors that selectively bind to Asflp within
transcriptionally active regions may inhibit the interaction
between the SAS complex and Asflp. To address this possib-
ility, we are purifying the factors that interact with the SAS
complex and Asflp.
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