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identification of cleavage sites on c-myc protooncogene
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= Abstract=

DNA topoisomerase 11 was purified by Sephacryl $-400 gel filtration, DNA
cellulose chromatography and glycerol gradient centrifugation from human ch-
ronic myelogenous leukemia K—562 cells. Enzyme activity was assayed by
measuring the ATP-dependent relaxation of supercoilled pBR322.

The results are summarized as follows.

1. DNA topoisomerase II was purified more than 184 —fold as compared
to the whole cell homogenate, with 7% yield.

2. Supercoiled pBR322 DNA was completely converted to relaxed form in
the concentration of 120ng of purified DNA topoisomerase II.

3. The preferred DNA topoisomerase Il cleavage sites generating the most

intense bands were located in the upstream of the c-myc exon 1.
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Sephacryl S—400, DNA cellulose< Si-
gma 3]A}Z R, restriction enzyme, Ts—
polynucleotide kinase, y—**P—ATP, Hy-
perfilm—MPE AmershamAt A& S 7
3l t}. fetal calf serum, RPMI 16402 Gi-
bco, calf alkaline phosphatase Pro-
mega®l| A, Proteinase K¥ Boehringer Ma-
nnheim AF L 7YU3HIeH, 2 249 o
WA Q) Aleke EA LS T U3 ARSI
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t}. pHSR1(human c-myc gene)< A4 ¢
O §AZs AFLAH AFHATD

2. MIXE bt

Al mrd HEs K-562(ATCC CCL
243) MEE A}-4-3} heat inactivated fe-
tal calf serums £ 3¢ RPMI 1640 ¥ A S
AHE-3E 150ecm?Y] flaske] ml%E 3X10°9]
HEE HFAA 5% CO 37CE #A
Sk viF 710l A v FSted Al E7E4X10°
—9X10° cello] HA-E @ 400xgelA €
&3 AL washing buffer(10mM Tris-
HCl pH8.1. 1mM EDTA, 0, 14M NaCh &
Yol Mojuth, 2E 33 (harvest proce-
dure) & 4Te|A AP om A4 A
EZAS o] Bol A3t FF N2 b
I pellet (ME)L gl A& wj71A
—707C2] deep freezerdl T2 Bttt

3. K—562 MIZoj|Al DNA topoisomerase
el Hl

1) Nuclei &
=72 BA3 ME(K-562)F 4ToA
=0l & A& nucleus buffer (0.15M

i)
== T

NaCl, 5mM MgCl,, 1mM EGTA, 0.1mM
dithiothreitol, 10% Glycerol, pH6.5)& %
o] ¥ Ao 5mlE HHA] B A S
HEAT o] gl 45mlY 0.35% Tri-
ton X—100% 0.1mM PMSF(phenylmeth-
ylsulfonylfluoride) 7t &/ ¥ nucleus buf-
ferS Y3 4ToA A 3] wyetEA 20
B2 9x3 & 10859 400xgel A ¢H
stk A3 AL el HAE nucleiE
t}A] Triton X—100°] &= A &2 nuc-
leus buffer2 = YAFPer 2¥ ¢
AW Triton X—100& AAZRLY o
7129 o} 2 nuclear pellete 0.35M NaClel
Eo] 9+ AL nucleus buffer ImlE ¥

2087 AMAs] murEta 108 E<9F 900
xgol Al YA AT FFAANA nucleiE &
A3 AAs7] A A dFH A1 Min-
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2) Sephacryl S—400 column chromatog-
raphy

F71 DM B FEEFE nucleus
buffersl # P12l Sephacryl S—400(Si-
gma Chemicals Co.) column(2.5X20cm)
of ¥ 3 0.3m| £% 2 nucleus buffers
Ty Fof A484E Yehie #gs ¢
Ak,
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o
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3) DNA—cellulose column chromatogra-
phy

Spehacryl S—400 column® Z3E&
0.15M NaClel &2 nucleus buffer2 %4
d¥ DNA—cellulose(Sigma Chemicals
Co.) column (0.7X10cm)ell ¥ F2A]
Zith. 0.15M NaClel &% ¥ nucleus buf-
fer2 Asxol A base line®l zero7} w714
EHF3 0.35M NaClg& AH83t linear
gradient2 /KA ZH = £EF&HEE 02
ml/min®] =& 3¥th DNA cellulose
columnoll Al FElE #A9 £YIFE Zo}

& HBE T3 o BASAT

4) Glycerol gradient centrifugation
0.35M NaCl°] #-%¥ nucleus buffer®l
glycerols %°] 15—-40% 2} glycerol %
AALE THE A F AZTA G A E Y
Kontron SW65 roterg AH&-3td 100,000
xg= 4ColA 68412 AAA 7|2 9EFHS
24719 8o R o] oA REY AIE S
Telete 24 E 8 g3 EAREE &3
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4. DNA topoisomerase 11 2] relaxation acti-
vity

30y g/ml8l bovine serum albumin®] ¥
e g EFA(50mM Tris-HCl, pH 7.9,
100mM KCI, 10mM MgCl;, 0.5mM dithio-
threitol, 0.5mM EGTA, 1.0mM ATP) 20
M 1ol 400ng2} pBR322 DNAS}H B A& K—

562 DNA topoisomerase I & %1 37C
ol 4 3083t ¥hg AlZTh o] kg Hof 5y

9l 5% SDS, 25% Ficoll 400% 0.25mg
bromophenolblue/mie} E¥HS Hof wh
& AAAFH L, 1mlT 05mg protei-
nase KZ %9 42ColA 147t ¥ ¥hg-A
Zith wh-g- A4 A3 B8 TBE buffer(90mM Tris
borate, pH 8.3, 25mM EDTA)E Z7H&
i 2 331 0.8% agarose gele AH&3dtd 6
V/emZ #7195 S A EAsATH
DNA topoisomerase I12] #2J-& 37CollA]

30249l 1, g% DNAS ¢33 relax’| 71
= 8249 %S lunitZ BHETh
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AR BAF Lo T
Lowry5(10) 9] 3ol wet A8t

HEZ3H A Z bovine serum albumin
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6. MgtgAZE XE DNA EHHe| Fojg2t
DNAS| 5 B0 *Po] EX| H=

A c-myc DNAE AdE sz Zet 5
Fof #2PE ® A DNA ZEHEES 7] 93k
57 22 2AL AAsigd. DNATE
pBR322¢] human c-mycel &% pHSR1
S A gk, A 74 Hind T2 Xba

R off
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o2 AEANNF H7|FEFSS o 37
Kb} c-myc/Hind I, Xba | ZHE elect-

roelution® 2 3|F3tHth o] DNA frag-
mentZ CIP(calf intestinal alkaline phos-
phatase) 2 phosphateE A #3t3 y—P
—~ ATP(300Ci/mmole, 10, Ci/y D9} T4
polynucleotide kinaseZ ZH&A|A 5 Fol
¥PE HAISAT o] A 5F o dF
olgt A DNA HHE ¥V A3 22
Aol Sac I Al AAE ZAEAA IX
€< AASR 2™, phenol/chloroform F
%7 ethanolZ A A A Hind %% #p7}
HAE linear DNAE &&l3txtt.

7. linear DNAO!| tHBF DNA topoisomerase
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2719} e dhlo 2 #pE F A3 DNA
(05, g)ol #7820, 19 reaction bu-
tfer(100mM Tris-HCl 3 pH 7.5, 5mM MgCl
2. 50mM KC|, 0.1lmM EDTA, 30y, g/ml
BSA)¢] 1mM<] ATPS} % Al ¥ DNA topoi-
somerse IS i 37CoA 30&3t ¥hg
AZF 2,19 10% SDSE %ol wee
AAAMNZ LY proteinase K(0.5mg/mDE
Yol 42TelA 6087 o wAHG v
oA Bolz AES 487 Hsl, AlF
2,191 loading buffer(0.3% bromophenol
blue, 16% Ficoll 400, 0.01M Na,HPO.) &
7t 60TAA 1—-287F 71E3tg e
°]Z 12% agarose geldl TBE bufferE
AHE3lE 2V/eme] £ A7 FEAIH T
ZH7W7F B¢ agarose gel ovenol ¥
4A 3] AZAA Hyperfilm-MPE A}-&-3}
autoradiography& A A|§ ¥ DNA topoi-
sometase 112 Ao g activityS
vl B4317]-93)] Autoradiograph film<
Shimadzu UV-265 spectrophotometer®]
590nmol A} scandtd H7}stH o

RE

1. K—562 MZo|A{ F2|8t DNA topoiso-
merase 112 x| %N &4

vjo¥E K—562 AIEE A7) 4 o)
w2} nuclear extractE 2] column chro-
matographyS HAI8tA T 18 2904 B+
v} ¢} Zro] Sephacryl S—400 gel filtration ©]
2829 pBR322E 7|42 A}43t9 DNA

THEE =
topoisomerase 119 &A4& A3 A<=T

3 289 2H 429 Alo]9) W& H A
g259en, 53] 32904 36¥ £
A FL 4L e o] AAEAES
Yehle 288 ¢ A7 93
DNA— cellulose column®l &32tA1711, 0.
15M NaCl nucleus bufferZ base line®] 0°]
go71=z] £ o5, 0.15—0.35M Nall

2y

240 2 linear gradientE &0 £&A|70
23 0.2M—0.3M2 NaCl FX°1* DNA
topoisomerase 117} = 0o &8 64
WA 68 B ZHA MF & &
e JEATH ™ 3). o] 849 £¥
B 15-40% glycerol % ZA AU &
AAjsted 8—-129 20—242] HE A
DNA topoisomerased &4< #&AY +F
AANHE 4). 7HF =& 845 Jelds
129} 2231 ¥ 2% DNA topoisomerase 11
g 5337 93 ATP(0.5mM) e |&&
ZAE A E (23 4)0l A B8 22014+ 12
o €2 ATP H7te} 533 DNA topoi-
somerase |22 GAXE G427 239
o =3 129 £82 ATP hydrolysis®
e 7 3= FOZ Ho} DNA topoisome-
rase [ 2 &Rl of o] £ & 353t b3
Ao AHEEF o, o]t A S FH
K—562 A XZol49] DNA topoisomerase
e & 194 B be} Zo] 84 AR}
A2 TS5 A4 486 units/mg of protein
olg], HZ E LA glycerol &= ZAH
A1¥ 89,474 units/mg of protein® 2 184
v AAEgon & 7% F£&S JEHH
At

2. DNA topoisomerase 112 sZo| g
B3}

DNA topoisomerase 119 ¥AX=E &
U3t7] ¥t pBR322 DNA(400ng) el
K—562 celll*] A& DNA topoisome-
rase 119 ¥ (0, 20, 40, 80, 120, 160ng)
£ g3t ATP EA)stol 30&7F vH&A]

7€ @ pBR322 DNAZ} supercoil® form
A relax formo. 29 AFL A4LFET}
20ng¥d™ ¢F 50% 9 4S5 YL
120ng o4 dd A3 HESHUMH
5).
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3. Mlst §42 XIE linear DNAMIA{2] DNA
topoisomerase 119 &4

human c-myc®] 49 ¥ pHSR1 DNAE
Hind 119} Xba 122 BW3t electroelu-
tionS 2 °F 3.7Kb fragmentE ¥ th
2pZ 5o EA§ ¥ Sac [22 ThA] Zret
32 Zo] 2pz HAH exon [& X 3I=
oF 32Kb2} linear DNA® topoisomerase
IS ZA&AHA ANEE W79 E3HL gels
2 autoradiographydt 23 18 601 A]
B vhe} o] DNA topoisomerase 11
213 double strand®! linear DNAZ}F o]
e BHoz HdE S HFEAL, H
Ao I g QI 93t autoradiog-
raph film< spectrophotometer2 scangt
A3 158Kb &AM M e EA4E
veRilew, 1.87, 1.20. 0.70, 0.55Kb
AGAME F3ig AL BHY. olzigh
A AFEL c-myc locus®] mapl 2
el 27 (2¥ 7) diF-E°] DNA topoiso-
merase 119 213} exon 12} upstream% &
Adstdo
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DNA topoisomerase 1= AX< F4
deol wel AAS & Ao zolrt
Ao A= 7|(stationary phase) ol B]3H

T+ Z217](log phase)olX & 4&
Uebdth =3 w2 A F23hs o] xR
e o] EA7F B2 o] EA3H, o]
729 AAAA Amsacrine, Adriamycin,
Ellipticine, VP— 16, VM—26 & AX =
4E 7HAT o] A, FAA R ARt
U7} Wl AR AR o] FEHd
th3 DNA topoisomerase 119} tH3F &
S 849 Fo] FEFa e i
S Xg3ted B8 Ao Jdd
) ok B AioMe Abge] A
X (K—562)F AH&3td, 2714
%3l DNA topoisomerase 1I
Al =t ot
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DNA topoisomerase= 1 vl 7] & o] ot
2 F 2 EFH <=4 topoisomerase [
DNA duplex® 371gE #x, ddd g
€< Zu¥ DNA 719E o2 &
IHANNRF BoiRE F-E8& A @ZE3=
tl (1), topoisomerase 11 DNAS] F7}&
< A9 FAlel #3 DNA duplex® ©&
HFRol Aoy & 5HG T AdE RYE
A QA E42A4 v oA ATP
hydrolysis& 22 3} 2l°] topoisome-
rase 17 T}2 Ho|th(8)

B A 54 A AN HF DAY
glycerol F=74AF YAYE AAEA £F7
Aol 4] DNA topoisomerase 115 #3135
<o X 39 type?! ATP independent
o] 231t} o] DNA topoisomerase
|22 AR Minfords(11)°] mouse
leukemia(L1210) A XA #z A
549 AT X3P rh 181 nuclear
extract, Sephacryl S—400, DNA cellulose
column chromatography®} glycerol =7
AL AR FAHRAS Fshe 184u) 9]
purity$} 7% 9] yieldE dA=d olHF Z
#+=, Halligan%(5)® Schomburg®} Gro-
sse(15) 7} calf thymus©l A1 A A 3 topoiso-
merase 119 purity?} Z+Z+ 13004, 6300
2 K—562004e 2o v & &
T2 doix ey Saijos(14) 2 mouse FM
3A celldll A 9] B9t B3 T o143 Y]
Axtg Ho} Eeldel wa tia o)t
AR HAMHA B HEI} Qlojop
g ol dFHAE 93 2l&et tEE
WS JRdstdol & Aotk

c-myc locus’¥e] DNA topoisomerase
119} clevage site® autoradiograph W33
spectrophotometerZ 388 27 exon 19
upstreamZ & ZtA Hdste Aoz o
Bt =, o] 23 Z3}= RiouF(12) 9] calf
thymusoll 4 £2]3 DNA topoisomerase
117} 7132 A3 human c-myc’de] 2
o} FARIY T Fo2 FUAZ AHEH
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£ 2 JAA 9s =¥ human c-
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o] Z&714-g ¥iled 7x ARE ALE
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Atghel Thd WYY K-562 X2 7 H
DNA topoisomerase 115 AA3td HA

¥ /3% agarose gel electrophoresis®l 23}
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1. DNA topoisomerase II+ nuclear ext-
ract2 % ¥ Sephacryl S—400, DNA cellu-
lose column chromatography, glyceroi gra-
dient centrfugation #3-& B3] 1844
BAHALH F&& F 7% LA

2. pBR322 DNA(400ng)°l g FA€
DNA topoisomerase II9] activityv 120
ng®l A #7319 2 ol supercoil® formell A
relax formo.2 43 HEA AT

3. Hind 1, Xba I/Sac I[2&Z A& human
c-myc DNA fragment®] ¥ topoisome-
rase 119 activity® FAT 27 c-myc
DNA2] exon 19} upstreamZoll & &4 &

UehlE AL Bog & It
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Nucleous buffer containing
0.35% Triton X-100 and 0.1mM PMSF,

at 4T for 20min

Centrifuge
400xg for 10min

Nuclei

| Triton free nucleus buffer

Resuspension

Iced-cold nucleus buffer containing
0.35M NaCl extraction for 20min

Centrifuge
900xg for 10min

Nuclei
Crude extract

|

Sephacryl S-400

|

DNA cellulose

Glycerol gradient

Fig. 1. Purification scheme of K-562 DNA topoisomerase II
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Table 1. Purification of DNA topoisomerase II from K—562 cells

Purification step Total Total Specific Yield
Protein Activity Activity
(mg)  (unitsX107®)  (units/mg) (%)
1. Cell homogenate 1024 498 486 100
2. Nuclear extract 128 318 2484 64
3. Sephacryl S-400 15.1 128.2 8490 26
4. DNA cellulose 46 71 15435 14
5. Glycero!l gradient 0.38 34 89474

Enzyme activity was assayed as described in Materials and Methods.
Protein conentrations were determined by Lowry’s method.

Protein Conc.{ug/ml)

80 -

60 +

40 +

20 +
R T
0 10 20

Fraction No.

Fig. 2. Elution profile of DNA topoisomerase II on Sephacryl S—400 column
chromatography
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Fig. 3. DNA cellulose column chromatography of DNA topoisomerase II
eluated from Sephacryl S—400 column chromatography

A C 4 6 8 1012 14 16 18 20 22 24

Fig. 4. Separation of DNA topoisomerase II by glycerol gradient centrifuga-

tion

A) The material purified by DNA cellulose column was centrifuged
with 15—40% glycerol gradient in nucleus buffer containing 0.35M
NaCl at 100,000xg for 68hr at 4C.

B) The purified DNA topoisomerase 1l was incubated with or without
ATP in reaction mixture.
lane 1 pBR322 only, lane 2 : with ATP in No. 12
lane 3 © without ATP in No. 12, lane 4 : with ATP in No. 22, lane
5 : without ATP in No. 22
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Fig. 5. Effect of various concentrations of DNA topoisomerase 1I on the rela-
xation activity
The relaxation activity was analyzed by the agarose gel assay described
in “Materials and Methods”. Lane 1,400ng of pBR322 DNA ; lane
2—6, land 1+20ng, 40ng, 80ng, 120ng, or 160ng of topoisomerase
I

Absorbance

Topo I1
Control

Markers
(1Kb ladder)

4.1 3.1 2.0 1.6 1.0 0.5

Fig. 6. DNA topoisomerase Il cleavage products of the c-myc gene Hind
I /Sac 1 DNA fragments that had been uniquely **P end labeled at
the Hind I site were reacted with DNA topoisomerase II for 30min
at 37°C. Samples were run into 1.2% agarose gels, and autoradiography
was performed. Autoradiograph was scanned by UV-265 spectropho-
tometer.
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Restriction sites

Exon 1
Hind 111 Sac | Xba 1}

'W‘ '
Topo 11 sites

— i

1 Kb

Fig. 7. Map of the DNA topoisomerase II cleavage sites in the c-myc locus
The size of the arrows in indicative of the relative strength of the
cleavage sites.




