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ABSTRACT

The ubiqutin-proteasome system is the major pathway by which cells target proteins
for degradation in a specific manner. The E3 ubiquitin ligase, which brings targeted
proteins (substrates) and activated ubiquitin in close proximity, enabling covalent conju-
gation of ubiquitin to the substrate, is an essential component of this system. Of the E3
ligases, the cullin (CUL) ligases are of high interest because of their capacity to form mul-
tiple distinct E3 complexes to ubiquitinate a potentially large number of substrates. Of the
six closely related cullins, very little is known about how specific substrates are recruited
to CUL4-dependent ligases. A recent paper in Nature Cell Biology may shed some light
on this issue as well as on the function of DDB1, a damaged-DNA binding protein that
has long been associated with DNA repair.

Timely and efficient destruction of proteins in the cell is critical for normal function.
The ubiquitin-proteasome system is the major pathway by which the cell targets proteins
for degradation in a specific manner. Ubiquitin, a small protein highly conserved from
yeast to mammals, is covalently conjugated to proteins via a cascade of three enzymatic
activities.! First, an E1 ubiquitin activating enzyme in an ATP-dependent manner binds
to ubiquitin via a high-energy thioester bond. Then, the ubiquitin is passed to one of sev-
eral E2 ubiquitin conjugating enzymes. The E2 then interacts with an E3 ubiquitin ligase,
which brings the substrate in close proximity with the E2, allowing the conjugation of
ubiquitin to a lysine on the substrate. Multiple ubiquitins may be conjugated, in polyu-
biquitin chains and/or on multiple lysines. Once a polyubiquitin chain has been formed,
the targeted protein is transferred to the 26S proteasome for degradation.

E3 ligases can be divided into two major families. The HECT family of E3s contains
a domain homologous to the E6-associated protein (E6AP) carboxyl terminus that can
form thioester linkages with ubiquitin. Multiple cellular proteins with diverse structures
contain the HECT domain (five in budding yeast and ~30 in humans), implicating many
substrates and physiological functions for the HECT family of E3 ligases.”? The RING
family of E3s contains either an intrinsic RING finger domain or an associated RING
subunit essential for ubiquitin ligase activity. The cullins make up a large and unique
group of RING-type E3 ligases by binding with one of the small RING-finger proteins
known as ROCs (RING of Cullins, also known as Rbx or Hrt).?> Unlike other single-
polypeptide E3 ligases, each cullin (six in C. elegans and humans, five in Drosophila, and
three in S. pombe and S. cerevisiae) forms many multisubunit complexes to target a poten-
tially large number of specific substrates for ubiquitination. The assembly of these
multi-subunit cullin-dependent ubiquitin ligase complexes, and thus the ubiquitination of
substrates, is tightly regulated: all cullins are negatively regulated by CANDI, a 120 kDa
protein that consists of 27 tandem HEAT (huntingtin-elongation-A subunit-TOR) repeats
and prevents binding of the adaptor protein and thus substrates to the complex. To assem-
ble productive ligase-substrate complexes, cullins are covalently modified by a small ubiq-
uitin-like modifier, Nedd8, to dissociate CAND1.%¢ Once the polyubiquitinated substrate
is degraded by the proteasome, the COP9 signalosome presumably removes the conjugated
Nedd8,” allowing CANDI to bind cullins again and resume inhibition. This seemingly
complex regulation is essential to ensure the assembly of individual cullin-ROC cores,
which are likely present in the cell as rate-limiting factors, into multiple distinct substrate-
cullin-ROC complexes.

A unique and remarkable feature of cullin-dependent ligases is the assembly of individual
cullins into multiple ligases via a conserved, yet distinct N-terminal domain. CULI1, the
first cullin to be studied and the best understood, recruits proteins via an adaptor and a
specificity factor: SKP1 binds directly and simultaneously to CUL1 and one of a series of
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F-box-containing proteins (diagramed
in Fig. 1).8-10 F-box proteins, estimated
to be more than 60 in mammals, recruit
specific substrates to the CUL1 com-
plex, such as p27 by SKP2, or IkBo. by
B-TrCP. CUL2 and CULS5, on the other
hand, recruit substrates via a het-
erotrimeric adaptor complex, contain-
ing Elongins B and C and one of a
number of number of SOCS-box-con-
taining proteins.!! The SOCS box is a

C 0

CUL4A/B

40-residue protein motif initially identi-
fied in the suppressor of cytokine signal-
ing family of proteins, and mammalian
genomes encode more than 40 SOCS
proteins. There is also some difference
in substrate specificity between CUL2
and CULS5, though the mechanism by
which this occurs remains to be deter-
mined. Just as amazing as these three
cullins, which each ubiquitinate multi-
ple substrates, CUL3 utilizes a similar
N-terminal domain to bind with the BTB domain, a 100 residue
protein motif first identified in the Drosophila Broad-Complex C
(BR-C), Tramtrack (Ttk) and Bric-a-brac (Bab) proteins.'?!> There
are more than 200 BTB-containing proteins present in mammals,
suggesting a potentially large number of substrates for CUL3-ROC1
ligases.

How does CUL4 recognize its substrates? There are two closely
related Cul4s in mammals, Cul4A and Cul4B, and one in flies,
worms, plants and fission yeast, but none in budding yeast.
Loss-of-function of the Cu/4 gene resulted in elongated cells with
decondensed chromosomes in fission yeast'® and massive DNA
rereplication in C. elegans embryos with a correlative accumulation
of the DNA replication licensing factor, CDT1,” suggesting a
function of Cul4 in controlling DNA replication and genomic
stability. The recent publication in Nature Cell Biology provides
further support to this notion and may shed some light on the
substrate recruiting mechanism of Cul4-dependent ligases.!® The
key finding of the paper is that the damage-specific DNA binding
protein, DDBI, directly recruits CDT1 to the CUL4-ROCI ligase
for ubiquitination in response to DNA damage. Three lines of
studies presented in this paper collectively support a role of DDBI
as a substrate recruiting factor for CUL4, analogously to
CULI1-SKP1, CUL2-Elongin C and CUL3- BTB interactions.
DDBI1 binds with CUL4 abundantly and nearly stoichiometrically,
DDBI1 binds to the N-terminal helices of CUL4A that correspond
to the helices in CUL1 and CUL3 that interact with SKP1 and
BTB, respectively, and DDB1 and CANDI1 interact with CUL4 in
a mutually exclusive manner.

How exactly does DDBI recruit substrates to CUL4: like SKP1,
which recruits substrates indirectly through another specificity fac-
tor, the F-box protein, or like BTB proteins, which bind to substrates
directly (Fig.1)? Together with several recent studies on this critical
and fascinating issue, it seems possible that CUL4 may have a
‘hybrid” property of recruiting substrates directly, as in the case of
CDT1, and through another specificity factor. DDBI is a large
(127 kDa, 1140 amino acids) protein that has a predicted structure
consisting almost entirely of WD-like repeats.!” CUL4 has been
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Figure 1. Cullin-dependent ubiquitin ligases utilize multiple subunits to recruit substrates. (A). Cullin 1 (yellow)
recruits substrates (grey) via an adaptor, SKP1 (blue) and a specificity factor, one of a series of F-box proteins
(red). The RING finger protein ROC1 (or ROC2) (orange) recruits one of several E2 ubiquitin conjugating
enzymes (brown), which then conjugate ubiquitin onfo the substrate. Nedd8 conjugation (green) is required
for ligase activity. (B). Cullin 3 recruits substrates via one of possibly over 200 adaptors, containing a BTB
domain (blue) and another domain for binding the substrate (red). Otherwise, it functions in an identical
manner to Cullin 1. (C). Cullins 4A and 4B may recruit substrates via mechanisms similar fo both cullins 1
and 3. The large adaptor protein DDB1 may bind substrates directly (red triangle), such as CDT1, or may
recruit substrates via a series of specificity factors (X, red), such as the substrate c-Jun via DET1 and COP1.

linked with ubiquitination of the transcription factor ¢-Jun via addi-
tional proteins, DET1 and COP1.2° In paramyxovirus infected cells,
CUL4 has also been linked with the ubiquitination of the signal
transducers and activators of transcription STAT1 and STAT3,
bridged by the viral V protein.?!-2? Additionally, human CUL4A has
also been reported to stimulate ubiquitination of the HOXA9 home-
odomain protein,?# although it was not clear whether DDBI or an
additional factor(s) is required. Moreover, two other known DDBI
binding proteins, DDB2 and CSA (Cockayne Syndrome protein A),
both contain multiple WD repeats. There is no obviously recogniz-
able motif common to DET1, HOXA9, CDT1, V protein, DDB2
and CSA that would point to a shared binding domain in DDBI.

Is it possible that CUL4, as other cullins, ubiquitinates multiple
substrates, not involving multiple specificity factors that each contain
a short protein motif, but instead relying on the large size and deep
capacity of DDBI to interact with multiple proteins? Time will tell,
probably soon.

References

1. Hershko A, Ciechanover A. The ubiquitin system. Annu Rev Biochem 1998; 67:425-79.

2. Pickart CM. Mechanisms underlying Ubiquitination. Annu Rev Biochem 2001;
70:503-33.

3. Deshaies RJ. SCF and cullin/RING H2-based ubiquitin ligases. Annu Rev Cell Dev Biol
1999; 15:435-67.

4. Liu J, Furukawa M, Matsumoto T, Xiong Y. NEDD8 modification of CUL1 dissociates
p120(CANDI), an inhibitor of CUL1-SKP1 binding and SCF ligases. Mol Cell 2002;
10:1511-8.

5. Zheng ], Yang X, Harrell JM, Ryzhikov S, Shim EH, Lykke-Andersen K, Wei N, Sun H,
Kobayashi R, Zhang H. CAND1 binds to unneddylated CUL1 and regulates the forma-
tion of SCF ubiquitin E3 ligase complex. Mol Cell 2002; 10:1519-26.

6. Goldenberg SJ, Cascio TC, Shumway SD, Garbutt KC, Liu ], Xiong Y, Zheng N. Structure
of the Cand1-Cull-Rocl complex reveals regulatory mechanisms for the assembly of the
multi subunit cullin-based ubiqutin ligases. Cell 2004; In press.

7. Lyapina S, Cope G, Shevchenko A, Serino G, Tsuge T, Zhou C, Wolf DA, Wei N, Deshaies
RJ. Promotion of NEDD-CULI conjugate cleavage by COP9 signalosome. Science 2001;
292:1382-5.

8. Bai C, Sen P, Hofmann K, Ma L, Goebl M, Harper JW, Elledge SJ. SKP1 connects cell
cycle regulators to the ubiquitin proteolysis machinery through a novel motif; the F-box.
Cell 1996; 86:263-74.

9. Skowyra D, Craig K, Tyers M, Elledge SJ, Harper JW. F-box proteins are receptors that
recruit phosphorylated substrates to the SCF ubiquitin-ligase complex. Cell 1997;
91:209-19.

10. Feldman RMR, Correll CC, Kaplan KB, Deshaies R]. A complex of Cdc4p, Skplp, and
Cdc53p/Cullin catalyzes ubiquitination of the phosphorylated CDK inhibitor Siclp. Cell
1997; 91:221-30.

2005; Vol. 4 Issue 1



Recruiting Substrates to Cullin 4-Dependent Ubiquitin Ligases by DDB1

11. Stebbins CE, Kaelin Jr WG, Pavletich NP. Structure of the VHL-ElonginC-ElonginB com-
plex: Implications for VHL tumor suppressor function. Science 1999; 284:455-61.

12. Furukawa M, He Y], Borchers C, Xiong Y. Targeting of protein ubiquitination by
BTB-Cullin 3-Rocl ubiquitin ligases. Nat Cell Biol 2003; 5:1001-7.

13. Geyer R, Wee S, Anderson S, Yates J, Wolf DA. BTB/POZ domain proteins are putative
substrate adaptors for cullin 3 ubiquitin ligases. Mol Cell 2003; 12:783-90.

14. Pintard L, Willis JH, Willems A, Johnson JL, Srayko M, Kurz T, Glaser S, Mains PE, Tyers
M, Bowerman B, Peter M. The BTB protein MEL-26 is a substrate-specific adaptor of the
CUL-3 ubiquitin-ligase. Nature 2003; 425:311-6.

15. Xu L, Wei Y, Reboul J, Vaglio P, Shin TH, Vidal M, Elledge SJ, Harper JW. BTB proteins
are substrate-specific adaptors in an SCF-like modular ubiquitin ligase containing CUL-3.
Nature 2003; 425:316-21.

16. Hori T, Osaka E Chiba T, Miyamoto C, Okabayashi K, Shimbara N, Kato S, Tanaka K.
Covalent modification of all members of human cullin family proteins by NEDDS.
Oncogene 1999; 18:6829-34.

17. Zhong W, Feng H, Santiago FE, Kipreos ET. CUL-4 ubiquitin ligase maintains genome
stability by restraining DNA-replication licensing. Nature 2003; 423:885-9.

18. Hu J, McCall CM, Ohta T, Xiong Y. Targeted ubiquitination of CDT1 by the
DDB1-CUL4A-ROCI ligase in response to DNA damage. Nat Cell Biol 2004; 6:1003-9.

19. Neuwald AF, Poleksic A. PSI-BLAST secarches using hidden markov models of structural
repeats: prediction of an unusualsliding DNA clamp and of beta-propellers in UV-
damagedDNA-binding protein. Nucleic Acids Res 2000; 28:3570-80.

20. Wertz IE, O’Rourke KM, Zhang Z, Dornan D, Arnott D, Deshaies R], Dixit VM. Human
De-ctiolated-1 regulates c-Jun by assembling a CUL4A ubiquitin ligase. Science 2004;
303:1371-4.

21. Andrejeva J, Poole E, Young DF, Goodbourn S, Randall RE. The p127 subunit (DDB1) of
the UV-DNA damage repair binding protein is essential for the targeted degradation of
STAT1 by the V protein of the paramyxovirus simian virus 5. ] Virol 2002; 76:11379-86.

22. Ulane CM, Horvath CM. Paramyxoviruses SV5 and HPIV2 assemble STAT protein ubiq-
uitin ligase complexes from cellular components. Virology 2002; 304:160-6.

23. Ulane CM, Rodriguez JJ, Parisien JP, Horvath CM. STAT3 ubiquitylation and degradation
by mumps virus suppress cytokine and oncogene signaling. J Virol 2003; 77:6385-93.

24. Zhang Y, Morrone G, Zhang J, Chen X, Lu X, Ma L, Moore M, Zhou P. CUL-4A stimu-
lates ubiquitylation and degradation of the HOXA9 homeodomain protein. EMBO ]
20035 22:6057-67.

www.landesbioscience.com Cell Cycle



