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1. ap adhesion protein gene 

2. AP adhesion protein 

3. BSA bovine serum albumin 

4. cAMP cyclic adenosine monophosphate 

5. cGMP cyclic guanosine monophosphate 

6. DMSO dimethyl suolfoxide

7. DNA deoxyribonucleic acid

8. FITC fluorescein isothiocyanate 

9. FTS farnesyl thiosalicylic acid

10. G proteins guanine nucleotie-binding proteins 

11. GDP guanine diphosphate 

12. GTP guanine triphosphate 

13. kDa kilodalton 

14. MAPK mitogen activated protein kinase

15. MKK MAPK kinase

16. NAD(P)H nicotinamide adenine dinucleotide phosphate-oxidase 

17. PBS phosphate buffered saline 

18. PKA protein kinase A
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19. PKG protein kinase G 

20. Ran Ras related nuclear protein

21. Ras rat sarcoma

22. SDS sodium dodecyl sulfate 

23. TPA tissue plasminogen activator

24. tetR tetracyclin repressor

25. Tub tublin protein 
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Abstract

Trichomonas vaginlais that spreads among the humans causes the most widespread 

nonviral sexually transmitted disease, trichomoniasis. This protozoan parasite harbors 

numerous Myb transcription factors, among which Myb2 and Myb3 were demonstrated

to co-regulate transcription of an iron-inducible virulence gene, ap 65-1. In this study, 

underlying mechanisms of iron- and hydrogen peroxide-inducible nuclear import of 

Myb2 and Myb3 were investigated by the inhibitor and activator assays, with results 

indicating that iron may trigger trimeric G- and Ras- protein- related signaling pathways 

leading to Myb3 nuclear import, while hydrogen peroxide induces both Myb2 and 

Myb3 nuclear import via distinct mechanisms. Possible cis-acting and posttranslational 

modification sites on iron-inducible nuclear translocation of Myb3 were also 

investigated by depletion mapping and site-directed mutagenesis. The results suggest 

that the sequence spanning amino acid residues 48-167 is essential for Myb3 nuclear 

translocation, and inducible nuclear import of Myb3 may be co-regulated by multiple 

sites. Information generated from this study may provide a preliminary map for further 

understanding of iron-triggered signal transduction in this important human pathogen. 

Key words: Trichomonas vaginlais, Myb2, Myb3, signaling pathways, nuclear 

translocation 
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(Trichomonas vaginalis)

(trichomoniasis)

Myb Myb2 Myb3

ap65-1 Myb3

Myb2 Myb3

Myb2 Myb3

Myb3

cAMP cGMP

PKA PKG Ras MEK Myb3

Ras Myb2 Myb3

Myb3 Myb3

48-167 156-167

Myb3

Myb2 Myb3
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.

(Trichomonas vaginalis)

(trophozoite)

(24)

(trichomoniasis)

(5)

(7) (Human immunodeficiency virus HIV) 

 (17, 22) Metronidazole

(15) (17)

. Myb

Myb A-Myb B-Myb c-Myb Myb

N DNA (DNA binding domain; DBD)

(transactivation domain) C (regulatory domain) (9) N DNA

3 50 R1 R2 R3

R2 R3 DNA Myb

(Myb recognition element MRE) R1 R2R3 DNA

C

(posttranslational modification) DNA

A-Myb c-Myb B-Myb (8)

400 Myb (3)
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Myb1 Myb2 Myb3 Myb4

21-31kDa R2R3 DNA (12, 13)

Myb1 Myb2 Myb3 ap65-1 (8, 12, 13, 

15, 23) Myb2 Myb3 Myb1 ap65-1

ap65-1 (8)

.

(10)

(6)

(reactive oxygen species; ROS) (O2 ) ( OH)

(H2O2) (4, 16) ROS

(20)

(21)

.

(19) G proteins G

(trimeric G protein) Ras (2)

GDP GTP GDP

GTP GDP GTP GEFs (guanine nucleotide 
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exchange factors ) GAPs (GTPase-activating proteins ) G

GDP GTP GTP GDP

G GPCR (G protein coupled 

receptor) G

GTP GDP G

GPCR (ligand)

G GTP

adenylyl cyclase (AC)

guanylyl cyclase (GC) cAMP cGMP (second messenger)

cAMP cGMP PKA PKG

G Ras MAPK

MAPK (18)

Ras RTK (receptor tyrosine kinase) Raf

MKK MAPK

40 kDa

(nuclear pore complex ; NPC) G Ran (1)

Ran-GTP (importin / ) (cargo 

protein) Ran-GDP

.

Myb2 Myb3

Myb3
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.

37 10% TYI-S33

2,2’-dipyridyl (Sigma™)

( 1~1.5×106 cells/ ml)

(Sigma™)

 ( 2

106 cells/ml) 7~8%DMSO

(NalgeneTM) 1 /min -80

.

Myb3  N HA (hemagglutinin) Myb3

Myb2 pAP65-2-HA-myb3 pAP65-2-HA-Myb2

HA-Myb3 HA-Myb2 HA-Myb3 HA-Myb2

TYI-S33

( 1.5~2.0  106 cells / ml)

(humid 

chamber)  37 10 -20 100%

15

1×PBS mouse monoclonal anti-HA 1

1×PBS 3 10 FITC-conjugated 

goat anti-mouse immunoglobulin G 10% BSA 1×PBS 500

1
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DAPI mounting medium (Vectashield™)

T1

MetamorphTM FITC

.

2× SDS sample buffer 100 5~7

15000 rpm(KR-1500 KUBOTATM) 1

12% (SDS-PAGE) (stacking gel) 10mA

(seperating gel) 20mA (E-Z lab™)

150mV 1

(Schleicher & Schuell™) blocking solution (5% 

non-fat milk in 0.1% PBST) 37 1 blocking solution

37 1

0.1% PBST 3 10

37 1

(SuperSignal West Pico Chemiluminescent Substrate, PIERCE 

™) 1 (Fuji™)

. (Kinase inhibitor assay) 

45 M 2,2’-dipyridyl

1.5~2.0  106 cells / ml

30 750 M 250 M

HA Myb
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.  (Kinase activator assay) 

45 M 2,2’-dipyridyl

1.5~2.0  106 cells / ml

HA Myb
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. Myb

Myb3 32kDa 300

anti-HA Myb3

( A)

( ) Myb3

3 HA

15 30 HA

 ( A B) (total cell 

lysate) 15 30 Myb3

 ( C) 5 nM LMB (leptomycin B) 

HA

15 30  ( D) HA

Myb3

Myb3 10% 750 M

15 30 Myb3 Myb3

15  ( )

15

Myb3 ( ) 750 Myb3

( ) Myb2 Myb3

250 M 15
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Myb3  ( A B)

Myb2

Myb2 15 ( A B)

fenton reaction ( OH) (O2 ) ROS

Myb2 Myb3 ROS

100  menadione NAD(P)H

Myb2 Myb3 menadione

Myb2 Myb3 ( C)

10mM (thiourea) 230mM ethelene glycol

Myb2 Myb3

( A B C) Myb2 Myb3

Myb2 Myb3

. Myb2 Myb3

Myb2 Myb3

( ) 30

Myb2

Myb3

Myb2 Myb3

PKA H-89 PKG KT5823 G suramin

MEK PD98059 Ras FTS Myb3

( ) PKA 8-Br-cAMP PKG 8-Br-cGMP

G GTP- -S Myb3
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( ) PKC bisindolylamaleimide-I TPA

Myb3 ( ) suramin Myb3

8-Br-cAMP 8-Br-cGMP

( )

cAMP cGMP PKA PKG Myb3

Ras MEK Myb3

Myb3 PD98059 FTS (

) Myb2 PKG MEK

( ) Myb2 cGMP

( ) Myb2 Myb3

100 M menadione Myb2 Myb3

( ) menadione Myb2 Myb3

. Myb3   

Myb3

Myb3 (truncation) (site directed mutation)

Myb3

( ) Myb3   

Myb3 48-156 48-167 48-180

48-156-tetR 48-167-tetR 48-180-tetR

Myb3 HA-Myb3 48-167-tetR

48-180-tetR 48-156-tet (
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A) 48-167 Myb3 Myb3 156-167

48-167-tetR 48-180-tetR

HA-Myb3 48-180-tetR

HA-Myb3 15

( B) 48-167-tetR

48-180-tetR HA-Myb3

( ) Myb3

Myb3 Myb3

S87A C91S S148A S149A SS148-149AA S155A T156A ST155-156AA

NSN157-159AAA S158A HKE160-162AAA ILL163-165AAA S169A

KKRK170-173AAAA S203A  ( A) T1

( B)

156-167 157NSN159 160 HKE 162 163

ILL 165 NSN157-159AAA

Myb3 ( )

Myb3 158S S158A

( ) HKE160-162AAA

22.5 ( ) Myb3

ILL163-165AAA ( )

Myb3
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( ) PKA Myb3

Myb3 152KRIST156 PKA

155ST156 148SS149

S155A ST155-156AA

( )

T156A 22.5

( )  ST 148-149 S149A Myb3

( ) S148A T156A

( )

( ) Myb3

Myb3 87S 203S Myb3

2 (25) S87A S203A

Myb3 S203A

( ) Myb3

S87A ( )

Myb3 (classical nuclear localization signal; cNLS)

170KKRK173 KKRK170-173AAAA Myb3

( ) Myb3 NLS

Myb3 R2 DNA (cysteine)

(serine) C91S Myb3

C91S

( )
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(hydrogen peroxide) (estrogen)

Myb2 Myb3

. Myb2 Myb3

HA-Myb3 15 30 ( A)

Myb3 HA-Myb3 LMB

( B C) Myb3

(constitutive nuclear import and export)

Myb3 (cytoplasmic retention)

Myb3 3 15

(inducible nuclear import) 15 30

(nuclear export)

( ) Myb3

( ) Myb3

Myb2 Myb3

.

60,000
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170MB 2007

927 328 small GTPases (3)

Myb2 Myb3 menadione Myb

( )

Myb2 Myb3

Myb3 Myb

Myb2 Myb3

( )

PKA H-89 PKG

KT Myb3 ( ) G suramin

Myb3 ( ) suramin 8-Br-cAMP 8-Br-cGMP

Myb3 ( ) PKA PKG

PKA PKG G

Myb3 Ras FTS MEK

PD98059 ( )

(cross-talk)

Myb2 suramin KT5823 cGMP

( ) Myb2 Myb3
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G cAMP cGMP PKA

PKG Myb3

Ras MEK Myb3

Ras Myb3

Myb2 Ras G PKG

. yb3

Myb3

(cytoplasmic retention) (inducible nuclear import)

(nuclear export) Myb3

Myb3

( ) Myb3

Myb3 Myb3

Myb2 48-143 R2R3 

DNA Myb3

48-167 ( ) 48-180 Myb3

Myb3 R2R3 DNA

R2R3 Myb2 Myb3

( ) Myb3



24

156-167 157NSN159 160HKE162  163ILL165

( )

Myb3 157NSN159 Myb3

160HKE162 Myb3 163ILL165 Myb3

157NSN159 158S S158A

Myb3

157 159 (asparagine)

160H 161K Myb3

Myb3 DNA

163-165 (leucine) (isoleucine)

157-162

Myb3

( ) Myb3

Myb3 PKA 152KRIST156

Myb3

ST155-156AA ( ) S155A Myb3(

) S149A ( )

SS148-149AA( ) S148A( ) T156A( )

152KRIST156 Myb3 PKA

Myb3

Myb3 2

Myb3 203S S203A

2 87S S87A

Myb3 15 S203A S87A
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S203A 15

1 ( ) S87A

30 ( )

Myb3 Myb3

Myb2 48KKQK51

Myb2

SV40T cNLS Myb3

 170KKRK173 ( )

Myb

( ) Myb3

Myb R2 DNA 91C Myb

Myb3 (cysteine)

(serine) C91S

C91S 15

( )

Myb3

(dimer) Myb3

Myb
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Leptomycin B (LMB) CRM1 5nM 30min 

H-89 PKA 48nM 30min 

KT5823 PKG 234nM 30min 

PD98059 MEK 5 M 30min 

Suramin GTP 50 M 30min 

Farnesyl Thiosalicylic Acid (FTS) Ras 10 M 30min 

Bisindolylamaleimide I PKC 10nM 30min 
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8-bromo-cAMP PKA 50 M 

8-bromo-cGMP PKG 50 M 

GTP- -S G  subunit 100 M 

TPA PKC 300ng/ml 
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Myb3

Myb3

NSN157-159AAA 

S155A PKA

S148A  

T156A  

ST155-156AA 

HKE160-162AAA 

PKA

PKA

C91S  

S149A  

ILL163-165AAA 

KKRK170-173AAAA 

S203A 

Myb3

S87A 

SS148-149AA 

S158A 
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Myb3

HA-Myb3 10% TYI-S33

1.5~2.0  106 cells / ml Myb3

T1
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Myb3

HA-Myb3 45 M 2,2’-dipyridyl

1.5~2.0  106 cells / ml 750 M

Myb3 (A) 1

3 7.5 15 30 anti-HA (300 )

FITC Myb3 DAPI Merge DAPI FITC

(B) MetamorphTM

FITC

(C) 1 15 30

Myb3 (D)

Lectomycin B (LMB) LMB

0 15 30 Myb 3

FITC Myb3 DAPI Merge DAPI FITC

T1
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34

HA-Myb3

HA-Myb3 1.5~2.0  106 cells 

/ ml

750 M 10% 0 15 30 anti-HA (300

) Myb3 FITC Myb3 DAPI 

Merge DAPI FITC T1
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HA-Myb3

HA-Myb3

1.5~2.0  106 cells / ml 0 250 500 750 1000 M

15 anti-HA (300 ) Myb3

FITC Myb3 DAPI 

Merge DAPI FITC T1
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Myb2 Myb3

HA-Myb2 HA-Myb3

1.5~2.0  106 cells / ml (A) 750 M (B) 250 M

(C)100 M menadione 0 15 30 anti-HA (300

) Myb2 Myb3 FITC 

Myb3 Merge DAPI FITC   
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Myb2 Myb3

HA-Myb2 HA-Myb3

1.5~2.0  106 cells / ml (A) (B) 10mM (C) 320mM 

ethelene glycol 30 750 M 250 M 0

15 30 anti-HA (300 )

Myb2 Myb3 FITC Myb3 Merge DAPI FITC
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42

PKA H-89 Myb3

1.5~2.0  106 cells / ml

DMSO 48nM PKA H-89 30 750 M

Myb3 (A) 

0 15 30 anti-HA (300 )

FITC Myb3 DAPI Merge DAPI FITC

(B) MetamorphTM

FITC
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44

PKG KT5823 Myb3

1.5~2.0  106 cells / ml

DMSO 234nM PKG KT5823 30 750 M

Myb3 (A) 

0 15 30 anti-HA (300 )

FITC Myb3 DAPI Merge DAPI FITC

(B) MetamorphTM

FITC
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46

G Suramin Myb3

1.5~2.0  106 cells / ml

DMSO 10 M G Suramin 30 750 M

Myb3 (A) 

0 15 30 anti-HA (300 )

FITC Myb3 DAPI Merge DAPI FITC

(B) MetamorphTM

FITC
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48

MEK PD98059 Myb3

1.5~2.0  106 cells / ml

DMSO 50 M MEK PD98059 30 750 M

Myb3 (A) 

0 15 30 anti-HA (300 )

FITC Myb3 DAPI Merge DAPI FITC

(B) MetamorphTM

FITC
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Ras FTS Myb3

1.5~2.0  106 cells / ml

DMSO 10 M Ras FTS 30 750 M

Myb3 (A) 

0 15 30 anti-HA (300 )

FITC Myb3 DAPI Merge DAPI FITC

(B) MetamorphTM

FITC
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52

8-Br-cAMP Myb3

1.5~2.0  106 cells / ml

750 M 50 M 8-Br cAMP Myb3

(A) 8-Br-cAMP 0 15 30 anti-HA 

(300 ) FITC Myb3 DAPI Merge

DAPI FITC (B) MetamorphTM

8-Br-cAMP FITC



53



54

8-Br-cGMP Myb3

1.5~2.0  106 cells / ml

750 M 50 M 8-Br-cGMP Myb3

(A) 8-Br-cGMP 0 15 30 anti-HA 

(300 ) FITC Myb3 DAPI Merge

DAPI FITC (B) MetamorphTM

8-Br-cGMP FITC
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56

GTP- -S Myb3

1.5~2.0  106 cells / ml

750 M 100 M GTP- -S Myb3

(A) GTP- -S 0 15 30 anti-HA 

(300 ) FITC Myb3 DAPI Merge

DAPI FITC (B) MetamorphTM

GTP- -S FITC
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58

PKC Bisindolylamaleimide-I Myb3

1.5~2.0  106 cells / ml

DMSO 10nM PKC Bisindolylamaleimide- 30

750 M Myb3

(A) 0 15 30 anti-HA (300 )

FITC Myb3 DAPI Merge DAPI

FITC (B) MetamorphTM

FITC
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TPA Myb3

1.5~2.0  106 cells / ml

750 M 300ng/ml TPA Myb3

(A) TPA 0 15 30 anti-HA (300

) FITC Myb3 DAPI Merge

DAPI FITC (B) MetamorphTM

TPA FITC
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62

G suramin 8-Br-cAMP 8-Br-cGMP Myb3

1.5~2.0  106 cells / ml

DMSO 10 M G suramin 30 750 M

8-Br-cAMP 8-Br-cGMP 0 15 30 anti-HA 

(300 ) suramin Myb3

FITC Myb3 Merge DAPI FITC
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64

MEK PD98059 Myb3

1.5~2.0  106 cells / ml

DMSO 50 M MEK PD98059 30 250 M

Myb3 (A) 

0 15 30 anti-HA (300 )

FITC Myb3 DAPI Merge DAPI FITC

(B) MetamorphTM

FITC
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66

Ras FTS Myb3

1.5~2.0  106 cells / ml

DMSO 10 M Ras FTS 30 250 M

Myb3 (A) 

0 15 30 anti-HA (300 )

FITC Myb3 DAPI Merge DAPI FITC

(B) MetamorphTM

FITC
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H2O2 treatment (min)
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MEK PD98059 Myb2

1.5~2.0  106 cells / ml

DMSO 50 M MEK PD98059 30 250 M

Myb2 (A) 

0 15 30 anti-HA (300 )

FITC Myb2 DAPI Merge DAPI FITC

(B) MetamorphTM

FITC
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H2O2 treatment (min)
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G Suramin Myb2

1.5~2.0  106 cells / ml

DMSO 10 M G Suramin 30 250 M

Myb2 (A) 

0 15 30 anti-HA (300 )

FITC Myb2 DAPI Merge DAPI FITC

(B) MetamorphTM

FITC
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H2O2 treatment (min)
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PKG KT5823 Myb2

1.5~2.0  106 cells / ml

DMSO 234nM PKG KT5823 30 250 M

Myb2 (A) 

0 15 30 anti-HA (300 )

FITC Myb2 DAPI Merge DAPI FITC

(B) MetamorphTM

FITC
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8-Br-cGMP Myb2

1.5~2.0  106 cells / ml

250 M 50 M 8-Br-cGMP Myb2

(A) 8-Br-cGMP 0 15 30 anti-HA 

(300 ) FITC Myb2 DAPI 

Merge DAPI FITC (B) MetamorphTM

8-Br-cGMP

FITC
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76

Menadione Myb2 Myb3

HA-Myb2 HA-Myb3

1.5~2.0  106 cells / ml (A) DMSO (B) 50nM PD98059 (C) 

10 M FTS 30 100 M menadione 0 15 30

anti-HA (300 ) Myb2 Myb3

FITC Myb3 Merge DAPI FITC   
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Myb3

(A) Myb3 Myb3 250

56-148 R2R3 DNA N C Myb3 N C

Myb3 N C

anti-HA( 300 ) FITC 

HA-Myb3 DAPI Merge DAPI FITC T1

(B) Myb3

FITC HA-Myb3 Merge DAPI FITC
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Myb3 Myb3

(A) Myb3 87-203

Myb3

Myb3

(B) Myb3 750 M 0

7.5 15 22.5 30 FITC HA-Myb3 (

)
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NSN157-159AAA

NSN157-159AAA Myb3

1.5~2.0  106 cells / ml 750 M 0 7.5 15

22.5 30 anti-HA (300 )

Myb3 FITC Myb3 DAPI 

Merge DAPI FITC T1
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S158A

S158A Myb3

1.5~2.0  106 cells / ml 750 M 0 7.5 15 22.5

30 anti-HA (300 )

Myb3 FITC Myb3 DAPI Merge

DAPI FITC T1
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86

HKE160-162AAA

HKE160-162AAA Myb3

1.5~2.0  106 cells / ml 750 M 0 7.5 15

22.5 30 anti-HA (300 )

Myb3 FITC Myb3 DAPI 

Merge DAPI FITC T1
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ILL163-165AAA

ILL163-165AAA Myb3

1.5~2.0  106 cells / ml 750 M 0 7.5 15

22.5 30 anti-HA (300 )

Myb3 FITC Myb3 DAPI 

Merge DAPI FITC T1
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90

S155 A

S155A Myb3

1.5~2.0  106 cells / ml 750 M 0 7.5 15 22.5

30 anti-HA (300 )

Myb3 FITC Myb3 DAPI Merge

DAPI FITC T1
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92

ST155-156AA

ST155-156A A Myb3

1.5~2.0  106 cells / ml 750 M 0 7.5 15 22.5

30 anti-HA (300 )

Myb3 FITC Myb3 DAPI Merge

DAPI FITC T1
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94

T156 A

T156A Myb3

1.5~2.0  106 cells / ml 750 M 0 7.5 15 22.5

30 anti-HA (300 )

Myb3 FITC Myb3 DAPI Merge

DAPI FITC T1
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S149 A

  

S149 A Myb3

1.5~2.0  106 cells / ml 750 M 0 7.5 15 22.5

30 anti-HA (300 )

Myb3 FITC Myb3 DAPI Merge

DAPI FITC T1
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98

SS148-149A A

  

S149 A Myb3

1.5~2.0  106 cells / ml 750 M 0 7.5 15 22.5

30 anti-HA (300 )

Myb3 FITC Myb3 DAPI Merge

DAPI FITC T1
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S148 A

  

S148 A Myb3

1.5~2.0  106 cells / ml 750 M 0 7.5 15 22.5

30 anti-HA (300 )

Myb3 FITC Myb3 DAPI Merge

DAPI FITC T1
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102

S203A

  

S203 A Myb3

1.5~2.0  106 cells / ml 750 M 0 15 30 45 60

anti-HA (300 ) Myb3

FITC Myb3 DAPI Merge DAPI

FITC T1
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S87A

  

S87 A Myb3

1.5~2.0  106 cells / ml 750 M 0 7.5 15 22.5

30 anti-HA (300 )

Myb3 FITC Myb3 DAPI Merge

DAPI FITC T1
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KKRK170-173AAAA

  

KKRK170-173AAAA Myb3

1.5~2.0  106 cells / ml 750 M 0 15 30

45 60 anti-HA (300 )

Myb3 FITC Myb3 DAPI Merge

DAPI FITC T1
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C91S

C91S Myb3

1.5~2.0  106 cells / ml 750 M 250 M 0

15 30 anti-HA (300 )

Myb3 FITC Myb3 DAPI Merge

DAPI FITC T1
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