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Structures and Functions of the 26S Proteasome Rpnl10 Family
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The ubiquitin—dependent proteolytic pathway is thought to be one of the vital systems for cellular regulations, in-
cluding control of the cell cycle, differentiation and apoptosis. In this pathway, poly—ubiquitinated proteins are selective-
ly degraded by the 26S proteasome, a multisubunit proteolytic machinery. Recognition of the poly—ubiquitin chain by
the 26S proteasome should be a key step leading to the selective degradation of target proteins, and the Rpn10 subunit of
the 26S proteasome has been shown to preferentially bind the poly—ubiquitin chain in vitro. We previously reported that
the mouse Rpn10 mRNA family is generated from a single gene by developmentally regulated, alternative splicing. To
determine whether such alternative splicing mechanisms occur in organisms other than the mouse, we searched for
Rpnl10 isoforms in various species. Here we summarize the gene organization of the Rpn10 in lower species and provide
evidence that the competence for generating all distinct forms of Rpn10 alternative splicing has expanded through evolu-
tion. Some of the Rpn10 family genes were found to be expressed in distinct developmental stages, suggesting that they
have distinct functions during embryogenesis. For example, Rpn10c and Rpn10e were exclusively expressed at specific
developmental stages and in specific tissues, while Rpnl0a was expressed constitutively. Our experimental results indi-
cate that the respective Rpnl10 proteins possess distinct roles in the progression of development. Furthermore, some of

the Rpnl0 variants specifically interacted with important developmental regulators.
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Fig. 1. E3 Ubiquitin Ligase
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(A) HECT-type ubiquitin ligase, (B) RING-type ubiquitin ligase (SCF, APC). Ub: Ubiquitin.
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Fig. 2. Structural Model of 26S Proteasome

26S proteasome consists of catalytic 20S proteasome and PA700 regula-
tory complexes. PA700 can be further sub—divided to Base and Lid compo-
nents. Base contains six ATPases and two non—ATPase subunits, while Lid is
made up from numerous non—ATPase subunits. Base and Lid are thought to
be linked by N terminus region of Rpnl0 subunit.
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Fig. 3. Schematic Representation of Rpnl0 Protein Structures
(A) Structure of Rpn10 protein. The polyubiquitin-binding domains PUbS1 (UIM1) and PUbS2 (UIM2) are boxed as indicated by filled designs. C—terminal
highly conserved sequence (CS) and the KEKE domain are indicated. (B) Amino acids sequences of PUbS1 (UIM1) and PUbS2 (UIM2).
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Fig. 4. A Family of Mouse Rpnl0 Proteins
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Schematic representation of the C—terminal half structures of multiple Rpn10 proteins. The poly-Ub-binding domains (UIM1 and UIM2), the Gly-Glu-Arg
(GER) sequence, the KEKE domain, and the specific C—terminal sequences in Rpn10c, Rpn10d, Rpn10e are indicated by filled box.
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26S proteasome

DR, =L CHEHEMICE SIRETORERNA T
TA T XD TEMEDOERS LS, ELoEE
TEREDEMSZHEL THo TS, EHSIIZ
DOXIIRIEoH, LM EDIZTHIT S Rpnld O
FEARMIHEREIZ DN THD T BIR > THRETL LD
EEZ, Ronl0 WIENHATHLHRENETH S
XU DHRICH D LM EY), #EC. elegans %
ANWT, ZOHEOHENETZRADDH S,
Rpnl0 cDNA @ N iiflld X 7 L 4 F REFINE 2
O—>>THETHDIENS, TN5MN Alterna-
tive splicing THA KT 2 a2 &E 2, U X
Rpnl0 7/ LABEF O EEF D RE 217> 7.
Figure 6 [Z 2 EL 5N E L=< A Rpnl0 7/ L&
ZFOHERKXZ/RT. ¥ X Rpnl0 @& FI3E
{EUlEZI0EOL7Y ok 50, Fig. 6
WRLEZEEBD, BT1TIIYVVUBTORT F4
T DERMEICED, 4D DNAEET ST
EMHS MRS, FIZIX, BTV 2 DER
WCHEBGEETAHIATIAARF—, 7Ot TH—D
EIRIZEL D, Rpnlla, b & % 1 id Rpnlle W
BT HMNRE I NS, BERE Rpnl0 1231 >
O20372<, FAEFF MG RAAL 2 1 HBLRE
D CHRIED N REEL TS, 2HFHDIEFF >
fie B A4 > % KEKE BR%72 13, #HETY TIC
ZTORENED SN, RRTIXFTMAEEEL W
RAS Ui ZELTWS, Ll 25 EEHES)
YT ZOEBIRRNZ T T4 > > 7 %EL D%

Substrate B

Embryo-type
26S proteasome

Fig. 5. Possible Mechanisms of Substrate Discrimination by Rpnl10 Family Subunits
Rpnl0a is a constitutively expressed subunit of 26S proteasome, while Rpn10c is a tissue— and developmental stage—specific component. We hypothesize that
the difference of Rpnl0 species determine the specific interacting partner of 26S proteasome.
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Fig. 6. Physical Maps of Genomic Organization of Yeast, Nematode, Fish and Mouse Rpn10 Genes

The scale shows the length of 1 kbp. Exons are indicated by solid boxes and numbered from 1 to 10. The structures of the mouse multiple Rpn10 transcripts

generated by alternative splicing are shown schematically at the bottom of the figure. Protein—encoding regions are represented by boxes and introns by /ines. Solid

boxes: UIM1, UIM2 or Rpnl0c-specific regions, as specifically indicated. Open boxes: less—conserved regions.

12 MO UEEIEFEEL TWRWN, YUATESN
AR EMER, REINZMETOA > ~O>O
BAR, ErZ2E0OL<IIAE & L Tl4E
¥, RELREBTHBYRHDOAITH N THEIZRD
5N5 I EMNEES OMEN S T, HENITE-S
7239 (Fig. 6). Z® X512 Rpnl0 #E iz T, B
Tl A= & A A~ HEAL T 28 TO C K
EHI DR, BHEEIMWRHICB T 2 REI NALE
TOA > O OiFA, LU THILHEIIELEET
DERMAT T4 2 2T D0TFEEMEDES

L, ELOBHRTERZTOEMRS ZHEL T T
5 ENHB,

HEERICIERICRESNTVWS 2 &N T O
TV =AY T Iy MNEEFORNT, ZOILid
BN Z &ETHD, 7077 —LEEDTF a
L—ya VW) B THKES BEbns, 5%,
HERNICBIT 2 REERIC NS OEHEENED X
IBBEEFHO>TNVWDHON, T L TENLHMALD
b & Ba5E, MBI &> TWinie B 1&E|Z R 721 T
WBDMIZDNTHLENIZIL TV ZENEETIE



No. 9 623
ITAMEEZEZ TS, 2) Scheffner M., Huibregtse J. M., Vierstra R.

by (C D., Howley R. D., Cell, 75, 495-505 (1993).

B R EEIC BB L EFF D Z Ty T D 3) Patton E. E., Willems A. R., Tyers M.,
REHHISES << B72<, BRI DM TR Trends Genet., 14, 236243 (1998).

e e e ~ o 4) Zacharie W., Nasmyth K., Genes Dev., 13,

IZEATZE2, B35 DN EHOFEIEICK D EEE 2039-2058 (1999) .

RENHERSN TS, —5T, BECHBEIN 5) Ohta T., Michel J. J., Schottelius A. J.,

7uryy =AY T7 1=y FOMIZIEZY T 12y Xiong, Y., Mol. Cell, 3, 535-541 (1999).

c &I N R RN REINFEET 5D & 6) Tyers M., Willems A. R., Science, 284, 601

ELzo6hN, AEFF-TOFT7 Y —ARIFZOWE (1999).

P, HEZHBOWEIIB W CERRBL T AT A 7) Hatakeyama S., Yada M., Matsumoto M.,

BT 5T L0k D, MBI 5% N l_fgf;gaggoﬁ L, J. Biol. Chem.,

BICESREICHIEL TR HDEFASNL. I 8) Murata S., Minami Y., Minami M., Chiba T.,

EFFARHET DT TV —LEDA 2T =TT Tanaka K., EMBO Rep., 2, 1133-1138

Talid, 7Y TIY—ERDZRVIAEFF LS (2001) .

H—HT a2y MRl 42D PAT0 YT 1=y b 9) Rechsteiner M., ““Ubiquitin and the Biology of

DEFMEICK D, BEZEICEBICHEINTWS the Cell,” ed. by Peters J. M., Harris J. R.,

HEEERH D, COLSIZIEXFFo-TOFT Finley D., Plenum Press, New York, 1998, pp.

Dz Eh st o 147-189.

7‘/ /A\;ﬁb‘i%?{ﬁ I, /%En@\aﬁi@?ﬁﬁk%f!’(ﬁﬁ 10) Coux O., Tanaka K., Goldberg, A. L., Annu.

ST L ATLBPHT BT 2Tk D, M Rev. Biochem., 65, 801-847, (1996).

M B 2 2P 5 2 >N 7 BT HD TR 11) TanakaK., J. Biochem., 123, 195-204 (1998).

FRBEZREEZLTVWEHDEEZ NS, 515, 12) Ferrell K., Wilkinson C. R., Dubiel W., Gor-

IEFFoALETOT 7Y —LDHMFANEDLSIT don C., TIBS, 25, 83-88 (2000).

SRR B IEEICE S L TWA N EHS ML 13) Kawahara H., Tanpakushitsu, Kakusan,

T Z eI CRERBMEICAES> T BHDL Koso. pp. 21542164 (1997)..

HHH D 14) Saitoh Y., Kawahara H., Miyamatsu H.,
Yokosawa, H., Comp. Biochem. Physiol.,
99B, 71-76 (1991).

e AMREIT DD, RFEGEDEHD 15) Glickman M. H., Rubin D. M., Coux O.,
SEAEICWESET-EBLAEIIEEZHBD R/ Wefes 1., Pfeifer G., Cjeka Z., Baumeister
il R AR TR ORI RBURITE < BALZH W., Fried V. A., Finley D., Cell, 94, 615-623
LR ET. AMREED DB, HRBHEE (1998).

HEEMNWT TIEATEE £ U7 82 gh e R E 2 o 16) Kawahara H., Yokosawa H., Dev. Biol., 151,
eI T S e SNy oot 2733 (1992). |
_ U . . 17) Kawahara H., Yokosawa H., Dev. Biol., 166,
AFE—FTE, R TERFAEME T A O A g 623-633 (1994).
BFERIOE D EHME L LT XY, ARTHASET 18) Aizawa H., Kawahara H., Tanaka K.,
TEW2EE S ORI E DS &4 & ORI Yokosawa H., Biochem. Biophys. Res.
£B5HDOTHD, EHOTHHIIRHLTZDEHES Comm., 218, 224-228 (1996) .
B0 UCTEMHNL 9. AT SCEHRSE B2 19) Sawada H., Kawahara H., Saito Y., Yokosa-
TBROEMIZILEDITONEDDTHD, ZZizHBil wa H., ‘““Intracellular Protein Catabolism,”’
ML R ET ed. by Suzuki K., Bond J. S., Adv. Exp. Med.
Biol., 389, 229-232 (1996).
REFERENCES 20) Takahashi M., Tokumoto T., Ishikawa K.,
Mol. Rep. Dev., 38, 310-317 (1994).
1) Hershko A., Ciechanover A., Annu. Rev. 21) Chiba K., Sato E., Hoshi M., J. Biochem.,

Biochem., 67, 425-479 (1998).

122, 286-293 (1997).



624

Vol. 122 (2002)

22)

23)

24)

25)

26)

27)

28)

Sawada M. T., Morinaga C., Izumi K., Sawa-
da H., Biochem. Biophys. Res. Comm., 254,
338-344 (1999).

Kawahara H., Sawada H., Yokosawa H.,
FEBS Lett., 310, 119-122 (1992).

Kawahara H., Philipova R., Yokosawa H.,
Patel R., Tanaka K., Whitaker M., J. Cell
Sci., 113, 2659-2670 (2000) .

Deveraux Q., Ustrell V., Pickart C.,
Rechsteiner M., J. Biol. Chem., 269, 7059—
7061 (1994).

Young P., Deveraux Q., Beal R. E., Pickart
C. M., Rechsteiner M., J. Biol. Chem., 273,
5461-5467 (1998).

Hiyama H., Yokoi M., Masutani C., Sugasa-
wa K., Maekawa T., Tanaka K., Hoeijmakers
J. H., Hanaoka F., J. Biol. Chem., 274, 28019
-28025 (1999).

Kominami K., Okura N., Kawamura M.,
DeMartino G. N., Slaughter C. A., Shimbara
N., Chung C. H., Fujimuro M., Yokosawa
H., Shimizu Y., Tanahashi N., Tanaka K.,
Toh-e A., Mol. Biol. Cell., 8, 171-187 (1997).

29)

30)

31)

32)

33)

34)

35)

van Nocker S., Sadis S., Rubin D. M., Glick-
man M., Fu H., Coux O., Wefes 1., Finley D.,
Vierstra R. D., Mol. Cell. Biol., 16, 6020-6028
(1996) .

Lambertson D., Chen L., Madura K., Genet-
ics, 153, 69-79 (1999).

Koegl M., Hoppe T., Schlenker S., Ulrich H.
D., Mayer T. U., Jentsch S., Cell, 96, 635-644
(1999).

Girod P. A., Fu H., Zryd J. P., Vierstra R.
D., Plant Cell, 11, 1457-1472 (1999) .
Murata S., Kawahara H., Tohma S.,
Yamamoto K., Kasahara M., Nabeshima Y.,
Tanaka K., Chiba T., J. Biol. Chem., 274,
38211-38215 (1999).

Kawahara H., Kasahara M., Nishiyama A.,
Ohsumi K., Goto T., Kishimoto T., Saeki Y.,
Yokosawa H., Shimbara N., Murata S., Chiba
T., Suzuki K., Tanaka K., EMBO J., 19, 4144
-4153 (2000) .

Kikukawa Y., Shimada M., Suzuki N., Tana-
ka K., Yokosawa H., Kawahara H., Biol.
Chem., (in press).



