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Proteomic Analysis of Circadian Clock Mutant Mice
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Circadian rhythms, time on a scale of about 24 hours, are present in a number of organisms including animals, plants,
and bacteria. The control of the biochemical, physiological and behavioral processes is regulated by endogenous clocks
in the suprachiasmatic nucleus (SCN). At the core of this timing mechanism is molecular machinery that are present
both in the brain and in the peripheral tissues throughout the body, and even in a single cultured cell. In this study, we
performed two-dimensional gel electrophoresis to figure out any correlation between protein expression patterns and the
requirement of two canonical clock proteins, either mPER] or mPER?2, by comparing global protein expression profiles
in livers from wildtype or mPer!/mPer2 double mutant mice. We could identify several differentially expressed protein
candidates with respect to time and genotypes. Further analysis of these candidate proteins in detail in vivo will lead us
to the better understanding of how circadian clock functions in mammals.
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FHE YT F9E A 234,

¥ YoMz F714 9] Expe] 2] 243 (Balsa-

lobre et al,, 2000). =, AAAAZE AEW EXEL] dazsd
A48 o Ao WSS dASA FAAFIAL o] E
3 Al BEelsoR AAHeR B3 WHshks Eoly
71490e Ak
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27 gelsldt} (Konopka and Benzer, 1971). 32 s of A
AT 4945 BEUZE vl w2928 ti8he] Joe Takahashi
%L forward genetics®I S Balble v15-2=0) H83to] A
Adls EAWAE 23893t Clock (Clholet HH g
%C"i‘?‘iolg Ao I FARNE FEYIAT (King et

. 1997). o] F7Ae] 4¥ 2FE-2 basic Helix-Loop-Helix
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o] Yeast two-hybrid 2= &'d WHo = 15U} (Gekakis
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AXER 749 JF¢ 3 8o AT (suprachiasmatic
nucleus, SCN)°]t} (Weaver, 1998).
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Z8=o] ¢t} (van der Horst et al.,, 1999; Bunger et al., 2000;
Shearman et al., 2000; Bae et al,, 2001). ¢|3 AgS =3 X
72 Al 7HA mPer r7AA7F SCNU BAA Al 5] 474
2 AN M2 o2 A 2HEo] BIE T} (Bae et al,
2001). 74 Hag AAFARLY] knockout PHE-AE 5
A a2 FPPoR AAEE &A% - FHAES
A4 8 2 A5 77148 E v & ®el 49
= Bmall, mCryl/mCry2 double, 18] 3l mPerl/mPer2 double
knockout PH-2 5] Al 7}R] A 9-0|t} (van der Horst et al.,
1999; Bunger et al., 2000; Bae et al., 2001). & A7o|A = A
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}
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92 (Bae et al, 200)%} oYY, F FE FO2 1prof
12L:12D (LD) 357] Z27A00A 25 o] AMgste zt 7hAl
o ANAYES F5714 27 ARE AR te &
Aol AR LD entrainment § ZT2 (ZT 08
lights-on time 2.8, ZT12Z lights-off time 2.2 g 2|$hH¢} ZT-
1494 2v 238 A3 8P, 4= (DD) cycle® W
o e Ao 24 FESIGth AETEY] A 2
T 23.512°C9 HFE 60%E % 1aHith

Ao ARE-S Pl fAQA} BREA] dotiy] 9
qME, =4 e F e é}?ﬂr Proteinase K (20 mg/ml)<+
TES buffer (100 mM Tris, 200 mM NaCl, 5 mM EDTA)E 1:100
02 41& 8 500 plell PolA 52°Ce] B2zl 643t
olA} HHAIA nizle] dhlA S B33kl 14,000 X rpm, 4C
oM 1087 dEE F 92 AEddd %9 isopropyl
alcohol-2 Yol thrl 2 27ANA UAEE| 5 genomic
DNA7} HAEZ A HE=d ©] genomic DNAC] TE buffer
£ Y FeFoA 52T, 6417 o B4 DNAE
elutiond}$3th. 1 TS ofAE T} knockout A A}l Eo}F
O]%O]-Oq (Bae et al., 2001) polymerase chain reac-
tion (PCR)S 3+ - 1% agarose geloll A71953l ABHEY
FHJAE RIS

2. dzel5dE

Exercise wheelS 723 cageoll oFAIE 7 mPerl/2 double
Yols: rhesg @ A ¥ LD ol 25 ol 7]
2] Az o]59) g58 T35 ©]& monitoring soft-
ware® FEO BRI ¥, o8¢ Wol P DD 27
ol A% 7190 wheelel B3 AEZ DR AAPE
29 gkdst 44 RE AASeh U A7 Bk Y
(B33, 200 ux)®] fr5-ol WE 2 Al AFelse] ¥t
3l RS BB actogram 22 double plotSHSIT} (Acti-
View v1.3, Mini Mitter Co, USA).

3. O|XI¥ X,_Ul%‘%EA—‘.' (2—dimensional gel electro—
phoresis)

o2+ #7195 2] isoelecric focusing (IEF)*] AH&-¥ Im-
mobilized pH gradient (IPG) dry strip (Amersham Pharmacia, 24
cm Ao pH 3~10 H99 AL ARSI isoelectric
focusingS $)3 41 Ettan IPGphor IT (Amersham Pharmacia)$
218814121 Electrophoresis Power Supply model EPS 601
(Amersham Pharmacia)& 7] Fa38h=t] ©]83}5lth SDS-
polyacrylamide gel electrophoresis (SDS-PAGE)+= Ettan DALT
six Electrophoresis unit (Amersham PharmaciayS A28} 31
Aol o|u|z] E24& ¢33 PowerLook 110 scanner (UMAX
Technology)E AH&-3F3ITh
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1) ME A3

LD DDA ZT29}F ZT1490A 85 A Agh 129/5v
AFE =eolotol 2o TAEE= €O, 7k AANZ
ZAE A&t st 0Tol BAsH) v AAEA
IN)E DElE Taprpdo] AEH 223 959 (sample
buffer; 7 M urea, 2 M thiourea, 65 mM DTT, 4% CHAPS, 40
mM Tiis, 0.5% IPG buffer [pH 3~10], 0.05% SDS, 0.002% bro-
mophenol blue) 1 mlS 232 7F v} 1A7F o] AF AF2-o] A
BESAIZL 14,000 X rpm 4°Coll A 3087 A4l 5o A
A& A Eppendorf tube = 7] 1L endonuclease (Sigma, 250
wit)E 2], DNAE £33i5ivt 22 22004 daleelst
o 45 HS wdl §F Bradford method (Bio-Rad Protein Assay
Kit)ell wheh Tl ag geslgion, 2% A2 bovine
serum albumin (BSA)S A}8-3+%1t}. Protein 100 pgoll 45
< ¥ol 450 u=E 2E F b AAo) ARSI

2) Isoelectric focusing (IEF)

U A8 450 WS dry strip holderoll loading®d+ TFS,
dry strip (Amersham Pharmacia, pH 3~10)2 S&%¥ 1L cover
fluid oil2 9= F Ettan IPGphor I (Amersham Pharmacia)
S Table 19] 2 HZ running3tS3t} (Table 1).

3) Equilibration

Isoelectric focusing®] € dry strip2 7] & 71 &
Bol TBP (tributyl phosphine) equilibration (6 M urea, 2% SDS,
50 mM tris-HC1 [pH 8.8], 30% glycerol, 5 mM TBP, 0.002%
bromophenol blue) &8 Y1l shakero| A 1587+ ¥H&-A]

Ass

ol

wildtype

4) 2—dimensional gel electrophoresis

Equilibration®] &% ¥, 6~7A17F Aol nl2] 23E 12%
polyacrylamide gel (Acrylamide/bis solution 29:1, 1.5 M Tris-HCl1
[pH 8.8], 10% SDS, 10% APS, TEMED; 2024 cm)°ll dry strip
5 Sel% 3l 1% agarose gel = sealing$t - agarose gel®] =
© % Ettan DALT six Electrophoresis unit (Amersham Pharmacia)
o] 23l running3}S1th. Dry stripol Al dye7} 4713] whd of
7HA) gel 2 100 mV 15 mA, I ©|F acrylamide gelol A=
gel F 100mV30mAZ dye’t TF whal wj7hA] i 7Rsteict.

5) Gel staining

A} 45% (viv) methanol, 5% (v/v) phosphoric acid, 50% (v/v)
deionized distilled water (ddH,O)E 4101 Ha 6A17L 0] gel
< 1A% -2, 17% (w/v) ammonium sulfate, 3.6% (v/v) pho-
sphoric acid, 0.1% (W/v), 34% (v/v) methanol, CBB G-250°] 3+
FE g A 6A17E G o] dEE gel
1% (v/v) acetic acid, 15% (v/v) methanol, 84% (v/v) ddH,O= A}
L3lo] 2A)7F B¢k @AEta gAlo] 9heH geld ddH,0E

Table 1. Experimental condition of isoelectric focusing

Step Voltage mode Voltage Voltage-hour (Vhr) for 24 cm
1 step and hold 60 12 hr (rehydration)
2 step and hold 200 200 Vhr
3 step and hold 500 500 Vhr
4  step and hold 4000 4000 Vhr
5  gradient 8000 6000 Vhr
6  step and hold 8000 80000 Vhr

mPer?1 -/- mPer2 -/-

Time (hr)

Fig. 1. Representative actograms from wildtype (left) and mPerl/mPer2 double knockout (right) mice. The mice were fransferred from
LD to DD, and maintained in DD for three weeks to observe the behavioral rhythmicity, measured by wheel running activity. In contrast to
wildtype, mPer/mPer2 double knockout mouse clearly shows its complete loss of rhythmicity when released to DD. A tick mark on the
left indicates the LD to DD transition, and rectangular bars on top represent light (white) and dark (black) hours in a daily cycle. The

actograms are plotted in the double plot format.
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o]g3) 1417 B¢t AABI L Sitver staining ¥PHL o] &3}
o gelS FAE Aol |A 14 (10% acetic acid [vAv],
40% ethanol [v/v]) 2.2 30% o] A3 T}-2, sensitization
€94 (30% ethanol [v/v], 0.2% sodium thiosulfate [w/v], 17 g
sodium acetate)°l] 3027+ ¥H3-A17]31 ddH,O0F 554 33 A
o}l vh& silver reaction & (0.25% silver nitrate [w/v])Sll
2083 ¥HA7)51 ddH,02 1848 F i RolFdch 1
3 Al (6.25 g sodium carbonate, 100 pl formaldehyde)S
4ol spoto] BY wj7hA] developdt UhS A &9 3.65 g
EDTA, 1 L ddH,0)& 7138151t} o] gel&8 ddH,02 584
39 AR B, 4Tl B3Asiede)
6) Spot analysis

Staining$t gel-> PowerLook 110 scanner (UMAX techno-

o]m| A} data® A3 TS, 2-

analysis software

logy)E AH&-3ke] 2703}
DE image master program<$! ImageMaster™
(Amersham Pharmacia)E AHE3lS] o]v|x]& Bl B45}5]
o B4 A @ge] #ol7) gl spotEE 2D reference
map database® F3] 218} 2™ (Sanchez et al, 2001),
matrix assisted laser desorption/ionization-time of flight mass
spectrometry (MALDI-TOF MS)E S BAES FAs)
oAZ FARALE &3k

SURES
A o

o] BAL YA AR o o wdo] 4
143“ LAAE Bt oS0 74 =9 183 A} =}

Table 2. Proteins identified using 2-dimensional gel analysis of the liver from WT in ZT2

Sn%(?t Protein identification pl MW
1 Major urinary protein 2 (MUP2) 4.86 18512
2 Cytochrome B5 4.88 14567
3 Cytochrome C Oxidase Polypeptide Va, Mitochondrial 5.06 12381
4 Ubiquinol-Cytochrome C Reductase complex 11 kDa Protein, Mitochondrial (Mitochondrial hmge protein) 4.99 12075
5  Superoxide dismutase (Cu-Zn) 6.14 14537
6  Thioredoxin (ATL-derived factor [ADF]) 491 12433
7 Unidentified
8 60 kDa Heat Shock Protein, Mitochondrial(HSP60) 529 58144
9  Serum Albumin 549 65673

10 Protein disulfide-isomerase 4.86 55496
11 Unidentified
12 Unidentified
13 Translationally controlled tumor protein (TCTP) 481 24050
14 Protein disulfide-isomerase A3 5.83 56422
15 78 kDa glucose-regulated protein (Immunoglobulin heavy chainbinding protein) 5.04 69426
16  Ketohexokinase (Hepatic fructokinase) 5.68 30614
17 Unidentified
18  Unidentified
19 Unidentified
20 Senescence marker protein30 (Regucalcin) 5.08 33929
21 Unidentified
22 Cytochrome C Oxidase Polypeptide Vb, Mitochondrial 5.96 12748
23 Unidentified
24 408 ribosomal protein SA (34/67 kDa laminin receptor) 485 40985
25  Peroxiredoxin 6 (non-selenium glutathione peroxidase) 626 26266
26  Unidentified
27  Unidentified
28  Selenium-binding protein 1 5.79 52662
29 60 kDa Heat Shock Protein, Mitochondrial (HSP60) 5.31 58000
30  ATP synthase beta chain, Mitochondrial 5.05 49152
31  Protein disulfide-isomerase A3 5.70 56442
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73 v} glt}h (Bae et al,, 2001). ©12]3F W 93+ PwdE
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Fig. 2. A representative two-dimensional polyacrylamide gel
image of the liver from WT in ZT2 using pH range IPG strips.
Thirty-one protein spots marked by the number are further analyzed
and listed in Table 2.

Fig. 3. The results of two-dimensional gel electrophoresis of liver proteins from WT and dKO collected in two time points. (Top left)
WT at ZT2. (Top right) WT at ZT14. (Bottom left) dKO at ZT2. (Bottom right) dKO at ZT14. Protein spots showing clear difference are
marked as ato g, and compayed side by side in Figure 4 (a, b, ¢, d) and Figure 5 (e, f, g), respectively.
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oA dot=A] GotB A o]F A WFeES &
Y IE wheel running o] W= 4w HEITE DD
AollA dA3 2 5e Holx 8T 22| mPerlimPer2
double knockout WF-29) AL vz PE|EL Adsiant
(Fig. 1). ZHEZ PAXNA L] 2o olg F FHdA7}t F
23 93g 9IEe o F Uk

BNCEy D

2. 2X2 MI|1FES S8t mPerl/mPer?2 double knoc—
kout OFRA (dKO)QF OMME NteA (WT)Q| CHHA e

o

WT# dKO F genotypeS 7FA npg-20] 7oA 22t
2% 9E Iy e o)At AV FEHE o] &3ty
zto) & Hlar, A B3kt (Fig. 2 and Table 2). ©]& ©¥
el g FE AR EE vlus] 2, U3 geno-
type 7F AF A Agtue] Aol wlE whuiR o] 2y
Sitol thzm, 3, thE genotypedi A AlZHd7E ZUEtE

[

dulg g opdol BErks AL & & Ytk AL

a. Unknown Protein

b. Protein Disulfide-isomerase A3 (pl 5.83)

c. Protein Disulfide-isomerase A3 (pl 5.70)

d. Unknown Protein

Fig. 4. Difference in the protein expression with time points in
WT. (a) Unknown protein, (b) Protein disulfide-isomerase A3 (pI
5.83), (c) Protein disulfide-isomerase A3 (pl 5.70), (d) Unknown
protein. ZT?2 at left, ZT14 at right.

genotypeoll W2 Tjd Wy of2 UF o) fFEENE oy
g W o] HrelA TG Aol #EFY + YAk
$A, Azbel W W3E vl 2ekS W (Fig 3),
WT A& Protein disulfide-isomerase A3 (pI 5.83)¢}t Protein
disulfide-isomerase A3 (pl 5.70)°] ZT14Rt} ZT2A o &
o] WA, v FA dMAL ZT14904 o] Bo] LHH
St} (Fig. 4). dKO A Major urinary protein 2. (MUP2)= ZT-
1494, Cytochrome C Oxidase Polypeptide Va, Mitochondrial,
Ubiquinol-Cytochrome C Reductase complex 11 kDa Protein,
Mitochondrial (Mitochondrial hinge protein), Thioredoxin (ATL-
derived factor [ADF]) 52 ZT2004 Z+zh ¢ Beo] BdHE
A& FAF 4 Ak 23 ZT2oA 3] How B
Ql eldo] ZT140 4 F 7le] oz vroldl Bik &
H At Fig. 5).
Genotypeoll Wl Hlmal B 9HS Wl (Fig. 6), ZT200A
Major urinary protein 2 (MUP2)w= WTol 4|, Translationally
controlled tumor protein (TCTP) (Lens epithelial protein)}
Superoxide dismutase (Cu-Zn)= dKOIA o Ho] L&
o™ (Fig. 7), ZT149 A= Cytochrome € Oxidase Polypeptide
Va, Mitochondrial, Ubiquinol-Cytochrome ‘C Reductase complex

)

e. Major Urinary Protein 2 (MUP2)

f. Unknown Protein

g. Cytochrome C Oxidase Polypeptide Va, Mitochondrial,
Ubiguinol-Cytochrome C Reductase complex 11 kDa
Protein, Mitochondrial (Mitochondrial Hinge Protein),
Thioredoxin (ATL-derived Factor [ADF])

Fig. 5. Difference in the protein expression with time points in
dKO. (e) Major urinary protein 2 (MUP2), (f) Unknown protein, (g)
Cytochrome C Oxidase Polypeptide Va, Mitochondrial, Ubiquinol-
Cytochrome C Reductase complex 11 kDa Protein, Mitochondrial
(Mitochondrial hinge protein), Thioredoxin (ATL-derived factor
[ADF)). ZT2 at left, ZT14 at right.
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Fig. 6. The results of two-dimensional gel electrophoresis of liver proteins from WT and dKO. Compare top with bottom ‘gels in
different genotypes. (Top left) WT at ZT2. (Top right) WT at ZT14. (Bottom left) dKO at ZT2. (Bottom right) dKO at ZT1.4. Protein spots
showing clear difference are marked as a to g, and compared side by side in Figure 7 (a, b, ¢) and Figure 8 (d, e, f), respectively.

11 kDa Protein, Mitochondrial (Mitochondrial hinge protein),
Thioredoxin (ATL-derived factor [ADFD} ¥l 574 o4 %
o] WToA t] @o] W=} (Fig. 8). 28] 3L Major urin-
ary protein 2 (MUP2), Cytochrome C Oxidase Polypeptide Va,
Mitochondrial, Ubiquinol-Cytochrome C Reductase complex 11
kDa Protein, Mitochondrial (Mitochondrial hinge protein), Thio-
redoxin (ATL-derived factor) (ADF) 59 @& A[Zkhel
ot e $@E Bk ol genotyped] W E TR
A ddsE e 2 5 AT (Fig 4, 5, 73 8). WA
WTS} o]F Yol vp9-2 ol Hds = g g
Feolls LY Fdolyt el EHe 2kel7k gisdth
2 Ao BRI DA S AN #E B o)
BxHo g AAAAL 7|zt A xdve did
Y 7ot} Major urinary proteine 2] isoforme 7} =,
| e gl S 9k 9 Euje Hosie, o]
Hrg £4L Fol dAFA A Anslol o=
B317} 9tk o] Folld MUP2E 53] Az 28] mishst
ARz s 1 Bdo] S, PPE B
7

=
g Ul el o) AeiHel AFEA Fol Belstaiet

R

o AR = gulE o)} (Nukaya et al.,, 2004; Valkova et al., 2005).

TCTPE small chaperone 93 ol &3l=d|, ~EH A9}

AFAPER] thalsta e A 2 AEF7)S] o] #
osto] wolntAge] A Psteiet A4E T (Chung et
al., 2000; Bommer and Thiele, 2004). 3+, Superoxide dismutase
(Cu-Znye FABEAE FFUFA H of7] §-9)9h 3}
A, 2 5ol 1 gAdo] ARl AP £EE e
bz olw] ¢edzl g ol (Hodoglugil et al., 1995; Baran
et al., 2000). Cytochrome C Oxidaset} Reductase, Thioredoxin
S5 a8 FUugo] 2Hgse Azt FaAAE
ARANA AR R ZJolE Bol ofx FRlakA] Fet A

& BuASE FAST 1 )5l U 4TS FohHO

fru
o Mo
19
o = o
s
o
4>
39,
tlo
PO
o
it
>
i
ud)
+

SRS} (Genomics), BEA B3} (Bioinfor-
matics) 2] 7]& o8 &-8319 high-density oligonucleo-
tide probe array (GeneChip)E 183 A2 A|AF-H A=
WS B 8T (Storch et al., 2002; Rudic et al., 2005). ©]
Sol| ol AW AAFHR] 10% BE7E oF 244171
F7)2 g ukEsittn 3, 7)5) Xl AlAFAA
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a. Major Urinary Protein 2 (MUP2)

b. Translationally Controlled Tumor Protein (TCTP)
(Lens Epithelial Protein)

c. Superoxide Dismutase (Cu-Zn)

Fig. 7. Difference in the protein expression with genotypes in
ZT?2. (a) Major urinary protein 2 (MUP2), (b) Translationally con-
trolled tumor protein (TCTP) (Lens epithelial protein), (c) Supero-
xide dismutase (Cu-Zn). WT at left, dKO at right.
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E 9188 AR BT, ol@ 430 £3 yages

AHE3RE Clock BRI O] vhe-2E AlAlElES 413 A4
3 null mutant’} o}uje} EAE E]—*— +A13}= deletion
mutant®] T} (King et al, 1997). T3}, 7150 A2 4o)d z+
2AER 1 B¢ it -‘r}@] e FRAHARTO|
HolatA the & gl fdstd o]g FRAHAY A
ARls #e] ARE Ve 75 25 % e8] dwka}
A7lE /-5 WA Zolol & zlojt}, webx FAA 4
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Fig. 8, Difference in the protein expression with genotypes in
ZT14. (d) Unknown protein, (¢) Unknown protein, (f) Cytochrome
C Oxidase Polypeptide Va, Mitochondrial, Ubiquinol-Cytochrome
C Redugtase complex 11 kDa Protein, Mitochondrial (Mitochon-
drial hinge protein), Thioredoxin (ATL-derived factor [ADF]). WT
at left, dKO at right.
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