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 29

Abstract  30

 31

 The msa2/nrd1  gene encodes an RNA-b inding protein that  negat ively  32

regulat es sexual  di f ferent i at ion of  f i ssion yeast  Schi zosaccharomyce s  33

pombe  by repr essing the Ste11-regulat ed genes.  However ,  i t  i s  no t  34

known how Msa2 r egula tes sexual  di f fe rent iat ion,  and to  character ize  35

i t s  role,  we al ter ed the msa2  gene by inducing point  mutat ions and  36

test ed the resul t ing mutant s for  the ir  abi l i ty  to  inhibi t  sexual  37

dif ferent iat i on and their  suppressive ef fect  on a temperature sensi t i ve  38

pat1  mutant .  Several  amino acids were found to  be impor tant ,  39

including three pheny lalanine residues (F153,  F245 and F453)  in  the  40

three consensus RNA recogni t ion mot i fs (RRMs)  and a threonine  41

residue (T126)  that  normal ly f unct ions as a  phosphorylat ion si te .  43

Resul t s indicat ed that  Msa2 was negat ively regulated by  45

phosphorylat i on that  arose f rom Spk1-media ted pheromone  47

signa l ing.  Msa2 also regulated the Ste11  protein level  coordinat ing  49

with Cpc2,  a  r ibosomal- assoc iated protein.  In  addi t ion,  Msa2 wa s  51

detect ed in  st r ess granules that  co- local ized with Pabp in  t he cytoso l  52

under  condi t ions of  glucose st arvat ion.  Msa2 may regulat e the  53

t ransl at ion of  Ste11,  be a component  o f  st ress granules that  form in  54

response to  glucose starvat ion,  and r egu late the sexual  di f ferent i at ion  55

of  S.  pombe .  56

 57

 58

 59

 60

 61

62
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Introduct ion  62

Under  nutr ient  r ich condi t i ons,  Schi zosaccharomyces pombe  exhibi t s  63

haploid growth,  but  i t  in i t iate s sexual  di f ferent iat ion when st arved for  64

nutr ient s in  the presence of  the mat ing pheromone.  Dur ing starvat ion,  65

S.  pombe  cel l s  ar rest  at  the G1 phase of  the cel l  cycle,  cel l s  of  opposi t e  66

mating type (h-  and h+)  ini t iate  conjugat ion,  and the resul t ing zygotes  67

form four  ascospores (Yamamoto 2003) .  Starvat ion induces the  68

expression of  the ste11  gene that  encodes a key factor  that  up-regula tes  69

the t ranscr ipt ion of  several  genes invo lved in  conjugat ion,  meiosi s,  70

and sporulat ion (Sugimoto et  al .  1991) .  Both the st ress- respons ive and  71

the pheromone-responsive pathways  posi t ively regu late the  72

t ranscr ipt ion of  st e11 ,  but  the cAMP-dependent  prot ein kinase pathway  73

negat ively regulat es i t  through the act ion of  the Rst2 t ranscr ipt ion  74

factor  (Higuchi  et  al .  2002;  Kawamukai  et  al .  1991;  Maeda et  al .  1994) .  75

In  addi t ion,  the TOR ( target  of  rapamycin)  pathway is involved in  the  76

nutr ient  starvat ion response to  the regu lat ion of  Mei2 ( Valbuena and  77

Moreno 2010) .  Pat1 is  an essent ial  kinase that  negat ively regulate s  78

Mei2 by phosphorylat i on (Kitamura et  al .  2001;  Watanabe et  al .  1997) .   79

  The nrd1/msa2 gene negat ively contr ols sexual  di f ferent i at ion in  S.  80

pombe  and i ts  di srupt ion ini t iate s sexua l  di f ferent iat ion in  the absence  81

of  nutr ient  starvat ion (Jeong et  al .  2004a;  Tsukahar a et  al .  1998) .  The  82

nrd1/msa2  gene encodes an RNA-binding protein that  prefer ent ial ly  83

binds poly(U) ,  which regulates the onset  of  sexual  di f fer ent ia t ion by  84

repressing the St e11-regu lated genes  unt i l  those cel l s  exper ience a  85

cr i t ical  degree of  starvat ion (Tsukahara  et  al .  1998) .  We i solat ed two  86

genes,  msa1 and  msa2 ,  both of  which encode RNA-binding prote ins  87

that  are mul t i -copy suppr essor s of  the  sam1  mutant ,  which ini t iat e s  88

mating and forms spores on nutr ien t  r i ch media ( Jeong  et  al .  2004a;  89

Jeong et  al .  2004b;  Katayama et  al .  1996;  Oowatar i  et  al .  2009) .  90

Two-hybr id screening using Msa2 as bai t  al lowed the iden t i f icat ion of  91

Cpc2,  which is  a  homologue of  the mammalian RACK1 protein (Jeong  92

et  al .  2004a) .  RACK1 is a  highly conse rved member  of  the family of  93

WD-repeat  proteins impl icated in  numerous s ignal ing pathways tha t  94

can interact  wi th protein kinase C (PKC) (Ron et  al .  1994) .  The 95

RACK1 protein control s t ranslat ion by interact ing with r ibosomes in  96

mammals and i t s  S.  pombe  or tholog Cpc2 was also shown to associa t e  97
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with r ibosomes in  S.  pombe  (Baum et  al .  2004;  Coyle et  al .  2009;  Shor  98

et  al .  2003) .  Interest ingly,  Cpc2 has previously been i solat ed as a  99

protein that  inter act s wi th Pat1 and i s  involved in  the onset  of  sexua l  100

dif ferent iat i on (Jeong et  al .  2004a;  McL eod et  a l .  2000) .  We proposed  101

that  the interact ion of  the negat ive regulator  Msa2 with the posi t ive  102

regulator  Cpc2 suggests the exi stence  of  a  previously unident i f i ed  103

regulatory ci rcui t  in  the sexual  di f ferent i at ion of  S. pombe  ( Jeong et  al .  104

2004a;  Pau l  et  al .  2009b) .  105

 Moreover ,  i t  has r ecen t ly  been shown that  Msa2 dir ect ly  binds t o  106

cdc4  mRNA and regulat es i t s  st abi l i t y  (Satoh et  al .  2009) .  Cdc4  107

encodes an essent ial  l igh t  chain of  myosin and pl ays a  cruci al  role i n  108

cytokinesi s (McCollum et  al .  1995) .  Msa2 is  phosphoryl ated by Pmk1,  109

which encodes a MAP kinase involved in  cel l  int egr i ty ,  and i t  110

negat ively regulates the binding and stabi l izat i on of  cdc4  mRNA.  Thus ,  111

in  addi t ion to  i t s  establ ished role in  regulat ing sexual  di f ferent iat ion ,  112

Msa2 also has a  role in  the regulat ion of  cytokinesi s in  S.  pombe  (Satoh 113

et  al .  2009) .  114

  Here,  we examined the regulat ion of  Msa2 in  the sexua l  115

dif ferent iat i on of  S.  pombe .  Msa2 is  phosphoryl ated under  condi t ion s  116

of  nutr ient- starvat ion,  and this  is  dependent  upon the  117

pheromone-responsive MAP kinase s ignal ing pathway.  Cer t ain amino  118

acid sequences are necessary for  Msa2 to  inhibi t  the sexua l  119

dif ferent iat i on and Msa2 is  a  component  of  st ress granu les formed  120

under  condi t ions of  glucose s tarvat ion.  121
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Materials and methods 122

 123

Strains and media 124

The S.  pombe  s t ra ins used in  thi s st udy are l i st ed in  Table 1 .  Standard  125

yeast  cul tur e media and genet i c  manipu lat ions were used (Alfa et  al .  126

1993) .  S.  pombe  was grown in YES-r ich medium (0.5% yeast  extract ,  127

3% glucose,  225 mg/l i ter  adenine,  hist idine,  leucine,  uraci l ,  and/o r  128

lysine hydrochlor ide)  or  Pombe  Min imum (PM) synthet ic  medium,  129

supplemented with 75 mg/l i ter  aden ine,  leucine,  and/or  uraci l .  130

Nitrogen-f ree PM medium (0.5% glucose without  ammonium chlor ide)  131

was used to  cul ture S.  pombe  when the  mat ing ef f iciency was to  be  132

measured.  Escheri chia col i  s t ra in  DH5α  was used for  plasmid  133

manipulat ion.  E.  col i  was grown in LB medium (1% polypeptone,  0 .5% 134

yeast  extract ,  1% NaCl,  pH 7.2) .  135

 136

Plasmid construct ion  137

The msa2  DNA from pBluescr ip t  I I  KS(+)-msa2 or  pBluescr ipt  I I  138

KS(+)-msa2 var iant  p lasmid was ampli f ied by PCR us ing msa2F-Xho I  139

and msa2R-Not I  pr imers.  The PCR product  was digested with Xho I  and  140

Not I  and inser ted into pSLF272L (Forsburg and Sherman 1997) .  The 141

DNA sequences at  the inser t ion s i te  and at  the msa2  mutat ion si te  wer e  142

ver i f ied by DNA sequence analysis.  143

 144

Site-direct ed mutagenesi s 145

A ~4.7-kb DNA fragment  conta ining the msa2-3HA-kanMX6  sequence  146

f rom the Msa2-3HA–tagged S.  pombe  s t rain  YO1 genome was  147

amplif ied by PCR using  ol igonuc leot ides msa2F-EcoRV and  148

msa2R-SpeI  (Supplementar y Table 1) .  The DNA fragment  was then  149

diges ted with EcoRV and SpeI  and cloned into pBluescr ipt  I I  KS(+)  to 150

generat e pBluescr ip t  I I  KS(+)-msa2-3HA-kanMX6,  which was  used a s  151

the template for  PCR-based si te-directed mutagenesi s u sing the Quick  152

Change Si te-Dir ected Mutagenesi s Ki t  ( Stratagene,  La Jol la ,  CA,  USA).  153

Primers used for  si te-direct ed mutagenes is are l i sted in  Supplementary  154

Table 1.  This pl asmid was l inear ized with EcoRV and SpeI  and then  155

integrat ed at  the genomic locus of  the msa2  gene in  wi ld- type cel ls .  156

Stable and preci se integra t ion of  the tagged gene was conf i rmed by  157
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DNA sequencing,  and prot ein expression was conf i rmed by wester n  158

blot  analysi s.  159

 160

Construct ion of  an msa2  delet i on mutant  161

An msa2  del et ion mutant  was creat ed by replacing the ent i re  coding  162

sequence of  msa2  wi th  the kanMX6  module (Krawchuk and Wahl s  163

1999) .  The delet ion DNA casset te  was constructed using the  164

recombinant  PCR approach.  Five hundred bp ( approximate)  DNA 165

f ragment s corresponding to  the 5’  and 3’ region of  the msa2  gene wer e  166

amplif ied by PCR using msa2(A)  and msa2(B)  or  msa2(Y)  and msa2(Z)  167

ol igonuc leot ides shown in Supplementary Table 1 .  Both ampli f ied  168

f ragment s were at tached to  the ends of  the kanMX6  module by PCR.  169

SP870 was t ransformed with the resul t ing msa2::kanMX6  f ragment  and  170

t ransformants were selected with G418  (Sigma Chemical  Co. ) .  PCR 171

and southern blot  analysis wer e used to  conf i rm that  the chromosomal  172

msa2  gene was di srupted in  the resul t ing  t ransformant s (YO24) .   173

 174

Genomic integrat ion of  epi tope tags 175

Epitope tags of  three hemagglut inin (3HA) and green f luorescent  176

protein (GFP)  were integr ated into the genomic locus of  msa2  a t  i t s  177

C-terminus using a PCR-based method with pFA6a-3HA- kanMX6 and  178

pFA6a-GFP(S65T)-kanMX6 as templates  (Krawchuk and Wahl s 1999) .  179

Five hundred bp (approximate)  f ragmen ts corresponding to  the 5’  and  180

3’  region of  the msa2  gene wer e  ampli f ied by PCR using  181

ol igonuc leot ides msa2(W) and msa2( X) ,  or  msa2(Y)  and msa2(Z)  182

(Supplemen tary Table 1) .  Both of  the ampli f i ed f ragments wer e  183

at tached to  the ends of  the  kanMX6  casset te  u sing PCR.  SP870 was  184

t ransformed with the resul t ing  msa2-3HA-kanMX6  and  185

msa2-GFP(S65T)-kanMX6  f ragmen ts.  G418-resist ant  t ransformant s  186

were sel ected and  protein expression  was assessed  by Western blot  187

analysi s.  A st rain  (KT150)  expressing pabp-mRFP-hphMX6  was  188

constr ucted in  a  similar  way using ol igonucleot ides pab1 t1 ,  pab1 t2 ,  189

pab1 t3 ,  and pab1 t4  (Krawchuk and Wahls 1999) .  190

 191

Mating and sporulat i on ef f iciency assay  192

Cell s were grown to mid- log phase in  PM medium,  washed twice with  193
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ni t rogen-f ree PM medium,  and incubated in  ni t rogen-f ree PM medium 194

at  30 °C.  Af ter  incubat ion for  the indicated t imes,  1  ml  of the cel l  195

suspension was removed and sonicated gent ly ,  and the number  o f  196

zygotes observed using a microscope was counted.  The mat ing  197

eff iciency were calcu lated using the fol l owing equat ion:   198

Mat%=(2Z + 2A + 0.5S) / (H + 2Z + 2A +  0.5S)  199

where Z stands for  the number  of  zygotes,  A for  the number  of  asc i ,  S  200

for  the number  of  f ree spores,  and H for  the number  of  cel l s  that  fa i led  201

to  mate (Jeong et  al .  2004b) .  202

 203

Western blot  analysis 204

After  growth in  an appropr iate  medium,  ~1 ×  108  cel l s  were harvested ,  205

washed twice with dH2 O,  mixed in  100 µ l  of  dH2 O,  and boi l ed at  95 º C  206

for  5  min.  Subsequen t ly ,  120 µ l  of  2  ×  Laemmli  buffer  (4% SDS,  20%  207

glycerol ,  0 .6  M β-mercaptoethanol ,  8  M urea,  and 0.12 M Tr i s-HCl,  pH 208

6.8)  was added,  and the samples wer e  vigorously vor t exed with an  209

equal  volume of  zi rconia-si l ica beads for  3  min and heated at  95 ºC fo r  210

5 min.  The zi rconia- si l ica beads and debr i s wer e removed by  211

centr i fugat ion at  10,000 ×  g  for  15 min.  Approximately equal  amount s  212

of  each sample were analyzed by  SDS-PAGE with a 10%  213

polyacry lamide gel ,  and the separat ed proteins were t ransfer red to  a  214

PVDF membrane,  Immobilon-P ( Mil l ipo re Co. ,  Bi l ler i ca,  MA,  USA),  215

using ei t her  a  wet- type t ransf er  sys tem or  a  semidry t ransfer  system.  216

To detect  3HA fusion proteins,  the membranes were incubated with an  217

ant i -HA monoclonal  ant ibody (Santa Cruz Biotechnology Inc. ,  Santa  218

Cruz,  CA,  USA) di luted 1:3000 in  5%  dry milk in  PBS-T (137 mM 219

NaCl,  8  mM Na2 HPO4  12 H2 O,  2 .7  mM KCl,  1 .5  mM KHPO4  and 0.1%  220

Tween 20) ,  washed,  and incubated with hor seradish  221

peroxidase- conjugated ant i -mouse secondary ant ibody (Santa Cruz  222

Biotechnology Inc. )  di luted 1:3000 in  5% dry milk in  PBS-T. To detect  223

GFP fusion prot eins,  the membrane was incubated with an ant i -GFP  224

monoclonal  ant ibody (Roche Diagnost i cs)  di lut ed 1:2000 in  5% dry  225

milk in  PBS-T,  washed,  and incubated with hor seradish  226

peroxidase- conjugated ant i -mouse secondary ant ibody (Santa Cruz  227

Biotechnology Inc. )  di luted 1:3000 in  5% dry milk in PBS-T. The 228

secondary ant ibodies wer e det ec ted with t he enhanced  229



 8 

chemiluminescence (ECL)  syst em as descr ibed by the manufactur er  230

(GE Heal thcar e,  Pi t tsburgh,  PA,  USA).  To detect  Cdc2,  membranes  231

were incubated with an ant i -PSTAIRE polyclonal  ant ibody (Santa Cruz  232

Biotechnology Inc. )  di luted 1:3000 in  5% dry milk in  PBS-T,  washed,  233

and incubated with horseradi sh peroxidase-con jugat ed ant i - rabbi t  234

secondary ant ibody di luted 1:2000 in  5% dry milk in  PBS-T.  The 235

secondary ant ibodies were det ect ed with the ECL system (GE  236

Heal thcare) .  237

 238

Northern blot  analysis 239

Total  RNA was pr epared and Nor thern b lot  analysi s was performed as  240

descr ibed previously (Jeong et  al .  2004a;  Ozoe et  al .  2002) .  S. pombe  241

cel l s  were grown in PM medium a t  30˚C to a  densi ty  of  ~5 x 106  242

cel l s/ml .  The cel ls  were col lected by  centr i fugat ion,  washed with  243

ni t rogen-f ree PM medium,  and resuspended in  ni t rogen-f ree PM 244

medium at  t he same cel l  dens i ty .  The  cel ls  were incubated for  the  245

selected t imes,  resuspended in  1  ml  of ISOGEN (Nippon Gene,  Tokyo,  246

Japan) ,  and vigorously vor texed for  6  min with acid-washed glass  247

beads.  Af ter  centr i fugat ion (10000 ×  g  for  15 min at  4˚C) ,  the 248

supernatan t  was pr ecipi t ated with isopropanol .  Approximately 10 µg o f  249

each sample of  total  RNA was appl ied f or  elect rophoresis u sing a 1%  250

denatur ing formaldehyde-agarose gel  and the RNA was subsequent ly  251

t ransfer red to  a  hybr idizat ion membrane Hybond™-N+ (GE  252

Heal thcare)  i n  alkal ine  t ransfer  buffer  (0 .05 M sodium hydroxide)  for  4  253

hours.  The probes were labe led with [α -32P]-dCTP (GE Heal thcare)  by  254

using the BcaBEST™ label ing ki t  (Takara Bio Inc. ,  Shiga,  Japan) .  The  255

abundance of  the t ranscr ip t  on the blot  was analyzed by  256

autoradiography with a BAS1500-Mac image analyzer  (Fuj i  Fi lm Co. ,  257

Tokyo,  Japan) .  The hybr idizat ion probes used were the 1.3-kb Pvu I I  258

f ragment  for  ste11  f rom pSX1 (Sugimoto et  al .  1991) and the 3.5-kb 259

HindII I  f ragment  containing mam2  (Ki t amura and Shimoda 1991) .  260

 261

Fluorescence microscopy of  GFP and mRFP fusion prot eins 262

Msa2-GFP–tagged st rain  S.  pombe  YO3 cel ls  were cul tured in  PM a t  263

25°C to  mid- log growth phase and subsequent ly  inocu lated into  264

ni t rogen-f ree PM.  Msa2- GFP f luorescence or  Pabp-mRFP images of  265
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l iving cel ls  were obtained using a digi tal  camera DP70 (Olympus,  266

Tokyo,  Japan)  connected to  the BX51 microscope (Olympus,  Tokyo,  267

Japan)  or  a  Leica TCS-SP5 confocal  laser  scanning microscope (Leica  268

Microsystems,  Japan) .  269

 270

Result s 271

 272

Phosphorylat ion of  Msa2 273

 274

We found cul t i vat ion of  S.  pombe  under  ni t rogen st arved condi t ion s  275

caused decr eased electrophore t ic  mobi l i ty  of  the Msa2 protein.  To 276

examine this t ime cour se,  YO1 (Msa2-HA) cel ls  wer e starved for  277

ni t rogen and the Msa2 protein was moni tored by western blot t ing (Fig.  278

1A).  Decreased el ectrophoret ic  mobi l i t y  (band shif t )  of  Msa2 was  279

detect ed af ter  ni t rogen starvat ion for  1  h  - 12 h.  This band shif t  was  280

el iminat ed af t er  t reatment  of  samples  wi th λ-PPase and by pr ior  281

t reatment  wi th a  phosphatase inhibi tor .  Thus,  the Msa2 band shif t  wa s  282

probably caused  by phosphorylat i on (F ig.  1B) .  To determine i f  the  283

band shif t  could be directed by Spk1 protein kinase,  a  posi t ive and  284

essent i al  regulator  of  sexual  di f ferent i a t ion that  t ransmit s pheromone  285

signa l ing (Toda et  al .  1991)(Yamamoto  et  al .  2004) ,  we examined a  286

spk1  de let ion st rain  and found that  no band shif t  of  Msa2 was detected  287

(Fig.  1C) .  In  addi t ion,  the Msa2 band shif t  was not  a s large in  an h -  288

st rain  as in  an h 9 0  st rain .  This can be  explained by the absence o f  289

mating pheromone signa l ing,  which is  absent  in  an h -  s t rain  where the  290

act ivi ty  of  Spk1 is low,  but  is  present  in  an h 9 0  st rain .  Resul t s  suggest  291

that  Spk1 phosphory lates Msa2 ear ly  dur ing ni t rogen starva t ion.  292

 293

Effects of  Msa2 mutat ion 294

 295

Next ,  potent i al  target  si te s for  MAP kinase within Msa2 (T40,  T126  296

and S309)  that  contain the consensus sequence P-X-T/S-P were 297

mutated (T40A/D,  T126A/D,  and S309A/D,  respect ively)  on the  298

chromosome and mat ing ef f iciencies of  the resul t ing st r ains wer e  299

measured.  The mat ing ef f iciency of  the msa2∆  cel l s  was higher  (~25%) 300

than the wild type (~ 7%) under  the condi t ions examined (Fig.  2A) .  301
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The mat ing ef f i ciencies of  var ious mutants wer e near  to  the wild type  302

level .  However ,  this was not  t rue  for  the T126D mutant ,  a  303

phosphomimet ic muta t ion of  T126 in  Msa2 that  par t ly  los t  i t s  abi l i ty  t o  304

negat ively regulat e mat ing,  whi le  i t s  non-phosphoryla ted counterpar t  305

retained that  abi l i ty .  T40A,  T40D,  S309A and S309D mutant s did no t  306

affect  the mat ing ef f ici ency.  Since wide range proteomic analysi s  307

reveal ed another  phosphory lat ion s i te  (S93)  in  Msa2 (Wilson-Grady e t  308

al .  2008) ,  we tested the mutat ion of  that  si te ,  but  S93A and S93D did 309

not  af fect  Msa2 mat ing ef f iciency (Fig.  2A) .  Electrophoret ic  mobi l i ty  310

shif t  analysis of  Msa2,  Msa2(T40A),  Msa2(T126A),  and Msa2(S309A)  311

mutant s under  ni t rogen starved cond i t ion showed that  T126 is the  312

major  phosphoryl at ion si te  of  Msa2 (Fig.  2B) .  Double mutant s of  T40A 313

and T126A or  T40D and T126D showed that  T126D pr imar i ly  af fected  314

mating ef f i ciency whi le T40D had only a  modest  ef fect  (Fig.  3) .  Taken  315

together ,  T126  of  Msa2 is  an impor tan t  phosphoryla t ion si te  wi thin  316

Msa2 that  negat ively regulates mat ing ef f iciency.  317

 318

Overexpr ession of  msa2  or  i t s  mutant  fo rms suppr ess pat1 t s  319

We nex t  expressed var ious mutant  forms  of  Msa2 on the plasmid in  the  320

msa2∆  st r ain  to  see suppressive ef fect s of  them on mat ing ef f ici ency .  321

The resul ts  again  showed that  the T126D mutant  or  the T40D/T126D 322

double mutant  par t ly  lost  i t s  abi l i ty  to  lower  mat ing ef f ici ency (Fig.  323

3A).  As shown in Fig.  3B and as found by others,  the overexpression of  324

Msa2 suppr esses the temper ature sensi t i vi ty  of  pat1 t s  (Tsukahara et  al.  325

1998) .  However ,  this phenotype was abo l ished in  the T126D mutan t  or  326

the T40D/T126D double mutant ,  but  not  in  the others (T40A,  T40D,  327

T126A and T40A/T126A).  This conf i rms the mat ing ef f ici ency resul t s  328

shown  in Fig.  2  and also indi cates t hat  T126D is  an i nact ive form o f  329

Msa2.   330

 Because t his i s  ef f ect ive way to  measure the act ivi t y  of  Msa2,  we  331

test ed the abi l i ty  of  the other  Msa2 mutant s to  suppress the pat1 t s  332

mutant  phenotype.  We creat ed the mutan ts locat ed in  the RNA-binding  333

si te s of  Msa2 which contains four  RNA binding s i te s each with a  334

conserved RNA recogni t ion amino acid sequence moti f  RNP1  335

(R/K-G-F/Y-G/A-F/Y-I /L/V-X-F/Y) .  The conserved phenylal anine (F)  336

residues i n  the RNP1 domain of  RRM1,  2,  3 ,  and 4 in  Msa2 wer e  337
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replaced with alanine (F153A,  F245A,  F361A,  F453A) and the mutant s  338

were expressed on the plasmids to  test  for  their  abi l i ty  to  suppress the  339

pat1 t s  mutant  at  32˚C (Fig.  4A) .  Three mutant s (F153A,  F245A,  F453A)  340

fai led to  suppress t he pat1 t s  phenotype,  but  F361A suppressed i t .  At  a  341

higher  temperature (34˚ C) ,  those suppr essions were not  cl ear  (dat a not  342

shown) .  Replacement  of  al l  four  phenylalanine residues with al anine  343

enhanced the inabi l i ty  to  suppress the pat1 t s  phenotype.  We al so  344

created the st rains i n  which muta t ions on RRMs wer e integrated on the  345

chromosome and t est ed their  mat ing  ef f iciency.  Consi stent ly ,  we  346

observed that  the F361A mutant  i s  le ss ef fect ive than other  t hree  347

(F153A,  F245A,  F453A) mutants (data not  shown) .  Thus,  RRM1,  2,  and 348

4 are impor tant  for  the funct ion of  Msa2 ,  but  RRM3 is not .  The double  349

mutant  pat1-114  and msa2∆  lowered the rest r i ct ion t emper ature o f  350

pat1-114 ,  which is  consi sten t  wi th a  negat ive role for  Msa2 on sexua l  351

dif ferent iat i on and suppor t s a  genet ic  i nteract ion between msa2  and  352

pat1  (Fig.  4B) .  353

 354

Msa2 suppresses Ste11 expression 355

 356

Overproduct ion of  Msa2 sl i ght ly  reduced ste11  gene expr ession and  357

signif icant ly  reduced mei2  gene expression (Tsukahara et  al .  1998)  but  358

i t  does reduce the product ion of  St e11 protein (Fig.  5) .  Because mei2  359

expression is  dependent  on Ste11 (Sugimoto et  al .  1991) ,  the resul t s  360

suggest  that  Msa2 may be involved in  t he t ranslat ion of  Ste11.  Cpc2  361

has been repor t ed to  have mul t iple func t ions in  t ranslat ion because of  362

i t s  int eract ions with r ibosomal  proteins (Shor  et  al .  2003)  and i s  al so  363

repor ted to  interact  wi th Msa2 (Jeong e t  al .  2004a) .  Ther efore,  Cpc2  364

may be a pos i t ive regulator  of  sexual  di f ferent iat i on by control l ing the  365

t ransl at ion of  the ste11  gene.  Ni t rogen starvat ion induced ste11 gene  366

expression in  the cpc2∆  s t rain ,  but  Ste11 protein was not  produced in  a  367

propor t ional  manner .  In  addi t ion,  the expression of  mam2 ,  which i s  368

under  the control  of  St e11 (Ozoe et  al .  2002) ,  i s  abo l ished in  the cpc2∆  369

st rain  (Fig.  5) .  These resul t s  suggest  tha t  Msa2 and Cpc2 have a rol e in  370

the control  of  Ste11 possibly by a t ransl at ional  l evel .  371

 372

Starvat ion causes the format ion of  Msa2  granules 373
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   374

While Msa2-GFP predominant ly  local i zed in  the cytoplasm under  375

nutr ient  r ich condi t i ons,  the Msa2-GFP protein was vi sual ized as dot s  376

in  the cytoplasm af ter  glucose star vat ion (Fig.  6) .  These dot s  377

co- loca l ized with Pabp (a Poly(a) -binding protein)  (Ni lsson and  378

Sunnerhagen 2011) ,  a  known component  of  st ress granules,  and  379

indicat es that  Msa2 i s  a  componen t  of  st ress granules.  The presence of  380

Msa2 in  the granules was far  less abundant  af ter  ni t rogen st arvat ion  381

and no granules were visual i zed with Pabp under  the same condi t i on  382

(Fig.  6) .  Format ion of  st ress granules of  Msa2 and the ir  colocal izat ion  383

with Pabp were seen when a lower  amount  of  glucose (0.5 %)  was used  384

(Fig.  7A)  instead of  2  % glucose (Fig.  6B)  af ter  6  hour  ni t rogen  385

starvat ion.  Glucose concentrat ion is  the key factor  for  granule  386

format ion of  Msa2.  387

  As shown in Fig.  1A,  insolub le pr oteins such as Msa2 can be  388

extract ed by boi l ing the samples.  When the protein samples wer e  389

prepared without  boi l ing,  the soluble f orm of  Msa2 prot ein was not  390

detect ed in  the west ern blot  of  proteins  prepared f rom cel ls  that  had  391

undergone 8 hr  of  nutr ient  st arvat ion (Fig.  7B) .  Thus,  samples prepar ed  392

with boi l i ng and without  bo i l ing can  be used to  di st ingu ish  the  393

insoluble and soluble f orms of  the prote in.  Under  the same cel l  cul ture  394

and sample preparat i on (without  boi l ing )  condi t ions,  soluble forms of  395

Cpc2 were detected in  the western blot  (Fig.  7B) .  Thus,  Msa2 forms  396

insoluble gr anules upon starvat ion,  and Cpc2 i s  not  detected  in  the  397

insoluble granu les that  con tain Msa2.   398

 399

Discussion 400

Msa2 is an RNA-binding protein that  negat ively regulates sexual  401

dif ferent iat i on in  S .  pombe  ( Jeong et  al .  2004a;  Tsukahara et  al .  1998) ,  402

but  the molecular  mechani sm for  thi s is  not  known.  Resul ts f rom thi s  403

and other  studies suggest  that  Msa2 r egulat es St e11 t r ansl at ion by  404

cooper at ing with Cpc2,  a  r ibosomal-associat ed WD repeat  prot ein.  405

This hypothesis arose f rom studi es of  the cpc2∆  s t rain  that  showed tha t  406

the expression of  ste11  mRNA did not  change so much,  but  that  the  407

amount  of  Ste11 protein decreased and was i nsuff i cient  to  i nduce i t s  408

downstream t arget  (mam2 ) .  Over express ion of  msa2  d id  no t  change the  409
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expression of  ste11  mRNA so much but  i t  decreased the amount  of  410

Ste11 protein.  Because Msa2 i s  known to bind Cpc2,  and del et ion o f  411

cpc2  i s  phenotypical ly  ep ist at ic  to  de let ion of  msa2  ( Jeong et  al .  412

2004a) ,  Msa2 i s  expected to  exer t  i t s  regulatory funct ion through Cpc2 .  413

In  addi t ion,  Cpc2 posi t ively regulates the t ransla t ion of  Atf1,  which i s  414

a t ranscr ipt ion factor  required for  sexual  development  and the st ress  415

response ( Nunez et  al .  2009) .  Together ,  these resul t s  suppor t  a  nove l  416

sys tem whereby Msa2 may regulate t he  t ransl at ion of  St e11 prot ein,  417

al though  fur ther  invest igat ion of  t his mechani sm i s needed.  Cpc2 pl ays  418

an impor t ant  role  in  the format ion of  a  complex mediated  by Moc1 ,  419

Moc2,  Moc3,  Moc4,  and r pl32-2 proteins, which are positive regulators of 420

sexual di f ferent ia t ion (Goldar  et  al .  2005;  Kawamukai  1999;  Paul  et  al .  421

2009a;  Pau l  et  al .  2009b;  Yakura et  al .  2006a) ;  in  add i t ion,  a  posi t ive  422

role of  glutamyl  tRNA syn thet ase on sexual di f ferent iat i on was al so  423

shown (Paul  et  al .  2009a) .  These resul t s  also suggest  that  the  424

regulat ion of  t ranslat ion is  impor tan t  for  the control  of  sexual  425

dif ferent iat i on in  S.  pombe.   426

Several  amino acids impor tan t  for  Msa2 funct ion were detected :  427

phenylalanine residues F153,  F245,  and F453 in  the consensus RNA 428

recogni t i on moti f s (RRMs) .  This conc lusion i s  der ived f rom the fact  429

that  mutat ions in  the RRM region downr egulat ed the funct ion of  Msa2  430

and decreased i ts  abi l i t y  to  suppress pat1 t s .  Phosphoryl at ion of  Msa2 a t  431

a threonine residue (T126)  negat ively regulat ed i ts  funct ion.  Other s  432

have shown that  Pmk1 MAPK phosphor ylates Msa2 a t  two targe t  si te s  433

(T40 and T126)  (Satoh et  al .  2009) .  Here,  T126 af fected the role of  434

Msa2 on sexua l  di f ferent iat ion whi le T40 had only a sl ight  ef fect  (Fig.  435

2 and 3) .  Because T126 is located near  an RNP1 domain,  a  mutat ion of  436

T126 (but  not  T40)  may af fect  the funct ion of  RNP1.  Phosphorylat i on  437

of  T126 is dependen t  on the presence of  Spk1 kinase,  al though i t  i s  438

unclear  i f  i t  d i rect ly  phosphorylat es Msa2 or  not .  Never thel ess,  a s  439

T126 is a  t arget  si te  for  MAP kinase,  we presume that  Spk1 is  the  440

kinase that  di rec t ly  phosphorylat es Msa2.  Thus,  in  S.  pombe ,  once  441

pheromone signal ing i s  upr egulat ed,  Spk1 is  act ivat ed and  442

phosphorylat es a  negat ive regulator  of  Msa2,  which al lows t ransl at ion  443

to  proceed with the product ion of  Ste11.   444

We detec ted Msa2 in  cytoplasmic granules under  condi t ions of  445
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glucose starvat ion,  but  not  in  n i t rogen s tarvat ion under  h igher  glucose  446

condi t ion (2%).  These granules co- local i zed with Pabp,  suggest ing tha t  447

they are st ress gr anules (Ni l sson and Sunnerhagen 2011) .  Msa2 wa s  448

also detec ted in  an inso luble form of  protein granule formed af t er  449

ni t rogen st arvat ion under  lower  glucose condi t ion (0.5%).  Granule  450

format ion of  Msa2 was cl ear ly  dependent  on glucose concentrat i on.  451

Since s tarvat ion (glucose or  ni t rogen)  is  a  signal  to  induce sexua l  452

dif ferent iat i on,  a  negat ive regulator  of  sexual  di f ferent i at ion l ike Msa2  453

i s  not  necessary,  so i t  i s  reasonable t hat  Msa2 may ent er  insoluble  454

granules that  sequester  prot eins and/or  mRNAs that  are not  necessar y  455

for  sexual  di f ferent i at ion.  I t  i s  possib le that  these proteins and/o r  456

mRNAs may be released once a nut r ient- r ich condi t ion becomes  457

avai lable.   458

  Apparent  or thologs of  Msa2 are found in  many fungi ,  including S.  459

pombe,  S .  cerevisiae,  Kluyveromyces lact is ,  Megnaporthe gri sea,  and  460

Neurospora crassa.  However ,  l i t t le  i s  known about  the or thologs of  461

Msa2 in  Saccharomyces cerevis iae  and  S.  pombe .  The S.  cerevisiae  462

or tholog MRN1/YPL184c was proposed to  be involved in  t ranslat iona l  463

control  f rom the resul ts  of  an analysis  of  40 dif ferent  RNA-bind ing  464

proteins (Hogan et  al .  2008)  and is  consi stent  wi th t he resul t s  found in  465

S.  pombe .    466
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Fig. 1. Phosphorylation of Msa2 protein.  1

(A) A mid-log phase culture of YO1 (h90 msa2-3HA-kanMX6) was incubated in 2

nutrient-rich medium (YE) or minimal medium (PM). Growing cells in PM medium 3

were washed, resuspended in nitrogen-free PM medium at 0.5 × 107 cells/ml, and 4

incubated at 30˚C for the indicated times. Extracts of the cells were subjected to 5

SDS-PAGE and detected by western blot with anti-HA antibody. 6

(B) Extracts of YO1, expressing Msa2-3HA, were subjected to immunoprecipitation 7

with anti-HA antibody, and the immunoprecipitants were treated with λPPase with 8

or without the addition of the phosphatase inhibitor mixture. The samples of the 9

resulting reactions were separated by SDS-PAGE, and Msa2-3HA protein was 10

detected by western blot using anti-HA antibody. Closed and open triangles indicate 11

phosphorylated proteins and non-phosphorylated proteins, respectively. (C) YO1 12

(h90 msa2-3HA), YO32 (h- msa2-3HA) and YO20 (h90 msa2-3HA spk1Δ). Cells 13

were grown in YE medium (Nutrient +) or PM medium to mid-log phase. Growing 14

cells in PM medium were washed, resuspended in nitrogen-free PM medium at 0.5 15

× 107 cells/ml, and incubated at 30˚C for two hours (Nutrient -). The expression of 16

the Msa2 protein was detected by western blot with anti-HA antibody. Closed and 17

open triangles indicate phosphorylated proteins and non-phosphorylated proteins, 18

respectively. 19

 20

Fig. 2. The mating efficiency of msa2 mutants.  21

(A) SP870 (wild-type), YO24 (msa2Δ), YO1 (msa2-3HA), YO74 (msa2-T40A-3HA), 22

YO75 (msa2-T40D-3HA), YO77 (msa2-T126A-3HA), YO78 (msa2-T126D-3HA), 23

YO80 (msa2-S309A-3HA), YO81 (msa2-S309D-3HA), YO108 (msa2-S93A-3HA) 24

and YO109 (msa2-S93D-3HA) were grown to the mid-log phase in PM medium, 25

washed with nitrogen-free and 0.5% glucose PM medium, and incubated in PM 26

medium with nitrogen-free and 0.5% glucose at 30˚C. After incubation for 36 hours, 27

the numbers of zygotes were visualized and counted using a microscope. (B) YO1 28

(msa2-3HA), YO74 (msa2-T40A-3HA), YO77 (msa2-T126A-3HA) and YO80 29

(msa2-S309A-3HA) were grown in YE medium (Nutrient +) or PM medium with 30

nitrogen-free and 0.5% glucose (Nutrient -) to mid-log phase. The proteins were 31

subjected to SDS-PAGE and Msa2 protein was detected by western blot with 32

anti-HA antibody. Closed and open triangles indicate phosphorylated proteins and 33

non-phosphorylated proteins, respectively.  34

. 35

Fig. 3. Functional analysis of msa2 with mutations in putative 36
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phosphorylation sites. 1

(A) YO24 (msa2Δ) cells harboring the plasmid containing msa2 with the 2

indicated mutations were grown in PM medium to mid-log phase. Each strain was 3

inoculated into nitrogen-free PM medium containing 0.5% glucose. After 4

incubation for 40 hours, the number of zygotes were visualized and counted using 5

a microscope. (B) The K188-A1 (h- pat1-114) strain harboring the plasmid 6

containing msa2 with the indicated mutations was spotted on PM medium and 7

incubated at 25˚C, 34˚C or 36˚C. 8

 9

Fig. 4. Functional analysis of msa2 with mutations in the RNA recognition 10

motif. 11

(A) h- pat1-114 strains harboring the msa2 plasmids with the indicated mutations 12

and KT34 (wild-type) were spotted on PM medium and incubated at 25˚C or 32˚C. 13

(B) KT34 (wild-type), K188-A1 (pat1-114), YO36 (msa2Δ) and YO117 (pat-114 14

msa2Δ) were incubated on PM medium at 25˚C, 30˚C, and 34˚C for five days. 15

 16

Fig. 5. Expression of Ste11 in cells that overproduce Msa2 or in cpc2Δ  cells.  17

(A)  SPB371 (st e11:: ste11- GFP )  cel ls  harbor ing the empty vector  18

(control)  or  the plasmid that  over-expresses msa2 (Msa2 O.P. )  were  19

grown in PM medium to mid- log phase.  Cel l s  were harvested,  washed,  20

and resuspended in  ni t rogen f ree PM medium conta ining 0.5%  21

glucose at  0 .5  ×  107 cel ls/ml ,  and fur ther  incubated at  30˚C.  For  each  22

t ime point ,  cel l s  were harvest ed and crude extracts were prepared by  23

the boi l ing SDS-beads method (Mat suo et  al .  2006) .  Immunoblot t ing  24

was performed with an ant i -GFP ant ibody to  detect  Ste11 and with an  25

ant i -PSTAIRE ant ibody to  detec t  Cdc2 as a  loading control .  (B)  26

SPB371 (st e11::st e11-GFP,  control) ,  YO27 (ste11::ste11-GFP,  27

cpc2Δ )  were grown as descr ibed above.  Ste11–GFP and Cdc2 wer e  28

detect ed by immunoblot t i ng with  ant i -GFP ant ibody and  29

ant i -PSTAIRE ant ibody.  (C)  SP66 (wild- type)  and HT201 (cpc2Δ )  30

were grown in PM medium to mid- log  phase.  Cel l s  wer e washed,  31

resuspended in  ni t rogen-f ree PM medium containing 0.5% glucose at  32

107  cel ls /ml ,  and incubated for  the indi cated t imes.  Total  RNA was  33

then extr acted f rom the cel l s .  The expression of  t ranscr ipts was  34

analyzed by Nor thern blot .  The equal i ty  of  RNA loading was  35

conf i rmed by staining with ethidium-bromide (Et-Br) .  36
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 1

Fig.  6 .  Msa2-GFP forms granules in response to glucose starvation.  2

KT160 (h90 msa2-GFP-kanMX6 pabp-mRFP-hphMX6) cells were cultured in PM 3

at 30℃  to the early-log phase, and harvested by centrifugation. Cells were 4

washed twice in glucose-free PM or nitrogen-free PM (with 2% glucose), and 5

subsequently inoculated into glucose-free PM or nitrogen-free PM (with 2% 6

glucose). Msa2-GFP and Pabp-RFP fluorescence images were obtained using a 7

Leica TCS-SP5 confocal laser scanning microscope. 8

 9

Fig. 7. Granule formation of Msa2-GFP and insoluble form of Msa2.  10

(A) KT160 (h90 msa2-GFP-kanMX6 pabp-mRFP-hphMX6) cells were grown in 11

PM medium to mid-log phase and subsequently inoculated into nitrogen free PM 12

medium containing 0.5% glucose. Localization of Msa2 in living cells was 13

monitored with a fluorescence microscope at 25˚C. (B) Insoluble form of Msa2. 14

A mid-log phase culture of YO15 (h90 msa2-3HA-kanMX6 cpc2-GFP-kanMX6) 15

was incubated in minimal medium (PM). Growing cells in PM medium were 16

washed, resuspended in nitrogen-free PM medium at 0.5 × 107 cells/ml, and 17

incubated at 30˚C for the indicated times. Extracts of the cells were prepared 18

without boiling and subjected to SDS-PAGE, and proteins were detected by 19

western blot with anti-HA antibody, anti-GFP antibody, or anti-PSTAIRE. 20

23
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Table 1. S. pombe strains used in this study 

Strain Genotype Source 

SP66 h90 ade6-M210 leu1-32  (Kawamukai et al. 1992) 

SP870 h90 ade6-M210 leu1-32 ura4-D18 (Kawamukai et al. 1992) 

SP870A h90 ade6-M216 leu1-32 ura4-D18 Lab. stock 

KT34 h- ade6-M210 leu1-32 ura4-D18 Lab. stock 

SPKU h90 ade6-M210 leu1-32 ura4-D18 spk1::ura4 (Yakura et al. 2006b) 

K188-A1 h- ade6-M210 leu1-32 pat1-114 Lab. stock 

SPB371 h90 ade6-M216 leu1-32 ura4-D18 ste11::ste11-GFP-ura4 (McLeod et al. 2000) 

HT201 h90 ade6-M210 leu1-32 ura4-D18 cpc2::ura4 (Jeong et al. 2004a) 

YO1 h90 ade6-M210 leu1-32 ura4-D18 msa2-3HA-kanMX6 (Jeong et al. 2004a)  

YO3 h90 ade6-M210 leu1-32 ura4-D18 msa2-GFP-kanMX6 This study 

YO15 h90 ade6-M210 leu1-32 ura4-D18 msa2-3HA-kanMX6 cpc2-GFP-kanMX6 (Jeong et al. 2004a) 

YO20 h90 ade6-M210 leu1-32 ura4-D18 spk1::ura4 msa2-3HA-kanMX6 This study 

YO22 h90 ade6-M210 leu1-32 ura4-D18 spk1::ura4 msa2-GFP-kanMX6 This study 

YO24 h90 ade6-M210 leu1-32 ura4-D18 msa2::kanMX6 This study 

YO27 h90 ade6-M216 leu1-32 ura4-D18 ste11::ste11-GFP-ura4 cpc2::kanMX6 This study 

YO32 h- ade6-M210 leu1-32 ura4-D18 msa2-3HA-kanMX6 This study 

YO36 h- ade6-M210 leu1-32 ura4-D18 msa2::kanMX6 This study 

YO74 h90 ade6-M216 leu1-32 ura4-D18 msa2::msa2(T40A)-3HA-kanMX6 This study 

YO75 h90 ade6-M216 leu1-32 ura4-D18 msa2::msa2(T40D)-3HA-kanMX6 This study 

YO77 h90 ade6-M210 leu1-32 ura4-D18 msa2::msa2(T126A)-3HA-kanMX6 This study 

YO78 h90 ade6-M216 leu1-32 ura4-D18 msa2::msa2(T126D)-3HA-kanMX6 This study 

YO80 h90 ade6-M216 leu1-32 ura4-D18 msa2::msa2(S309A)-3HA-kanMX6 This study 

YO81 h90 ade6-M216 leu1-32 ura4-D18 msa2::msa2(S309D)-3HA-kanMX6 This study 

YO82 h90 ade6-M210 leu1-32 ura4-D18 msa2::msa2(F153A)-3HA-kanMX6 This study 

YO83 h90 ade6-M210 leu1-32 ura4-D18 msa2::msa2(F245A)-3HA-kanMX6 This study 

YO84 h90 ade6-M210 leu1-32 ura4-D18 msa2::msa2(F361A)-3HA-kanMX6 This study 

YO85 h90 ade6-M216 leu1-32 ura4-D18 msa2::msa2(F453A)-3HA-kanMX6 This study 

YO107 h90 ade6-M210 leu1-32 ura4-D18 msa2::msa2(4FA)-3HA-kanMX6 This study 

YO108 h90 ade6-M210 leu1-32 ura4-D18 msa2::msa2(S93A)-3HA-kanMX6 This study 

YO109 h90 ade6-M210 leu1-32 ura4-D18 msa2::msa2(S93D)-3HA-kanMX6 This study 

YO117 h- ade6-M216 leu1-32 ura4-D18 pat1-114 msa2::kanMX6 This study 

KT160 h90 ade6-M210 leu1-32 ura4-D18 msa2-GFP-kanMX6 pab1-mRFP-hphMX6 This study 
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S u p p l e m e n t a r y  T a b l e  1 .  O l i g o n u c l e o t i d e  p r i m e r s  u s e d  i n  t h i s  s t u d y  1

P r i m e r  n a m e  S e q u e n c e  ( 5 ’  t o  3 ’ )  

p S L F 2 7 2 L  

 m s a 2 - F -Xh o I  T T C C T C G A G T A T G T C T T C T A G C A G T C C C  

 m s a 2 - R -No t I  T A G C G G C C G C C A A T A T T G G A G T T T G T  

 

S i t e - d i r e c t e d  m u t a g e n e s i s  

 m s a 2 - F -E coR V  G T T G A T A T C T G C T T G T T T C A T T C G C  

 m s a 2 - R - S p e I  C G G T T T G G A A C T A G T A G A C A A T A A T G  

 m s a 2 - F - T 4 0 A  G G T C T C G C T A C A C C A A A C G C A C C G C A T G C T C T A C  

 m s a 2 - R - T 4 0 A  G T A G A G C A T G C G G T G C G T T T G G T G T A G C G A G A C C  

 m s a 2 - F - T 4 0 D  G G T C T C G C T A C A C C A A A C G A C C C G C A T G C T C T A C  

 m s a 2 - R - T 4 0 D  G T A G A G C A T G C G G G T C G T T T G G T G T A G C G A G A C C  

 m s a 2 - F - T 1 2 6 A  G G T A A C C T T C C T C C C A A T G C C C C T A T T G A T G A G  

 m s a 2 - R - T 1 2 6 A  C T C A T C A A T A G G G G C A T T G G G A G G A A G G T T A C C  

 m s a 2 - F - T 1 2 6 D  G G T A A C C T T C C T C C C A A T G A C C C T A T T G A T G A G  

 m s a 2 - R - T 1 2 6 D  C T C A T C A A T A G G G T C A T T G G G A G G A A G G T T A C C  

 m s a 2 - F - S 3 0 9 A  G G G G T A T C C T C C C C C A G C C C C G G T T C T C C A A A A A C  

 m s a 2 - R - S 3 0 9 A  G T T T T T G G A G A A C C G G G G C T G G G G G A G G A T A C C C C  

 m s a 2 - F - S 3 0 9 D  G G G G T A T C C T C C C C C A G A C C C G G T T C T C C A A A A A C  

 m s a 2 - R - S 3 0 9 D  G T T T T T G G A G A A C C G G G T C T G G G G G A G G A T A C C C C  

 m s a 2 - F - S 9 3 A  T C A C G T G T T A C C G C T C C T A A T G T T G C T A A C  

 m s a 2 - R - S 9 3 A  A G C A A C A T T A G G A G C G G T A A C A C G T G A A A C  

 m s a 2 - F - S 9 3 D  T C A C G T G T T A C C G A T C C T A A T G T T G C T A A C  

 m s a 2 - R - S 9 3 D  A G C A A C A T T A G G A T C G G T A A C A C G T G A A A C  

 m s a 2 - F - F 1 5 3 A  C T A C C T G A G A A A A A T T G T G C C G C T A T T T C C T T T T T G G A T C C G A G C  

 m s a 2 - R - F 1 5 3 A  G C T C G G A T C C A A A A A G G A A A T A G C G G C A C A A T T T T T C T C A G G T A G  

 m s a 2 - F - F 2 4 5 A  C T G A A C G A A A T A T A G C T G C T G T T C A T T T T T T G A A C A T T G C A G C T G  

 m s a 2 - R - F 2 4 5 A  C A G C T G C A A T G T T C A A A A A A T G A A C A G C A G C T A T A T T T C G T T C A G  

 m s a 2 - F - F 3 6 1 A  C T T C A G G A A A A A C A C A T T T G T G C C G T A A C T T T T G T T G A C C C T G  
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 m s a 2 - R - F 3 6 1 A  C A G G G T C A A C A A A A G T T A C G G C A C A A A T G T G T T T T T C C T G A A G  

 m s a 2 - F - F 4 5 3 A  G A A T T G C G C T G C T G T T A A C T T T A C G T C G T T G G C  

 m s a 2 - R - F 4 5 3 A  C G T A A A G T T A A C A G C A G C G C A A T T C T T T T C G C G  

  

D i s r u p t i o n  a n d  t a g g i n g  

 m s a 2 ( A )  C C T T T C C A C A T C A T T C A A G  

 m s a 2 ( B )  G G G G A T C C G T C G A C C T G C A G C G T A C G A G A C C G A A A T C A A T A A C T G  

 m s a 2 ( W )  G G G T A A G C A T A G C G G C C C T C  

 m s a 2 ( X )  G G G G A T C C G T C G A C C T G C A G C G T A C G A A A T A T T G G A G T T T G T T G G C  

 m s a 2 ( Y )  G T T T A A A C G A G C T C G A A T T C A T C G A T C A G C G C T T T G A G T T C A T A T C  

 m s a 2 ( Z )  G A T T C G T C A A T A T T G T T T G C  

 m s a 2 - R - c h e c k  C A C C G T T G A A G T C T T C A G C  

 p a b 1  t 1  G C T G T T C A A T A T G G T G C C A C  

 p a b 1  t 2  C G T C G A C C T G C A G C G T A C G A C T C A G T G A A G C C A G G C T C T T  

 p a b 1  t 3  C G A G C T C G A A T T C A T C G A T G T G A A T G A C A T T T C T A T G A A A G T T  

 p a b 1  t 4  G C T C A T T G G T C A T C T G A A C G  

 p a b 1  c h k  T T A A G G A T C T G G T T C G G G A C  
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