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Abstract 

Ribosomes are responsible for protein synthesis. Biogenesis of ribosomes is an essential 

cellular process. Ribosome consists of ribosomal proteins and ribosomal RNAs 

(rRNAs). Mroe than 200 non-ribosomal factors are involved in the assembly, 

modification of ribosomal proteins and rRNAs, and transportation of ribosome. The 

mechanism of ribosome biogenesis is conserved among eukaryotes. Therefore, 

Saccharomyces cerevisiae (budding yeast) is a model organism for ribosome biogenesis 

study. It has been known that BCP1 is essential for 60S ribosome biogenesis. After 

depletion of BCP1, GFP-tagged ribosomal proteins of large subunit are accumulated in 

nucleus. Also, the polysome profile of BCP1 depletion strain shows decreased ratio of 

60S to 40S and appears halfmers in 80S and polysome. Besides, previous study showed 

that RPL23 (Ribosomal protein of large subunit) is a high copy suppressor of bcp1ts. In 

this study, we find that Bcp1 has direct interaction with Rpl23 and can stabilize 

free- form Rpl23. This evidence suggests that Bcp1 is a chaperon of Rpl23.  On the other 

hand, Bcp1 also has direct interaction with Rkm1, the methyltransferase of Rpl23. 

According to the evidences from in vitro interaction assays, Bcp1, Rpl23 and Rkm1 can 

interact with each other. They can also form a ternary complex. Bcp1 interacts with 

Rkm1 via its N terminus, and interacts with Rpl23 via its C terminus. After depletion of 

any of them in budding yeast, the interaction between the other two is affected. 

Therefore, the hetero-trimeric complex of Bcp1, Rpl23 and Rkm1 would be a more 

stable conformation. 

Keywords: Bcp1, Rpl23, chaperone, Rkm1, Mss4, ribosome biognenesis 
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(Ribosome biogenesis)

80S 40S 60S

(Saccharomyces cerevisiae)

5–10 μm

1996 (Goffeau et al., 1996) 31%

(Botstein et al., 1997)

rRNAs (Ribosomal RNA) 

40S 33 (Ribosomal protein) 18S rRNA 60S

46 25S 5.8 S 5 S rRNA (Melnikov et al., 2012)

mRNA 80S

(Lindstrom, 2009; Rodnina and Wintermeyer, 2009)

(Dinman, 2009)

rRNA rDNA (Transcription) 18S 5.8S 25S rRNA

35S rRNA RNA I (RNA polymerase I) 

(Cmarko et al., 2008; Fatica and Tollervey, 2002; Grandi et al., 2002; Henras et al., 

2008; Zemp and Kutay, 2007) 5S rRNA RNA III 7S

pre-rRNA Rpl5 Rpl11 (R ibosomal protein of large subnit) 

Rpf2 Rrs1 (trans-acting factors) 5S rRNA
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(Zhang et al., 2007) (Ribosomal protein) RNA

II mRNA (Transcription) (Translation) 

(Ciganda and Williams, 2011)

rRNA (Venema and Tollervey, 1999; Zhang et al., 2007)

35S rRNA U3 snoRNP small subunit 

(SSU) processome(Dragon et al., 2002) 40S

35S rRNA methylation pseudouridylation 35S rRNA

A0 A1 ( ) 32S rRNA (Wehner et al., 2002)

40S 40S 90S

pre-ribosome 90S pre-ribosome 32S rRNA A2 20S

rRNA 27S rRNA rRNA 43S pre-40S ribosome 66S pre-60S

ribosome

80S (Venema and Tollervey, 1999)

Crm1 RanGTP/RanGDP ( Prp12) 

pre-40S ribosome (Moy and Silver, 1999, 2002;

Oeffinger et al., 2004) 40S Rps3 

(Ribosomal protein of Small subnit) Hrr25 Rio2 (Kinase) 

(Schafer et al., 2006) 20S rRNA Rio1 Rio2

Kinase D 40S (Zemp and Kutay, 

2007)

pre-40S ribosome pre-60S ribosome

Tandem affinity-purification (TAP) 

pre-ribosome (Rigaut et al., 1999)

(Bassler et al., 2001; Fatica et al., 2002;

Harnpicharnchai et al., 2001; Nissan et al., 2002; Saveanu et al., 2001) pre-60S

ribosome Ssf1-TAP Ssf1 pre-60S ribosome

27SA 27SB pre-rRNA 30

snoRNPs
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(Fatica et al., 2002) 60S

Ssf1 Nsa1 Nop7 (Nucleoplasm)

Nug1 Rix1 Rea1 Arx1 Nmd3

Drg1 Lsg1 Kre35 (Nissan et al., 2002)

5S rRNA 27S rRNA 66S pre-60S ribosome

27S rRNA C2 7S 25S rRNA 7S

rRNA 5.8S rRNA (Dunbar et al., 2000; Gadal et al., 2002) 60S

60S

Lsg1 (GTPAse) Rpl10 ─Sqt1 Nmd3

Rpl10 Nmd3 (Hedges et al., 2005; West et al., 2005)

Tif6 Tif6 60S 40S

(Gartmann et al., 2010) Efl1 Sdo1 Tif6

(Senger et al., 2001)
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(Nuclear pore complex NPC)

(Nucleoporins

Nups) FG repeats (Phenylalanine-glycine repeats) FG repeats

(Chadrin et al., 2010;

Hoelz et al., 2011)

─40S 60S

(Nuclear export) (Ribbeck and 

Gorlich, 2002) 60S Nmd3 Mex67-Mtr2

Arx1 Nmd3 NES (Nuclear export signal) Nmd3 60S

NES Crm1/Xpo1 Crm1/Xpo1

(Karyopherin) RanGTP/RanGDP 60S

(Nissan et al., 2002) Mex67-Mtr2 NTF2 (Ran-independent 

transport receptors) Mex67-Mtr2 NTF2-like 

loop 60S 5S rRNA 60S

(Bassler et al., 2001; Strasser et al., 2000; Yao et al., 2007) Arx1 Alb1 

(Arx1 little brother) 60S 60S

60S (Bradatsch et al., 

2007; Hung and Johnson, 2006) 60S

60S
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Bcp1

bait Tandem affinity-purification (TAP) 

(Rigaut et al., 1999)

2009 Zhihua Li PLOS Biology

212

212

BCP1 Bcp1 60S

2003 Audhya Emr Bcp1

Mss4 (Phosphatidylinositol-4-phosphate 5-kinase) PI4,5P2

PIP3 PI4,5P2

(Actin) (Fruman et al., 

1998; Martin, 1998; Takenawa and Itoh, 2001) PI4,5P2

Mss4 Kap123 Bcp1

PI4P PI4,5P2 Mss4

PI4,5P2
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Bcp1 60S

Mss4 Bcp1

RPL23 bcp1ts (High-copy 

suppressor) bcp1ts RPL23 bcp1ts

( ) Bcp1 Rpl23 (ribosomal protein of large subunit) 

(Collins et al., 2007; Gavin et al., 2002; Ho et al., 2002; Krogan et al., 

2006) Rpl23 60S Bcp1

Rpl23 Bcp1 60S

Bcp1
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(transformation)

( ) (E. coli heat shock transformation)

1-10 μL 100 μL 30

42 90 100 μL LB

37 30 37

( ) (Quick yeast transformation)

2 1

Li/TE (0.1 M LiOAc 10 mM Tris + 1 mM EDTA )

15 μL 5 μL 10 mg/mL ssDNA 1-2 μL 300 

μL PEG/Li/TE (1 mL 1 M LiOAc 1 mL 100 mM Tris + 10 mM 

EDTA 8 mL 50% PEG) 30 30

42 15 1

30

( ) (High-efficiency yeast 

transformation)

5 OD600 50

( OD600=0.15-0.20) 30 OD600 

=0.7 ( 5-6 ) 25

1 100 mM LiOAc 1.5

100 mM LiOAc

500 μL 50 μL/ ( )

240 μL 50% PEG w/v 36 μL 1 M LiOAc 10 μL 10 mg/mL 



8

ssDNA 0.1-1 μg ( X μL) (74-X)  μL

30 30 42 15

1

( 200 μL ) 30 (Gietz and Woods, 2002)

(Spot assay) 

OD600 1 OD600 96

(1 10-1 10-2 10-3 10-4) 5 μL

2-4

(Yeast two-hybrid system)

(Fields and Song, 1989) GAL4

GAL4

(Binding domain BD) (Activation 

domain AD) BD (Upstream activation sequence) 

AD

BD AD

AD BD (Reporter genes ADE2 HIS3 LacZ)

Adenine Histidine

X-Gal IPTG

(Polysome analysis) 

0.3-0.4 OD600 50 μg/mL cycloheximide 10

mRNA -80 lysis buffer (20 mM 

Tris-HCl (pH 7.4), 8 mM MgCl2, 100 mM NaCl, 50 μg/mL cycloheximide, 1 mM 

PMSF, 1 μM Leupeptin) 

30 1 4 4 13000 rpm 

10 OD260 9 OD260

(7%-47% , 20 mM Tris-HCl (pH 7.4), 8 mM MgCl2, 100 mM KCl, and 

12 mM β-ME) 40000 rpm 4 OD254

10% TCA (Western blotting)
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2% 2%

(AxioScope A1; Zeiss) 

GFP

(Immunoprecipitation) 

0.4-0.6 OD600 -80 lysis buffer 

(20 mM Tris-HCl (pH 7.4), 6 mM MgCl2, 50 mM NaCl, 10% glycerol, 1 mM PMSF, 1 

μM Leupeptin) 

30 1 6 13300 rpm 4 10

OD280 OD280

CL-4B Protein A Agarose beads (GE Healthcare) 4

(WCE whole cell extract)

4 Protein A beads 4

1x SDS loading buffer beads

(Western blotting)

In vitro interaction assay 

E. coli BL21-CodonPlus (DE3) lysis buffer 

(20 mM Tris-HCl, pH7-8, 100 mM NaCl, 1 mM PMSF, 1 μM Leupeptin) 

13300 rpm 4 10

(tag)

lysis buffer beads

4 1x SDS loading buffer beads

SDS-PAGE Coomassie blue

(Western blotting)
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(Coomassie blue)

10-11% SDS-PAG Coomassie blue buffer

20-30 Destain buffer

Coomassie blue buffer 0.3% Coomassie Brilliant Blue R 250 (SERVA 

Electrophoresis GmbH UK) 10% acetic acid 30% methanol Destain 

buffer 10% acetic acid 30% methanol

bcp1

PKL101 (BCP1-GFP) Vas Taq DNA

PCR bcp1 5 μL 10X PCR buffer X μL (0.1 

μg) 1 μL 0.01 mM F 1 μL 0.01 mM R 5 μL 2 mM dNTPs 0.4 μL 5 U/μL 

Vas Taq polymerase (37.6 - X)  μL 94

3 12 94 1 55 1 (

Tm ) 72 1.5 PCR (insert)

PKL101 ( EagI PacI BCP1 )

KLY106 (bcp1ts)

(recombination) Leu- + Glc

KLY106 bcp1ts

bcp1 bcp1 bcp1ts

URA 5FOA (5-Fluoroorotic acid) 

Uracil (Pyrimidine) ─5FOA

(Ripmaster et al., 1995) bcp1ts

5FOA bcp1

30 5FOA 37 Leu-

+ Glc

bcp1
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BCP1 60S

BCP1 bcp1ts

GAL::BCP1 BCP1

bcp1ts (F241S) 241 Phenylalanine Serine

30 bcp1ts 30

37 ( ) GAL::BCP1

bcp1∆ GAL::BCP1 BCP1

(Galactose promoter) BCP1

BCP1 GAL::BCP1

( A) GAL::BCP1 2 mL

17-22

bcp1ts BCP1 ( 2012

2014) 37 bcp1ts

GAL::BCP1 Bcp1

( B) bcp1ts

GAL::BCP1 60S

GAL::BCP1 BCP1

60S 80S

halfmer ( C) 60S Rpl11-GFP

Rpl11-GFP

GAL::BCP1 9% Rpl11-GFP

GAL::BCP1 48% Rpl11-GFP ( D) BCP1

60S Bcp1

60S 60S

60S
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mRNA 40S 80S

halfmer
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Bcp1 Rpl23

RPL23 bcp1ts

( ) Rpl23 60S

60S 40S Tif6 60S

Rpl23 60S 40S

(Kemmler et al., 2009) 60S

Rpl24 (Horsey et al., 2004; Wood et al., 1999) 60S

Efl1 Sdo1 Tif6 (Gietz and Woods, 2002) 40S 60S

RPL23 A B (Paralog) (Degenhardt and 

Bonham-Smith, 2008)

bcp1ts (High-copy suppressor)

GAL::BCP1 BCP1

RPL23 ( A) RPL23 bcp1ts

Bcp1

Rpl23 60S Bcp1 Rpl23

60S

BCP1 RPL23 ( B)

C His-tag Bcp1-C’His tag

Rpl23 Ni-NTA resin Rpl23 His-tag

Ni resin Rpl23

1x SDS loading buffer resin elution

Rpl23 Bcp1-C’His Rpl23 elution

Bcp1-C’His Rpl23

Rpl23

17 kDa Rpl23 ( C)
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Bcp1 Rpl23 (Chaperone)

Bcp1 Rpl23 Rpl23

(80000 rpm )

─ (S free protein) (P ribosome-bound protein)

IP buffer α-myc

Bcp1-myc Bcp1 protein A beads

60S (Tif6 Nmd3) 

Tif6-myc Nmd3-myc Rpl23

Bcp1-myc (S free protein) Rpl23

60S Rpl23 ( A)

(Free form) 

10% TCA (Trichloroacetic acid) 

SDS sample buffer

Bcp1 Rpl23

Bcp1 Rpl23

Rpl23 GAL::RPL23 GAL::RPL23

Rpl23 GAL::BCP1-HA

Bcp1 Rpl23

Bcp1 Rpl23 Rpl23 (

B)

GAL::BCP1 ( C) bcp1ts

( D) Rpl23

Bcp1 Rpl23 Bcp1 Rpl23

(chaperone)
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Bcp1 N

α-Bcp1 Bcp1 (32 kDa) 

GAL::BCP1 ( B)

α-myc Bcp1-myc α-myc

western blotting Bcp1-myc (53 kDa) (

A) Bcp1 Bcp1

Bcp1

BCP1-myc 0.4 -0.6 OD600

-80 lysis buffer (20 mM Tris-HCl 

(pH 7.4), 6 mM MgCl2, 50 mM NaCl, 10% glycerol, 0.1% NP40, 1 mM PMSF, 1 μM 

Leupeptin) (

) 40 μL CL-4B Protein A Agarose beads (GE Healthcare) 4

8 μL α-c-myc (9E10) 4 50 μL Protein A 

beads 4 lysis buffer 4

30 μL BME 1x SDS loading buffer beads

60 μL

10% SDS-PAGE Coomassie blue (

A) Bcp1-myc Upper

Lower 1.5 mL -20

GLP

B Bcp1

Trypsin Argnine (R) Lysine (K) Chymotrypsin

Tyrosine (Y) Phenylalanine (F)

N Trypsin 73QLFGPQESTER

73



16

2VQAIKLNDLK 2VQAIKLNDLKNR 7LNDLK 7LNDLKNR

Bcp1

N bcp1Δn

14 73 Trypsin

(e/m) Chymotrypsin

56GGNPEVDFH 56GGNPEVDFHALKNLLR

bcp1Δn 56
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Bcp1 Rkm1

High-throuput Rkm1

Bcp1 (Collins et al., 2007; Gavin et al., 2006; Krogan et al., 2006; Krogan et 

al., 2004; Yu et al., 2008) BCP1 RKM1

RPL23 bcp1ts RKM1

RKM1 bcp1ts

( A) BCP1 RKM1 bcp1ts

RKM1 bcp1tsrkm1Δ

bcp1ts ( B) 37 25 bcp1ts 

rkm1Δ bcp1ts Bcp1 Rpl23 (chaperone)

Bcp1 Rkm1 Rkm1

RKM1-myc GAL::BCP1 α-myc

Rkm1-myc GAL::BCP1

GAL::BCP1 Rkm1 (

C)

GST resin N GST-tag GST-Rkm1

Rpl23 Bcp1-C’His Rpl23

Bcp1-C’His GST resin GST-Rkm1 Rpl23

GST-Rkm1 Rpl23 elution GST-Rkm1 Bcp1-C’His

elution GST-Rkm1 Bcp1-C’His

Rpl23 Bcp1 Rpl23 Bcp1

Rpl23 ( D) GST-Rkm1 Bcp1-C’HIS Rpl23

(ternary 

complex)
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bcp1

Bcp1 DNA PCR

bcp1 PCR C GFP

bcp1ts (URA3) bcp1ts 37

bcp1-GFP (LEU2) 37

BCP1

37

bcp1-GFP Bcp1

(Temperature sensitive)

bcp1ts bcp1ts

37

30 5FOA (5-Fluoroorotic acid) 5FOA

(Uracil) (Pyrimidine) 

─5FOA (Ripmaster et al., 1995)

bcp1ts (URA3) 5FOA bcp1-GFP (LEU2)

25 (400 cfu/Plate) 184

184 30 5FOA 37

LEU- + Glc 87

GFP BCP1 C BCP1

(truncation)

GFP Bcp1

87

Rpl23

α-GFP bcp1-GFP
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C GFP-tag 13xmyc-tag bcp1#49-myc

bcp1#148 (L67S P77F )

Rpl23 ( A) Rpl23
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Bcp1 N Rkm1

Bcp1 Rpl23 Rkm1 bcp1

(Domain)

bcp1ts bcp1#148 NLS 

(Nuclear localization sequence bcp1Δnls) NES (nuclear export sequence bcp1nes)

N (bcp1Δn40) C (bcp1Δc)

C 121 (bcp1ctr) ( B) ( 2012)

bcp1Δn40 Bcp1

N (Flexible)

Rkm1 RKM1-GFP α-GFP

13xmyc-tag bcp1 RKM1-GFP

Bcp1 Rpl23 Rkm1

bcp1Δc-myc Rpl23 bcp1Δc-myc Rkm1-GFP

Bcp1 C Rpl23 Bcp1 C

Rkm1 bcp1Δnls Rpl23 Rkm1-GFP

bcp1nes-myc bcp1ts-myc bcp1ctr-myc Rpl23

Rkm1-GFP bcp1Δn40-myc Rpl23

Rkm1-GFP Bcp1 N Rkm1 bcp1#148-myc

bcp1Δn40-myc bcp1#148-myc Rkm1-GFP

Rpl23 ( C)

bcp1Δn40-C’HIS Rpl23

GST-Rkm1 NTA-resin Bcp1-C’HIS

bcp1Δn40-C’HIS Rpl23 ( D) Bcp1 N

Rpl23 GST-resin GST-Rkm1

Bcp1-C’HIS bcp1Δn40-C’HIS Bcp1

N Rkm1 Rpl23 GST-Rkm1 Rpl23 bcp1Δn40-C’HIS

elution ( E) Bcp1 Rpl23 Rkm1
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( C D E) Bcp1 Rpl23

Rkm1
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Bcp1 Rkm1 Rpl23 C

Rpl23 N 60S C C 15

Tif6 (Gartmann et al., 2010; Klinge et al., 2011)

60S 40S (Kemmler et al., 2009)

Bcp1 Rpl23 C 15 NTA-resin Bcp1-C’HIS

rpl23Δc15 rpl23Δc15 Rpl23

Bcp1-C’HIS elution ( F) Bcp1-C’HIS

rpl23Δc15 Bcp1 Rpl23 C

Rpl23 Rkm1 GST-Rkm1

rpl23Δc15 GST-resin GST-Rkm1

rpl23Δc15 Elution Rkm1 Rpl23 C (

G)
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Bcp1 Rpl23 Rkm1

Bcp1 Rpl23 Rkm1

(Ternary complex)

GAL::RPL23 Rpl23

Bcp1-myc Rkm1-GFP ( A) Rkm1-myc bait

Rpl23 Rkm1-myc Bcp1 ( B)

GAL::BCP1 bcp1ts bcp1ts

Rkm1-myc Rpl23 ( C D)

rkm1Δ Bcp1-myc Rpl23 (

E)
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Mss4 Bcp1 60S

Bcp1 Mss4 (Phosphatidylinositol-4-phosphate 5-kinase)

Mss4 PI4P PI4,5P2 PI4,5P2

PIP3 Bcp1 Mss4 Mss4

Mss4 (Audhya and Emr, 2003)

Bcp1 Rpl23 60S Rpl23

60S Bcp1

Bcp1 60S

bcp1 Mss4 Bcp1

α-Mss4 Mss4-myc

bcp1 DNA Bcp1

GFP-tag bcp1 Bcp1-GFP

bcp1Δnls-GFP bcp1 Mss4 ( A)

bcp1ts-GFP bcp1#148-GFP bcp1ctr-GFP

Bcp1 Mss4 bcp1Δc-GFP

bcp1Δn40-GFP bcp1nes-GFP

Bcp1 Mss4 Bcp1 Mss4

Rpl23 Bcp1 Mss4

GAL::RPL23 Rpl23 Mss4-myc

Bcp1 ( B)

Mss4 mss4-1-GFP

mss4-1-GFP

60S 40S (60S/40S ratio) 80S

( C) 60S 40S 60S

40S 60S
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cycloheximide buffer

mRNA OD254 rRNA

40S 60S mss4-1-GFP

60S 40S 40S 60S

( D)
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Bcp1 Rpl23 Bcp1 Rpl23

Rpl23 Bcp1 60S

Rpl23 60S Bcp1 C

Rpl23 (in vitro) Bcp1

N Rpl23 ─Rkm1 Rpl23

(Domain) Bcp1 Rkm1 Rpl23

C (in vitro) Bcp1 Rpl23 Rkm1

Bcp1

Mss4 Bcp1 Mss4 (Domain) 

Rpl23 Bcp1 Mss4 Rpl23 Bcp1

Mss4 Mss4

Mss4 40S 60S
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Bcp1 Rpl23 Rkm1

2000

160000 (Warner, 1999)

/

rRNA (Basic domain)

Basic domain

(Impotin) 

Impotin

Basic domain (Jakel et al., 2002)

( folding chaperon) 

(Binding partners)

(Pausch et al., 2015)

Bcp1 Rpl23 Rpl23

Rpl23 Importin─Kap123 bait

Kap123 Bcp1 Kap123 Bcp1 Rpl23

Bcp1 Kap123 Rpl23 (in vitro)

Bcp1 KAP123 Bcp1 Kap123 Rpl23

Rpl23 60S Rpl23 60S

C ( ) (Gartmann et al., 2010; Klinge et al., 2011) F G

Rpl23 C 15 Bcp1 Rkm1 Rpl23

Bcp1 Rkm1 60S Bcp1 Rkm1

Rpl23 60S Rpl23
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Bcp1

Bcp1 (Full- length) bcp1Δn 

(N-terminal truncation) Bcp1 N

(Flexible) Bcp1 N

56

Bcp1 N

Bcp1 mRNA processing mRNA

bcp1Δn

(vortex) 1.5 mL

13300 rpm 4

OD280 5x SDS loading buffer WCE (whole cell 

extract) 0.2 N NaOH

13300 rpm

5x SDS loading buffer WCE

NaOH Bcp1

Bcp1 Bcp1

mRNA Bcp1

(PMSF Leupeptin)

SDS loading buffer

Bcp1 N NaOH

Bcp1 N

Bcp1 N

D Rkm1-myc Bcp1

(in vitro) E GST-Rkm1 Bcp1-C’HIS

bcp1Δn40-C’HIS
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Rkm1 Bcp1 Rpl23

C D Bcp1 Rkm1 Rpl23

Rpl23 (WCE) bcp1

Rpl23 ( C D) Rkm1 Rpl23

60S

Bcp1 Bcp1

Rpl23 Rkm1 Arx1-TAP Bait Rkm1-myc

Arx1 60S FG repeats

60S Arx1 60S Rei1

Jjj1 60S (Hung and Johnson, 2006; Lebreton 

et al., 2006; Meyer et al., 2010) Arx1 60S

Rkm1 60S

Rkm1-myc

Rkm1 60S

(Fraction)

Rkm1 60S

Rkm1-myc Bait Arx1 60S

Rkm1 60S

Rpl23 60S

C Bcp1 Rkm1-myc Rpl23

Rpl23 Rkm1-myc Bcp1 ( A B) Bcp1

Rpl23 Rkm1 Rkm1 Bcp1

Rpl23 ( E) RKM1

rkm1 ( B)

Rkm1 Rpl23 Rkm1 Rpl23

Bcp1 Rkm1

Rkm1
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Bcp1 Mss4 (Domain)

bcp1 Bcp1 Mss4 ( A) Mss4-myc

Bait Bcp1-GFP bcp1Δc-GFP bcp1Δn40-GFP

bcp1nes-GFP C Rpl23 Bcp1 C

Mss4 Rpl23 Bcp1 ( B) Mss4

Bcp1 C Bcp1 60S Mss4

Rpl23 Mss4 Bcp1 C Bcp1

(in vitro) Mss4 Rpl23

Bcp1 C

Bcp1 N Rkm1 ( C E) Mss4 Bcp1

N Rkm1 Mss4 Bcp1

Rkm1 ( B) (in vitro)

Mss4 Bcp1 Bcp1

bcp1nes-GFP (NES Nuclear export 

signal) Leucine ( LxxxLxxLxL) (la Cour et al., 

2004; Wen et al., 1995) (Exportin) NES

NES Bcp1 NES Leucine (L85

L88 L91 I92 L93) Alanine ( B) ( 2012) Mss4

: Bcp1 Mss4 Bcp1

NES Bcp1 Mss4

NES Bcp1 NES

Mss4 NES Bcp1

Mss4
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Mss4 Bcp1 60S

Bcp1 Rpl23 ( A) Rpl23 C

( F) Rpl23 N 60S (Gartmann et al., 2010;

Klinge et al., 2011) Bcp1 60S Bcp1

Mss4 Bcp1 Rpl23 Rkm1 Bcp1

Mss4 Rpl23 60S Bcp1

Bcp1 Mss4 Mss4

mss4-1-GFP ( E) 40S 60S

( F) Mss4 40S

60S Mss4

Bcp1 60S Mss4

PIP3 PI4,5P2

PI3K/AKT/mTOR signaling pathway
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Bcp1

Bcp1 Mss4 (Phosphatidylinositol-4-phosphate 5-kinase) 

Mss4 PI4P PI4,5P2 PI4,5P2

PIP3 Bcp1 Rpl23

60S Rpl23 60S

Bcp1 Mss4 Mss4 (Audhya and Emr, 

2003) Bcp1 Bcp1

Rpl23 Mss4

Bcp1
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Strain # Target Genotype Source

KLY2 wildtype BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 Open biosystem

KLY6 MSS4-GFP SEY6210 mss4∆::HIS3MX6 carrying pRS415 
MSS4-GFP (URA3 CEN MSS4-GFP)

(Audhya and 
Emr, 2003)

KLY14 mss4-1-GFP SEY6210 mss4∆::HIS3MX6 carrying pRS415 
mss4-1-GFP (LEU2 CEN mss4-1-GFP)

(Audhya and 
Emr, 2003)

KLY46 PJ69-4A
MATa trp1-901 leu2-3,112 ura3-52 his3-200

gal4Δ gal80Δ Met2::GAL7-lacZ 
LYS2::GAL1-HIS3 GAL2-ADE2

James et al., 
1996

KLY106 bcp1ts
BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 

ura3Δ0 bcp1∆::KanMX carrying pRS416 
bcp1ts (URA3 CEN)

This study

KLY157 bcp1ts
BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 

ura3Δ0 bcp1∆::KanMX carrying pRS415 
bcp1ts (LEU2 CEN)

This study

KLY180 bcp1ts
BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 

ura3Δ0 bcp1∆::KanMX carrying pRS413 
bcp1ts (HIS3 CEN)

This study

KLY278 rkm1Δ BY4741 MATa rkm1Δ::KanMX his3Δ1 
leu2Δ0 met15Δ0 ura3Δ0 Open biosystem

KLY317 ARX1-TAP BY4741 MATa ARX1-TAP::HIS3MX his3Δ1 
leu2Δ0 met15Δ0 ura3Δ0 Open biosystem

KLY471 BRX1-TAP BY4741 MATa BRX1-TAP::HIS3MX his3Δ1 
leu2Δ0 met15Δ0 ura3Δ0 Open biosystem

KLY475 LOC1-TAP BY4741 MATa LOC1-TAP::HIS3MX his3Δ1 
leu2Δ0 met15Δ0 ura3Δ0 Open biosystem

KLY550 GAL::RPL23
BY4741 MATa rpl23aΔ::KanMX 

rpl23bΔ::KanMX carrying GAL::RPL23A 
(HIS3 CEN)

This study

KLY585 NUG1-TAP BY4741 MATa NUG1-TAP::HIS3MX his3Δ1 
leu2Δ0 met15Δ0 ura3Δ0 Open biosystem

KLY598 SSF1-TAP BY4741 MATa SSF1-TAP::HIS3MX his3Δ1 
leu2Δ0 met15Δ0 ura3Δ0 Open biosystem

KLY635 GAL::RPL23 
RKM1-GFP

BY4741 MATa RKM1-GFP::HIS3MX 
rpl23aΔ::KanMX rpl23bΔ::KanMX carrying 

GAL::RPL23A (URA3 CEN)
This study

KLY743 GAL::BCP1-HA
BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 

ura3Δ0 bcp1∆::KanMX carrying pRS413 
GAL::BCP1-HA (PKL484 HIS3 CEN)

This study

KLY754 GAL::BCP1
BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 

ura3Δ0 bcp1∆::KanMX carrying pRS413 
GAL::BCP1 (PKL493 HIS3 CEN)

This study

KLY797 tet:WT 
RKM1-GFP

MATa RKM1-GFP::HIS3MX
URA3:CMV-tTA his3Δ1 leu2Δ0 met15Δ0 This study
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KLY800 tet:mss4 
RKM1-GFP

MATa RKM1-GFP::HIS3MX tet:Mss4 
URA3:CMV-tTA his3Δ1 leu2Δ0 met15Δ0 This study

KLY826 bcp1ts rkm1Δ

BY4741 MATa bcp1Δ::NatMX 
rkm1Δ::KanMX MATa his3Δ1 leu2Δ0 

met15Δ0 ura3Δ0 carrying pRS415 bcp1ts
(URA CEN)

This study
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Plasmid # GENE Origin Yeast 
Marker

E.coli 
marker Source

PKL1 pRS423 2μ HIS3 Amp Open biosystem
PKL5 pRS413 CEN HIS3 Amp Open biosystem
PKL7 pRS415 CEN LEU2 Amp Open biosystem
PKL8 pRS416 CEN URA3 Amp Open biosystem

PKL23 pGAD C1 2μ LEU2 Amp Open biosystem
PKL29 pGBDU C1 2μ URA3 Amp Open biosystem
PKL39 N’HIS-BCP1-C’HIS Kan This study

PKL62 NMD3-13myc CEN LEU2 Amp
(Ho et al., 2000;

Hung and Johnson, 
2006)

PKL101 BCP1-GFP CEN LEU2 Amp This study
PKL102 bcp1 c-GFP CEN LEU2 Amp This study
PKL103 bcp1 nls-GFP CEN LEU2 Amp This study
PKL104 bcp1nes-GFP CEN LEU2 Amp This study
PKL105 BCP1-13myc CEN LEU2 Amp This study
PKL106 bcp1 c-13myc CEN LEU2 Amp This study
PKL107 bcp1 nls-13myc CEN LEU2 Amp This study
PKL108 bcp1nes-13myc CEN LEU2 Amp This study
PKL112 bcp1 n40-GFP CEN URA3 Amp This study
PKL118 bcp1 n40-13myc CEN LEU2 Amp This study
PKL120 RPL23A 2μ LEU2 Amp This study
PKL121 RPL23B 2μ LEU2 Amp This study

PKL160 TIF6-13myc CEN LEU2 Amp (Hung and Johnson, 
2006)

PKL183 AD-BCP1 2μ LEU2 Amp This study
PKL187 BD-BCP1 2μ URA3 Amp This study
PKL228 RPL11B-GFP CEN LEU2 Amp This study
PKL231 AD-YIP3 2μ LEU2 Amp
PKL232 BD-YIP3 2μ URA3 Amp
PKL236 N’HIS-RPL23 Kan This study
PKL253 AD-RPL23A(-intron) 2μ LEU2 Amp This study
PKL254 BD-RPL23A(-intron) 2μ URA3 Amp This study
PKL300 GAL::RPL23 CEN URA3 Amp This study
PKL303 bcp1ts-GFP CEN LEU2 Amp This study
PKL310 bcp1ts-13myc CEN LEU2 Amp This study
PKL340 bcp1ctr-13myc CEN LEU2 Amp This study
PKL341 bcp1ctr-GFP CEN LEU2 Amp This study
PKL346 Rpl23 (no tag) Amp This study
PKL354 bcp1#148-GFP CEN LEU2 Amp This study
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PKL370 bcp1#94-13myc CEN LEU2 Amp This study
PKL371 bcp1#96-13myc CEN LEU2 Amp This study
PKL372 bcp1#148-13myc CEN LEU2 Amp This study
PKL373 bcp1#152-13myc CEN LEU2 Amp This study
PKL374 bcp1#162-13myc CEN LEU2 Amp This study
PKL375 bcp1#171-13myc CEN LEU2 Amp This study
PKL388 pGEX-4T3 Amp Open biosystem
PKL484 GAL::BCP1-HA CEN HIS3 Amp This study
PKL502 BCP1-C'HIS Amp This study
PKL519 GST-RKM1 Amp This study
PKL522 RKM1 2μ HIS3 Amp This study
PKL523 rpl23 c (no tag) Amp This study
PKL531 RKM1-13myc CEN LEU2 Amp This study
PKL538 bcp1 n40-C'HIS Amp This study
PKL539 MSS4-13myc CEN URA3 Amp This study
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bcp1

5FOA 30 Leu- (37 ) GFP 30
PC - - N
4 0
5 X X N&C ( )
8
9 N

10 X X N&C ( )
11 X X N&C
13 0 N&C ( )
17 X X C
24 N ( )
25 X N
29 X X C ( )
30 X X N ( )
31 X N
33 C ( )
39 0 X C ( ) N&C ( ) = 2:1
40 0 N ( C)
41 N C
42 X N ( )
44 X N ( )
46 X N ( )
49 0 X N N&C
51 N
52 0
55 0 X
57
59 N
61 0
63 C ( )
64 0 N ( )
65
68 ( N)
69 N
70 N
71 0 ( N)
75 X
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5FOA 30 Leu- (37 ) GFP 30
76 N
78 N
80
86 0 N
88 0

100 X
103 0 X N ( )
103 0 X N ( )
89
91 N
92 N
93
94 N
96 N

105 & X ( N)
106 X
111 X X ( N)
112 N
113 X
114 X X
117 N
118 0 X
120 0 X
121 0 X
127 0 N
129 X X
131 0 ( N C)
135 N C
138 X
140 X
141
142 N
143 X X
146 X (C N)
148 & N ( )
149 X ( N C)
150 0 X
151 N
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5FOA 30 Leu- (37 ) GFP 30
152 0 ( N C)
154 N
157 0 N ( )C
160 X X
162 N
164 X N
165 X
166 N
168 0 N
169 X
170 0 X
171 0 N ( )C
174 0 X
175 ( )N C
177 0 30 N

5FOA X 0 -

Leu- (37 ) X 0

GFP N bcp1 C
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bcp1

Bcp1 mutant number Mutation sites in amino acid sequence

bcp1#49 216Glu Lys

bcp1#94 28Glu Lys

47Glu Lys

bcp1#96 9Asp Asn

61Glu Lys

79Glu Lys

bcp1#148 67Leu Ser

77 Pro Phe

bcp1#152 No mutations.

Junction is confused

bcp1#162 No mutations.

Junction is confused

bcp1#171 236Glu Lys
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BCP1 60S

(A) KLY2 (WT) KLY754 (GAL::BCP1) 2 mL YPGal 30

YPGal YPD 30 (B) PKL531 

(RKM1-Myc CEN LEU2) KLY2 (WT) KLY754 (GAL::BCP1) 2 mL 
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Leu-Gal 30 100 mL Leu-Gal Leu-Glc

30 0.4-0.6 OD600 (GAL::BCP1 17 ) -80

(WCE) 

(C) KLY2 (WT) KLY754 (GAL::BCP1) 2 mL YPGal 30

150 mL YPD YPGal 30 0.3-0.4 OD600

(GAL::BCP1 YPD 25 ) 50 μg/mL cycloheximide

-80 (D) PKL228 (RPL11B-GFP

CEN LEU2) KLY2 (WT) KLY754 (GAL::BCP1) 2 mL Leu-Gal

30 2 mL Leu-Gal Leu-Glc 30

30

Rpl11-GFP
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Bcp1 Rpl23

(A) PKL7 (CEN LEU2) KLY2 (WT) PKL7 (CEN LEU2) PKL105 

(BCP1-Myc CEN LEU2) PKL120 (RPL23A 2μ LEU2) PKL121 (RPL23B 2μ LEU2)

KLY754 (GAL::BCP1) 2 mL Leu-Gal 30

Leu-Gal Leu-Glc 30 (B) 

KLY46 (PJ694A)

AD BD PKL23 (AD-vector CEN LEU2)

PKL183 (AD-BCP1 CEN LEU2) PKL253 (AD-RPL23 CEN LEU2) PKL29 

(BD-vector CEN URA3) PKL187 (BD-BCP1 CEN URA3) PKL254 (BD-RPL23 CEN 

URA3) Ura-Leu-Glc Ura-Leu-His-Glc
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(Reporter gene) ─ (Histine) (C) PKL502 

(BCP1-C’HIS AMP) PKL346 (RPL23 AMP) E. coli BL21-CodonPlus 

(DE3) LB+Amp 37 3%

BCP1-C’HIS 30 0.4-0.6 OD600 0.5 mM IPTG 30

RPL23 25 0.4-0.6 OD600

1 mM IPTG 25 16-24 -80 50 mL

BCP1-C’HIS 100 mL RPL23 in vitro interaction 

assay 20 μL NTA-resin 30 μL 1x SDS loading buffer resin
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Bcp1 Rpl23

(A) PKL160 (TIF6-Myc CEN LEU2) PKL62 (NMD3-Myc CEN LEU2) PKL105 

(BCP1-Myc CEN LEU2) KLY2 (WT) 2 mL Leu-Glc 30

250 mL Leu-Glc 30 0.4-0.6 OD600

-80

80000 rpm 4 (P ribosome-bound protein) IP buffer
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(S free protein) bait

(B) KLY2 (WT) PKL5 (CEN 

HIS3) PKL8 (CEN URA3) PKL484 (GAL::BCP1-HA CEN HIS3) PKL8

PKL300 (GAL::RPL23 CEN URA3) PKL5 PKL484 (GAL::BCP1-HA CEN 

HIS3) PKL300 (GAL::RPL23 CEN URA3) 2 mL His-Ura-GAL 30

100 mL His-Ura-Raffinose 30 0.2-0.3

OD600 2% 30 -80

80000 rpm 4

─ (S free protein) (P ribosome-bound protein)

10% TCA 1x SDS loading buffer 1x 

SDS loading buffer (C) KLY2 (WT) KLY754 (GAL::BCP1) 2

mL YPGAL 30 150 mL YPD 30

0.4-0.6 OD600 (GAL::BCP1 21 ) -80

B (D) PKL8 (CEN URA3) KLY2 (WT) KLY180 (bcp1ts)

2 mL Ura-Glc 30 150 mL

30 0.2-0.3 OD600 37

-80 B
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Bcp1 N

(A) PKL7 (CEN LEU2) PKL105 (BCP1-Myc CEN LEU2)

KLY2 (WT) BME 1x SDS loading buffer CL-4B 

Protein A Agarose beads (GE Healthcare) 10-11% 

SDS-PAGE Coomassie blue Bcp1-myc
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Upper Lower

1.5 mL -20 GLP

(B) Bcp1

Trypsin Argnine (R) Lysine 

(K) Chymotrypsin Tyrosine (Y) Phenylalanine (F)
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Bcp1 Rkm1

(A) PKL1 (2μ HIS3) PKL522 (RKM1 2μ HIS3) KLY2 (WT)

KLY157 (bcp1ts) 2 mL His-Glc 30

His-Glc 30 37 (B) KLY2 (WT)

KLY181 (bcp1ts) KLY278 (rkm1Δ) KLY 825 (bcp1tsrkm1Δ) 2 mL YPD
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30 YPD 30 37

(C) PKL531 (RKM1-Myc CEN LEU2) KLY2 (WT)

KLY754 (GAL::BCP1) 2 mL Leu-GAL 30 100 mL 

Leu-Gal Leu-Glc 30 0.4-0.6 OD600 (GAL::BCP1

17 ) -80

(D) PKL388 (pGEX-4T3) PKL519 (GST-RKM1)

PKL502 (BCP1-C’HIS) PKL346 (RPL23) E. coli BL21-CodonPlus (DE3)

PKL388 GST-tag BCP1-C’HIS BCP1-C’HIS

RPL23 C GST-RKM1 LB+Amp 37

3% 30 0.4-0.6 

OD600 0.1 mM IPTG 25 16-24 -80

10 mL GST 50 mL GST-RKM1 50 mL

BCP1-C’HIS 100 mL RPL23 in vitro interaction assay

20 μL GST-resin 30μL 1x SDS loading buffer resin



56

Bcp1 N Rkm1

(A) PKL7 (CEN LEU2) PKL105 (BCP1-myc CEN LEU2) PKL370 (bcp1-myc#94 

CEN LEU2) PKL371 (bcp1-myc#96 CEN LEU2) PKL372 (bcp1-myc#148 CEN 
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LEU2) PKL373 (bcp1-myc#152 CEN LEU2) PKL374 (bcp1-myc#162 CEN LEU2)

PKL375 (bcp1-myc#171 CEN LEU2) KLY2 (WT) 2 mL 

Leu-Glc 30 200 mL 30

0.4-0.6 OD600 -80

bcp1 Rpl23 (B) bcp1 (C) 

PKL7 (CEN LEU2) PKL105 (BCP1-Myc CEN LEU2) PKL106 (bcp1Δc-myc CEN 

LEU2) PKL107 (bcp1Δnls CEN LEU2) PKL108 (bcp1nes-myc CEN LEU2) PKL118 

(bcp1Δn40-myc CEN LEU2) PKL310 (bcp1ts-myc CEN LEU2) PKL340 (bcp1ctr-myc 

CEN LEU2) PKL372 (bcp1#148-myc CEN LEU2) KLY273 (RKM1-GFP)

A (D) PKL502 (BCP1-C’HIS AMP)

PKL538 (bcp1Δn40-C’HIS AMP) PKL346 (RPL23 AMP) E. coli

BL21-CodonPlus (DE3) BCP1-C’HIS RPL23 C

bcp1Δn40-C’HIS LB+Amp 37 3%

30 0.4-0.6 OD600 0.1 mM IPTG 25

16-24 -80 50 mL BCP1-C’HIS

50 mL bcp1Δn40-C’HIS 100 mL RPL23

in vitro interaction assay 20 μL NTA-resin 30μL 1x SDS loading buffer

resin (E) D GST

GST-RKM1 D 20 μL GST-resin in vitro interaction 

assay 30 μL 1x SDS loading buffer resin (F) 

PKL502 (BCP1-C’HIS) PKL346 (RPL23) PKL523 (rpl23Δc) E. coli

BL21-CodonPlus (DE3) BCP1-C’HIS RPL23 C

rpl23Δc F 50 mL BCP1-C’HIS 100 mL

RPL23 100 mL rpl23Δc in vitro interaction assay

(Input) 20 μL NTA-resin 30μL 1x 

SDS loading buffer resin (G) GST GST-RKM1

D rpl23Δc LB+Amp 37 3%

25 0.4-0.6 OD600 0.1 mM 

IPTG 25 16-24 -80 20 μL 
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NTA-resin in vitro interaction assay 30 μL 1x SDS loading buffer

resin
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Bcp1 Rpl23 Rkm1

(A) PKL7 (CEN LEU2) KLY2 (WT) PKL105 

(BCP1-Myc CEN LEU2) KLY2 (WT) KLY635 (GAL::RPL23 

RKM1-GFP) 2 mL Leu-GAL 30 200 mL

30 0.2-0.3 OD600 2%

30 -80 (B) PKL7 

(CEN LEU2) KLY2 (WT) PKL531 (RKM1-Myc CEN LEU2)

KLY2 (WT) KLY550 (GAL::RPL23)

A (C) PKL7 (CEN LEU2) KLY2 (WT) 

PKL531 (RKM1-Myc CEN LEU2) KLY2 (WT) KLY754 (GAL::BCP1)

2 mL Leu-Gal 30 200 mL 
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30 0.4-0.6 OD600 (GAL::BCP1 18 )

-80 (D) PKL7 (CEN LEU2) KLY2 (WT) 

PKL531 (RKM1-Myc CEN LEU2) KLY2 (WT)

KLY180 (bcp1ts) 2 mL Leu-Glc 30 200 mL 

30 0.2-0.3 OD600 37

-80 (E) PKL7 (CEN LEU2)

KLY2 (WT) PKL531 (RKM1-Myc CEN LEU2)

KLY2 (WT) KLY278 (rkm1Δ) 2 mL Leu-Glc 30

200 mL 30 0.4-0.6 OD600

-80
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Mss4 Bcp1 60S

(A) PKL7 (CEN LEU2) PKL101 (BCP1-GFP CEN LEU2) KLY2 

(WT) PKL101 (BCP1-GFP CEN LEU2) PKL102 (bcp1Δc-GFP CEN 

LEU2) PKL103 (bcp1Δnls-GFP CEN LEU2) PKL104 (bcp1nes-GFP CEN LEU2)

PKL83 (bcp1Δn40-GFP CEN LEU2) PKL303 (bcp1ts-GFP CEN LEU2) PKL341 

(bcp1ctr-GFP CEN LEU2) PKL354 (bcp1#148-GFP CEN LEU2)

PKL539 (MSS4-Myc CEN URA3) KLY2 (WT) 2 mL Ura-Leu-Glc

30 200 mL 30

0.4-0.6 OD600 -80 (B) PKL7 (CEN LEU2)

KLY2 (WT) PKL530 (MSS4-Myc CEN LEU2)

KLY2 (WT) KLY550 (GAL::RPL23) A

(C) KLY6 (WT) KLY14 (mss4-1-GFP) 2 mL YPD 30

150 mL YPD 30 WT 0.1-0.15 OD600 37
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mss4-1-GFP 0.2-0.25 OD600 37

50 μg/mL cycloheximide -80

(D) E cycloheximide

-80 40S 60S
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(Kressler et al, 2010) 

rRNA
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 (Kressler et al, 2010) 

60S



65

RPL23 bcp1ts

PKL1 (CEN HIS3) PKL483 (bcp1ts CEN HIS3) KLY2 (WT)

PKL1 (CEN HIS3) PKL478 (BCP1 CEN HIS3) PKL194 (RPL23A 2μ HIS3)

PKL195 (RPL23B 2μ HIS3) KLY106 (bcp1ts) 2 mL Leu-Glc

30 Leu-Glc 5FOA Leu-Glc

30 37 5FOA 30
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(Klinge et al., 2011) 

Rpl23 eIF6 (Tif6 in yeast) 


