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Keogh et al, The Saccharomyces cerevisiae histone H2A variant Htz1 is acetylated by NuA4.



Methods Cell cycle synchronizations Strains used for α-Factor (αF) synchronization were deleted for Bar1, the aspartyl protease used by S.cerevisiae to degrade the mating pheromone. αF was added (25nM final) to exponentially growing MATa bar1Δ cells in YPD (OD600 ≈ 0.3) and the culture incubated for two hours at 30oC. >95% G1 arrest, as indicated by cells with small buds (schmoo formation), was confirmed by microscopy. Cells were collected by centrifugation at 4oC, washed twice with YPD, and resuspended at OD600 ≈ 0.4 in 30oC YPD. Cultures were incubated at 30oC with 10ml samples taken for TCA extraction (Keogh et al. 2005) and Western analysis every seven minutes for 126 minutes (WT cells should complete a cycle in ≈ 90 minutes under these conditions). Synchronized passage through the cell cycle was confirmed by immunostaining for the G2/M cyclin Clb2.



Tables Sup. Table 1 The overlapping phenotypes of htz1, NuA4 and SWR-C mutants. Sup. Table 2 Yeast strains used in this study. Sup. Table 3 ChIP oligos used in this study.
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Figure Legends



Sup. Fig. 1



Telomeric silencing is normal in htz1-K14 mutants.



As previously reported, htz1Δ leads to defects in telomeric silencing (Krogan et al. 2003; Meneghini et al. 2003) as indicated by increased expression of URA3 reporter genes integrated at various distances from telomere TEL-V (Renauld et al. 1993) (Sup. Table 2). Telomeric silencing is comparable in strains containing WT Htz1 (pHtz1), htz1-K14R or -K14Q as the sole source of the histone.



Sup. Fig. 2



Htz1-K14Ac is NuA4-dependent and catalyzed after insertion into chromatin



A. Htz1-K14Ac is strongly reduced (although Htz1 levels are normal) in cells lacking the NuA4 subunits Vid21 (Eaf1) or Yng2 (Eaf4). This mirrors the effect on H4 acetylation in the absence of these subunits (Krogan et al. 2004) (Sup. Table 1). The lower panel shows immunostaining of Rpt1 as a loading control. B. Htz1 K14Ac is unaffected by deletion of histone modifiers other than the NuA4 HAT (see Fig. 2). Upper panel shows immunoblotting of extracts from the indicated deletion strains with the Htz1 K14Ac antibody. The lower panel shows immunostaining of Rpt1 as a loading control. C. Htz1-K14 acetylation occurs after insertion into chromatin. Cells were separated into total (T), cytoplasmic (C) or Chromatin (Ch) fractions and immunoblotted with the indicated antibodies. Cell lacking Swr1, the catalytic subunit of the SWR-C, have total Htz1 levels comparable to WT, but significantly reduced Htz1-K14Ac. This mirrors their reduced incorporation of Htz1 into chromatin (Krogan et al. 2003; Mizuguchi et al. 2004). As a control
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cells lacking the NuA4 subunit Yng2 have normal incorporation of Htz1 into chromatin but undetectable Htz1-K14Ac.



Sup. Fig. 3



Htz1 K14Ac is cell-cycle and DNA damage independent.



A. Cell cycle schematic showing the relative location of arrest with alpha factor (αF) or Hydroxyurea (HU), and duration of expression of the mitotic cyclin Clb2 (Spellman et al. 1998). Passage through a single cell cycle takes approximately 90 minutes under optimal conditions. B. For synchronization studies cells were arrested at G1/S with α-Factor before being released into the cell cycle. Synchronized progress was shown by expression of the G2/M cyclin Clb2. Levels of total and H14 acetylated Htz1 were monitored with the indicated antibodies. Immunostaining of Rpt1 was used as a loading control. C. To induce DNA damage cells were treated with the genotoxin MMS (Methane Methyl Sulfonic acid; 0.05%) for one hour, after which the damaging agent was removed and cells were allowed to recover for up to three hours. HU, Hydroxyurea (100mM, 2 hours); As, Asynchronous. Immunoblotting analysis was as in B.



Sup. Fig. 4



Kinetochore localization is normal in unacetylatable htz1-K14 cells.



As in Fig. 4B, the distribution of epitope tagged representatives of the inner (Cbf1, Cbf2 (Ndc10)) or central (Ctf3) kinetochore at CEN3 were compared by ChIP in WT, htz1-K14R, htz1-K14Q or htz1Δ cells. Location of the ChIP primers at CEN3 and means of calculating relative occupancy are as in Fig. 3C.
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p1 of 3 Reported / tested Phenotypes



aka



Complex(es)



Htz1 ChIP b



Htz1K14Ac



H4Ac



Benomyl



MMS d



1:0 e



2:0 f



Ref



c



WT g



336



-



++++



++++



++++



++++



++++



1.0



1.0



htz1Δ



526



Swr-C



-



-



++++



+/-



+



1.4



14.5



1,2



swr1Δ



1085



Swr-C



+/-



+/-



++++



+/-



+



3.4



7.2



1-4



arp6Δ



1086



Swr-C



+/-



+/-



swc2Δ



1083



Vps72



Swr-C



+/-



+/-



+



+



1,2



swc3Δ



1084



Swc1



Swr-C



++



++



+



+



1,2



swc6Δ



1082



Vps71



Swr-C



+/-



+/-



+



+



1,2



yaf9Δ



692



+/-



+/-



+/-



swc4Δ



Swr-C, NuA4 Eaf2



arp4Δ vid21Δ



693



eaf7Δ



1158



eaf3Δ



667



Eaf1



1,2



2.0



23



1,2



Swr-C, NuA4



1,2



Swr-C, NuA4



1



+



+



+



10.9



41.5



1



NuA4



+++



++++



++++



7.7



13.8



1



NuA4,



+++



NuA4



++++



++++



+++



1,5



-



1



Rpd3C(S) yng2Δ



1115



eaf5Δ eaf6Δ



Eaf4



NuA4



++++



-



+



++



1117



NuA4



++++



+++



++++



++++



1118



NuA4, NuA3



++++



1 1
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Strain (YF) a



a b c d e f g h i



aka



p2 of 3



Complex(es)



Htz1 ChIP b



Htz1K14Ac



H4Ac



Benomyl



MMS d



1:0 e



2:0 f



Ref



c



Esa1



258 h



NuA4



++++ i



++++



++++



++++



++++



2,6



esa1-L327S



259 h



NuA4



++++ i



+



+



+++



-



2,6



esa1-L254P



260 h



NuA4



++++ i



-



+/-



+++



-



2,6



Deletion strain genotypes described in Table 2 Occupancy tested at regions including telomeres, centromeres and transcribed loci (repressed and active), see Table 3 Sensitivity to the microtubule destabilizer Benomyl (15µg/ml) Sensitivity to the genotoxin methane methylsulfonate (0.05%) 1:0, chromosome loss rate relative to WT (1.0) 2:0, chromosome non-disjunction rate relative to WT (1.0) Growth rates of WT classed as maximal (++++) Drug sensitivity of esa1 ts mutants was determined at the permissive temperature (30oC) ChIP was performed after shifting cultures to the non-permissive temperature (37oC) for two hours
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Strain



Genotype



Source / Ref



BY4741 (YF336) YF526 YF1085 YF1086 YF1083 YF1084 YF1082 YF692 YF693 YF667 YF1157 YF1158



a



1



As YF336 + htz1Δ::KanMX a As YF336 + swr1Δ::KanMX a As YF336 + arp6Δ::KanMX a As YF336 + swc2Δ::KanMX a As YF336 + swc3Δ::KanMX a As YF336 + swc6Δ::KanMX a As YF336 + yaf9Δ::KanMX a As YF336 + vid21Δ::KanMX a As YF336 + eaf3Δ::KanMX a As YF336 + eaf6Δ::KanMX a As YF336 + eaf7Δ::KanMX



1



Y3656 (YF1109) YF1115 YF1117



MATα, ura3Δ0, leu2Δ0, his3Δ1, met15Δ0, lys2Δ0, can1ΔMFA1pr-HIS3-Mfα1pr-LEU2



2



YF1194 YF1136 YF1456 YF1457



As YF336 + Cbf1.TAP::HIS3 As YF336 + Cbf2.TAP::HIS3 As YF336 + Ctf3.TAP::HIS3 As YF336 + Ctf19.TAP::HIS3



MATa, ura3Δ0, leu2Δ0, his3Δ1, met15Δ0



a



1 1 1 1 1 1 1 1 1 1



As YF1109 + yng2Δ::NAT As YF1109 + eaf5Δ::NAT TAP fusion lib TAP fusion lib TAP fusion lib TAP fusion lib
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Strain



Genotype



Source / Ref



YSB1960 YSB1988 YSB1991 YSB1992



As YF526 + Cbf1.TAP::HIS3 As YF526 + Cbf2.TAP::HIS3 As YF526 + Ctf3.TAP::HIS3 As YF526 + Ctf19.TAP::HIS3



This This This This



YSB1792 YSB1793



b



MATa, ura3Δ0, leu2Δ0, his3Δ1, met15Δ0, trp1Δ::LEU2/Kan MATa, ura3Δ0, leu2Δ0, his3Δ1, met15Δ0, trp1Δ::LEU2/Kan, htz1::ΔKanMX



This work This work



YSB233



a



As YF336 + htz1Δ::KanMX (pRS316-Htz1, URA3-CEN/ARS)



This work



UCC506 UCC506 UCC509



MATa, ura3-52, leu2Δ1, trp1Δ1, his3Δ200, ade2-101, lys2-801, URA3 ≈ 1kb from TELV-R As UCC506 except URA3 ≈ 2kb from TELV-R As UCC506 except URA3 ≈ 2.5kb from TELV-R



D. Gottschling 3 D. Gottschling 3 D. Gottschling 3



YSB1896



MATa, ura3-52, leu2Δ1, trp1Δ1, his3Δ200, ade2-101, lys2-801, htz1ΔkanMX, URA3 ≈ 1kb from TELV-R As YSB1896 except URA3 ≈ 2kb from TELV-R As YSB1896 except URA3 ≈ 2.5kb from TELV-R



This work



LPY3498 LPY4345 LPY4346



c



MATa, ura3-52, leu2-3 112, trp1Δ1, his3Δ200 c MATa, ura3-52, leu2-3 112, trp1Δ1, his3Δ200, esa1-L327S (pLP795 Esa1 URA3 CEN/ARS) c MATa, ura3-52, leu2-3 112, trp1Δ1, his3Δ200, esa1-L254P (pLP795 Esa1 URA3 CEN/ARS)



L. Pillus 4 L. Pillus 4 L. Pillus 4



YKB702



MATa/α, ade2-101/ade2-101, his3Δ200/his2Δ200, leu2Δ1/leu2Δ1, lys2-801/lys2-801, trp1Δ63/trp1Δ63, ura3-52/ura3-52, htz1ΔkanMX / htz1ΔkanMX (CFIII (CEN3.L) URA3 SUP11) (pRS313) MATa/α, ade2-101/ade2-101, his3Δ200/his2Δ200, leu2Δ1/leu2Δ1, lys2-801/lys2-801, trp1Δ63/trp1Δ63, ura3-52/ura3-52, htz1ΔkanMX / htz1ΔkanMX (CFIII (CEN3.L) URA3 SUP11) (pSB1372 Htz1 HIS3 CEN/ARS)



This work



YSB1895 YSB1898



YKB703



b



work work work work



This work This work



This work
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YKB704



YKB708



a b c



Genotype trp1Δ63/trp1Δ63, ura3-52/ura3-52, htz1ΔkanMX / htz1ΔkanMX (CFIII (CEN3.L) URA3 SUP11) (pSB1372 Htz1 HIS3 CEN/ARS) MATa/α, ade2-101/ade2-101, his3Δ200/his2Δ200, leu2Δ1/leu2Δ1, lys2-801/lys2-801, trp1Δ63/trp1Δ63, ura3-52/ura3-52, htz1ΔkanMX / htz1ΔkanMX (CFIII (CEN3.L) URA3 SUP11) (pSB1370 htz1-K14R HIS3 CEN/ARS) MATa/α, ade2-101/ade2-101, his3Δ200/his2Δ200, leu2Δ1/leu2Δ1, lys2-801/lys2-801, trp1Δ63/trp1Δ63, ura3-52/ura3-52, htz1ΔkanMX / htz1ΔkanMX (CFIII (CEN3.L) URA3 SUP11) (pSB1371 htz1-K14Q HIS3 CEN/ARS)



p3 of 3 Source / Ref



This work



This work



Saccharomyces genome deletion project +/- pCse4.HA (pPM178; Cse4.HA, TRP1, CEN/ARS) 5 S288C background, analyzed after shuffling out URA3 covering plasmid on FOA



References 1. Winzeler EA, Shoemaker DD, Astromoff A, Liang H et al. Functional characterization of the S. cerevisiae genome by gene deletion and parallel analysis. Science 285, 901-6 (1999). 2. Tong AHY, Evangalista M, Parsons AB, Xu H et al. Systematic genetic analysis with ordered arrays of yeast deletion mutants. Science 294, 2364-2368 (2001). 3. Renauld H, Aparicio OM, Zierath PD, Billington BL et al. Silent domains are assembled continuously from the telomere and are defined by promoter distance and strength, and by SIR3 dosage. Genes Dev 7, 1133-45 (1993). 4. Clarke AS, Lowell JE, Jacobson SJ & Pillus L. Esa1p is an essential histone acetyltransferase required for cell cycle progression. Mol Cell Biol 19, 2515-2526 (1999). 5. Meluh PB, Yang P, Glowczewski L, Koshland D & Smith MM. Cse4p is a component of the core centromere of Saccharomyces cerevisiae. Cell 94, 607-613 (1998).
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Location



CEN-III 1



Chr III, 113807 a Chr III, 114043 Chr III, 114019 Chr III, 114283 Chr III, 114314 Chr III, 114565 Chr III, 114656 Chr III, 114934 Chr III, 114966 Chr III, 115197



CEN-III 3 CEN-III 4 CEN-III 5



ADH1 #1 ADH1 #2 ADH1 #3



TEL-V #1 TEL-V #2 TEL-V#3 TEL-V #4



TEL-V *



a b c



ChIP primers used



Primer #



CEN-III 2



p1 of 1



Primer Sequence



GCATGGTATGGCGCGGAAGAAACCG GGATGGTATATTTTAAGACACAGCC GGCTGTGTCTTAAAATATACCATCC GTACTATAAGCGGAAGGGGAAGGG GCGATCAGCGCCAAACAATATGG GAGCAAAACTTCCACCAGTAAACG CTAAGCTATATGTTGATGGGTTTAC CCGGGTGGGAAACTGAAGAAATC TTGCGTATAATCCGTGTTTCATCACC GATTGTAATTCGTGTGATAATGCAAC



Prom, - 235 b Prom, -18 ORF, +844 ORF, +1018 3’UTR, +1231 3’UTR, +1400



TTCCTTCCTTCATTCACGCACACT GTTGATTGTATGCTTGGTATAGCTTG TTCAACCAAGTCGTCAAGTCCATCTCTA ATTTGACCCTTTTCCATCTTTTCGTAA ACCGGCATGCCGAGCAAATGCCTG CCCAACTGAAGGCTAGGCTGTGG



ChrV, 373 c ChrV, 578 ChrV, 7699 ChrV, 7930 ChrV, 12161 ChrV, 12415 ChrV, 14075 ChrV, 14278



GTACAGTGGTACCTTCGTGTTATC CAGATTGCGCTGGGAGTTACC TCATTAATATTACTGTAGCGAGGAAG GGTTTACAGTACGAAGGCAACAGGAG GTTACATTTGCTATCTCATTTTCAGGTC CTTCATAACAGATTCAACTTTTCAGG CAGAACATACCCTAGCAACCATCGGC GCTTCTTTTCATAGTAACCCAATAGG



ChrV, 9716 ChrV, 9823



GGCTGTCAGAATATGGGGCCGTAGTA CACCCCGAAGCTGCTTTCACAATAC



CEN-III is located from 114379 – 114495 on chromosome III ADH1 ATG = +1 Left telomere tip of Chromosome V = 1
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YPD



+ FOA Dilution



≈1 WT



≈2 ≈ 2.5 ≈1



htz1Δ



≈2 ≈ 2.5 ≈1



+pHtz1



≈2 ≈ 2.5 ≈1



+ phtz1 -K14R



≈2 ≈ 2.5 ≈1



+ phtz1 -K14Q



≈2 ≈ 2.5 1 - 2.5 kb URA3 TEL-V
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A kD 19 14 19 14 64 49



αK14Ac αHtz1 αRpt1



B kD 19



αK14Ac



14 64



αRpt1



49



kD 19



αK14Ac



14 64



αRpt1



49



C



WT kD T C Ch 19 14



htz1Δ



swr1Δ



yng2Δ



T C Ch



T C Ch



T C Ch αK14Ac



19 14



αHtz1



49 36



αRpn8



19 14



αeIF-5A
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A



M



G1 αF HU



Clb2 G2



B



S



α Factor release (min)



kD 64



αClb2



49 19 14



αK14Ac



19 14



αHtz1



64



αRpt1



49



C kD 64 49



MMS Recovery (h) 0



1



2



3



4 αClb2



19 14



αK14Ac



19 14



αHtz1



64 49



αRpt1
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4



5
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