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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 pM for 168 h under
continuous illumination at 18 W/m2. At the low light intensity of 2 W/m?, 82% of 40 pM BPA was removed, and only 27% was
removed in the dark. Moreover, C. fusca could remove 90% of 40 uM 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 medium 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 6f 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 repoerted 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).

Estrogenic activity

Landfill leachate Monohydroxybisphenol A

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
pM. 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 ul) was then injected into the HPLC system,
which was equipped with a reversed-phase column (250 X 4.6
mm L. D., 5 mm; Mightysil RP-18; Kanto Chemical, Tokyo,
Japan). Acetonitrile/S0 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 pl) 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 uM
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
ml 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-
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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,
Jusca culture containing BPA or of that containing ethanol as ~
a negative control were mixed with 200 ul of synthetic dex-
trose medium. The yeast, which had been precultured for 48
h, was added to the mixture at a volume of 50 wl 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 (ODs,,) 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,PO,2H,0, 0.75 g of KClI,
0.246 g of MgSO,7H,0, 0.27 ml 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 reactioni was started by adding 40 pul of 4 g/L. o-nitro-
phenyl-B-p-galactopyranoside. The mixtures were incubated
for 90 min at 30°C, and 100 wl 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
(Aqss and A, respectively) was measured. Estrogenic activity
was indicated as B-galactosidase activity (I/) calculated by the
following equation:

U= (Ays — (1~75‘A550)) X 10%(#-v-ODsq5)

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 M 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 pM, 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 uM [9-12], the initial BPA concentration was set at 40
M 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 uM
(A), 10 uM (W), 20 pM (@), 40 pM (@), 80 uM (A), and 180 pM

(V). The light intensity was 18 W/m?2. 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 HPL.C 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 medinm 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 LC-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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Fig. 2. Effect of light intensity on bisphenol A (BPA) removal (a)
and growth (b). Light intensities tested were 0 W/m?® (@), 2 W/m?
(4), 9 W/m? (W), 18 W/m? (A), and 36 W/m? (V). Values were the
averages of triplicate determinations. Error bars indicate standard de-
viations.

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 uM in the light
(Fig. 1a). Yamamoto et al. [9] reported that the highest BPA
concentration detected in landfill leachates was 75 M, indi-
cating that it is possible for C. fisca 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 (/\), 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

40 3

(8
<

ot
o

BPA amount (mmol/L-culture)
S
Cell concentration (g dry wt/L)

0 24 48 72 96 120144168 192216
’ Time (h)

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).

‘WH1, 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 M
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-
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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 HMLa. 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 HMLa
locus. We found that deletion of SAS2 in combina-
tion with a null allele of SIR7 changed the chromatin
structure of the precisely positioned nucleosome,
which includes the mRNA start site of the a2 gene
and derepressed a2 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 SIRT and SIR2, was
necessary for this localization. These data suggest
thatthe HAT activity and ASF1-dependentlocalization
of the SAS complex are required for SIR1-dependent
HMLe 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 (5).
Moreover, HATs have been shown to contribute to repression
and activation. (4).

In Saccharomyces cerevisiae, silenced loci include the
HMLx 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 sirl 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 SAS2 in silencing is different for each silenced
locus. At HMLo, 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 rDNA 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 HMLo,
(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 ASF] and SAS2
genetically function in the same pathway to repress the HML«
locus (11). In the present study, we show that SAS? is essential
for the organization of the chromatin structure at HMLo. in a
sirl mutant and that ASF/ is required for the recruitment of the
SAS complex to the HMLx 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  MATa ade2-1 his3-11, 15 leu2-3, J. Workman
112 trpi-1 wra3-1 canl-100

YIW228 a SAS4-13Myc:kanMX6 J. Workman
YIW229 a SAS5-13Myc:kanMX6 J. Workman
YIW252 a sirlA::LEU2 D. Rivier
YIW253 a sas2A::TRPI D. Rivier
YIW257 a sirdA::URA3 lys2A::hisG D. Rivier
YIW258 a sas2A::TRP1 sirlA::LEU2 D. Rivier
YIW265 a SAS2-13Myc:HIS3MX6 J. Workman
YIW269 a SAS2-13Myc:HIS3MX6 sasdA::kan J. Workman
YIW270 a SAS2-13Myc:kanMX6 sasS5A::HIS3 J. Workman
YIwW271 a SAS2-13Myc:TRP sas4A::kan sasSA::HIS3 J. Workman
YIW433 a asflA::HISIMX6 J. Workman
YIW435 a asfIA::HIS3 sirl A::LEU2 J. Workman
YIW436 a asflA::HIS3 sas2A:TRPI J. Workman
YS480 a sir3A::HIS3MX6
YSM64 a sir2A::HIS3MX6
YSMS8S a SAS2-13Myc:kanMX6 sirl A::HIS3IMX6
YSM87 a SAS2-13Myc:kanMX6 asflA::HISIMX6
YSM90 a SAS2-13Myc:kanMX6 sir2A::HIS3MX6
YSM104 a SAS2-13Myc:kanMX6

: asflA::HIS3MX6 sirl A::.TRP
YSM112 ‘W303-1a [pRS416/CEN/URA3 (pS14)]
YSM113 YIW265 [pRS416/CEN/URA3 (pS14)]
YSM11i4 YSM87 [pRS416/CEN/URA 3(pS14)]
YSMI115 YSM87 [YcpSO/CEN/URA3/ASFI (pLS27)]
YSM116 YSM104 [pRS416/CEN/URA3 (pSi4)]
YSM117 YSM104 [Yep50/CEN/URA3/ASF1 (pLS27)]
YSM118 W303-1a [pRS416/CEN/URA3 (pS15)]
YSM119 W303-1b [pRS416/CEN/URA3 (pS15)]
YSMI120 YIW252 [pRS416/CEN/URA3 (pS15)]
YSMIi21 YIW258 [pRS416/CEN/URA3 (pS15)]
YSM122 YIW258 [pRS416/CEN/URA3/
i PSAS2-SAS2 (pS126)]
YSM123 YIW258 [pRS416/CEN/URA3/

- PSAS2:SAS2-M1 (pS136)]

YIW251° o hist D. Rivier

“Strains, except YIW251, are isogenic with W303-1a or W303-1b,
"YIW251 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 pg 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
CaCly). The suspension was divided into 400 ul 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-HCl, 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 (ODggp = 1) was treated with formaldehyde
(final concentration of 1%) for 30 min at 20°C, and 2.5 m] 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 Sir2p, 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 34 h with
protein G Sepharose beads (Amersham Biosciences). In some
experiments, Myc-blocking peptide (Roche, final concentra-
tion 313 pig/ml) was added. Immunoprecipitates were washed
with 1 ml each of lysis buffer (50 mM HEPES, pH7.5, 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-HCI, pH 8.0, | mM EDTA, 0.5% NP-40 and 0.5%
sodium deoxycholate) and TE. DNA -was eluted with elution
buffer (50 mM Tris-HCI, 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 HMLa
region, 5-ATGCTCAGCTAGACGTTTTITCTTTC-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 [**PJACTP (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 180011, 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 ug/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 Biosciences). Anti-Myc antibody (9E10,
Roche) was used.

RESULTS
HMLa2 was derepressed in a sas2 sirl-deleted strain

The o2 protein, which is a repressor of transcription of
a-specific genes, is encoded by MATo 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 HMLa
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 SIRI
and SAS? 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 HMLw, we performed northern
blotting analysis to detect the level of o2 mRNA in wild-
type and deletion strains. 02 was transcribed not only in
MATa cells but also in sirdA and sas2Asirl A MATa cells
(Figure 1A).

A MATo MATa

strain

: saszA
WT WT sirdA sir1A sas2A sirfA

o2

SCR1

mating
activity

B MATo
strain

1 + 4+ +
1
1
i
H

plasmid

SCR1

mating
activity

1 2 3 4 5 6

Figure 1. Deletion of SAS2 and SIRI in a MATa strain leads to derepression of
HMLe2 expression and a non-mating. (A) RNA from either wild-type (WT,
'W303-1b and W303-1a), sirdA (YIW257), sirl A (YIW252), sas2A (YIW253)
or sas2Asirl A (YTW258) strains was hybridized by northern blotting to a probe
specific foreither the a2 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 sasZAsirlIA 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 02 in
the sir] mutant were the same as those of the sas2 sirl
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 o2 expression from HML« 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 ¢hromatin structure of
HMLa 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 (NUCx2) covers the transcription start
site of the o2 gene at the HML« 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 o2
gene at the HM Lo locus. (A) The chromatin structure 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 02 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 autoradio-
gram in (A) by using NIH Image 1.62 software. Increased levels of nuclease-
sensitive sites of the 02 gene in mutants (sirdA and sas2AsirI 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
HMLe. Deletion of SIR4, which is essential for HMLe silen-
cing, resulted in incredsed 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 sir] 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 o2 mRNA
(Figure 1A). These results suggest that SAS? is essential for
the organization of the nucleosome precisely positioned over
the transcriptional initiation site of the 02 in a sirl-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 MATo than at HML« (27), and it is thought
that in o2-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 sas2Asirl A 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, SASS 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 HMLa 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 HMLx
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 02 in the HMLu 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 Sas4p and Sas5p were components of this
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Figure 3. The SAS complex occupancy at the promoter in the HMLe 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 (YJW265) 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 ol
and 0.2 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 .1 and 62 genes. Soluble chromatin was prepared from the strains that expressed the C-terminal Myc epitope-tagged Sas2p (YJW265), Sasdp
(YIW228) or SasSp (YJW229), and immunoprecipitated with or without anti-Myc antibody. Final DNA extractions were amplified with [**P]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 HMLo: locus. ChIP assay was performed with chromatin prepared from sas4A (YIW269), sasSA (YIW270) and sas#Asas5A (YIW271)
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

complex, termed the SAS complex (11,13,14). We next asked
the SAS complex.

whether Sasdp and Sas5p associate with the HMLe locus.
ChIP analyses using SAS4-Myc and SAS5-Myc revealed
that Sas4p-Myc and Sas5p-Myc were recruited together with
Sas2p-Myc to the promoter regions of the ol and o2 in
the HML« region (Figure 3B). This finding supports the pos-
sibility that these Sas proteins associate with chromatin as a

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

Four Sir proteins localize to HMLe: and HMRa and are import-

complex. Accordingly, deletion of either SAS4 or SASS might
disrupt the association of Sas2p with the HMLa locus.

To evaluate whether this disruption occurs, we performed
ChIP using cells expressing Sas2p—Myc and deleted for SAS4,
SASS 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 SASS and especially SAS4
inhibit the association of Sas2p-Myc with the promoter
regions of the ol and o2 in the HML« region and that

" ant for silencing. Sirlp binds to Orclp, one of the silencer

binding proteins, and helps to recruit Sirdp. Sir2p, Sir3p and
Sirdp 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 HMLe locus. To understand the role of the Sir proteins in
the association of Sas2p with the HML« locus, we first asked
whether loss of Sirlp or Sir2p results in disruption of this
association. To do this, Sas2p was tagged with Myc in SIRJ
or SIR2 deletion strains. Western blot analysis revealed that
Sas2p-Myc was expressed efficiently in both SIR/ and SIR2
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Figure 4. (A) SIRI 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 sirIA (YSMB8S5) and sir2 A (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 (YIW253), sas2Asirl 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 SIR! or SIR2
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 HMLe 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
HMLo 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 HAMLo 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 HMLa locus (Figure 4B). In the
combination of SAS2 deletion with the null allele of SIRI,
the Sir2p association at the HMLe locus was completely lost,
similar to that in the S/R2 and SIR3 deletion strains. This
indicates that although Sas2p association at the HML« locus
does not require SIRI or SIR2, Sir2p localization is partially
dependent on SAS2.

MATo. MATa
strain asf1A asfiA
WT WT asfiA sir1A sas2A
o2
SCR1
mating
activity

1 2 3 4 5
Figure 5. ASFI and SAS2 function in the same pathway in ML« silencing.
Disruption of ASF! in combination with a null allele of SIRI, but not of SAS2,
derepressed 02 expression. RNA from either wild-type (WT: W303-1b and
W303-1a), asfIA (YIW433), asfl Asirl A (YTW435) or asfl Asas2A (YIW436)
was hybridized by northern blotting to a probe specific for either the 02 or SCR]

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

0.2 expression in the asfT sirl deletion strain

We and others (11,12) previously showed that the SAS com-
plex physically interacts with Asf1p and these factors function
in a pathway that enhances the epigenetic silencing defects of
sirl mutants. To learn more about the function of ASFI in the
HMLo silencing, we measured the expression of o2 in an
ASF1 deletion strain (Figure 5). Deletion of ASFI results in
a very slight reduction in silencing at HML« as indicated by
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quantitative mating analysis (11), and the &2 mRNA level in
the asfl mutant was indistinguishable from that of the wild-
type strain. We previously showed that the combined deletion
of ASF1 and SIRI caused much more severe silencing defects
at HM Lo than does the deletion of ASF1 alone (11). Derepres-
sion of o2 repression occurred in the asf! sir! 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 ASFI disrupts the recruitment of the SAS
complex to the HM L« locus

We showed that SIRI and SIR2 are not required for the recruit-
ment of Sas2p to the promoters in the HMLc locus (Figure 4).
Next, we investigated whether ASFI is required for Sas2p—
Myc recruitment. Loss of ASFI markedly decreased Sas2p
association with the HMLo locus (Figure 6A). This decrease
was restored by a plasmid carrying ASF! (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 HML« locus. SasZp expres-
sion levels in whole-cell extracts from wild-type, asflA, and
asflAsirlA strains were indistinguishable, and disruption of
ASF1 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 HMLe 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
HMLo 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 o2 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 SIRI 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 Sll‘ proteins
away from this locus.

In present study, Sas2p was found to be assomated with
the HMLa 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
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Figure 6. Sas2 occupancy at the HMLe 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
YSM112, YSM113, YSM114, YSM115, YSM116 and YSMI117. Results are
shown as in Figure 3B. (B) Comparison of the SasZp—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
antibody. -

Sir2p molecules into sub-telomeric regions and resulted in a
decrease in Sir2p occupancy at the HMLo 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
HMLo locus was dependent on ASFI. Other investigators have
shown that the association of Sir proteins at the HML« 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 HML« than
that seen after deletion of either gene alone.

We previously showed that Sasdp, one of the subunits of the
SAS complex, directly interacts with Asflp (11). Therefore,
recruitment of the SAS complex to the HML« region might
require physical interaction with Asflp. In the present study,
we found that the SAS complex is associated with the HMLo,
region, but not the ACT!I promoter. However, Moshkin et al.
(30) showed that Drosophila Asfl associated with multiple
sites, including heterochromatic and transcriptionally active
regions. Furthermore, asfl 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 Asflp and Sasdp
molecules per yeast cell are 6230 and 768, respectively (33).
This distribution suggests that the SAS complex interacts with
a subset of Asfl 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 HMLe locus. Alternatively,
Asflp-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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Organatin compounds released from antifouling paints,
such as tributyltin (TBT) and triphenyltin {TPT), are potent
inducers of imposex {a superimposition of male genital
tracts, such as penis and vas deferens, on females) in marine
gastropods. Little is known about the induction mechanism
of gastropod imposex. Here, we show that organotins
bind the human retinoid X receptors (hRXRs) with high
affinity and that injection of 9-cis retinoic acid (RA), the
natural ligand of hRXRs, into females of the rock shell (Thais
clavigera) induces the development of imposex. Cloning
of the RXR homologue from T. clavigera revealed that the
ligand-binding domain of rock shell RXR was very similar
to vertebrate RXR and bound to both 9-¢is RA and to
organotins. These suggest that RXR plays an important
role in inducing the development of imposex, namely, the
differentiation and growth of male genital tracts in

female gastropods.

Introduction

Organotin compounds, such as tributyltin (TBT) and triph-
enyltin (TPT), have been used worldwide in antifouling paints
for ships and fishing nets since the mid-1960s and released
into the marine environment resulting in a worldwide
poliution (I). TBT and TPT are very toxic to organisms,
including marine species (2—5}. One of the most interesting
toxic effects of TBT and TPT to marine organisms is the
induction of the development of imposex in gastropods (6).

Imposex (as an abbreviation of imposed sexual organs) is

defined to be an irreversible syndrome imposing male genital
tracts, such as penis and vas deferens, upon female gastro-
pods (7). Gastropod imposexis known to be typicallyinduced
by very low concentrations of TBT and/or TPT (7-18).
Reproductive failure is involved at severely affected stages
of imposex, due to either oviduct blockage by vas deferens
formation or ovarian spermatogenesis, resulting in popula-
tion declines and/or mass extinction (6, 19, 20). Ap-
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proximately 150 species of gastropods including the rock
shell (Thais clavigera) have been observed to be affected by
imposex in the world (6). Gastropod imposex is thought to
be one manifestation of endocrine disruption in wildlife (6).
Despite several hypotheses about imposex induction mech-
anisms,.such as those involving aromatase inhibition, tes-

. tosterone excretion—inhibition, functional disorder of female

cerebropleural ganglia, and involvement of a neuropeptide—
APGWamide (21—25), the exact physiological/biochemical
pathway is still unclear.

The occurrence of reproductive abnormalities in wildlife
may be associated with exposure to environmental pollutants
capable of mimicking the action of natural hormones (26).
The nuclear receptors of intrinsic hormone systems are likely
to be targets of industrial chemicals because they are
originally mediators for fat-soluble, low molecular weight
agents such as steroid hormones, thyroid hormones, fat-
soluble vitamins, and fatty acids. Forty-eight members of
the nuclear receptor family have been shown to exist in the
human genome (27). Information on the ability of chemicals
to bind nuclear receptor family members is therefore
important for environmental risk assessment.

To determine if environmental poliutants can bind to
mernbers of the nuclear receptor family, we constructed assay
systems for human nuclear receptors including ERa, ERS,
AR, PR, GR, MR, RARc, RARS, RARy, TRa, TRB, VDR, RXRa,
RXRS, RXRy, CAR, and SXR based on a yeast two-hybrid
system (28). In the course of the study on suspected endocrine
disrupters, we found that TBT and TPT strongly enhanced
the protein—protein interaction between human RXRs
(hRXRs) and coactivator TIF2 to a somewhat greater extent
than 9-cis retinoic acid (RA), the natural ligand of RXR.

Here, we will show the results of interaction between
organotin compounds, such as TBT and TPT, and hRXR. We
will also report the results of cloning of the RXR homologue
from the rock shell (T clavigera), its binding characteristics
to both 9-cis RA and organotins, and results of the in vivo
injection experiment of 9-cis RA using the rock shell. On the
basis of these results, we will discuss involvement of the RXR
in the development of imposex caused by organotins in
gastropods.

Experimental Methods

Yeast Two-Hybrid Assay. We cloned the ligand-binding
domain of nuclear receptors including ERa, ERS, AR, PR,
GR, MR, RARq, RARS, RARy, TRa, TRS, VDR, RXRa, RXRS,
RXRy, CAR, and SXR by RT-PCR from human mRNA (Origin
Technologies, Inc.). All sequences were confirmed to be
identical to the database by sequencing. These genes were
subcloned into pGBT9 (Clontech, Palo Alto, CA) so that they
werein the same translational reading frame as the vector's
GAL4 DNA binding domain. pGBT9-NRs and pGAD424-TIF2
were introduced into Saccharomyces cervisiae Y190. Trans-
formed yeasts were incubated with test chemicals for 4 hat
30 °C, and then B-galacosidase activity was measured as
described in Nishikawa et al. (28).

Ligand Binding Assay. The LBD of hRXRa. (codons 201~
693), hRXRS (codons 275—534), hRXRy (codons 172—455),
and the rock shell RXR (sRXR) (codons 177—431) were
subcloned into pGEX-4T (Pharmacia, Uppsala, Sweden). GST-
RXRs fusions were expressed in Escherichia coli BL21 and
purified according to the standard procedure (Pharmacia,
Uppsala, Sweden). The purified proteins (30 ug/mL) were
incubated with increasing concentrations of 9-cis-[20-
methyl-*H]retinoic acid (69.4 Ci/mmol, NEN Life Science
Products, Inc.) with or without a 400-fold molar excess of
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TABLE 1. Body Size of Female Rock Shells (Thais clav%era)

Used in the Injection Experiment (February 14—March
2003)°
control RA TPT
shell height {mm) 216+1.8 215+15 203+1.4
shell width {mm)  145+£1.2 144+12 142405
shell weight (g) 20+05 1.9+£05 1.7+03

@ Mean + standard deviation.

unlabeled 9-cis RA. After incubation at 4 °C for 1 h, specific
binding was determined by hydroxyapatite binding assay
(29). Similarly, organotin compounds were used to compete
for9-cis RA in this assay to determine the binding preference
for RXRs.

DNA Cloning. Reverse transcription-polymerase chain
reaction (RT-PCR) was performed using total RNA derived
from male T. clavigera. Degenerate primers used for am-
plification of RXR were synthesized as follows: F-primer,
5"-TGYGARGGNTGYAARGGNTTYTTYAARMG-3'; R-primer,
5"-RAAGTGNGGVABNMKYTTVGCCCAYTC-3'. A single 390-
bp fragment was obtained and sequenced. The fragment
was used as a probe for screening in a ¢cDNA library made
. with A-ZAP II phagemid vector (Stratagen, Kirkland, WA).
The 5’ end of the cDNA was cloned using 5’-Full RACE Core

TABLE 2. Quality of Artificial Seawater during the Experimental
Period (Fehruary 14—March 14, 2003)2

controf RA TPT
water temp (°C})  18.1 £ 0.1 18.2 + 0.1 18.2 4+ 0.1
pH 8.2840.02 831+0.02 8.31+0.04
salinity (%o) 335+ 1.0 335+£09 334410

# Mean + standard deviation.

Set (Takara Bio, Shiga, Japan). The amplified products were
analyzed by agarose gel electrophoresis, isolated from the
gel, cloned into a pBluescript. Five independent clones were
sequenced.

In Vivo Injection Experiment, The rock shell specimens
were collected at Hiraiso in Ibaraki Prefecture, Japan, in
December 2002 for experiments to investigate the effect of
9-cis RA. The rock shells were reared in a laboratory aquarium
for approximately 2 months in artificial seawater {Senju
Pharmaceutical Co. Ltd., Japan) with live mussels (Septifer
virgatus) collected at Hiraiso as feed. Before the experiments,
the rock shells were narcotized by exposure to a 72 g/L
solution of magnesium chloride hexahydrate to allow the
selection of females. As a male rock shell has a large penis
behind theright tentacle, female shells were easily recognized
by its absence (16, 18). The female rock shells were divided
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FIGURE 1. RXR activation hy TBT and TPT. Structures of organotin compounds are shown in panel A. Yeast strain Y190 was transformed
with GALAAD fused to TIF2 and GAL4DBD fused to LBD of human RXRa. (B), RXR# (C), or RXRy (D). Chemicals were added to yeast cultures
in doses ranging from 10~ to 10~° M. Following 4 h incubation, yeasts were disrupted and assayed for S-galactosidase activity. Data
points are means of three independent experiments. For in vitro binding assay, LBDs of RXRo. (E), RKRS (F), or RXRy (G) were expressed
in E. coli as tusion proteins with GST. Increasing amounts of chemicals were added to RXRs with 9-cis-[20-methyl-*H]retinoic acid for

competitive binding assays.
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FIGURE 2. Comparison of the deduced amino acid sequences of
rock shell RXR with related nuclear receptors. The similarity in the
DBD and LBD between rock shell BXR and related nuclear receptors
is indicated as percentage amino acid identity. The database
accession numbers for the sequences are as follows: T. clavigera,
AY704160; H. sapiens, NM 002957; G. gallus, X58997; Danio rerio,
U29940; X, laevis, X87366; D. melanogaster, NV 057433; D. immitis,
AF438230. )

into three experimental groups of 20 animals each: for 9-cis
RA injection, for triphenyltin (TPT) injection, and for control.
9-cis RA (Wako Pure Chemicals Industries, Ltd., Japan) was
prepared in a fetal bovine serum (FBS; Flow Laboratories
Inc.) and was injected into the foot at an application rate of
approximately 1 ug/g wet wt of soft tissue of the rock shell.
FBSwas injected to the control animals. Triphenyltin chloride
(TPTC); Tokyo Kasei Kogyo Co., Japan, 98% pure) was used
as a positive control agent and was also injected at a rate of
approximately 1 ug/g wet wt of soft tissue of the rock shell.
The body size of the female rock shells used in the injection
experiment is shown in Table 1. After the injection of each
test solution, the rock shells were kept in 2 L glass beakers
in separate groups, in flow-through systems of artificial
seawater saturated with oxygen (10 L/d), with live mussels
as feed, for 1 month. Temperature of experimental seawater
was maintained to be 18 £ 1 °C. The duality of artificial
seawater during the experimental period (February 14—
March 14, 2003) is summarized in Table 2. After this time,
animals were removed for imposex examination (16). Pa-
rameters concerning gastropod imposex [the incidence of
imposex (percentage occurrence of imposex individuals
among females used in the experimental group), mean values
of penis length (measured by automatic/digital caliper), and
the vas deferens sequence (VDS) index (an index for the
degree of development of vas deferens in the imposex-
exhibiting female; the VDS index for the rock shell is similar
to that for the dog-whelk reported by Gibbs et al.; 12)] were
calculated for each experimental group (12, 16), and the
statistical significance of any difference to the control group
was tested. The statistical significance of the incidence of
imposexwas determined using Fisher’s ¢-test, and an analysis
of variance (ANOVA) was carried out for penis length and
VDS index (24).

Results and Discussion

Interaction between Organotin Compounds (TBT and TPT)
and hRXR. We found that TBT and TPT (Figure 1A) strongly
enhanced the protein—protein interaction between hRXRs
and coactivator TIF2 (Figure 1B—D) to a somewhat greater
extent than 9-cis RA, the natural ligand of RXR (30, 3I).
Because the interaction of nuclear receptor with coactivator
correlated with transcriptional activity (32), organotin com-
pounds, such as TBT and TPT, were thought to be agonists
for hRXRs. However, TBT and TPT showed no activity to
other nuclear receptors including retinoic acid receptors
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FIGURE 3. 9-cis RA and erganotin compounds bind rock shell RXR
in vitro. (A) The LBD of rock shell RXR expressed in E. coli was
incubated with increasing concentrations of 3H-labeled 9-cis RA
in the absence (total binding) or presence of 400-fold nonlabeled
9-cis RA (nonspscific hinding). Nonspecific binding was subtracted
from total binding and plotted as specific binding. (B) Scatchard
analysis, Specific 9-cis RA binding to rock shell RXR was transformed
by Scatchard analysis and plotted. Linear regression yielded Ky =
15.2 nM. (C} Competition assay. The LBD of rock shell RXR was
incubated with increasing concentrations of nonlabeled 8-cis RA,
ATRA, TBT, or TPT in the presence of *H-labeled 9-cis RA.

(RARs) (33). While 9-cis RA is known to be a ligand for RARs
as.well as RXRs (30), organotin compounds are specific for
RXRs. To confirm the binding of organotin compounds to
hRXRs, we carried out an in vitro competition assay against
3H-labeled 9-cis RA and found that TBT and TPT bound to
RXRs as well as 9-cis RA (Figure 1E—G). The observation that
TBT and TPT could act as agonists for hRXRs led us to
investigate the involvement of RXR in the development of
imposex in gastropods.

Cloned Rock Shell RXR (sRXR). We tried to clone the
RXR cDNA from T. clavigera. Comparison of the RXR protein
sequences in various species revealed significant similar-
ities in the P-box in the DNA binding domain (DBD) and
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