
 

 

 

 

 

 

 

 

 

Copyright 

by 

Hyung Cheol Kim 

2010 

 

 



 

The Dissertation Committee for Hyung Cheol Kim certifies that this is the approved 

version of the following dissertation: 

 

 

The determinants of chain type specificity and the mechanism of the 

polyubiquitination by HECT E3s 

 

 

 

 

 
Committee: 
 

Jon Huibregtse, Supervisor 

Dean Appling 

Arlen Johnson 

Tanya Paull 

Scott Stevens 



The determinants of chain type specificity and the mechanism of 

polyubiquitination by HECT E3s 

 

 

by 

Hyung Cheol Kim, B.S.; M.S. 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 

December 2010 



 

 

 

 

Dedication 

 

To my family (Jinhee, Jihoon and Chaerin) and my parents for their love and support 

 



 v 

 

 

 

 

Acknowledgements 

 

I would like to express my deep gratitude to Dr. Jon Huibregtse who guided me 

with patience for more than five years. He has been a great advisor and a true scientist 

with enthusiasm. I am grateful to the members of my committee, Drs. Dean Appling, 

Arlen Johnson, Tanya Paull, and Scott Stevens for their great advice and careful support. 

I would like to thank all the past and present members of the Huibregtse lab: Dr. 

Larissa Durfee, Nancy Lyon, Feng Wang (Jack), Aaron Charlson, Dr. Younghoon Kee, 

Dr. Anahita Dastur, and Kyungwoon Seo for their friendship and support. Also, I would 

like to thank Dr. Alanna Steffen and Dr. Jue Chen in Purdue University for their 

collaboration. I am also grateful to my friends: Bum-Kyu, Dae-Seok, Hae Ryung, Ji-

Hoon, Dr. Yonghwan Kim, and Dr. Young-Sam Lee who made my daily life, including 

lunch time, more enjoyable. Finally, I would like to thank my precious two children and 

my loving wife, Jinhee, for their love and support.     

 

 



 vi 

The determinants of chain type specificity and the mechanism of 

polyubiquitination by HECT E3s 

 

 

 

 

Hyung Cheol Kim, Ph.D. 

The University of Texas at Austin, 2010 

 

Supervisor:  Jon M. Huibregtse 

 
 

Ubiquitination is a post-translational modification that can take several forms. 

Some proteins are modified with a single ubiquitin molecule, while others are modified 

with polyubiquitin chains. Each type of ubiquitination is thought to have distinct 

biological functions. The best-characterized types of ubiquitin modification are K48-

linked polyubiquitination, which serves as a signal for proteasomal degradation and K63-

linked polyubiquitination, which has non-proteolytic functions such in DNA repair, 

signaling, and endocytosis.  

HECT ubiquitin ligases (HECT E3s) form a class of E3s, defined by a C terminal 

catalytic domain. Several lines of evidence suggested that the HECT E3s assemble a 

polyubiquitin chain in a sequential manner with one molecule of ubiquitin at a time being 

conjugated to the distal ubiquitin of the chain. In the process of chain elongation, not all 

HECT E3s target a common internal lysine of ubiquitin, leading to diversification of 
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chain type specificity in HECT E3s. For example, yeast Rsp5 forms K63 chains, while 

human E6AP forms K48 chains. 

Two important mechanistic questions were addressed in my work: 1) what are the 

determinants of chain type specificity of HECT E3s, and 2) what allows the distal 

ubiquitin of a chain to be continuously oriented near the active site of the HECT domain 

in the course of a sequential polyubiquitination reaction?    

I have determined that the chain type specificity of Rsp5 is a function solely of 

the HECT domain. Further, through the generation of chimeric HECT E3s, I 

demonstrated that chain type specificity determinants are located within the last 60 amino 

acids of the C lobe of the HECT domain.  

To address the second question, we solved the structure of Rsp5 HECT domain in 

complex with non-covalently bound ubiquitin in collaboration with Jue Chen’s laboratory 

(Purdue University). From the structure, we found that the N lobe of the HECT domain 

binds ubiquitin in a manner distinct from other known ubiquitin binding domains, and I 

have shown that Rsp5 proteins defective for ubiquitin binding are defective for chain 

elongation. We hypothesize that the ubiquitin binding site functions in the recruitment of 

the distal ubiquitin of polyubiquitin chain for efficient polyubiquitination. 
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Chapter 1: Introduction 

 

1.1 THE DISCOVERY OF THE UBIQUITIN CONJUGATING SYSTEM 

In 1971, Hershko and Tomkins reported that the early phase degradation of the 

enzyme tyrosine aminotransferase was an energy-dependent process, suggesting that 

there is an intracellular protein degradation pathway that requires ATP (Hershko & 

Tomkins, 1971). In 1975, it was reported that an approximately 8.5 kD molecular weight 

protein of cattle’s thymus induced the differentiation of T lymphocytes and B 

lymphocytes in vitro (Goldstein et al, 1975). After the purification of this protein, they 

generated antibody for the detection of this protein. Unexpectedly, this protein was found 

not only in thymus, but also in all other tissues. Furthermore, this protein was detected in 

yeast, plants, and animal cells. In the same year, the amino acid sequence of this protein 

“ubiquitin” was published (Schlesinger et al, 1975). In 1977, Ira Goldknopf and Harris 

Busch reported that chromosomal protein A24 was a branched protein which had two 

amino termini and one carboxy terminus (Goldknopf & Busch, 1977). Lysine 119 of 

histone 2A, a part of A24, was linked to the carboxy terminus of a Gly-Gly dipeptide via 

an isopeptide bond. In the same year, Lois Hunt and Margaret Dayhoff reported that the 

N terminal 37 amino acid of the nonhistone portion of A24 and of ubiquitin were 

identical, suggesting that ubiquitin could be conjugated to other proteins (Hunt & 

Dayhoff, 1977). Also in 1977, Etlinger and Goldberg developed a cell-free, ATP-

dependent protein degradation system with rabbit reticulolysates and found that the 

optimum pH of this proteolytic system was 7.8, whereas the proteolytic enzymes of 
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lysosome have pH optimum in the acid range (Etlinger & Goldberg, 1977). Using this in 

vitro proteolytic system, in 1981, Ciechanover, Hershko and Rose found that the C-

terminus of ubiquitin was activated via an ATP-dependent Ub-adenylate formation, and 

identified and purified the enzyme responsible for this activity, the ubiquitin-activating 

enzyme (E1) (Ciechanover et al, 1981). In 1983, Hershko and Ciechanover purified and 

identified ubiquitin conjugating (E2) and ubiquitin ligase (E3) activities (Hershko et al, 

1983). They hypothesized that ubiquitin conjugation was mediated by an enzymatic 

cascade of three enzymes, E1, E2, and E3. In 2004, Aaron Ciechanover, Avram Hershko 

and Irwin Rose won the Nobel Prize in chemistry for the discovery of the ubiquitin 

system and the identification of its role in protein degradation. Currently, in addition to 

protein degradation, many functions of ubiquitination have been discovered in many 

organisms. For lack of space, the following discussion will focus primarily on the yeast 

and human ubiquitination systems.  
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1.2 UBIQUITIN AND THE ENZYMES INVOLVED IN THE UBIQUITINATION PATHWAY 

Ubiquitination is a post-translational protein modification. Biochemically, it is 

isopeptide bond formation between the terminal carboxyl group of a ubiquitin molecule 

and, in most cases, the -amino group of a lysine residue of a substrate. Three types of 

enzymes are required for ubiquitination: ubiquitin activating enzyme (E1), ubiquitin 

conjugating enzymes (E2s), and ubiquitin ligases (E3s) (Pickart, 2001). E1 activates a 

ubiquitin by addition of an adenylyl group to the C terminal carboxy group of ubiquitin 

with the release of PPi. The activated ubiquitin molecule is then conjugated to the active 

site cysteine of E1, itself, to form a thioester-bound adduct, with release of AMP. The 

activated E1 transfers the ubiquitin to the active site cysteine of an E2 enzyme to form 

another thioester bond (a transthiolation reaction). Following the binding of the activated 

E2 to an E3 enzyme, the ubiquitin of E2 is used for the ubiquitination of E3-bound 

substrates (Pickart, 2001). In human, there are two E1s (Ube1 and Uba6), approximately 

60 E2s, and between 600-1000 E3s for the Ub pathway (Rape, 2009), suggesting that the 

overall ubiquitin conjugating system forms a pyramid-like arrangement, accounting for 

the  ubiquitination of potentially thousands of substrate proteins.  

 

Ubiquitin 

Ubiquitin is a highly conserved 76 amino acid protein present in all eukaryotic 

organisms. Yeast and human ubiquitin, for example, differ at only 3 residues. As shown 

in Figure 1.1, major secondary structures of the ubiquitin are one -helix and one five-
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stranded -sheet (Vijay-Kumar et al, 1987; Vijay-Kumar et al, 1985). A shallow patch of 

surface hydrophobic residues exists between the alpha-helix and the beta-strands, referred 

to as the hydrophobic patch. Most interactions of ubiquitin with other proteins occur via 

this region. Leucine 8, isoleucine 44, and valine 70 are three core residues of the 

hydrophobic patch. Ubiquitin has seven internal lysines (K6, K11, K27, K29, K33, K48, 

and K63), which can be conjugated to another ubiquitin molecule, and this is the basis of 

polyubiquitin chain formation.  

Ubiquitin is encoded by multiple genes. In yeast and human, there are four 

ubiquitin encoding genes: UBI1 (RPL40A), UBI2 (RPL40B), UBI3 (RPS31), and UBI4 

in yeast and RPS27A, UBA52, UBB, and UBC in human (Kimura & Tanaka). All 

ubiquitin proteins are translated as fusion proteins in vivo, either to a ribosomal protein or 

as a linear fusion of multiple ubiquitin moieties. After the translation of the ubiquitin 

fusion proteins, ubiquitin monomers are generated by ubiquitin C terminal hydrolase, 

which cleaves after Gly-Gly dipeptide that represents the mature C terminus of ubiquitin  

(Passmore & Barford, 2004). For ubiquitin-ribosome subunit fusion proteins, the 

ubiquitin moiety of these proteins is dispensable for cell survival, but was required for 

efficient biogenesis of ribosomes (Finley et al, 1989). Based on this, it was suggested that 

ubiquitin functions as a chaperon for the ubiquitin-fused ribosomal proteins, although the 

molecular details of this process are poorly characterized. 
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Figure 1.1  Ubiquitin Structure 
 
The crystal structure for ubiquitin. Left and right figures indicate the seven internal 
lysines and the hydrophobic patch of ubiquitin, respectively (PDB: 1UBQ).         
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Ubiquitin activating enzyme (E1) 

In yeast, there is only one E1 enzyme, Uba1. In human, there are two ubiquitin 

E1s, Ube1 and Uba6 (Rape, 2009). Ube1 had been the only E1 until Uba6 was reported 

as another ubiquitin E1 of vertebrates and sea-urchin in 2007 (Jin et al, 2007). Later, 

Uba6 was also shown to be the activating enzyme of FAT10, an IFN- induced ubiquitin-

like molecule (Chiu et al, 2007). 

Ubiquitin E1 consists of three domains: an adenylation domain, a catalytic Cys 

domain, and a ubiquitin folding domain (Schulman & Harper, 2009). The adenylation 

domain binds to both a ubiquitin molecule and a molecule of ATP and catalyzes the 

adenylation of the C terminal carboxyl group of the bound ubiquitin, leading to formation 

of the adenylated ubiquitin. The activated ubiquitin molecule by adenylation is 

transferred to the catalytic cysteine of a ubiquitin conjugating enzyme (E2). The charging 

of E1 with ubiquitin induces a conformational change of E1, exposing a negatively 

charged groove of the E1 ubiquitin fold domain (UFD), which is responsible for 

interaction with an E2 enzyme (Ye & Rape, 2009).  

 

Ubiquitin conjugating enzymes (E2s) 

To date, eleven and thirty eight ubiquitin E2s have been identified in yeast and 

human, respectively (Ye & Rape, 2009). E2s are classified into 17 subfamilies by 

phylogenetic analysis. Every E2 has a ubiquitin conjugating (UBC) domain that includes 
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an E1 interacting region and an active site cysteine (Pickart, 2001). The core of the UBC 

domain consists of four -helices, one anti-parallel -sheet and two loops (L1 and L2). 

Many E2s have shown higher affinities for ubiquitin-charged E1 than uncharged E1. The 

two lysines of E2 -helix1 are required for the interaction with the UFD of E1 and 

conserved only in E2 enzymes that can interact with ubiquitin, suggesting that these two 

residues contribute to the specificity of ubiquitin E2s for ubiquitin E1. 

 

Ubiquitin ligases (E3s) 

Ubiquitin ligases (E3s) bind to both the activated E2 and the substrates of the E3s, 

leading to the ubiquitination of the substrates. E3s can be classified into two major 

groups, RING E3 and HECT E3s (Pickart, 2001) 

The RING domain is a type of zinc finger motif characterized by 6-7 cysteines 

and 1-2 histidines in the following arrangement: Cys-X2-Cys-X(9-39)-Cys-X(1-3)-His-X(2-3) -

Cys-X2-Cys-X(4-48)-Cys-X2-Cys (where X is any amino acid) (Deshaies & Joazeiro, 

2009). The c-Cbl RING domain structure in complex with UbcH7 showed that the two 

hydrophobic residues (I383 and W408) of the RING domain interact with F63 of UbcH7 

via hydrophobic interactions (Zheng et al, 2000). Mutation of W408 abolished the 

interaction between c-Cbl and UbcH7. The U-Box domain is another E2 binding domain, 

called a RING-like domain, due to its structural similarity to RING domain (Aravind & 

Koonin, 2000). However, the primary amino acid sequence of U-Box lacks the conserved 

cysteines or histidines observed in RING domain and U-Box E3s do not require zinc for 
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their functions. Mechanistically, RING E3 and U-box E3 acts as a scaffold that binds to a 

ubiquitin-activated E2 enzyme and a substrate, promoting transfer of ubiquitin from E2 to 

a substrate (Deshaies & Joazeiro, 2009). Some RING E3s are multimeric complexes, 

such as the SCF complex, comprised of Skp1, Cul1, Rbx1/Roc1 and an F-box protein 

(Deshaies & Joazeiro, 2009); Skp1 and Cul1 form the backbone of the SCF complex. 

Rbx1/Roc1 and F-box protein recruit an activated E2 enzyme and a substrate, 

respectively. In addition to F-box protein, the Skp protein interacts with other substrate 

binding proteins, such as BTB domain proteins and SOCS/BC domain proteins, which 

allows the SCF complex to target a wide range of substrates. Anaphase promoting 

complex (APC) is another multimeric RING E3 complex, comprised of more than a 

dozen subunits (~ 1.5 MDa) (Peters, 2006). The ubiquitination of mitosis-specific APC 

target proteins, such as Aurora kinases and securin, is essential for cell cycle. Like the 

SCF complex, APC contains substrate binding proteins (i.e. Doc1 and Cdh1), and an 

RING domain protein, Apc11.   

HECT ubiquitin ligases (HECT E3s) were discovered through E6AP, which 

polyubiquitinates p53 in the presence of human papillomavirus (HPV) E6 oncoprotein 

(Huibregtse et al, 1991; Scheffner et al, 1993; Scheffner et al, 1990). Sequence analyses 

indicated that E6AP is representative of a large family of ubiquitin ligases, defined by the 

~350 amino acid HECT domain (Homologous to the E6AP Carboxy-Terminus) 

(Huibregtse et al, 1991). The crystal structure of the E6AP HECT domain showed that it 

consists of a 250 amino acid N-lobe and a 100 amino acid C-lobe, connected by a 4 
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amino acid flexible hinge (Figure 1.3A) (Huang et al, 1999). The N-lobe binds to specific 

E2s, and the active-site cysteine within the C-lobe accepts ubiquitin in a transthiolation 

reaction from the E2. Ubiquitin is then transferred from the E3 to a lysine residue of a 

substrate or the distal ubiquitin of a polyubiquitin chain. HECT E3s are unique in that 

they are the only E3s that form a ubiquitin-thioester intermediate (Figure 1.2). Also, the 

E6AP HECT-UbcH7 structure shows that six hydrophobic residues of E6AP and F63 of 

UbcH7 are involved in their binding via hydrophobic interactions, very similar to the 

RING-E2 interaction discussed above. Through the generation of chimeric E2s with 

UbcH5 and other E2s, it was shown that F63 of UbcH7 (equivalent to F62 of UbcH5) is 

critical for the interaction with HECT E3s (Nuber & Scheffner, 1999).  

The C lobe consists of three -helices and one -sheet. The active site cysteine is 

located in a short loop region within the -sheet. The flanking sequences of the active site 

cysteine are quite conserved. HECT domains terminate with an -helix structure. 

Kamadurai et al. showed that the hydrophobic region of the last -helix of the NEDD4-2 

C lobe interacts with the thioester-bound ubiquitin of an activated E2, and that the 

mutation of these hydrophobic residues caused a decreased rate of the transthiolation, 

indicating that this binding is required for an efficient transthiolation (Kamadurai et al, 

2009). Another important residue for the catalytic activity of HECT domain is the 

phenylalanine at the fourth position from the last amino acid, referred to as “-4F” (Salvat 

et al, 2004). This residue is quite conserved among HECT E3s with some exceptions 

where the phenylalanine is at the -2, -6, or -9 position. Mutation of this residue causes a 
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defect in the substrate conjugation step without significant effect on the transthiolation 

step. Taken together, these data suggest that the last -helix and the -4F might play an 

important role in the transthiolation and the substrate conjugation, respectively. 

So far, five HECT domain structures have been published (E6AP, NEDD4-2, 

Smurf2, HUWE1, and WWP1) (Huang et al, 1999; Kamadurai et al, 2009; Ogunjimi et al, 

2005; Pandya et al; Verdecia et al, 2003) (Figure 1.3), and Rsp5 HECT structure was 

recently solved in collaboration with Jue Chen’s lab (unpublished). Interestingly, each 

HECT domain structure shows a different position of the C lobe relative to the N lobe. As 

shown in Figure 1.3, the E6AP HECT and the Smurf2 HECT look like L-shaped 

structures with C lobe over the left part of the N lobe in this depiction. In the E6AP-

UbcH7 structure, the distance between the active site cysteines of the E2 and E3 is ~40 Å . 

In contrast, the NEDD4-2, HUWE1, and WWP1 HECT structures look more like an 

inverted T-shaped structure with the C lobe over the middle of the N lobe. In this 

conformation, the two active site cysteines are much closer together. This distance is 

approximately 15 Å , in the structure of NEDD4-2-Ub~UbcH5. Another difference 

between these structures is the orientation of the C lobe with a significant rotation 

accompanying the switch from the E6AP-like structure to the NEDD4-2-like structure. 

While the last -helix of the C lobe faces the front side in the L-shaped HECT domain 

structure, the last -helix is positioned at the backside in the inverted T-shaped structure. 

Based on these variations, it has been suggested that the C lobe moves along the top side 

of the N lobe with rotation, and that the hinge region is highly flexible (Huang et al, 
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1999). Verdecia et al. showed that the mutation of the WWP1 hinge region to bulky 

amino acids (e.g., tryptophan) severely impairs the overall activity of WWP1, suggesting 

that the movement of the C lobe is a critical feature of the HECT domains for their 

functions (Verdecia et al, 2003). In addition to HECT domain structures, full-length 

HECT E3s or enzyme-substrate complex structures are required to understand how E3-

bound substrates are targeted by the HECT domains.    
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Figure 1.2  Ubiquitin conjugation pathway 
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Figure 1.3  Structures of HECT domains 
 
(A) NEDD4-2 HECT in complex with Ub~UbcH5 (PDB: 3JW0)  (B) HUWE1 HECT 
(PDB: 3G1N)  (C) WWP1 HECT (PDB: 1ND7)  (D) E6AP HECT in complex with 
UbcH7 (PDB: 1C4Z)  (E) SMURF2 HECT (PDB: 1ZVD)  The N lobes are displayed 
in blue, the C lobes in cyan, the E2s (UbcH5 and UbcH7) in red and the ubiquitin 

charged to UbcH5 in magenta. The last -helices of the C lobes are colored yellow for 
demonstrating the orientation of the C lobes.  
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Deubiquitinating enzymes (DUBs) 

The function of deubiquitinating enzymes (DUBs) is to hydrolyze the isopeptide 

bonds between substrates and ubiquitin. Based on the domain architecture of DUBs, these 

proteins can be classified into five subfamilies (Komander et al, 2009a): ubiquitin C 

terminal hydrolases (UCHs), ubiquitin-specific proteases (USPs), ovarian tumor 

hydrolases (OTUs), Josephins, and JAMM/MPN+ metalloproteases. All DUBs belong to 

cysteine protease family except for JAMM/MPN+ metalloproteases. DUBs have three 

main functions in cellular pathways (Komander et al, 2009a). First, DUB activity is 

required for the generation of monomeric ubiquitin molecules from precursory 

translational ubiquitin fusion proteins, as described above. The requirement for this 

activity is accomplished by the UCHs, due to their preference for linear ubiquitin fusion 

proteins as the substrate. Second, DUB activity is required for the recycling of ubiquitin 

molecules. Many DUBs have been reported to be associated with proteasome or 

endocytic vesicles and cleave off the ubiquitin moieties from ubiquitinated proteins prior 

to their degradation. For example, the deletion of Doa4, an endosomal DUB of yeast, 

decreases the recycling of ubiquitin and leads to a reduction in the cellular concentration 

of free monomeric ubiquitin (Amerik et al, 2000; Swaminathan et al, 1999). Third, DUBs 

regulate protein stability by removing or editing the ubiquitin chains assembled on the 

substrates of E3s. For example, Ubp2, a yeast DUB, was shown to associate with and 

antagonize Rsp5 (Kee et al, 2005) (discussed below).  
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There are several layers of specificity of DUBs: specificity for substrates, 

specificity for ubiquitin or ubiquitin-like proteins and specificity for a particular 

polyubiquitin chain type.  

Although many DUBs have specificity for substrate proteins, it remains unclear in 

many cases, whether DUBs target their substrate via direct or adaptor-mediated binding. 

One example of DUBs that show direct binding to their target is Usp7 which binds to 

p53, disassembles the polyubiquitin chain of p53, therefore, inhibits the degradation of 

p53 by 26S proteasome (Li et al, 2002). In contrast, Usp28 targets Myc through the 

interaction with FBW7, an F-box protein of SCF RING E3 complex (Popov et al, 

2007). It was shown that the disruption of Myc binding to FBW7 or the knock-down of 

FBW7 leads to a faster degradation of Myc. Some DUBs were identified as a 

component of large protein complex; Yeast Ubp6 and Ubp7 were known to associate 

with 26S proteasome and Hse1, a component of endocytosis machinery, respectively. 

(Crosas et al, 2006; Ren et al, 2007). This suggests that these DUBs might have a broader 

target specificity than other DUBs. 

Many structural and biochemical studies suggested that the specificity of DUBs 

for ubiquitin over ubiquitin-like protein is dependent on the C-terminal tail (LRLRGG) of 

ubiquitin (Komander et al, 2009a). For example, the structure of AMSH-LP (associated 

molecule with the SH3 domain of STAM-like protease) in complex with K63-linked 

diubiquitin shows that the C terminal tail of the distal ubiquitin interacts with the catalytic 

core residues of AMSH-LP (Sato et al, 2008). Consistent with this, most UB-like proteins 
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have different C terminal tails. For example, The C terminal tail sequences of the SUMO 

and NEDD8 are QQ(E)QTGG and LALRGG, respectively (Komander et al, 2009a).  

Several DUBs have been shown to have a preference for a specific polyubiquitin 

chain type. For example, USP14 shows a specificity for K48 chain (Hu et al, 2005), while 

yeast Ubp2 shows a specificity for K63 (Kee et al, 2005). Interestingly, all JAMM/MPN 

metalloprotease (e.g. AMSH-LP) family shows the specificity for K63 chain, suggesting 

that they share a unique substrate binding pocket that accommodates K63 chains. The 

AMSH-LP structure shows that the catalytic core of AMSH contacts the flanking region 

of K63 of proximal ubiquitin as well as the C terminal tail of the distal ubiquitin, 

demonstrating how K63 linked chain is preferentially targeted (Sato et al, 2008) (Figure 

1.4). In other cases, tandem ubiquitin binding domains outside of the catalytic core 

domain may function in chain type specificity determination. For example, ataxin3 

preferentially cleaves K63 chain which is dependent on the two C-terminal UIM domains 

(Winborn et al, 2008).  
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Figure 1.4  The structure of AMSH DUB domain in complex with K63-linked di-
ubiquitin (PDB: 2ZNV) 
 

Two ubiquitin molecules and the AMSH DUB domains are colored magenta and blue, 
respectively. The K63 of the proximal ubiquitin and the C terminal tail of the distal 
ubiquitin are displayed in yellow.  
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1.3 TYPES AND FUNCTIONS OF UBIQUITINATION 

According to the number of ubiquitin molecules conjugated to a target, 

ubiquitination can be classified into two major types: monoubiquitination and 

polyubiquitination (Ikeda & Dikic, 2008) (Figure 1.5). Monoubiquitination is the 

conjugation of a single ubiquitin molecule to either single lysine residue or multiple 

lysine residues (multi-monoubiquitination). In contrast, polyubiquitination is the 

formation of ubiquitin chain linked by an internal lysine of ubiquitin. Polyubiquitination 

reactions can be divided into two steps: initial substrate conjugation and chain elongation. 

A homotypic chain is built when a specific lysine of ubiquitin is targeted in every round 

of chain elongation, forming, for example, a homogenous K48 or K63 chain. In addition 

to seven lysines of ubiquitin, some proteins are modified by the ubiquitin chains linked to 

the N terminal amino group of ubiquitin, referred to as a linear polyubiquitin chain (M1-

linked chain) (Kirisako et al, 2006).  

“Mixed” chains are formed when a specific lysine of ubiquitin is not uniformly 

targeted in the process of chain elongation. Kim et al. reported that a U-Box E3 (CHIP) 

and several RING E3s formed mixed chains in the presence of UbcH5 in vitro, while all 

tested HECT E3s formed a homotypic chain (Kim et al, 2007). By mass spectroscopy, 

they also discovered the formation of branched chains which are generated when one 

ubiquitin molecule is targeted by multiple ubiquitin molecules via more than one internal 

lysine. Although it was reported that ubiquitinated proteins via branched chains showed a 

higher resistance to the degradation by 26S proteasome than via other types of chains in 
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vitro (Kim et al, 2009), there has been no direct evidence for the existence of branched 

chains in vivo and no specific function been attributed to such chains. 
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Figure 1.5  Types of ubiquitination 
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Monoubiquitination 

Monoubiquitination is involved in non-proteolytic cellular processes. For 

example, the monoubiquitination of histone H2A is required for a gene silencing process 

in mammalian cells (de Napoles et al, 2004; Wang et al, 2004). By the crosstalk with the 

modifications of other histone proteins, a RING E3 complex, Ring1A/B-Bmi1, 

monoubiquitinates histone H2A, leading to heterochromatin formation. Interestingly, 

several deubiquitinating enzymes were found to reverse this modification on the 

reactivation of the genes, showing that monoubiquitination is an important regulatory 

step in gene expression. Another well-studied monoubiquitination is the modification of 

PCNA (proliferating cell nuclear antigen). PCNA is a homo-trimeric processive factor of 

DNA polymerase. When DNA polymerase complex confronts a damaged DNA during 

the replication of DNA, PCNA is monoubiquitinated by Rad6 (E2) and Rad18 (E3), 

leading to recruitment of error-prone translesion synthesis polymerases (Andersen et al, 

2008). Also, monoubiquitination was shown to function in the internalization of several 

plasma-membrane proteins in yeast and mammalian cells. The experimental evidence for 

monoubiquitination as an internalization signal is that in-frame fusion of non-removable 

Ub monomer to a lysine-less substrate restores its internalization (Shih et al, 2000). 

However, several recent papers suggested that monoubiquitination might not be sufficient 

for complete trafficking of the plasma-membrane proteins (Belgareh-Touze et al, 2008). 
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For example, Gap1 permease modified with a single Ub moiety shows an internalization 

defect (discussed further below) (Risinger & Kaiser, 2008). 

 

K48 chains 

Viable yeast can be generated that express, as the sole source of ubiquitins, any of 

the single lysine mutants of ubiquitin (e.g., K63R ubiquitin), with the exception of K48R 

ubiquitin (Spence et al, 1995). Given the numerous processes in which it has been 

implicated, it is surprising that yeast can do without K63 chains. The requirement for K48 

presumably reflects the role of K48 chains as the predominant signal for proteasomal 

degradation. In 26S proteasome-mediated degradation, K48 chains are recognized by 

ubiquitin-binding subunits, including Rpn10 and Rpn13 (Husnjak et al, 2008; Schreiner 

et al, 2008; Zhang et al, 2009). Proteasome-bound K48 chains are cleaved by 

proteasome-associated deubiquitinating enzymes like Rpn11 (Verma et al, 2002; Yao & 

Cohen, 2002) for the recycling of ubiquitin. Deubiquitinated substrates are unfolded by 

ATPases of the 19S regulatory complex (RC) of proteasome and degraded in the 20S 

core complex (CC). 

 

K63 chains 

The crystal structure of K63 chain shows significant differences from that of K48 

chain (Komander et al, 2009b) (Figure 1.6). While K48 chains have a closed and compact 

structure, K63 chains are open and extended in a linear structure. This closely resembles 
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translational fusion of ubiquitin molecules, since K63 and M1 are near each other in the 

ubiquitin structure. 

Similar to monoubiquitination, K63 chains are involved in a wide variety of 

nonproteolytic cellular events. One example is the polyubiquitination of proliferating 

cellular nuclear antigen (PCNA) via K63 chains. Following monoubiquitination of PCNA 

and translesion DNA damage response, monoubiquitinated PCNA is further ubiquitinated 

by the Mms2-Ubc13 complex (E2) and Rad5 (E3) to form a K63-linked polyubiquitin 

chain (Chiu et al, 2006). It is still unclear what triggers polyubiquitination of the 

monoubiquitinated PCNA and how the ubiquitinating enzymes are recruited to the 

PCNA. Also, K63 chain plays an important role in the activation of NF-b, an important 

transcription factor in immune response (Deng et al, 2000; Karin & Ben-Neriah, 2000). 

In response to the activation signals of NF-b, TRAF (TNF receptor associated factor) 

ubiquitin ligases catalyze K63 chain formation by autoubiquitination or the ubiquitination 

of NEMO (NF-b essential modulator, IKK), which is required for the activation of Ib 

kinase (IKK) complex. The activated IKK complex phosphorylates IkB, the inhibitor of 

NF-B, which results in the ubiquitination and degradation of IB, leading to the nuclear 

localization of NF-b. As the linear ubiquitin chain formation on NEMO emerges as a 

critical factor in IKK complex activation (Iwai & Tokunaga, 2009; Tokunaga et al, 2009), 

it is controversial what type of NEMO ubiquitination is critical in the NF-kB activation.  

In endocytic pathways, although monoubiquitination on a single lysine is a 

sufficient signal for permease internalization, K63-linked polyubiquitination was known 
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to accelerate this process (Belgareh-Touze et al, 2008). Furthermore, a recent analysis 

revealed that the Gap1 permease modified with a single Ub moiety has no defect in 

internalization, but has a defect in multi-vesicular body (MVB) sorting (Lauwers et al, 

2009). Consistent with this, it was shown that Gap1 molecules modified with a single 

K63-linked di-Ub chain are targeted efficiently to the vacuolar lumen while Gap1 mono-

ubiquitinated on two different lysines fails to reach this compartment and accumulates at 

the vacuolar membrane (Lauwers et al, 2009). This indicates that K63-linked chains are a 

specific MVB sorting signal.  

Interestingly, a subgroup of retroviruses (orthoretroviruses other than lentiviruses) 

take advantage of K63-linked polyubiquitin chain in the budding of viral particles from 

host cell membrane (Pincetic & Leis, 2009). In these viruses, the late assemble (L) 

domain of Gag protein contains a PY motif which mediates Gag protein ubiquitination by 

a host ubiquitin ligase. The ubiquitin ligases responsible for this ubiquitination turned out 

to be members of NEDD4 family HECT E3s (Kikonyogo et al, 2001; Vana et al, 2004).   

K63 chains are subject to being disassembled or edited. Ubp2 preferentially 

disassembles K63 chains, antagonizing Rsp5 (Kee et al, 2005). Ubp2 binds to Rsp5 via 

an adapter protein, Rup1. The antagonistic function of Ubp2 against Rsp5 was supported 

by the observations that temperature sensitive phenotype of rsp5-1 was rescued by the 

deletion of Ubp2 or Rup1, and that the overexpression of Ubp2 in rsp5-1 strain caused a 

severe growth defect. Human A20, known as a ubiquitin chain editing enzyme, has both 

DUB and E3 activity. (Wertz et al, 2004). A20 disassembles K63 chains and assembles 
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of new K48 chains on substrates, leading to alteration of chain type and, ultimately, of 

protein destination. One controversial issue in the function of K63 chain has been 

whether K63 chain serves as a protein degradation signal like other chain types. In vitro, 

K63-linked polyubiquitin chains were shown to be sufficient for protein degradation by 

the 26S proteasome, albeit with a slower rate than K48 chain (Xu et al, 2009). Saeki et al. 

showed that Mga2, a yeast transcription factor, is ubiquitinated by Rsp5 via K63 chain in 

vivo, and processed by the 26S proteasome for its activation, suggesting that K63 chains 

might work as a protein degradation signal (Saeki et al, 2009). However, Harreman et al. 

recently showed that the degradation of Rpb1, a large subunit of RNA polymerase, is 

ultimately accomplished by K48 chain formation by Elc1/Cul3 complex, although K63 

chain formation by Rsp5 is required (Harreman et al, 2009). In this model, Rpb1 is 

ubiquitinated by Rsp5 via K63 chains first. Then, Ubp2 degrades K63 chains with the 

proximal ubiquitin molecule being intact, which is recognized by Elc1/Cul3 complex and 

serves as the proximal ubiquitin molecule of new K48 chain. This suggests that a K48 

chain, and not a K63 chain, is the ultimate protein degradation signal.  
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Figure 1.6  K48- and K63-linked diubiquitin structure 
 
(A) K48-linked di-ubiquitin structure (PDB: 2O6V)  (B) K63-linked di-ubiquitin 
structure (PDB: 3H7S)  The lysines utilized for chain formation in proximal ubiquitin 
(K48 in (A), K63 in (B)) and the C terminal tails of the distal ubiquitins are colored 
yellow. 
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Other chain types 

Although all possible chain types were demonstrated to exist in vivo (Peng et al, 

2003; Xu et al, 2009), the functions of chain types other than K48- and K63 chain are 

largely unknown. Xu et al. suggested that all non-K63 chains might work as protein 

degradation signals, based on the observation the treatment of MG132, a proteasome 

inhibitor, greatly increases the cellular level of all non-K63 chains (Xu et al, 2009). K6 

chains were reported to be generated by BRCA1 and BARD1, a heterodimeric RING E3 

complex which functions in DNA damage repair. However, the biological significance of 

K6 chain in DNA damage repair is unclear. K11 chains were suggested to function as a 

degradation signal in ERAD (ER-associated degradation) (Xu et al, 2009) and APC/C 

(anaphase promoting complex/cyclosome)-mediated cell cycle regulation (Haas & 

Wilkinson, 2008; Jin et al, 2008). Consistent with the notion that E2 determines the chain 

type in RING-E3 mediated ubiquitination, yeast Ubc6 and human Ube2C/UbcH10 are 

responsible for K11 chains in ERAD and cell cycle regulation, respectively. The cellular 

functions of K27, K29 and K33 chain have not been investigated extensively. KIAA10, a 

HECT E3, was known to generate K29 chain in vitro, although K48 chain is 

preferentially built by this enzyme (Wang & Pickart, 2005). In Drosophila, the 

Suppressor of Deltex, a homologue of human Itch, was reported to preferentially form 

K29 chain, which functions in lysosomal degradation of Deltex (Chastagner et al, 2006). 

Linear polyubiquitin chains (M1 chain) were reported to play an important role in NF-kB 
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activation (Iwai & Tokunaga, 2009). This chain is built on NEMO by the linear ubiquitin 

chain assembly complex (LUBAC E3 ligase) which consists of two RING domain 

proteins, HOIL-1 (haem-oxidized iron-regulatory protein 2 ubiquitin ligase 1) and HOIP 

(HOIL-1 interacting protein) (Kirisako et al, 2006). Interestingly, it was shown that 

NEMO has a ubiquitin binding domain, UBAN (Wagner et al, 2008), which shows a high 

affinity for linear ubiquitin chain (Komander et al, 2009b), and that the binding of UBAN 

to linear ubiquitin chain is essential for IKK activation (Rahighi et al, 2009). Since 

LUBAC exclusively generates linear ubiquitin chains, regardless of the identity of E2 

(Kirisako et al, 2006), LUBAC E3 ligase is an exception to the general notion that E2 is 

the determinant of chain type specificity in ubiquitination by RING E3 ligases. 
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1.4 MECHANISM OF POLYUBIQUITINATION AND THE DETERMINANTS OF CHAIN TYPE 

SPECIFICITY 

 
Mechanism of polyubiquitination 

The biochemical mechanism for ubiquitin chain formation has been largely 

unknown. To date, four general models have been suggested: Sequential, indexation, see-

saw, and hybrid models (Hochstrasser, 2006) (Figures 1.7 and 1.8).      

In the sequential mechanism, a ubiquitin molecule is conjugated to a target lysine 

of a substrate, and then a polyubiquitin chain is assembled by sequentially conjugating 

one ubiquitin at a time to the previously conjugated ubiquitin molecule. One problem 

with this model is that as the ubiquitin chain is extended, the distal ubiquitin is further 

away, with each round of catalysis, from the active site cysteine of the E2 and/or E3 

enzyme. A variation of the sequential model - the “hit-and-run” model - was proposed to 

deal with this problem. Here, charged E2 dissociates from E3 and diffuses to the distal 

ubiquitin for chain elongation, with catalysis occurring when the charged E2 collides, 

presumably by chance, with the distal end of the chain (Deffenbaugh et al, 2003). This 

model is based on a report that the dissociation of Cdc34, the E2 of SCF RING E3 

complex, was required for efficient polyubiquitination. However, this model was 

challenged by another group which showed that the F72V Cdc34 mutant dissociated 

slower from the SCF complex than wild-type Cdc34, but did not show a significant 

defect in the polyubiquitination (Petroski et al, 2006). This group suggested, based on 
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molecular modeling, that the distal ubiquitin could reach the active site cysteine by 

looping of the chain.  

While polyubiquitin chain assembly occurs on a substrate lysine in the sequential 

mechanism, the indexation mechanism involves polyubiquitin chain formation on the 

active site cysteine of E2 or HECT E3, with conjugation of the pre-assembled chain to a 

substrate lysine en bloc. Li et al. reported that Ube2g2, a human E2, forms K48-linked 

polyubiquitin chain on the active site cysteine in the presence of gp78, a RING E3 of 

ERAD (ER-associated degradation) pathway, and that the pre-assembled chain is utilized 

for the substrate polyubiquitination (Li et al, 2007). Later, it was shown that gp78 has two 

oligomerization sites, and that the oligomerization of gp78 is required for polyubiquitin 

chain formation by Ube2g2, suggesting that Ube2g2 multimerizes and transfer the 

ubiquitin to each other to form a polyubiquitin chain in the context of a large gp78-

Ube2g2 complex (Li et al, 2009). 

The see-saw model is similar to the indexation model in that the chain is formed 

on the active site cysteine, but the two models can be distinguished by their chain 

assembly mechanisms. In the sea-saw model, a lysine of the charged ubiquitin to E2 or 

HECT E3, not the distal ubiquitin, attacks the thioester bond of another charged E2, 

resulting in the transfer of the chain from one active site cysteine to the other. Finally, a 

thioester-tethered chain would be transferred in bulk to the substrate. 

In the hybrid model, a free polyubiquitin chain is generated first, in a manner that 

conjugates a ubiquitin molecule to another ubiquitin molecule or pre-existing ubiquitin 
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chain, possibly bound to the ubiquitin binding domain of E2 or E3. And then the E2- or 

E3-bound polyubiquitin chain is activated, transferred and conjugated to a substrate en 

bloc via the typical enzymatic cascade of ubiquitination. Although the generation of free 

polyubiquitin chains was reported in vitro (i.e., Ubc13-Mms2 complex and E2-25K) 

(Chen et al, 1991; Hofmann & Pickart, 1999; Hofmann & Pickart, 2001), it is not clear if 

a free polyubiquitin chain is utilized for polyubiquitination in vivo.  
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Figure 1.7  Suggested models for polyubiquitination by HECT E3s – sequential and 
indexation  



33 
 
 
 

 

 

 

FIGURE 1.8  SUGGESTED MODELS FOR POLYUBIQUITINATION BY HECT E3S – 

SEESAW AND HYBRID 
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THE DETERMINANTS OF CHAIN TYPE SPECIFICITY 

Separate from the problem of how chains are assembled (e.g., via a sequential or 

indexation mechanism), is the question of what determines the type of chain that is 

assembled. 

For RING E3s, there have been reports that polyubiquitin chain type is 

determined by the E2, and that the type of polyubiquitination on substrates is dependent 

on which E2 is recruited by the RING E3. One example is Ubc13/Mms2 E2 complex. 

Ubc13 forms a heterodimer with Mms2, a non-catalytic E2 variant, which contains a non-

covalent binding site of a ubiquitin (Moraes et al, 2001; VanDemark et al, 2001). In this 

complex, the non-covalent binding of the acceptor ubiquitin to Mms2 positions K63 in a 

manner that attacks the donor ubiquitin that is bound to Ubc13 via a thioester bond. 

Another E2, E2-25K/Ubc1, forms unanchored K48 chains in vitro. This enzyme has a 

distinctive C-terminal extension identified as an ubiquitin-associated domain (UBA) 

(Chen et al, 1991). Deletion of this domain caused a defect in polyubiquitin chain 

formation, suggesting that this domain is involved in chain formation (Haldeman et al, 

1997). Consistent with the notion that E2 determines the polyubiquitin chain type 

specificity in RING E3-mediated ubiquitination, Kim et al. reported that MuRF1, a RING 

E3, can build various types of chain in the presence of UbcH5, but only K63 chain with 

Ubc13-Mms2 complex, and only K48 chain with UbcH1 (Kim et al, 2007). Similarly, the 

type of polyubiquitin chain in the autoubiquitination of BRCA1 was shown to be greatly 

influenced by the identity of cooperating E2s (Christensen et al, 2007).  
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For HECT E3s, some, such as human E6AP, preferentially catalyze formation of 

K48-linked polyubiquitin chains (Kim et al, 2007; Wang & Pickart, 2005), while others, 

including yeast Rsp5, human NEDD4 and Itch, preferentially catalyze formation of K63-

linked chains (Kee et al, 2005; Kim et al, 2007; Scialpi et al, 2008; Tao et al, 2009). In 

Chapter 2, I focused on the basis of chain type specificity of HECT E3s and showed that 

the C lobe of the HECT domain contains primary determinants for polyubiquitin chain 

type specificity (Kim & Huibregtse, 2009).  
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1.5 UBIQUITIN BINDING DOMAINS (UBDS) 

The function or fate of a ubiquitinated protein is due largely to the interactions of 

the ubiquitin moieties with ubiquitin-binding proteins. More than 20 ubiquitin binding 

domains have been identified (Dikic et al, 2009).  

UBDs can be classified in several ways; the structure, the region of ubiquitin 

where UBDs bind, and the preference for polyubiquitin chain type. Table 1.1 shows the 

functions of UBDs, classified primarily by their structures. 

Although most UBDs bind to a ubiquitin molecule via the hydrophobic patch of 

ubiquitin, some UBDs use different sites of ubiquitin in their interaction with ubiquitin. 

The C lobe of the HECT domain was shown to bind to ubiquitin via a second 

hydrophobic patch which consists of I36 and the C-terminal tail (Kamadurai et al, 2009). 

Another ubiquitin region utilized for binding to other proteins is a polar region of 

ubiquitin centered at Asp58. The ZnF domain of RABEX-5 (exchange factor for Rab5) 

was shown to have affinity for this region (Lee et al, 2006). 

Some UBDs were known to have inherent preferences for a specific type 

ubiquitin. Rassi et al. tested the affinity of ~30 different UBAs for monomeric ubiquitin, 

K48 diubiquitin and K63 diubiquitin, respectively, and showed that different UBDs have 

different preferences for chain types (Raasi et al, 2005). For example, the C-terminal 

UBA of Rad23 shows ~3.6 fold higher affinity for K48 chain than the affinity for K63 

chain. Consistent with this, several structural studies of UBDs showed that some UBDs 
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preferentially bind to the linker region of polyubiquitin, which contributes to the chain 

type specificity of the UBD. A representative example is the catalytic domain of AMSH-

LP, as described above (see Figure 1.4)  

In some cases, the cooperation of two tandem UBDs contributes to the generation 

of chain type specificity. The two UIMs of Rap80, which functions in the recruitment of 

PCNA in DNA damage response, bind to the proximal and distal ubiquitin of K63-

diubiquitin respectively, without binding to the linker region (Sato et al, 2009) (Figure 

1.9). This suggests that the distance between the two UIMs should fit the distance 

between two ubiquitin molecules of K63-diubiquitin in the structure. Consistent with this, 

it was shown that the length of the inter-UIM region greatly influences the affinity of the 

two UIMs for K63 chain.  
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 Table 1.1  The functional and structural diversity of ubiquitin binding domains 
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Figure 1.9  The interaction of the tandem UIMs of Rap80 with K63-linked diubiquitin 
(PDB: 3A1Q) 
 

The tandem UIMs of Rap80 and two ubiquitin molecules are colored blue and magenta, 
respectively. The K63 of the proximal ubiquitin and the C terminal tail of the distal 
ubiquitin are colored yellow.
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1.6 PHYSIOLOGICAL FUNCTIONS OF HECT E3S 
 

Yeast HECT E3s 

Saccharomyces cerevisiae has five HECT E3s: Hul4, Hul5, Rsp5, Tom1, and 

Ufd4. Only one of these, Rsp5, is essential under normal laboratory growth conditions 

(Zoladek et al, 1997). Rsp5 is one of the NEDD4 family HECT E3s which all contain 

multiple WW domains, protein-protein interaction domains with affinity for proline-rich 

sequences (e.g., PPxY motif). The WW domains play an important role in recognition of 

substrates or substrate adaptor proteins (Wang et al, 1999). 

One important target of Rsp5 is Spt23 (Hoppe et al, 2000), a transcription factor 

for expression of the OLE1 gene, encoding 9 fatty acid desaturase. Spt23 is synthesized 

in a precursor form that is tethered to the cytoplasmic side of the endoplasmic reticulum 

(ER) membrane. Spt23 is ubiquitinated by Rsp5 and proteolytically processed, but not 

degraded, by the proteasome. The processed Spt23 then moves into the nucleus, where it 

acts as the transcription factor for the OLE1 gene. It has been proposed that the 

ubiquitination of Spt23 by Rsp5 may be regulated by the fluidity of the ER membrane, 

which is a function of the levels of cellular unsaturated fatty acids (Hoppe et al, 2001).  

Another important target of Rsp5 is Rpb1, the large subunit of RNA polymerase 

II. It was shown that Rpb1 is ubiquitinated by Rsp5 and degraded both in steady state and 

on UV irradiation, and that the C-terminal heptapeptide repeats of Rpb1 bind to Rsp5 

(Beaudenon et al, 1999; Huibregtse et al, 1997). In this process, Harreman et al. 

suggested that the true function of Rsp5 in Rpb1 degradation is to generate 
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monoubiquitinated Rpb1 by the cooperation with Ubp2, as described above (Harreman et 

al, 2009).  

Recently, Rsp5 was suggested to have a pivotal function in the regulation of the 

26S proteasome activity by targeting Rpn10, a subunit of 26S proteasome, which 

functions in recruitment of ubiquitinated proteasome substrates via its UIM domain (Isasa 

et al). Isasa et al. showed that Rpn10 is monoubiquitinated by Rsp5, and that the 

ubiquitin moiety of monoubiquitinated Rpn10 interacts with the UIM domain of Rpn10 

intra-molecularly, which causes a defect in the binding of ubiquitinated proteins to 

Rpn10. This, in turn, results in decreased degradation of ubiquitinated proteins by the 

proteasome. 

Most other known targets of Rsp5 are integral plasma membrane proteins, such as 

Gap1, Fur4, Ste2 and Tat2 etc. (Abe & Iida, 2003; Dunn & Hicke, 2001; Hein et al, 

1995). Following their ubiquitination, these proteins are internalized via ubiquitin-

mediated endocytosis. These proteins lack the PPXY motif known to be required for a 

direct interaction with the WW domains of Rsp5. Two models have been suggested to 

account for their recognition by Rsp5. First, the phosphorylation of these proteins might 

mediate the direct binding to Rsp5, which was supported by the fact that the 

phosphorylation of the proteins is a prerequisite to the ubiquitination by Rsp5 in some 

cases (Hicke et al, 1998; Marchal et al, 1998), and that phospho-serine or –threonine can 

bind directly to some WW domains (Lu et al, 1999). Second, there might be the PY 

motif-containing adapter proteins that mediate the binding between the target membrane 
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proteins and Rsp5, leading to the ubiquitination of the target proteins. Consistent with 

this, Bul1 and Bul2 proteins were identified as the adaptor proteins for the Rsp5-mediated 

ubiquitination of Gap1 (Soetens et al, 2001). Also, Lin et al. reported nine potential Rsp5 

adaptor proteins, referred to as ARTs, for arrestin-related trafficking adapters (Lin et al, 

2008). These proteins contain several PY motifs and an arrestin motif. In this study, they 

showed that the expression of Cvs7, an ART protein, is required for the ubiquitination of 

Can1, an arginine transporter, leading to the endocytosis of Can1. In a similar way, 

Ecm21, another ART protein, was shown to act as the adaptor protein for the 

ubiquitination of Lyp1, a lysine transporter. Consistent with this, our lab previously 

showed that Ecm21 and Csr2 are the Rsp5 target proteins that are regulated by Ubp2 

(Kee et al, 2006). Nikko et al. also showed that these ART proteins were shown to be 

involved in the ubiquitination of Smf1, a manganese transporter (Nikko et al, 2008). They 

suggested that the function of ART proteins might be redundant and not always be cargo-

specific, based on the observation that Smf1 ubiquitination can be mediated by several 

different ART proteins.  

Hul5 was known to associate with 26S proteasome and promote the activity of 

proteasome by ubiquitin chain extension of incoming substrates into proteasome (Crosas 

et al, 2006). This is based on the observation that hul5 mutant strain shows a reduced 

degradation of proteasomal substrates. Interestingly, the deletion of hul5 suppresses the 

deletion of Ubp6, a proteasome-associated DUB, suggesting that the antagonistic 

function of Hul5 and Ubp6 is required for the proper regulation of proteasome activity. 
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Another proteasome-associating yeast HECT E3 is Ufd4 (Johnson et al, 1995; Xie 

& Varshavsky, 2002). One physiological target of Ufd4 is Ubc7, a ubiquitin conjugating 

enzyme (E2). Ubc7 builds a polyubiquitin chain on the active site cysteine like its human 

homologue, Ube2g2, and the ubiquitin chain acts as a signal for degradation by Ufd4 

(Ravid & Hochstrasser, 2007). No other functions or physiological targets of Ufd4 have 

been identified.      

Tom1 was reported to ubiquitinate excessive histone H3 protein (Singh et al, 

2009), which is potentially harmful to the cells due to nonspecific binding to DNA. The 

phosphorylation of Tyr99 in histone H3 by Rad53 was shown to be a prerequisite for the 

ubiquitination and degradation of histone H3. Another important target of Tom1 is Yra1 

(Iglesias et al), which enhances the interaction of Nab2 and Mex67, the two nucleus-

cytosol shuttling proteins required for mRNA export. Yra1 was shown to form a tripartite 

complex with these two proteins in the nucleus and to dissociate from the complex prior 

to the exit of mRNP from the nucleus. The dissociation of Yra1 is dependent on the 

ubiquitination of Yra1 by Tom1, suggesting that Yra1 ubiquitination by Tom1 might be a 

regulatory step in mRNP export.   

    

Human HECT E3s 

There are 28 human HECT E3s (Bernassola et al, 2008). Based on the 

architecture of HECT E3s (i.e., the region N-terminal to the HECT domain), human 
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HECT E3s can be classified into three subgroups: the NEDD4 (Neural precursor cell-

expressed developmentally downregulated gene 4) family HECT E3s (9 members), 

HERC (HECT RCC) HECT E3s (6 members), and the group of all other non-

NEDD4/non-HERC HECT E3s (13 members) (Bernassola et al, 2008).  

Like Rsp5, NEDD4 family E3s contain a C2 domain, and 2-4 WW domains. 

NEDD4-1 and its closely related homolog NEDD4-2 (NEDD4L) are involved in 

downregulation of the epithelial cell sodium channel subunits (ENaC) that controls 

electrolyte homeostasis (Dinudom et al, 1998). Mutations in ENaC that disrupt the PY 

recognition motif are refractory to ubiquitination by NEDD4, resulting in 

hyperstabilization of ENaC. This is the basis of a hypertensive disorder known as Liddle 

syndrome (Staub et al, 1996). Another important target of NEDD4-1 is PTEN, a plasma 

membrane lipid phosphatase that antagonizes the function of phosphatidylinositol 3-

kinase (PI3K) (Trotman et al, 2007; Wang et al, 2007). Since PI3K signaling is required 

for cell survival and its overexpression causes tumorigenesis in some cell lines, PTEN 

has been regarded as a tumor suppressor. NEDD4-1 has been suggested to be a potential 

oncogene, based on that the polyubiquitination of PTEN by NEDD4-1 leads to 

degradation of PTEN by 26S proteasome, and that NEDD4-1 overexpression was 

observed in many human bladder and prostate carcinomas.    

Like NEDD4, Itch and WWP1 target several tumor suppressor proteins. Itch 

ubiquitinates p73 and p63 tumor suppressors which contain a PY motif (Rossi et al, 2006; 

Rossi et al, 2005). WWP1 ubiquitinates and inactivates p53 in a nonproteolytic way 
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(Laine & Ronai, 2007). The p53 ubiquitination by WWP1 enhances the nuclear export 

and cytosolic accumulation of p53, resulting in downregulation of p53 activity. However 

ubiquitination of p53 by HUWE1, another human HECT E3, leads to its degradation by 

the 26S proteasome (Chen et al, 2005) (described below). 

Other noteworthy members of the NEDD4 family are SMURF1 (Smad 

ubiquitination regulating factor 1) and its closely related homolog SMURF2. In BMP and 

TGF signaling, signals are mediated by a series of transcription factors, Smad proteins, 

which are ubiquitinated by SMURFs and degraded (Ikushima & Miyazono). Consistent 

with the fact that the target genes of Smad proteins are directly related to cell 

proliferation, death and differentiation, SMURFs were known to influence the 

tumorigenesis and metastasis of cancer cells in a cell type- and context-dependent manner 

(Ikushima & Miyazono). 

The HERC family E3s are defined by an RCC1 (Regulator of chromosomal 

condensation)-like domain (RLD), which is thought to form a seven-bladed beta propeller 

fold (Scheffner & Staub, 2007). RLDs are protein-protein or protein-nucleic acid 

interaction motifs. HERC E3s can be classified further by the size of proteins and the 

number of RLD domains. The large HERCs (HERC1 and HERC2) consist of ~4,800 

amino acids (>500 kDa) with multiple RLDs, while the small HERCs (HERC3, HERC4, 

HERC5, and HERC6) consists of ~1,000 amino acids (~100 kDa) with one RLD at the 

extreme N terminus (Bernassola et al, 2008).  
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Recently, HERC2 was reported to be involved in the DNA damage response. In 

response to ionizing radiation, HERC2 is phosphorylated and binds to RNF8, a RING E3, 

which functions in the retention of DNA damage repair proteins on the damaged sites 

(Bekker-Jensen et al). HERC2 facilitates the binding of activated Ubc13 to RNF8, 

leading to the enhancement of ubiquitination of DNA damage repair proteins via K63 

chain, which is required for the retention of these proteins. Another function of HERC2 

in DNA damage response is degradation of BRCA1 (Wu et al). For the ubiquitination of 

BRCA1, the catalytic activity of HERC2 and the N-terminal degron sequence of BRCA1 

are required. It was shown that the ubiquitination and degradation of BRCA1 is inhibited 

by the heterodimer formation of BRCA1 with BARD1, suggesting a protective role of 

BARD1. Since BRCA1 was known as a key tumor suppressor in breast and ovarian 

cancer, HERC2 was suggested to be a potential oncoprotein. 

Interestingly, HERC5 functions as the ligase of ISG15 (interferon stimulated gene 

15), a ubiquitin-like protein. (Dastur et al, 2006; Wong et al, 2006). As an interferon-

induced, ISG15 was presumed to be involved in innate responses to viral and/or 

microbial infections, and it has been recently shown that the ISG15 knock-out mice are 

hyper-sensitive to the infection by several virus types (Lenschow et al, 2007). However, 

the mechanism of ISG15 as an anti-viral molecule remained to be clarified. Recently, our 

lab showed that newly synthesized proteins are preferentially modified by ISG15, that the 

target range of ISG15 conjugation is much broader than reported, and that Herc5 co-

fractionates with polysomes (Durfee et al). Based on these data, we proposed that nascent 
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polypeptide chains are targeted in a co-translational manner. Also, we found out that 

ISG15 modified virus-like particles (VLPs) of human papilloma virus have lower 

infectivity than unmodified VLPs, suggesting a dominant negative effect of ISG15 

conjugation on the virus infectivity. Herc5 is the only HECT E3 that has been shown to 

work with a ubiquitin-like protein, rather than ubiquitin.  

In non-NEDD4/non-HERC HECT E3s, various domains are found in the non-

catalytic N-terminal part (e.g., WWE domain in HUWE1 and TRIP12, Ankyrin repeats in 

HACE1 and HECTD2, UBA domain in HUWE1 and EDD, and IQ domain in UBE3B 

and UBE3C), although the functions of these domains in substrate recognition are largely 

unknown. Some HECT E3s have no identifiable domains or motifs other than the HECT 

domain (e.g., E6AP, HECTD2, and KIAA0614) (Bernassola et al, 2008). In this 

subfamily, several E3s have been intensively studied from the standpoint of 

tumorigenesis.  

E6AP ubiquitinates the p53 tumor suppressor protein in the presence of HPV E6 

protein, leading to the development of cervical cancer (Huibregtse et al, 1991; Scheffner 

et al, 1993; Scheffner et al, 1990). Mutations in the maternal copy of E6AP/UBE3A were 

also shown to be cause of Angelman syndrome (AS) (Fang et al, 1999; Matsuura et al, 

1997; Sutcliffe et al, 1997). Recently, Greer et al. reported that E6AP ubiquitinates Arc 

protein which functions in the endocytosis of AMPA receptor in neurons (Greer et al). 

They suggested that the deficiency of E6AP leads to the stabilization of Arc and, in turn, 
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the reduction of AMPA receptor at synapses, causing cognitive dysfunction of AS 

patients.        

Chen et al. showed that, under unstressed condition, p53 is ubiquitinated by 

HUWE1 (also named ARF-BP1, E3 histone, HectH9, LASU1, Mule and Ureb1) and 

degraded by 26S proteasome in an HDM2-independent manner (Chen et al, 2005). They 

suggested that the tumor suppressor ARF may bind to HUWE1 HECT domain, inhibiting 

the activity of HUWE1 and thus stabilizing p53. These results are consistent with the 

observation that HUWE1 is overexpressed in a significant percentage of lung, breast and 

colorectal cancers (Adhikary et al, 2005). Another cancer-related target of HUWE1 is the 

N-Myc oncoprotein (Zhao et al, 2008). Since the overexpression of N-myc protein has 

been reported in many neuroblastoma, the degradation pathway of N-myc is of biological 

importance in neuroblastoma therapy. Zhao et al. showed that, N-myc is ubiquitinated by 

HUWE1 and degraded by 26S proteasome, which is required for the arrest of 

proliferation and the trigger of differentiation in neural stem cells.  
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1.7 GOALS OF MY DOCTORAL WORK 

Polyubiquitin chain formation (polyubiquitination) can mediate several different 

biochemical functions, determined in part by which lysine of ubiquitin is used to link the 

polyubiquitin chain. Among the HECT domain ubiquitin ligases, some, such as human 

E6AP, preferentially catalyze formation of K48-linked polyubiquitin chains, while others, 

including Saccharomyces cerevisiae Rsp5 and human Itch, preferentially catalyze 

formation of K63-linked chains. 

Based on several lines of evidence, HECT E3s have been suggested to catalyze 

polyubiquitination in a sequential manner. This process is divided into two major steps, 

substrate conjugation and chain elongation. In substrate conjugation, a ubiquitin molecule 

is conjugated to a target lysine of substrate. In chain elongation, another ubiquitin 

molecule is conjugated to a lysine of the last ubiquitin of the chain, where chain type is 

determined by the position of the lysine residue used to build the chains.   

In my work, I focused on two important mechanistic questions about 

polyubiquitination by HECT E3s: 1) the determinants of chain type specificity, and 2) the 

factor that orients the distal ubiquitin of a growing polyubiquitin chain near the active site 

of the HECT domain in the course of polyubiquitination. 
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Chapter 2. The determinants of chain type specificity in 

polyubiquitination by HECT E3s 

2.1 INTRODUCTION 

 
Ubiquitin can be covalently conjugated to proteins in several ways (Ikeda & 

Dikic, 2008). Ubiquitin is sometimes conjugated via an isopeptide bond to a single lysine 

residue of a target protein, and in other cases to multiple lysines. Less commonly, it is 

conjugated to the terminal amino group of a target (Ciechanover & Ben-Saadon, 2004) or 

even to cysteine side chains via a thioester bond (Cadwell & Coscoy, 2005). In all of 

these cases, a single ubiquitin might be conjugated at a given site (monoubiquitination), 

or multiple ubiquitins can be linked via one of the seven lysine residues of ubiquitin to 

form shorter oligoubiquitin chains (two to four ubiquitin moieties) or longer 

polyubiquitin chains (>4 ubiquitin moieties). The chains might also be branched or linear, 

and if linear, either homogenous or heterogeneous with respect to linkages (Kim et al, 

2007). There are only a few cases where we have a mechanistic understanding of how the 

enzymes of the ubiquitin system direct the generation of these distinct ubiquitin 

modifications. This is an important problem because the different modes of ubiquitin 

conjugation have the potential to signal different biochemical fates. For example, K48 

linked polyubiquitin chains are associated with proteasomal degradation, while K63-

linked polyubiquitin chains have non-proteasomal functions in various signaling and 
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trafficking pathways (Bernassola et al, 2008). All seven internal lysines of ubiquitin have 

been shown to be used for chain formation in vivo (Peng et al, 2003). The specific 

functions of some linkage types are uncharacterized, and there is the potential that some 

of these might mediate yet to be discovered functions of polyubiquitin.   

For polyubiquitination reactions that involve RING and RING-like U-Box 

ubiquitin ligases, the type of polyubiquitin chains formed appears to be directed primarily 

by the cooperating E2 enzyme as discussed in Chapter 1. This is presumably because the 

E3 is functioning primarily as a docking protein, with the chemistry of ubiquitination 

occurring between the E2 and the substrate protein. The best-characterized examples of 

this are reactions that involve Ubc13 and Mms2 (VanDemark et al, 2001). The 

Ubc13/Mms2-competent RING E3s include Rad5 (Tsui et al, 2005; Ulrich & Jentsch, 

2000), Shprh (Unk et al, 2006), Chfr (Bothos et al, 2003), and TRAF6 (Deng et al, 2000). 

Similar steric considerations, at the level of the E2~ubiquitin complex, are likely to 

explain chain type specificity of other E2/RING E3 combinations. The chemical 

environment surrounding specific lysines residues of ubiquitin might also contribute to 

chain type specificity, by, for example, promoting deprotonation of the amino group of 

specific lysine side chains. In contrast to RING E3s, HECT domain E3s directly catalyze 

protein ubiquitination (discussed in Chapter 1). Ubiquitin-charged E2 enzymes transfer 

ubiquitin to the active site cysteine within the HECT domain in a transthiolation reaction, 

preserving the high energy ubiquitin thioester bond (Scheffner et al, 1995). All E2s that 

are known to function with HECT E3s belong to the group most similar to human UbcH7 
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and yeast Ubc4 and Ubc5. These E2s have a conserved phenylalanine residue in the loop 

between 3 and 4 strands (F63 in UbcH7) that is critical for the E2-HECT domain 

interaction.  

Although several models for polyubiquitination have been suggested, as discussed 

in Chapter 1, the simplest model for polyubiquitination by HECT E3s is the sequential 

model in which single ubiquitin molecules are added sequentially to the distal end of a 

substrate-linked chain during the course of a single round of substrate binding. While 

indirect results supporting the indexation model were reported (Wang & Pickart, 2005), 

the most obvious prediction of this model is that a thioester-linked chain on the E3 should 

be detectable, and this has not been reported or, to our knowledge, observed (shown in 

Chapter 3). Also, the results presented here provide new support for the simple sequential 

addition model.   

Regardless of mechanism, it is clear that different HECT E3s have specificities 

for the types of polyubiquitin chains that they synthesize. E6AP is highly specific for 

catalysis of K48-linked polyubiquitination (Kim et al, 2007; Wang & Pickart, 2005), 

consistent with the fact that p53 is targeted for proteasomal degradation in HPV E6-

expressing cells. Human KIAA10 HECT E3 preferentially catalyzes both K48 and K29 

linkages (Wang et al, 2006). In contrast, S. cerevisiae Rsp5 preferentially synthesizes 

K63 chains in vitro and in vivo (Kee et al, 2005; Kee et al, 2006; Saeki et al, 2009). Rsp5 

contains an N-terminal C2 domain and three WW domains in the central region of the 

protein, and there are nine human HECT E3s that share this domain organization (Ingham 
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et al, 2004). Two of these, Nedd4-1 and Itch/AIP4, have also been shown to 

preferentially synthesize K63 chains in vitro (Kim et al, 2007; Scialpi et al, 2008), 

although Itch/AIP4 was also reported to form K29 chains in vivo (Chastagner et al, 2006). 

The chain type specificity of human Huwe1/ ArfBP1, whose reported substrates include 

p53, ARF, Mcl1, C-Myc and N-Myc, is still unclear. It was shown to synthesize K48 

chains on N-Myc (Zhao et al, 2008), which was contrary to a previous report showing 

that Huwe1/ArfBP1 preferentially assembles K63 chains on C-Myc (Adhikary et al, 

2005). Importantly, the chain type specificities of most HECT E3s have not been 

determined, and based on the few characterized examples it is not possible to identify the 

sequence or structural determinants that distinguish or predict, for example, K48-specific 

and K63-specific E3s. The goals of the current study were to characterize the 

polyubiquitination reaction catalyzed by HECT E3s and identify the determinants of 

HECT E3s that confer specificity for synthesis of polyubiquitin chain types. Our results 

indicate that the C-terminal lobe of the HECT domain contains the critical features that 

determine chain type specificity.   
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2.2 MATERIALS AND METHODS 

Plasmids 

Plasmids for the expression of p53, Wbp2, Ubc1, Ubc4, Ubc5, UbcH7, Rsp5, and 

NEDD4-1 were described previously (Beaudenon et al, 1999; Kee et al, 2005; Wang et 

al, 1999). Clone KIAA0312 (HUGE protein database) was used as the template in PCR 

for the construction of chimeric proteins containing the C lobe of Huwe1. The genes 

encoding Sna3, Ubc3, Ubc6, Ubc8, Ubc11, and Ubc13 were amplified by PCR from 

genomic DNA of Saccharomyces cerevisiae. Deletion of introns of Ubc8 and Ubc13, 

truncations of Wbp2, Rsp5 and Ubc1, and the generation of chimeric E3s genes was 

performed by standard PCR methods. In order to express 
32

P labeled p53, WW1,2,3-

Rsp5, Wbp2, and Sna3, the genes encoding each protein were designed to encode the 

cAMP-dependent kinase recognition site (RRASV) at the 5’-end. All genes described 

above were cloned into pGEX6p-1 (GE Healthcare) for bacterial expression and the 

sequences were verified by DNA sequencing.  

 

Protein expression and purification  

pGEX6p-1 expression plasmids were transformed into Escherichia coli BL21. 

Bacterial cells were collected after 5 hour induction of protein expression in the presence 

of 0.1 mM isopropyl-D-1-thiogalactopyranoside (IPTG), and resuspended in phosphate-
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buffered saline containing 1% Triton X-100 and 100 M phenylmethylsulfonyl fluoride.  

After lysis of the cells by sonication, GST fusion proteins were affinity-purified on GST-

Bind resin (Novagen). PreScission protease (GE Healthcare) was used to remove the 

GST portion of the proteins. Protein concentrations were normalized by Coomassie Blue 

staining of SDS-PAGE gels and infrared imaging (Li-Cor Biosciences). For labeling of 

proteins with 
32

P, GST-p53, GST-Wbp2 proteins, GST-Sna3 proteins, and GST-WW1-

2-3-Rsp5 proteins were incubated with adenosine 5’-[-
32

P]triphosphate (PerkinElmer 

Life Sciences) and cAMP-dependent protein kinase (Promega) on glutathione beads for 

40 min. at room temperature prior to GST cleavage by PreScission protease. E6AP and 

HPV33 E6 proteins were expressed using recombinant baculoviruses as described 

previously (Salvat et al, 2004). Briefly, both proteins were expressed as GST fusion 

proteins in High Five insect cells, affinity-purified, and cleaved to remove GST.  

 

In vitro ubiquitination assays 

In vitro ubiquitination assays were carried out in the presence of 10 mM Tris-HCl 

(pH 7.5), 50 mM NaCl, 5 mM MgCl2, 0.1 mM DTT, 50 g/ml ubiquitin (Boston 

Biochem), 1.25 g/ml of E1 (Boston Biochem), 1.25 g/ml of E2 and 5 g/ml of E3 (40 

l total volume). Wild-type ubiquitin and all mutant forms of ubiquitin were from Boston 

Biochem. For the ubiquitination by Rsp5 or Rsp5-based chimeric E3s, Uba1 and Ubc4 

were used as the E1 and the E2 respectively, while human E1 and UbcH7 were used for 
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the ubiquitination by E6AP, Itch and Itch-based chimeric E3s. Purified HPV33 E6 (5 

l/ml) was added for the ubiquitination of p53 by E6AP. All ubiquitination reactions 

were initiated by the addition of ubiquitin and stopped by the addition of 4X SDS-PAGE 

loading buffer containing 0.4M DTT. Unless indicated otherwise, reactions were 

incubated for 30 min. at room temperature. For kinetic analysis of chain formation, the 

amount of ubiquitinated or unmodified substrates was quantitated and analyzed with a 

Bio-Rad Phosphoimager and Quantity One software. 
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2.3 RESULTS 

Chain type specificity of Rsp5 and E6AP, and generation of simplified Rsp5 substrates 

To establish the chain type specificity of E6AP and Rsp5 in a purified in vitro 

system, ubiquitination reactions were performed with purified substrates and E1, E2, and 

E3 enzymes, in the presence of wild-type or variant forms of ubiquitin. The substrate for 

E6AP was p53, which requires the additional presence of the E6 protein of a cancer-

associated HPV type, such as HPV33 E6, for recruiting p53 to E6AP. Wild-type p53 was 

expressed as a GST fusion protein in bacteria, and after purification, the protein was 

radiolabeled with 
32

P at a kinase recognition site immediately downstream of the protease 

cleavage site separating the GST and p53 sequences. The cleaved 
32

P-labeled p53 protein 

was used as the ubiquitination substrate. Ubiquitin variants contained either a single 

lysine to arginine mutation (e.g., K63R), or six lysine to arginine mutations such that only 

a single lysine remained (e.g., K63(1) ubiquitin), or no lysines (K(0) ubiquitin). As 

shown in Figure 2.1A (left), p53 was efficiently ubiquitinated by E6AP in the presence of 

E6 and wild-type ubiquitin and a cognate E2, UbcH7 (Huang et al, 1999), leading to the 

formation of very high molecular weight conjugates after ten minutes incubation. The 

products appeared identical in the presence of each of the ubiquitin mutants containing a 

single K-to-R mutation, with the exception for K48R ubiquitin, in which case the 

products were distributed around a much lower molecular weight. The products seen in 

the presence of K(0) ubiquitin (Figure 2.1A, right) appeared similar to those with K48R, 
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suggesting that the products generated with K48R ubiquitin might represent p53 with 

multiple monoubiquitin modifications at several lysine residues. Consistent with this, the 

products observed with each of the ubiquitin mutants containing six K-to-R mutations, 

with the exception of K48(1), also appeared similar to those with K(0). Very high 

molecular weight conjugates were formed in the presence of K48(1) ubiquitin, similar to 

those seen with wild-type ubiquitin. These results indicate that E6AP has a strong 

preference for catalysis of K48-linked polyubiquitination of p53 in vitro.   

The substrates used for Rsp5 were Wbp2 and Sna3, both of which contain “PY” 

motifs (PPxY sequences) that are recognized by the WW domains of Rps5. Wbp2 is a 

human protein identified in a screen for WW domain binding proteins (Chen et al, 1997), 

and it contains three PY motifs and 15 lysine residues. Sna3 is a physiologic target of 

Rsp5 that contains a single PY motif and four lysines, with K125 being the in vivo 

modification site (Stawiecka-Mirota et al, 2007). Because the modification of several 

lysine residues can lead to ambiguities in the analysis of reaction products (i.e., whether a 

multiubiquitinated substrate is monoubiquitinated at several sites or polyubiquitinated at 

one site), I sought to generate Rsp5 substrates containing a single lysine residue. This was 

possible for Rsp5 substrates because of the small and well-defined modules that are the 

basis for enzyme-substrate recognition (WW domain-PY motifs), but was not possible for 

E6AP, which recognizes the DNA binding domain of p53 (Scheffner et al, 1992), which 

has several lysine residues that are critical for folding or function (Cho et al, 1994). In 

preliminary experiments, I determined that a C-terminal fragment of Wbp2 containing the 
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three PY motifs and only a single lysine residue (Wbp2-C-K222; Figure 2.1B) was 

ubiquitinated as efficiently as full-length wild-type Wbp2 (not shown).  Wbp2-C-K222 

was purified and radiolabeled as described above and used in ubiquitination reactions 

with Rsp5 and ubiquitin variants, using yeast Ubc4 as the E2. Wbp2-C-K222 was very 

efficiently ubiquitinated in the presence of wild-type ubiquitin, and of the single K-to-R 

ubiquitin mutants (Figure 2.1C, left), K63R had the greatest effect on the size distribution 

of the ubiquitinated products. Interestingly, Wbp2-C-K222, containing only a single 

lysine, appeared to be di-ubiquitinated in the presence of K(0) ubiquitin (Figure 2.1C, 

right), suggesting that Rsp5 might ubiquitinate the terminal amino group of this protein 

(addressed below). Ubiquitination in the presence of K6(1), K27(1), and K29(1) ubiquitin 

was similar to that with K(0) ubiquitin, indicating that Rsp5 cannot extend ubiquitin 

chains off of K6, K27, or K29. Higher molecular weight products were observed with 

K11(1), K33(1), K48(1), and K63(1) ubiquitin, although the products were consistently 

of much higher molecular weight with K63(1). Together, these results indicate that Rsp5 

preferentially catalyzes K63-linked polyubiquitination of Wbp2, but that it will 

synthesize shorter K11, K33, or K48 chains in the absence of K63.  

The same type of analysis was performed with a single-lysine derivative of Sna3 

(Sna3-K125; Figure 2.1D). The results were very similar to those seen with the Wbp2 

substrate, with an even more pronounced effect on the size distribution of products seen 

with K63R ubiquitin compared to wild-type ubiquitin and the other K-to-R single 

mutants (Figure 2.1D, left). Again, the chains formed with K63(1) ubiquitin were longer 
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than chains formed with the other single lysine derivates of ubiquitin, but shorter chains 

were formed with K11(1), K33(1), and K48(1) ubiquitin (Figure 2.1D, right). Like the 

single-lysine mutant of Wbp2, Sna3-K125 also appeared to be modified with two 

ubiquitin molecules in the presence of K(0) ubiquitin. Together, the results shown in 

Figure 2.1 show that different HECT E3s can have strikingly different characteristics 

with respect to synthesis of polyubiquitin chains. Furthermore, chain type specificity was 

not dependent on the identity of the substrate, as shown here for Rsp5, and as suggested 

earlier for both Rsp5 and E6AP (Kee et al, 2005; Kee et al, 2006).  

The Rsp5 reactions described above were performed at a single incubation time 

(10 minutes). Figure 2.2 shows a time course of Wbp2-C-K222 ubiquitination by Rsp5 in 

the presence of wild-type ubiquitin, K63R, K48R, K63(1), and K48(1) ubiquitin (Figures 

2.2A-E, respectively). The reactions initiated by the addition of ubiquitin after a 10 

minute pre-incubation of all other components (E1, Ubc4, Rsp5, 
32

P-labeled substrate 

protein, and ATP). The overall rate of disappearance of the unmodified substrate was 

similar in each set of reactions, although there was a slight delay in disappearance of 

substrate with K63(1) and K48(1) ubiquitin (Figures 2.2D and 2.2E), which was likely 

related to a delay in charging of one or more of the enzymes with a ubiquitin molecule 

that contains six surface residue alterations. There was no significant difference between 

the rate of appearance of high molecular weight conjugates in the presence of wild-type 

ubiquitin and K48R ubiquitin (Figure 2A and 2B), as predicted from the results shown in 

Figure 2.1. In contrast, the rate of generation of long chains was significantly slower in 
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the presence of K63R ubiquitin (Figure 2.2C). K63(1) ubiquitin resulted in similar 

kinetics of chain formation as wild-type ubiquitin, although the chains were slightly 

shorter at each time point, and even at the latest time point the conjugates did not reach 

the very tight distribution of high molecular weight products seen with wild-type 

ubiquitin (Figure 2.2D). While the basis of the latter effect is not known, the six K-to-R 

surface mutations of K63(1) might affect the conformation of the elongating chain in a 

manner that prevents formation of the very longest chains. K48(1) ubiquitin showed 

delayed chain formation, and very high molecular weight products were not observed 

(Figure 2.2E). These results were quantitated as the fraction of the total ubiquitinated 

Wbp2 protein that contained chains of more than four ubiquitin molecules, and this was 

plotted as a function of reaction time (Figure 2.2F). This demonstrates that the rate of 

formation of long chains was very similar so long as K63 was intact (wild-type ubiquitin, 

K63(1), and K48R ubiquitin). Chain formation was significantly slower in the presence 

K63R, and given the results presented in Figure 2.1, these chains are likely to contain 

K11, K33, or K48 linkages. The rate of polyubiquitination was slower still in the 

presence of K48(1) ubiquitin. These results further substantiate the preferential formation 

of K63-linked polyubiquitin chains by Rsp5.  
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Figure 2.1  Chain type specificity of E6AP and Rsp5.   

 
(A) In vitro ubiquitination of 

32
P-labeled p53 in the presence of human E1, UbcH7, 

E6AP, and HPV33 E6 proteins, with wild-type (WT) or the indicated ubiquitin mutant 
proteins. Following a 10 min. reaction, products were resolved by SDS-PAGE and 
visualized by autoradiography. (B) Schematic diagram of (left) wild-type Wbp2 (WT), 
Wbp2-C, Wbp2 containing lysine K222 as its only lysine (Wbp2-C-K222), and lysine-
less Wbp2, Wbp2-K(0). Sna3, a single lysine derivative (Sna3-K125), and Sna3-K(0) are 
shown at right. PPxY motifs are indicated with gray rectangles and lysine residues are 
indicated with small black squares. (C) In vitro Rsp5 ubiquitination assays were 
performed with Wbp2-C-K222 as the substrate, in the presence of Uba1, Ubc4, and the 
indicated form of ubiquitin. (D) As in (C), with Sna3-K125 as the substrate.
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Figure 2.2  A time course of ubiquitination by Rsp5, with 

32
P-labeled Wbp2-C-K222 as 

substrate, in the presence of different forms of ubiquitin. 
  
(A) With wild-type ubiquitin, (B) with K48R ubiquitin, (C) with K63R ubiquitin, (D) 
with K63R(1) ubiquitin, and (E) with K48(1) ubiquitin. Mono-,Di-, Tri-, Tetra-
ubiquitinated substrates are indicated as Ub1, Ub2, Ub3 and Ub4 in panel A.  (F)   
The results from the experiments in A-E were quantitated with a Bio-Rad 
phosphoimager. The graph shows the percentage of the ubiquitinated products that 
contained more than four ubiquitin molecules. 
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N-terminal substrate modification and the length of Rsp5-catalyzed chains 

I had planned to utilize the single lysine Rsp5 substrates (Wbp2-C-K222 or Sna3-

K125), which I expected to be modified at a single site, to determine the length of the 

K63 chains that Rsp5 can synthesize. However, the results presented above suggested 

that Rsp5 also modified the terminal amino group of both proteins. To confirm this, a 

lysine-less derivative of Wbp2-C was generated. Figure 2.3A shows the ubiquitination of 

Wbp2-C, Wbp2-C-K222, and Wbp2-C-K(0) (containing three, one, or no lysines, 

respectively). Consistent with N-terminal modification, high molecular weight 

ubiquitinated products were generated with Wbp2-C-K(0), although a significant amount 

of unmodified substrate remained compared to Wbp2-C and Wbp2-C-K222. In addition, 

the migration of the products generated in the presence of K(0) ubiquitin indicated that 

Rsp5 ubiquitinated four sites on Wbp2-C, two sites on Wbp2-C-K222, and one site on 

Wbp2-C-K(0). To rule out an acceptor site on Wbp2-C-K(0) other than the terminal 

amino group, GST-Wbp2-C-K222 and GST-Wbp2-C-K(0), with the GST moiety still 

attached, were ubiquitinated by Rsp5 in the presence of K(0) ubiquitin (Figure 2.3B).  

Multi-ubiquitin conjugates were formed on both proteins, indicative of internal lysines of 

GST serving as ubiquitin acceptors. In a parallel set of reactions, the GST tags were 

removed by proteolysis after the ubiquitination reactions were terminated, with the 

prediction being that the GST moiety would protect from modification the normally 

exposed terminal amino group of the Wbp2-C. Consistent with this, the post-cleavage 
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Wbp2-C-K(0) protein (which retained the 
32

P label) was not ubiquitinated, while Wbp2-

C-K(222) was mono-ubiquitinated. Together, these results indicate that Wbp2-C-K(0) is 

indeed modified at the terminal amino group by Rsp5. Similar results showing that Rsp5 

can modify terminal amino groups were recently reported (Saeki et al, 2009). Figure 2.3C 

shows a time course of modification of Wbp2-C-K(0) and Wbp2-C-K222, performed in 

the presence of K(0) ubiquitin. Wbp2-C-K222 was modified in a bi-phasic manner, with 

the second phase of modification corresponding to the rate of monoubiquitination of 

Wbp2-C-K(0), indicating that Rsp5 modifies the internal lysine more efficiently than the 

terminal amino group. 

Having characterized the single site of modification of Wbp2-C-K(0), I used this 

substrate to estimate the length of the K63 polyubiquitin chain that Rsp5 is capable of 

generating. Wbp2-C-K(0) was ubiquitinated by Rsp5 in the presence of K63(1) ubiquitin, 

or in the presence of a combination of K63(1) and K63(0) at a ratio of 16:1. The latter 

was done in order to create chain termination products that could be resolved more 

clearly by SDS-PAGE. As shown in Figure 2.3D, a ladder of ubiquitinated products 

containing up to 12 ubiquitin moieties could be discerned, however higher molecular 

weight products clearly extended beyond this length that could not be resolved into 

discrete bands. Assuming that the migration of higher molecular weight products 

continued to be proportional to chain length, I calculated that the longest chains contained 

approximately 30 ubiquitin moieties. I therefore conclude that Rsp5 can synthesis 

homogenous K63 chains containing at least 12 and perhaps up to 30 ubiquitin molecules. 
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While it is not known whether Rsp5 products ever reach these lengths in vivo, 

mechanistic models for ubiquitination by HECT E3s must be consistent with this result.   
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Figure 2.3  N-terminal substrate modification and the length of Rsp5-catalyzed chains. 
 
(A) In vitro ubiquitination of 

32
P-labeled Wbp2-C, Wbp2-C-K222, and Wbp2-C-K(0) 

with K(0) or WT ubiquitin. Reactions were incubated for 10 min. at room temperature 
and the products were resolved by SDS-PAGE and visualized by autoradiography. (B)   
32

P-labeled GST-Wbp2-C-K(0) or GST-Wbp2-C-K222, bound to glutathione sepharose, 
was incubated with Uba1, Ubc4, and Rsp5 for 30 min at room temperature. Reactions 
were terminated by washing the beads with PBS. Half of the reaction was analyzed 
directly by SDS-PAGE and autoradiography (left panel); the other half was treated with 
PreScission protease for 4 hours at 4

o
C, and free Wbp2-C-K(0) or Wbp2-C-K222, 

retaining the 
32

P label, was analyzed by SDS-PAGE and autoradiography (right panel).  
Degradation products of GST-Wbp2-C present in the reaction mixture are indicated (*, 
left panel). (C) Time course of ubiquitination of 

32
P-labeled Wbp2-C-K(0) or Wbp2-C-

K222 in the presence of Uba1, Ubc4, Rsp5, and K(0) ubiquitin. Reactions were initiated 
by addition of ubiquitin and stopped by the addition of SDS-PAGE loading buffer. The 
total reaction products were resolved in SDS-PAGE and visualized by autoradiography.  
N-Ub indicates the Wbp2-C product ubiquitinated at the terminal amino group, and K-Ub 
indicates the product ubiquitinated at the internal lysine (K222).  (D) To determine the 
length of K63-linked polyubiquitin chains formed by Rsp5, 

32
P-labeled Wbp2-C-K(0) 

was ubiquitinated with either K63(1) ubiquitin (second lane) or a mixture of K63(1) and 
K(0) ubiquitins at a ratio of 16:1 (third lane). Twelve ubiquitinated species could be 
resolved in the third lane (arrowheads).  
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The identity of the cooperating E2 does not influence chain type specificity of Rsp5 

 
Results with the APC and other RING E3s indicate that their polyubiquitination 

products are highly dependent on the identity of the cooperating E2 enzyme(s) 

(Christensen et al, 2007; Haas & Wilkinson, 2008; Kim et al, 2007; Li et al, 2007; 

Rodrigo-Brenni & Morgan, 2007). In order to determine whether the type of 

polyubiquitin chain formed by Rsp5 was also dependent on the E2, eight of the 11 yeast 

E2s (Ubc1, 3, 4, 5, 6, 8, 11, and 13) were expressed and purified for in vitro 

ubiquitination reactions, and each was shown to be active in ubiquitin-thioester assays 

(not shown). Based on previous genetic and biochemical interactions (Horak & Wolf, 

2001; Medintz et al, 1998; Nuber & Scheffner, 1999), I expected that only Ubc1, 4, and 5 

would function with Rsp5. Ubc1 contains a C-terminal UBA ubiquitin binding domain 

that has been suggested to influence its polyubiquitination activities (Merkley et al, 

2005), so a Ubc1-UBA protein was also analyzed. As shown in Figure 2.4A, Ubc1, 4, 5 

were indeed the only E2s that supported the ubiquitination of Wbp2-C-K222 by Rsp5, 

and Ubc1-UBA functioned similarly to wild-type Ubc1. The polyubiquitin chain types 

formed by Rsp5 were examined in the presence of Ubc1, Ubc5, and Ubc1-UBA. As 

shown in Figures 2.4B-D, Rsp5 chain preference was the same with Ubc1, Ubc5, and 

Ubc1-UBA as it was with Ubc4 (used in the experiments in Figure 2.1). Furthermore, 

Rsp5 chain preference was the same in the presence of human UbcH7 (Figure 2.4E), 

which, as shown in Figure 2.1, cooperated with E6AP in catalyzing K48 polyubiquitin 
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chains. Therefore, while HECT E3s cooperate with only a subset of E2s (e.g., those most 

closely related to yeast Ubc4 and human UbcH7), the chain type specificity of HECT E3 

catalyzed reactions is solely a function of the E3, and not of the E2. This result has 

important implications for the indexation model of polyubiquitination by HECT E3s (see 

Chapter 2.4).  
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Figure 2.4  Chain type specificity of Rsp5 is not influenced by the identity of E2.   

 
(A) 

32
P-labeled Wbp2-C-K222 was ubiquitinated in the presence of Uba1, Rsp5, 

ubiquitin, and the indicated yeast E2s. (B)–(E) Chain type specificity of Rsp5 was 

determined in the presence Ubc1 (B), Ubc5 (C), Ubc1UBA (D), or human UbcH7 (E).  
All reactions were incubated for 10 min. at room temperature and the products were 
resolved by SDS-PAGE and visualized by autoradiography. 
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The determinants of Rsp5 chain type specificity are within the HECT domain 

I next sought to determine whether sequences outside of the HECT domain 

influence the chain type specificity of Rps5, or whether the HECT domain contained all 

the determinants of chain type specificity. A series of truncated Rsp5 proteins were 

expressed and purified (Figure 2.5A). The N-terminal C2 domain and WW domains 1 

and 2 are not required for binding to Wbp2 (not shown), and both the C2 and WW1-2 

proteins ubiquitinated Wbp2-C-K222 with the same chain type preference as wild-type 

Rsp5 (Figure 2.5B and C). The WW1-2-3 mutant, lacking a substrate recruitment 

domain, did not bind or ubiquitinate Wbp2, as expected (not shown). I therefore used 

Rsp5 auto-ubiquitination to analyze the chain type preference of this enzyme. Rsp5-

WW1-2-3 preferentially conjugated K63 chains to itself, with shorter chains formed in 

the presence of K11(1), K33(1) or K48(1). These results indicate that the C2 and WW 

domains do not influence the chain type specificity of Rsp5 and that chain type 

specificity is an inherent property of the HECT domain, itself.    
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Figure 2.5  Rsp5 chain type specificity is a function of the HECT domain.   
 
(A)  Schematic of Rsp5 truncation mutants used for in vitro ubiquitination assays. (B) 

C2 Rps5 was used in ubiquitination assays with 
32

P-labeled Wbp2-C-K222 in the 
presence of Uba1, Ubc4, and the indicated forms of ubiquitin. (C)  As in (B), with 

WW1,2 Rsp5 as the E3.  (D) The auto-ubiquitination of WW1,2,3 Rsp5.  
32

P-

labeled WW1,2,3 was incubated with Uba1, Ubc4, and the indicated forms of ubiquitin 
and analyzed by SDS-PAGE and autoradiography. 
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Chain type specificity determinants map to the HECT C lobe  

To more precisely map the determinants of chain type specificity within the Rsp5 

HECT domain, an initial set of chimeric enzymes was created that exchanged the 

complete HECT domain, the N lobe, the C lobe, or the N-C lobe linker sequence of Rsp5 

with the analogous region of a K48-specific HECT E3, E6AP (Figure 2.6A and B).  

Chimeras A and B, containing the complete E6AP HECT domain or the E6AP N lobe, 

were not biochemically active, based on both ubiquitin thioester assays and substrate 

ubiquitination assays, and could therefore not be analyzed. Chimeras C, D, and E were 

active. Chimera C contained three amino acid substitutions so that the N-C lobe linker 

sequence was converted from GIAE to GSRN (residues 690-693 of Rsp5). This protein 

efficiently ubiquitinated Wbp2 and had the same specificity for synthesis of the various 

types of polyubiquitin chains as wild-type Rsp5 (Figure 2.6C), indicating that the N lobe-

C lobe linker sequence does not represent a determinant of chain type specificity of Rsp5. 

Chimera D switched the C lobe and linker sequence of Rsp5 with those from 

E6AP, and this protein, like E6AP, catalyzed K48-linked ubiquitination nearly 

exclusively (Figure 2.6D), suggesting that the C lobe of HECT domain contains the main 

determinants of chain type specificity. Chimera D also catalyzed K48 polyubiquitination 

of Sna3 (not shown). Finally, chimera E contained E6AP sequences from only the C-

terminal portion of the C lobe, replacing the C-terminal 62 amino acids of Rsp5 with the 

analogous region of E6AP. This protein, like the complete C lobe chimera (chimera D), 
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catalyzed primarily K48 polyubiquitination (Figure 2.6E), with a slight increase in K11 

and K33 chains relative to chimera D. These results suggest that the critical determinants 

of chain type specificity are located primarily within the C-terminal 60 amino acids of the 

C lobe. 

Three additional Rsp5 chimeras were expressed that contained the C lobe of 

different HECT E3s: NEDD4-1, Itch/AIP4, or Huwe1/ArfBP1 (Figure 2.7A). NEDD4-1 

and Itch/AIP4 are, like Rsp5, C2 and WW domain HECT E3s. Both have been previously 

reported to catalyze K63-linked chains (confirmed for full-length Itch; see Figure 2.8).  

The chain type specificity of Huwe1/ArfBP1, which is not an Rsp5 homolog, is unclear, 

with one report of K63 polyubiquitination (Adhikary et al, 2005) and another of K48 

polyubiquitination (Zhao et al, 2008). Figures 2.7B and 2.7C show that the Rsp5-NEDD4 

and Rsp5-Itch C lobe chimeras preferentially formed K63-linked polyubiquitin chains, 

with the secondary ability to form shorter K11, K33, and K48, like wild-type Rsp5. The 

pattern of ubiquitination with the Rsp5-Huwe1 C lobe chimera (Huwe1-a) was more 

complex, but appeared to be a combination of Rsp5-like and E6AP-like activities: it 

retained K63 polyubiquitination activity at a level similar to the K11 and K33 chain 

formation activity, while having the ability to synthesize slightly longer K48 chains 

(Figure 2.7D). An Rsp5-Huwe1 chimera that contained only the C-terminal half of the 

Huwe1 C lobe (Huwe1-b) showed a similar pattern of ubiquitination as the chimera that 

contained the complete Huwe1 C lobe (Figure 2.7E), consistent with the notion that the C 

terminal portion of the C lobe contains the critical determinants for chain type synthesis.  
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I next sought to determine whether the results with the Rsp5-based chimeras 

applied to other HECT E3s. Unfortunately, all of the E6AP-based chimeras (equivalent to 

Rsp5 chimeras A, B, D, and E) were inactive and could not be analyzed. A similar 

finding with E6AP chimeric E3s was reported previously (Schwarz et al, 1998). 

Chimeras were therefore created in the context of full-length Itch/AIP4 (Figure 2.8A), 

which also binds and ubiquitinates Wbp2-C-K222. As shown in Figure 2.8B, wild-type 

Itch had a very pronounced specificity for synthesis of K63 chains. The replacement of 

the C lobe of Itch/AIP4 with that of E6AP led to a complete switch to K48 chain type 

specificity (Figure 2.8C). The HUWE1 C lobe had a very similar effect on Itch as it had 

on Rsp5, where K48 chains were the longest by a small margin, while K63 chain activity 

persisted at a level comparable to the K11 and K33 chain formation activities.  

Together, the results presented here indicate that the chain type specificity of HECT E3s 

is a function of approximately the last 60 amino acids of the C lobe of the HECT domain, 

encompassing the terminal three -strands, the active site loop, and the terminal - helix.  
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Figure 2.6  Chain type specificity of chimeric Rsp5-E6AP proteins.   
 
(A) Structure of the E6AP HECT domain. N lobe (blue), C lobe (green), hinge (red), and 
active site cysteine (yellow) are indicated.  (B) Schematic diagram of wild-type Rsp5 
(top) and chimeras A-E, with E6AP regions indicated in yellow.   Chimeras A and B 
were not biochemically active and could not be analyzed.  (C) Chimera C was used in 
ubiquitination assays with 

32
P-labeled Wbp2-C-K222 in the presence of Uba1, Ubc4, and 

the indicated forms of ubiquitin.  Reaction mixtures were analyzed by SDS-PAGE and 
autoradiography.  (D) As in panel (C), with chimera (D).  (E) As in panel (C), with 
chimera E.  
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Figure 2.7  Chain type specificity of chimeric Rsp5-Nedd4, -Itch, and Huwe1 proteins.  
 
(A) Schematic diagram of the Rsp5-based chimeric E3s in which the C lobe of Rsp5 was 
replaced by the C lobe of NEDD4 (red), Itch (green), or Huwe1 (blue). The Huwe1 (a) 
chimera contained the complete C lobe and hinge regions from Huwe1, and the Huwe1 
(b) chimera contained the region corresponding to the last 62 amino acids of Rsp5.  (B) 
The Rsp5-Nedd4 chimera was used in ubiquitination assays with 

32
P-labeled Wbp2-C-

K222 in the presence of Uba1, Ubc4, and the indicated forms of ubiquitin.  Reaction 
mixtures were analyzed by SDS-PAGE and autoradiography.  (C) As in panel B, with 
the Rsp5-Itch chimera.  (D) As in panel (B), with the Rsp5-Huwe1 (a) chimera.  (E)  
As in panel (B), with the Rsp5-Huwe1 (b) chimera. 
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Figure 2.8  Chain type specificity of chimeric Itch-E6AP and Itch-Huwe1 proteins.   
 
(A) Schematic diagram of Itch-based chimeras, with the C lobe of Itch replaced by that of 
E6AP (yellow) or Huwe1 (blue).  (B) Wild-type Itch was used in ubiquitination assays 
with 

32
P-labeled Wbp2-C-K222 in the presence of Uba1, Ubc4, and the indicated forms 

of ubiquitin.  Reaction mixtures were analyzed by SDS-PAGE and autoradiography.  
(C) As in panel (B), with the Itch-E6AP chimera.  (D) As in panel (B), with the Itch-
Huwe1 chimera.   
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2.4 DISCUSSION 

The results presented here address several aspects of the mechanism of 

ubiquitination and polyubiquitination by HECT E3s. First, in the simplest model for 

polyubiquitination by HECT E3s, the sequential addition model, a single ubiquitin is 

conjugated to a substrate protein and the chain is elongated by conjugation of additional 

ubiquitin monomers to the growing (distal) end of the chain. A conceptual difficulty with 

this model is that it must account for formation of potentially long chains (addressed in 

Chapter 3), and I have shown here, using a substrate with a single site of modification, 

these chains have the potential to contain between 12 and least 30 molecules. An 

alternative model, the “indexation” model, has been proposed that might account for 

chain formation by HECT E3s (Hochstrasser, 2006; Verdecia et al, 2003). In this model, 

a thioester-tethered polyubiquitin chain is built on the E3 active site cysteine by 

sequential reactions with E2~ubiquitin, with a lysine residue of the E3-bound ubiquitin 

attacking the E2~ubiquitin thioester in multiple rounds of reaction (see Figure 1.7) The 

polyubiquitin chain could then be theoretically transferred in a one-step reaction to a 

substrate lysine. This model was initially proposed based on the differing C lobe 

positions seen in the E6AP and WWP1 HECT domain structures (Huang et al, 1999; 

Verdecia et al, 2003) (see Figure 1.2), which suggested that a ratcheting of the C lobe 

away from the E2, as a chain was built on the E3 active site cysteine, might account for 

the differing C lobe positions seen in the two structures. Importantly, this model faces a 
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similar conceptual problem as the sequential model with respect to forming long chains, 

the only difference being that in the indexation model the growing chain is tethered to the 

E3 (via a thioester bond) rather than the substrate (through an isopeptide bond). 

Alternatively, a combination of the sequential and indexation models could be imagined, 

where a short chain (e.g, Ub4) might be built on the E3 and transferred to the substrate, 

with the E3 being recharged and transferring another short chain to the end of the first, 

and so on. In this case, the model predicts that polyubiquitination might occur in groups 

of x ubiquitins, where x is the length of the chain built on the E3. As clearly shown here 

by time course experiments, this is not the case for Rsp5 or, to our knowledge, for any 

other HECT E3s examined to date. A mono-ubiquitinated product is the major product at 

the earliest reaction time points. While it was reported that E6AP can catalyze di-

ubiquitination by a mechanism consistent with the indexation model (Wang & Pickart, 

2005), no direct evidence was found for the existence of the key predicted intermediate in 

this reaction (diubiquitin in a thioester linkage at the E3 active site). I have also been 

unsuccessful in attempting to observe HECT-ubiquitin thioesters that contain more than a 

single ubiquitin moiety (see Figure 3.7).  

A critical distinction between the simple sequential addition and indexation 

models is that in the sequential model the last ubiquitin of the chain must be oriented 

toward the active site of the E3 for addition of the next ubiquitin molecule, while in the 

indexation model the last ubiquitin of the E3-tethered chain must be oriented toward the 

active site of the E2. An important result in our study was that the identity of the E2 did 
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not influence the type of ubiquitin chains formed by HECT E3s. That is, a single E2 

(UbcH7) functioned with E6AP to catalyze K48-linked polyubiquitination and with Rsp5 

to catalyze K63-linked polyubiquitination. It is difficult to imagine that the identity of the 

E2 would not influence chain type in the indexation model, since the E2 is an active 

participant in formation of the E3-tethered chain. By comparison, the formation of the 

E3-tethered chain would be equivalent to an E2-dependent RING E3 reaction, and the 

identity of the E2 has clearly been shown to determine the type of chains formed in 

several such cases. In contrast, the only essential function of the E2 in the sequential 

model is to transfer ubiquitin to the E3, and there would be no obvious reason to expect 

that the E2 would influence downstream steps, including the type of chain that would be 

formed by the E3. The simplest direct evidence against a requirement for an indexation 

mechanism is that monoubiquitination precedes polyubiquitination in substrate 

ubiquitination reactions and that conversion of a substrate to a ubiquitinated form occurs 

with similar kinetics in the presence of K(0) ubiquitin or wild-type ubiquitin. Finally, 

while yeast Ubc1, 4, and 5 were the only E2s found to function with Rsp5, as predicted 

from earlier work on HECT-E2 binding (Eletr & Kuhlman, 2007; Nuber & Scheffner, 

1999), it is not clear whether these E2s are unique in being able to cooperate catalytically 

with the HECT domain, or whether other ubiquitin E2s might cooperate catalytically 

provided it is able to physically engage the E2 binding site of the HECT domain (Ptak et 

al, 2001).  
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The results presented here highlight the flexibility of Rsp5 in recognizing multiple 

modification sites of target proteins. Rsp5 ubiquitinated multiple internal lysines of Wbp2 

and Sna3, as well as the terminal amino group of both proteins. While it is not known 

whether Rsp5 ubiquitinates any of its physiologic substrates at the terminal amino group 

in vivo, our in vitro results suggest that caution should be used in concluding that lysine-

less Rsp5-associated proteins are not subject to ubiquitination (Watson & Bonifacino, 

2007). Targeting of multiple sites on target proteins suggests that in addition to the 

flexibility of domain architecture within the HECT domain, there may be a large degree 

of flexibility in the linkage between the HECT domain and the rest of the protein, such 

that many different surfaces of the substrate are presented to the active site of the E3.  

Perhaps consistent with this has been the failure so far to obtain structures for any full-

length HECT E3s. Interestingly, the protein used for determining the HECT domain 

structure of Smurf2 contained two WW domains, however these were disordered in the 

structure (Ogunjimi et al, 2005). The flexibility between the N and C lobes of the HECT 

domain, itself, might also promote recognition of alternative modification sites by 

presenting the reactive ubiquitin~thioester bond in a wide variety of positions in three-

dimensional space.  

The analyses of chimeric and truncated HECT E3s presented here show that chain 

type specificity is a function of the C lobe of the HECT domain. More specifically, chain 

type specificity maps to a region encompassing approximately the last 60 amino acids of 

the C lobe. According to the known HECT domain structures, this region contains 
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three-strands (S8-S10, in the E6AP HECT domain structure), followed by the terminal 

alpha helix (H14) and four to six unstructured residues (Figures 2.9A and 2.9B). The 

active-site cysteine is located in the short loop between S9 and S10. Substitution of the 

entire ~60 amino region from E6AP or Huwe1 into Rsp5 altered the chain type 

specificity to that of E6AP and Huwe1, respectively. The most obvious difference 

between Rsp5 and E6AP within this region is the presence of an extra seven amino acid 

loop in Rsp5, preceding S8 (Figure 2.9A). This loop is present in all human WW-HECT 

E3s, as well as Huwe1, where it consists of nine residues. However, deletion of this loop 

from Rsp5 did not alter its chain type specificity, nor did insertion of the Rsp5 loop 

sequence into chimera D, which contained the E6AP C lobe (data not shown). Therefore, 

this most obvious distinguishing feature between the Rsp5 and E6AP HECT domain C 

lobes is not a determinant of chain type specificity. Additionally, Rsp5 proteins 

containing the E6AP S8-S10 region alone, or the H14 region alone, did not switch chain 

type specificity of Rsp5 (not shown). Thus, determinants from both the -strand region 

and the terminal -helix appear to function together to control chain type specificity of 

Rsp5.  

Our lab has shown previously that suppression of the temperature-sensitive 

phenotype of rsp5-1 mutant is dependent on the ability to form K63 chains (Kee et al, 

2006), however none of the Rsp5-based chimeras, including those that catalyzed 

primarily K63 polyubiquitination in vitro, complemented the rsp5-1 temperature sensitive 

mutant in vivo (not shown). Because all proteins analyzed were expressed at levels 
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similar to wild-type Rsp5 (not shown), the simplest explanation for why the Rsp5/Nedd4 

and Rsp5/Itch chimeras could not complement the rps5-1 phenotype is that they were not 

fully active in vivo. Alternatively, they might not have been able to productively interact 

in vivo with certain substrates, substrate adaptors (Kee & Huibregtse, 2007; Leon et al, 

2008; Lin et al, 2008; Nikko et al, 2008; Polo & Di Fiore, 2008), or regulators (Kee et al, 

2005; Kee et al, 2006) of Rsp5. 

How does the C lobe influence chain type specificity of Rsp5? One possible 

model is that the C lobe might influence chain type specificity by determining how the 

thioester-bound ubiquitin molecule is oriented on the E3, such that only specific lysines 

of the distal ubiquitin molecule can access the active site (Figure 2.9C). According to this 

model, Rsp5-like E3s would orient the thioester-bound ubiquitin such that only K63 of 

the incoming ubiquitin molecule could approach the active site, while in E6AP-like E3s 

the orientation would allow only K48 to approach the active site. Alternatively, a non-

covalent ubiquitin binding site on the HECT domain could specify chain type by 

determining which lysine of the distal ubiquitin is able to approach the active site 

thioester of the E3 (discussed more in Chapter 4). Such a binding site on the C lobe might 

differ between an Rsp5-like E3, which might orient K63 of the distal ubiquitin toward the 

active site, and an E6AP-like E3, which might orient K48 toward the active site.  

In summary, I have shown here that chain type specificity of HECT ubiquitin 

ligases is a function of the C lobe of the HECT domain, that the identity of the 

cooperating E2 does not influence chain type specificity, and that Rsp5 can synthesize 
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polyubiquitin chains containing at least 12 and perhaps up to 30 ubiquitin moieties.  

While aspects of the apparently highly dynamic process of polyubiquitination are still 

subject to speculation, the current available evidence, including that present here, most 

strongly supports the simple sequential addition model for polyubiquitination by HECT 

E3s. Structural studies may ultimately be required to determine how the terminal 60 

amino acids of the C lobe influences chain type specificity of HECT ubiquitin ligases. 
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Figure 2.9  A model for how the C lobe might direct chain specificity.    

 
(A) Structures of the HECT domain C lobes of E6AP (PDB: 1C4Z) and WWP1 (PDB: 
1ND7). The structural elements of the last ~60 amino acids of E6AP are colored, as are 

the corresponding regions of WWP1 ( strands in blue, helix in red, active site loop in 
yellow). The side chain of active site cysteine shown, as is the extra loop in WWP1 
(green).  (B) Alignment of the last ~60 amino acids of the HECT domain C lobe of 
several HECT E3s, with the structural elements indicated according to the colors in part 
(A). Identical residues among this group of E3s are shown in red, with highly conserved 
residues in green.  (C) A model for how the C lobe might direct chain specificity. The N 
(blue) and C lobes (green) of the HECT domain are shown, with a ubiquitin molecule 
tethered by a thioester bond (~) to the active site cysteine of the C lobe. Different HECT 
E3s might orient the thioester-linked ubiquitin molecule in different orientations, such 
that only K63 (left) or K48 (right) of the distal ubiquitin of a chain can approach the 
active site.  
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   Chapter 3. Structure and function of a HECT ubiquitin binding site 
 

3.1 INTRODUCTION 

HECT domain ubiquitin ligases (E3s) play important roles in regulated 

proteolysis, intracellular signaling, endocytosis, and membrane trafficking (Rotin & 

Kumar, 2009). They are unique among the known classes of ubiquitin E3 enzymes in that 

they form a ubiquitin-thioester intermediate in the course of catalyzing target protein 

ubiquitination, with ubiquitin being transferred from a ubiquitin-charged E2 protein, to 

the E3, and finally to the substrate (Scheffner et al, 1995). Structural studies have 

revealed that HECT domains, which are always found at the C-terminus of HECT E3s, 

consist of a ~250 amino acid elongated N-terminal lobe and a ~100 amino acid globular 

C-terminal lobe (Huang et al, 1999; Verdecia et al, 2003). The two lobes are connected 

by a short flexible linker and based on the structures of several different HECT domains 

the C lobe undergoes a large range of rotation relative to the N lobe. The E2 binding site 

is located at the opposite end of the N lobe from the N-C lobe linker, and structural 

studies have demonstrated the basis for the high degree of specificity of HECT E3s for 

E2s that belong to the S. cerevisiae Ubc1/4/5 class and human UbcH5/7/8 class (Eletr & 

Kuhlman, 2007; Huang et al, 1999; Nuber & Scheffner, 1999).  

The structure of an E2~Ub thioester complex with the HECT domain of NEDD4L 

showed the C lobe of the HECT domain oriented toward the E2~ubiquitin complex and 

interacting with the ubiquitin charged on the E2 (Kamadurai et al, 2009) (Figure 1.3A). 
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This structure provided insights into how ubiquitin is transferred from the E2 to the E3. 

However, less is known about the mechanism of transferring ubiquitin from the E3~Ub 

complex to the substrate. Importantly, HECT E3s are processive enzymes that are 

capable of producing long polyubiquitinated products (Figure 2.3), and it has been 

unclear how the distal end of the polyubiquitin chain is oriented near the active site of the 

E3 during the chain elongation process. Previous studies identified a non-covalent 

binding site for ubiquitin on the N lobe of the HECT domain of yeast Rsp5 and human 

Smurf2 (French et al, 2009; Ogunjimi et al, 2010), however these studies came to very 

different conclusions regarding the function of this binding site. Here, I present the 

structure of ubiquitin bound to this site of Rsp5 and show that alterations of this binding 

site result in defects not only in chain elongation but also in initial substrate 

ubiquitination. I propose that the non-covalent ubiquitin binding site serves to orient the 

distal end of growing polyubiquitin chains, and may also serve as a surface for recruiting 

and orienting target proteins for the initial ubiquitination event.  
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3.2 MATERIALS AND METHODS 

Crystallography 

 Rsp5 (384-809) and ubiquitin were expressed separately as GST fusion proteins 

in E. coli and purified via Superdex 200 16/60 chromatography (GE Healthcare). After 

removing GST by TEV protease, un-tagged proteins were further purified by size 

exclusion chromatography and mixed at a 1:2 molar ratio (Rsp5:Ub) in buffer containing 

10mM Tris-HCl pH8.0, 250mM NaCl, 5mM DTT.  Crystals were obtained by the 

sitting drop vapor diffusion method at 20°C against a reservoir solution containing 

13.5%PEG4000, 0.2M MgCl2, 0.1M TrisHCl, pH 9.0. Crystals were flash frozen in 

reservoir solution plus 10% glycerol. Diffraction data were collected at 100K on beam 

line 23-ID at the Advanced Photon Source (GMCA-CAT, Argonne National Laboratory) 

and processed with HKL200019. The structure was determined by molecular replacement 

using Phaser20 and the N- and C-lobes of WWP1 (PDB code: 1ND7) as the search 

models. Ubiquitin (PDB code: 1UBQ) was placed in the model manually. Given that 

diffraction data were severely anisotropic (Table 3.1), the output scaled data was 

imported into a diffraction anisotropy server (Strong et al, 2006) that employs an 

ellipsoid truncation and scaling at the high resolution boundary after elimination of weak 

or missing reflections. The pruned data was then used for structure refinement. The 

model was improved by manual building in Coot (Emsley & Cowtan, 2004) and 

refinement using CNS (Brunger et al, 1998) and REFMAC5 (CCP4) (Murshudov et al, 
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1997). Further refinement was performed in Phenix (CCP4) (Afonine et al, 2005) with 

TLS parameters generated by the TLSMD server. The final structure was refined to 2.5 Å  

with R and Rfree factors of 22.0 % and 27.2 %.  

 

 

 

 

 

 

 

 

 

 

 

Table 3.1  Data completeness 

 

 

 

 

 

Resolution range (A)  Completeness (%) 
 
   50.00 – 5.38   99.7 
   5.38 – 4.27   99.9 
   4.27 – 3.73   100.0 
   3.73 – 3.39   96.5 
   3.39 – 3.15   89.2 
   3.15 – 2.96   75.3 
   2.96 – 2.82   61.2 
   2.82 – 2.69   50.3 
   2.69 – 2.59   41.7 
   2.59 – 2.50   33.8 
 
     Total    75.2 
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Biochemical Assays 

Plasmids for the bacterial expression of Wbp2-C-K222, Sna3-K125, WT Rsp5, 

Rsp5-HECT domain, Ubc4 and wild-type ubiquitin were described in Chapter 2.  

Altered versions of these the genes were generated by standard PCR-based approaches, 

and all sequences were confirmed by DNA sequencing. 
32

P-labeled proteins were 

generated and in vitro ubiquitination assays were performed as described in Chapter 2. 

32
P -labeled substrates were incubated with 5 g/ml of Rsp5 in the presence of 10 mM 

Tris-HCl (pH 7.5), 50 mM NaCl, 5 mM MgCl2, 0.1 mM DTT, 50 g/ml of ubiquitin 

(Boston Biochem), 1.25 g/ml of yeast E1 (Boston Biochem), and 1.25 g/ml of Ubc4 

(40 l total volume). All ubiquitination reactions were initiated by the addition of 

ubiquitin and stopped by the addition of 4X SDS-PAGE loading buffer containing 0.4M 

DTT. For transthiolation assay, 
32

P-labeled wild-type ubiquitin was used and the 

reactions were stopped by the addition of 4X SDS-PAGE loading buffer lacking DTT. 

For kinetic analysis of initial substrate conjugation, chain formation and transthiolation, 

the amount of ubiquitinated or unmodified substrates and 
32

P-labeled ubiquitin-charged 

Rsp5 HECT were quantitated and analyzed with a Bio-Rad Phosphoimager and Quantity 

One software.  

 For binding assays, GST and GST-Ub (wild-type, L8A, I44A, and V70A) were 

bacterially expressed and purified with glutathione beads. Wild-type or mutant Rsp5 N 

lobes were generated by in vitro translation in the presence of 
35

S-methionine and 
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incubated with GST or GST-Ub on beads in 50 l of binding buffer (50 mM Tris-HCl 

(pH 7.5), 100 mM NaCl, 0.1% NP40) for 2 hours, at 4
o
C with rotation. After washing the 

beads with the binding buffer three times, total protein was recovered by boiling the 

beads in the presence of SDS-PAGE loading buffer. The eluted proteins were analyzed 

by SDS-PAGE and autoradiography. 

 

Yeast strains 

For generation of yeast strains expressing Rsp5 mutant proteins as the sole-source 

of Rsp5 protein, a pRS414 [TRP1] plasmid was utilized containing the RSP5 promoter.  

pRS414 plasmids containing RSP5 or rsp5 mutants were transformed into GW003 strain 

(rsp5, pRS416-WT Rsp5 [URA3]) (Wang et al, 1999). After transformation, the cells 

were selected on uracil
-
, tryptophan

-
 plates, and then counter-selected for the loss of 

pRS416-WT Rsp5 plasmid on 5-FOA containing plates. The loss of pRS416-Rsp5 was 

confirmed by lack of growth on uracil
-
 plate. 
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3.3 RESULTS 

Structure of Rsp5 in complex with non-covalently bound ubiquitin  

Residues 384-809 of Rsp5, including the third WW domain and the C-terminal 

HECT domain, were expressed and purified from E. coli and co-crystallized with 

ubiquitin. The crystal structure, determined to 2.5 Å  resolution, contains residues 385-

804 of Rsp5 and 1-74 of ubiquitin (Table 3.2 and Figure 3.1A). No electron density was 

observed for residues 493-500 of Rsp5, suggesting that this loop is unstructured. The 

HECT domain folds into the canonical bilobed structure, with the position of the C lobe 

relative to the N lobe similar to that of E6AP.  

Previous studies, based on mutagenesis (French et al, 2009) and NMR 

spectroscopy (Ogunjimi et al, 2010), have identified residues of Nedd4 family members 

involved in ubiquitin binding. Here we present the atomic details of the interactions 

between Rsp5 and ubiquitin. The crystal structure shows that ubiquitin sits on the surface 

of Rsp5 like a tripod, adjacent to the E2 binding site (Figures 3.1B and 3.1C). One leg is 

formed by a loop connecting the first and second -strands of ubiquitin (residues T7 to 

G10), making van der Waals interactions with P514, F515, C517, Y521, and Y524 in 

Rsp5. The second leg of the tripod consists of I44 to G47 and H68, which are engaged in 

van der Waals and electrostatic interactions with I537, F618, G619, and E620. The third 

leg is near the C-terminus of ubiquitin, including V70, inserting into a surface groove 

lined by residues F465, F515, Y516, C517, L518, I537, N538, E540, Y544, and F618. 



98 
 
 
 

Together, the interaction surfaces on ubiquitin encompass the L8-I44-V70 hydrophobic 

patch that is recognized by a wide variety of ubiquitin binding proteins (Dikic et al, 

2009). In addition, R42 of ubiquitin forms three hydrogen bonds with Rsp5 at N538 and 

I537 (main chain atom). The buried surface area at the interface is approximately 850 Å
2
 

per subunit, suggesting that the interaction is of low affinity. NMR studies showed that 

G76 of ubiquitin underwent a large chemical shift upon binding to Smurf2 (Ogunjimi et 

al, 2010), however, no electron density was observed for residues 75 and 76 of ubiquitin, 

indicating the interaction involving G76 is specific for Smurf2. 

The distance between the active site cysteine of Rsp5 (C777) and R74 of ubiquitin 

was 31 Å , suggesting that the non-covalently bound ubiquitin observed in the crystal does 

not represent a ubiquitin molecule that could potentially exist in a thioester linkage with 

C777. In addition, the position of the ubiquitin observed in our structure is very different 

from that of the E2 thioester-linked ubiquitin molecule in the crystal structure of the 

Nedd4L/E2~Ub complex, where ubiquitin interacted extensively with the C lobe 

(Kamadurai et al, 2009). Finally, binding of ubiquitin to the N lobe is not predicted to 

interfere with the binding of E2 to the N lobe (Figure 3.1B). I therefore hypothesized that 

the N lobe binding site might represent the docking site for a ubiquitin molecule that has 

already been conjugated to a substrate, and this binding might promote conjugation of an 

additional ubiquitin molecule in the course of a processive polyubiquitination reaction.  

A WW domain of an Rsp5/Nedd4 family member has not previously been 

visualized in relationship to the HECT domain. For the structure of the WW domain, two 
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important features are noted. First, the 15-amino acid linker between the WW and HECT 

domains has little secondary structure, suggesting extreme flexibility in relative 

positioning of these two functional domains. Therefore, the relative location of the WW 

domain in this structure is likely to reflect only one of many possible orientations that it 

can adopt in solution. Second, the WW domains from adjacent molecules in the crystal 

are intertwined such that a -strand of one molecule is inserted into a neighboring 

molecule, packing against the other two -strands to form a canonical WW fold (Figure 

3.2). This domain swapping appears unlikely to be biologically relevant as there are no 

prior indications that Rsp5 functions as a homomultimer.  
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Figure 3.1  Crystal structure of Rsp5 (384-809) in complex with ubiquitin.    
 
(A) Ribbon representation of two orthogonal views showing the WW domain in blue, N-
lobe in gold, C-lobe in green, and Ub in magenta.  The first and last residues of Rsp5 
and ubiquitin visible in the structure are indicated by their residue numbers.  Spheres 
represent the catalytic cysteine (C777) and residue K63 of ubiquitin.  (B) Two views of 
ubiquitin docking on Rsp5. Ubiquitin is shown as ribbon representation in cyan.  Rsp5 is 
shown in electrostatic surface potential representation. The E2 binding site is indicated by 
a box.  (C) Stereo diagram of two views at the interface between Rsp5 (gold) and 
ubiquitin (magenta). Residues making direct contact with the opposite subunit are labeled 
and shown in ball-and-stick model (O atoms, red; N atoms, blue). Hydrogen-bonding and 
salt-bridge interactions are indicated by dashed lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



102 
 
 
 

 

 

Figure 3.2  Domain swapping of the WW domain. 
 

Left, two Rsp5-ubiquitin complexes in the crystal lattice, showing that the first -strand 

of one Rsp5 molecule (cyan) packs against the second and third -strands of the adjacent 
Rsp5 (blue) to form a complete WW domain. Right, a close-up view of the interwined 
WW domains. 
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Table 3.2  Data collection and refinement statistics 

 
 

Data collection 
Space group    C2 
Cell dimension 

  a, b, c (Å )    161.6, 50.3, 79.7 

   (
o
)    90.0, 116.7, 90.0 

Wavelength (Å )    1.03326 
Resolution (Å )    50-2.5 
Completeness (%)    75.2 (33.8)* 
Rsym    14.2 (56.0) 

//    10.4 (3.4) 
Redundancy    5.3 (2.6) 
 
Refinement 
Resolution (Å )    50-2.5 
No. reflections**    20360 
Rwork/Rfree    22.0/27.2 
No. atoms 
  Rsp5    3437 
  Ubiquitin    587 
  Water    56 
B-factors (Å

 2
) 

  Rsp5    53.7 
  Ubiquitin    102.3 
  Water    35.8 
R.m.s deviations 
  Bond lengths (Å )    0.002 
  Bond angles (

o
)    0.488 

 
 *Highest resolution shell is shown in parenthesis 
**Number of reflections following diffraction anisotropy truncation. 
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Ubiquitin binding site mutations influence ubiquitination and polyubiquitination  

Figure 3.1 shows that the Rsp5 HECT utilizes the hydrophobic patch of ubiquitin 

for its binding to ubiquitin. Therefore, I tested if mutations in the hydrophobic patch 

region of ubiquitin caused a defect in the binding to Rsp5 N lobe. Bacterially expressed 

GST-wild type ubiquitin and GST-mutant ubiquitins (L8A, I44A, or V70A) proteins 

were incubated with 
35

S-labeled Rsp5 N lobe. As predicted, the hydrophobic patch 

mutant ubiquitins showed weaker bindings to the Rsp5 HECT N lobe than wild-type 

ubiquitin (Figure 3.3A). I44A mutation caused the most severe defect in the binding.  

Previously, alteration of two residues of the N lobe-ubiquitin binding interface 

(F618 and Y516) was reported to decrease binding of ubiquitin to Rsp5 (French et al, 

2009), and Y521 is equivalent to residue 459 of Smurf2, implicated in binding of 

ubiquitin to this E3 (Ogunjimi et al, 2010). In addition to these residues, I predicted that 

the Rsp5 I537 might be critical for the binding to ubiquitin and tested if an I537D 

mutation caused a defect in the binding to ubiquitin. Figure 3.3B showed that the I537D 

mutation decreased the binding to ubiquitin, like the F618D mutation, showing that these 

two residues (I537 and F618) are critical for interaction with the ubiquitin.  

The mutated Rsp5 proteins were assayed in vitro for ubiquitination of two 

substrate proteins, each of which contained only a single lysine residue in order to 

simplify the ubiquitination products. Wbp2-C-K222 is a C-terminal fragment of human 

Wbp2 with K-to-R mutations that leave only K222 intact. Yeast Sna3 is a physiologic 
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target of Rsp5, and Sna3-K125 contains K-to-R mutations that leave only K125 intact 

(Stawiecka-Mirota et al, 2007). Figure 3.4A shows a time course of ubiquitination of 

purified 
32

P-labeled Wbp2-C-K222 by wild-type Rsp5 and two of the ubiquitin binding 

site mutants, I537D and F618D. Both mutants showed a very strong defect in 

ubiquitination compared to wild-type Rsp5. The difference in ubiquitination pattern was 

most prominent between 4-8 minutes, when nearly all of the input substrate was already 

ubiquitinated by wild-type Rsp5 and converted to very high molecular weight 

polyubiquitinated products.  

In contrast, a significant fraction of the input substrate was still unmodified by the 

I537D or F618D mutants by eight minutes, and the majority of substrate molecules that 

were modified contained four or fewer ubiquitin molecules. The rate of initial substrate 

conjugation was determined by quantitation of the amount of unmodified Wbp2-C-K222 

remaining at each time point (Figure 3.4B), and the rate of chain elongation was 

determined by quantitation of the fraction of modified substrate molecules that contained 

chains of more than four ubiquitin molecules (Figure 3.4C). These results indicated that 

the I537D and F618D proteins have defects in both initial substrate conjugation and in 

chain elongation. Y521A had a similar effect on initial ubiquitination and 

polyubiquitination as F618A, while Y516A had only a subtle effect of both phases of the 

reaction (Figure 3.5A).  

A similar analysis was performed with the Sna3-K125 substrate. The kinetics of 

ubiquitination by wild-type Rsp5 were considerably slower for this substrate, with 
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significant substrate modification and appearance of polyubiquitinated products not 

occurring until after 20 minutes of reaction time. For the I537D and F618D mutants, very 

little of the input substrate had been ubiquitinated even at the 20- and 30-minute time 

points, and very little polyubiquitinated products were produced (Figure 3.4D).  

Polyubiquitination with this substrate by the mutants was too defective to quantitate 

accurately. These results were consistent with the N lobe ubiquitin binding site being 

important for initial substrate modification. As with the Wbp2 substrate, the Y521A 

mutation also showed a strong defect in Sna3 ubiquitination, while the effect of the 

Y516A mutation was less severe (Figure 3.5B).  

Many HECT E3 enzymes will auto-ubiquitinate in vitro, including Rsp5, and I 

therefore examined the effect of ubiquitin binding site mutants in this context. Figure 

3.6A (top panels) shows a time course of auto-ubiquitination of the HECT domain of 

Rsp5 (amino acids 420-809) and the I537D and F618D mutants. WT Rsp5 HECT showed 

a time-dependent increase in auto-conjugated polyubiquitin chains, with the appearance 

of products at the top of the gel by eight minutes. In contrast, the I537D Rsp5 HECT 

showed such a slower increase of the ubiquitin chain, with most chains never exceeding 

four ubiquitins in length even after 20 minutes. F618D HECT also showed decreased rate 

of chain elongation, although the defect was less severe than the I537D mutant.  

Interestingly, the rate of disappearance of the unmodified HECT domains appeared 

similar for the three proteins, suggesting that, in this assay, the ubiquitin binding site 

mutations affected chain elongation more than conjugation of the first ubiquitin molecule. 
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To confirm this, the assay was performed in the presence of lysine-less ubiquitin (Figure 

3.6A, lower panels). There was very little difference in the rate of appearance of mono-

ubiquitinated products between wild-type Rsp5 and the two mutants, again suggesting 

that in the auto-ubiquitination assay there was not a significant difference in the rate of 

conjugation of the first ubiquitin molecule. Figure 3.6B illustrates the rate of auto-

polyubiquitination of the Rsp5 HECT domain proteins in the presence of wild-type 

ubiquitin.  

Next, I tested if the N lobe binding site mutants display any defect in forming 

ubiquitin-thioester intermediates (Figure 3.7). For this assay, 
32

P-labeled ubiquitin and a 

short version of Rsp5 HECT (433-809) were utilized, which was different from the Rsp5 

HECT domain (420-809) used for the autoubiquitination assay. Since this short Rsp5 

HECT lacks the internal lysine targeted in autoubiquitination (K432), no 

autoubiquitinated products were generated, which allowed clearer visualization of 

ubiquitin-thioester intermediates. Figure 3.7 shows a time course of thioester formation 

of WT Rsp5 HECT (top left panel) and of the I537D and F618D mutants (lower panels). 

The I537D Rsp5 HECT and F618D Rsp5 HECT showed no significant difference in the 

rate of formation of the thioester intermediates, although a lower percentage of the I537D 

formed thioester intermediates. The presence of DTT in SDS-PAGE loading buffer 

caused disappearance of the two indicated bands (top panels), indicating that these two 

bands correspond to the charged Ubc4 and Rsp5 HECT, respectively. Together, these 

results supported that this binding site plays a role in the final step of the reaction 
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(substrate ubiquitination and/or polyubiquitination), and not in the earlier step (thioester 

intermediates formation). In addition, no high molecular weight intermediates were 

detected in the course of this assay, consistent with the idea that Rsp5 does not 

ubiquitinate its substrates through a bulk transfer mechanism.   

Consistent with the biochemical defects described above, expression of the N lobe 

ubiquitin binding site mutants in vivo, as the sole source of Rsp5, resulted in a strong 

temperature-sensitive growth defect (Figure 3.8). In addition, based on earlier work 

showing that chain type specificity of HECT E3s is a function of the C lobe, I predicted 

that, despite their overall defect in ubiquitination, the short chains formed by the I537D 

and F618D mutants would still be primarily K63-linked chains, since the determinants 

for chain type specificity of Rsp5 are within the C lobe. As shown in Figure 3.9, this was 

indeed the case.  

Together, these results suggested that the N lobe ubiquitin binding site might 

function in two capacities: 1) to recruit ubiquitin or ubiquitin chains that are already 

conjugated to a target protein in order to orient the chain near the active site of the E3 for 

further polyubiquitination, and 2) to recruit and/or orient the unmodified substrate near 

the active site to promote the initial ubiquitination event. The relative importance of the 

second function may be substrate dependent, as it was not a factor in the auto-conjugation 

reaction, but was important for ubiquitination of both Wbp2-C-K222 and Sna3-K125.
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Figure 3.3  The hydrophobic patch of ubiquitin and two hydrophobic residues of Rsp5 
(I537 and F618) are critical for the interaction between ubiquitin and Rsp5 HECT 
domain. 
 
(A) 

35
S-labeled wild-type Rsp5 N lobe was incubated with the indicated bait proteins 

bound on beads for 2 hours, at 4
o
C with rotation. After washing the beads, total protein 

was recovered by boiling the beads in the presence of SDS-PAGE loading buffer. The 
eluted proteins were analyzed by SDS-PAGE and autoradiography.  (B) 

35
S-labeled 

wild-type or muant Rsp5 N lobes were incubated with the indicated bait proteins bound 
on beads and recovered and analyzed as in (A). 
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Figure 3.4  Ubiquitin binding defective Rsp5s show a defect both in the initial substrate 
conjugation and in the chain elongation of substrate ubiquitination.  
 
(A) Time course of ubiquitination of Wbp2-C-K222 by wild-type Rsp5 and mutant forms 
of Rsp5. 

32
P-labeled Wbp2-C-K222 was incubated with Uba1, Ubc4, wild-type ubiquitin, 

ATP, and the indicated forms of Rsp5. The reactions were stopped at the indicated time 
points by the addition of SDS-PAGE loading buffer. The reaction mixtures were 
analyzed by SDS-PAGE and autoradiography.  (B,C) The results from the three 
independent experiments performed as in (A) were quantitated with a Bio-Rad 
phosphoimager. The graphs show the percentages of the ubiquitinated substrates (B), or 
the percentages of the ubiquitinated products that contained more than four ubiquitin 
molecules (C). (D) As in (A), with 

32
P-labeled Sna3-K125 as the substrate instead of 

Wbp2-C-K222. 
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Figure 3.5  Substrate ubiquitination by Y516 Rsp5 and Y521A Rsp5   
 
(A) Time course ubiquitination of Wbp2-C-K222 by Y516A Rsp5 and Y521A Rsp5. 

32
P-

labeled Wbp2-C-K222 was incubated with Uba1, Ubc4, wild-type ubiquitin, ATP, and 
the indicated forms of Rsp5, as in Figure 3.4 (A).  (B) As in Figure 3.4 (D), with 

32
P-

labeled Sna3-K125 as substrate  
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Figure 3.6  Rsp5 proteins defective for ubiquitin binding are defective for auto-
ubiquitination.  
 
(A) Time course of auto-ubiquitination of wild-type and mutant forms of the Rsp5 HECT 
domain, in the presence of either wild-type ubiquitin (top panels) or K(0) ubiquitin (lower 
panels). The results from the experiments shown in (B) were quantitated and the graph 
shows the percentages of the ubiquitinated products that contained more than four 
ubiquitin molecules. 
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Figure 3.7  Rsp5 proteins defective for ubiquitin binding are not defective for ubiquitin 
thioester formation. 
 
Time course of ubiquitin thioester formation of wild-type (top panels) and mutant forms 
of the Rsp5 HECT domain (lower panels), in the presence 

32
P-labeled ubiquitin. The 

bands corresponding to the charged Ubc4 and Rsp5 HECT were indicated by arrows. 
Reactions were initiated by the addition of 

32
P-labeled ubiquitin and stopped by the 

addition of SDS-PAGE loading buffer lacking DTT, except for the reactions shown in the 
top right panel.   
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Figure 3.8  Mutations in the N lobe ubiquitin binding site impair Rsp5 function in vivo.   
 
Yeast strains containing wild-type Rsp5 or the I537D or F618D mutant forms of Rsp5 as 
the sole source of Rsp5 were 4-fold serially diluted and spotted on rich media. Cells were 
grown at 30

o
C, 34

o
C or 37

o
C.  The rsp5-1 temperature-sensitive mutant (L733S), which 

is not within the N lobe ubiquitin binding site, is shown for comparison. Yeast strains 
were generated by expressing the indicated wt or mutant genes on plasmid pRS414 
[TRP1] under control of the RSP5 promotor. pRS414 plasmid were transformed into 

GW003 strain (rsp5, pRS416-WT Rsp5 [URA3]). After transformation, the cells were 
selected on uracil-, tryptophan- plates, and then counter-selected for the loss of pRS416-
WT Rsp5 plasmid on 5-FOA containing plates.
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Figure 3.9  Ubiquitin binding defective Rsp5 mutants retain their preference for 
formation of K63 chains.  
 
32

P-labeled Wbp2-C-K222 was ubiquitinated by either I537D or F618D Rsp5 in the 
presence of Uba1, Ubc4, ATP and the indicated forms of ubiquitin. The reactions were 
incubated for 20 min, at room temperature and stopped by the addition of 4X SDS-PAGE 
loading buffer. The reaction mixtures were analyzed by SDS-PAGE and autoradiography.  
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Ubiquitination of a poor substrate is enhanced by fusion to ubiquitin 

In the course of analyzing Rsp5 substrates, I noted that a C-terminal fragment of 

Sna3 (Sna3C; amino acids 68-133) was a poor substrate for ubiquitination, even though it 

contained the physiologic site of ubiquitination (K125) and the PY motif (PPAY; amino 

acids 106-109) required for binding to the WW domain region of Rsp5 (Oestreich et al, 

2007). Although it was not clear why SnaC was a poor target compared to full-length 

Sna3, one possibility is that full-length Sna3 is more effective at engaging the HECT 

domain via the N lobe substrate/ubiquitin binding site. I therefore took advantage of this 

substrate to test, as predicted by our model, whether a translational fusion to ubiquitin 

would enhance ubiquitination of Sna3C by recruitment of the ubiquitin portion of the 

molecule to the N lobe binding site. Figure 3.10A shows a schematic of constructs made 

for this purpose. As shown in Figure 3.10B, Sna3C, itself, was very inefficiently 

ubiquitinated, but fusion of ubiquitin to Sna3 (UB-Sna3C) rescued ubiquitination. The 

ubiquitination of UB-Sna3C was dependent on the PY motif within the Sna3 portion of 

the protein, as UB-Sna3C
PAAA

 was not detectably modified. Ubiquitination was also 

dependent on I44 of the ubiquitin portion of the molecule, consistent with the fact that the 

I44A mutation of ubiquitin caused a severe defect in binding to Rsp5 HECT N lobe 

(Figure 3.3A). Finally, ubiquitination of UB-Sna3C was dependent on the N lobe 

ubiquitin binding site, as both the I537D and F618D Rsp5 mutants were very defective 

for ubiquitination of this substrate (Figure. 3.10C). These results support a model in 
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which the N lobe of the HECT contains a domain that effectively functions as a 

secondary substrate recruitment site, whether it is recruiting a substrate protein directly or 

recruiting a previously conjugated ubiquitin molecule as a substrate in a 

polyubiquitination reaction.   
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Figure 3.10  UB-Sna3C is targeted more efficiently than Sna3C.  
 
(A) Schematic diagram of wild-type Sna3, Sna3C, UB-Sna3C, and mutant forms of UB-
Sna3C.  (B) Time courses of ubiquitination of the indicated substrates by wild-type 
Rsp5.  (C) Time course ubiquitination of UB-Sna3C by wild-type Rsp5, I537D Rsp5, 
and F618D Rsp5. 
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3.4 DISCUSSION 

HECT ubiquitin ligases of the Rsp5/Nedd4 family contain multiple WW domains 

that are typically the primary recruitment sites for target proteins or adaptor proteins 

(Rotin & Kumar, 2009). While several mechanisms for polyubiquitination have been 

proposed, evidence for a sequential addition model for polyubiquitination by HECT E3s 

was proposed in Chapter 2. In this model, a target protein that is bound to a WW domain 

of an Rsp5/Nedd4 family member is ubiquitinated processively, with ubiquitin monomers 

being conjugated to the distal ubiquitin of a chain. The fact that Rsp5 can form linear 

chains in vitro that contain well over twelve ubiquitin molecules (perhaps as many as 20-

30) raises the question of how the distal ubiquitin of a polyubiquitin chain can be located 

in the vicinity of the active site for chain elongation. It is also necessary to explain how 

multiple lysines of the target protein can serve as the initial acceptor sites for ubiquitin. 

The structure and biochemical results presented here address both of these issues. I 

propose that the N lobe ubiquitin binding site functions to orient the growing ubiquitin 

chain near the active site to promote polyubiquitination, with disruption of the binding 

site resulting in slower ubiquitination and shorter products. Our results also indicate that 

the same binding site may be utilized to recruit the substrate for the initial ubiquitination 

event, and that the unstructured linker between the WW and HECT domain in Rsp5 may 

be critical for the ability to dramatically reposition the target protein to allow for 

recognition of multiple sites on the target protein.    
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A similar conclusion regarding the role of the N lobe ubiquitin binding site in 

promoting chain elongation was reached in a study on Smurf2 (Ogunjimi et al, 2010), 

although this study did not find that the binding site affected initial substrate 

ubiquitination. It is possible that the effect on initial ubiquitination observed here is an 

Rsp5-specific function or that it is substrate-dependent. N lobe mutants did not affect the 

initial ubiquitination event in the Rsp5 auto-ubiquitination assay, although this might be 

because of the fact that the substrate in the case is in effect tethered to the catalytic 

domain, minimizing any potential requirement for a recruitment function. It is important 

to note that our overall conclusions in this study differ significantly from an earlier study 

that initially identified the N lobe ubiquitin binding site of Rsp5 (French et al, 2009). 

That study concluded that the N lobe ubiquitin binding site served to restrict, rather than 

promote, polyubiquitination. 

While the N lobe ubiquitin binding site appears to orient ubiquitin chains for 

further ubiquitination, it is not clear whether the bound ubiquitin would necessarily 

represent the distal ubiquitin molecule in a polyubiquitin chain. That is, if the N lobe 

binding site engaged a ubiquitin molecule that was simply near the end of the chain (i.e., 

the second-to-last molecule in the chain), it could conceivably still function to orient the 

chain for further elongation. Engagement of a non-distal ubiquitin molecule might 

account for why K63 of ubiquitin was not oriented toward the active-site of the E3 in the 

Rsp5-ubiquitin structure. On the other hand, if the distal ubiquitin molecule is specifically 

engaged by the N lobe binding site, flexibility of the Rsp5-Ub interaction might allow for 
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positioning of K63 for accepting the next ubiquitin molecule. Rsp5-target protein 

structures that contain one or more ubiquitin molecules will be useful for distinguishing 

between these possibilities.   

Our results indicate that the N lobe binding site can also function as a substrate 

recruitment site to promote the initial ubiquitination event. Interestingly, Cps1 is a 

physiological substrate of Rsp5 that is recruited by direct binding to the Rsp5 HECT 

domain, without a requirement for the WW domains (Lee et al, 2009). While it was not 

determined whether the N lobe ubiquitin binding was involved in recruiting Cps1 to the 

HECT domain, this nevertheless suggests the following model: Rsp5/Nedd4 ligases have 

essentially two substrate recruitment domains; the WW domain region, which typically 

engages substrates with higher affinity, and the N lobe ubiquitin binding site, which is 

likely to engage substrates with low affinity. The relative affinities of a target protein for 

these two regions could influence both the efficiency and type of ubiquitination products.  

For example, a target that engages the WW domains with high affinity may have less of a 

requirement for the N lobe binding site for promoting the initial ubiquitination event, and 

the high affinity for the WW domains may promote processive polyubiquitination 

reaction, with longer chains produced. In contrast, a substrate that solely engages the N 

lobe binding site might result in a much less processive reaction, or perhaps even 

monoubiquitinated products. This overall model is consistent with the results observed 

with the C-terminal fragment of Sna3, which contained the WW domain interaction site 
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(PY motif) but could not effectively engage the HECT domain until ubiquitin was fused 

to the protein (UB-Sna3C).      

To date, most of the biochemical characterization of HECT domain ligases has 

been performed on Rsp5/Nedd4 family members. This has been due, in part, because 

substrate identification, based on WW domain interactions, has been relatively simple 

compared to most other HECT ligases (Scheffner & Staub, 2007). While sequence 

comparisons to non-Rsp5/Nedd4 family members suggest that an N lobe ubiquitin 

binding is likely to be present in other types of HECT E3s, as well, it will be important to 

determine if polyubiquitination is controlled in the same way for other subfamilies of 

HECT E3s. In this context, it is also interesting to consider human Herc5, a HECT 

domain ligase that catalyzes ISG15, rather than ubiquitin, conjugation (Dastur et al, 

2006); it appears that Herc5 does not catalyze formation of poly-ISG15 chains (Zhao et 

al, 2005).      
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Chapter 4. Conclusion and future directions 

4.1 THE ROLE OF THE C LOBE IN CHAIN TYPE SPECIFICITY DETERMINATION 

In Chapter 2, I showed that the HECT domain contains the determinants of chain 

type specificity of Rsp5. Neither the identity of E2s nor the structures outside of the Rsp5 

HECT domain, such as C2 and WW domains, influenced the chain type specificity of 

Rsp5. Through the replacement of the whole or a part of the Rsp5 HECT domain with the 

equivalent part of E6AP, I showed that the primary determinants of the chain type 

specificity map to the C lobe of the HECT domain, and to the last ~60 amino acids in 

particular. In Chapter 3, I showed that a non-covalent ubiquitin binding site on the Rsp5 

HECT N lobe is required for efficient polyubiquitination, and that this binding does not 

influence the chain type specificity of Rsp5. These results suggest that each lobe of the 

HECT domain has a distinct function in polyubiquitination: The N lobe recruits the distal 

ubiquitin of polyubiquitin chain to near the C lobe, and then the C lobe targets a specific 

lysine of the distal ubiquitin, where the chain type specificity is determined.  

How does the C lobe have specificity for a certain lysine of ubiquitin? As shown 

in Figure 2.9C, I proposed that the structures of Ub~HECT differ in the orientation of the 

thioester-bound ubiquitin and influence the chain type specificity of HECT E3s. In this 

scenario, Ub~HECT structures determine the target lysine of the distal ubiquitin in a 

manner that limits the access of other lysines to the active site cysteine. For example, 
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Ub~Rsp5 HECT structure hinders the access of the K48 of distal ubiquitin to the active 

site cysteine, while Ub~E6AP HECT structure is favorable for the access of the K48. 

Related to this model, it is noteworthy that Kamadurai et al. reported a ubiquitin binding 

site of the C lobe, which was discovered from NEDD4-2 HECT structure in complex 

with the Ub~UbcH5 (see Figure 1.3A). They showed that this C lobe ubiquitin binding 

site functions in transthiolation. From the structure, they predicted that the binding of the 

ubiquitin to this site positions the C lobe in close proximity of UbcH5. Consistent with 

this, mutations in the C lobe ubiquitin binding site decreased the rate of transthiolation. 

Interestingly, this C lobe ubiquitin binding site is centered at the last -helix, a part of the 

last 60 amino acids. Also, the structure showed that the binding of ubiquitin to the C lobe 

is not mediated via the conventional hydrophobic patch of ubiquitin, but via another 

hydrophobic region, referred to as the second hydrophobic patch, which consists of I36 

and the C terminal tail. Consistent with this, I36D mutant ubiquitin was not transferred 

from UbcH5 to NEDD4-2 as efficiently as wild-type ubiquitin. However, this mutation 

did not cause any defect in transthiolation between Ub~UbcH7 and E6AP, suggesting 

that the C lobe ubiquitin binding site might not be a common feature of HECT E3s. If this 

C lobe ubiquitin binding site interacts with the thioester-bound ubiquitin to HECT E3 

even after the transthiolation reaction, this C lobe binding site may influence the 

orientation of the thioester-bound ubiquitin to HECT domains.  

Alternatively, the residues near the active site cysteine might interact with the 

distal ubiquitin in a manner that positions a specific lysine of the distal ubiquitin into 
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close proximity of the active site cysteine (Figure 4.1). Recently, Rodrigo-Brenni et al. 

showed that several polar residues near the active site of Ubc1 are required for the K48 

chain formation by Ubc1 (Rodrigo-Brenni et al). They demonstrated that T87A mutation 

of Ubc1 or Y59A mutation of ubiquitin severely decreased the rate of K48 chain 

formation by Ubc1 without defects in the general activity toward other lysines. Similarly, 

K11 chain formation by UbcH10 in the presence of APC complex is dependent on 

several ubiquitin residues near K11, such as K6, L8, T9, E34, and I36, referred to as the 

TEK-box (Jin et al, 2008). These results raise the possibility that interaction between the 

flanking region of the active site cysteine of Rsp5 and a region of the distal ubiquitin 

might position the K63 of the distal ubiquitin close to the active site cysteine, leading to 

K63 chain formation. To test this, it will be required to determine whether the mutations 

of the residues near the active site cysteine of Rsp5 or surface residues of ubiquitin 

(especially, the residues near the K63) cause a defect in chain elongation without a defect 

in either the transthiolation step or the initial substrate conjugation step. 
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Figure 4.1  An alternative model for how the C lobe might direct chain specificity.  
 
The N (blue) and C lobes (green) of the HECT domain are shown, with a ubiquitin 
molecule tethered by a thioester bond (~) to the active site cysteine of the C lobe. The 
WW domain-bound substrate (magenta) modified by one ubiquitin molecule is shown. 
Potential interaction between the C lobe and the ubiquitin conjugated to the substrate is 
indicated by dashed lines.  
Different C lobes might interact with different regions of the distal ubiquitin of 
polyubiquitin chain, such that K63 (A) or K48 (B) of the distal ubiquitin of a chain can 
approach the active site.  
 

 

    



127 
 
 
 

4.2 THE N LOBE UBIQUITIN BINDING SITE IN HECT E3S. 

Figures 4.2 and 4.3 show the amino acid sequence alignment of Rsp5 N lobe 

ubiquitin binding site with NEDD4 family HECT E3s and non-NEDD4 family HECT 

E3s, respectively. NEDD4 family HECT E3s show higher homology than other family of 

HECT E3s, suggesting that the ubiquitin binding to the HECT N lobe might be a 

common characteristic of the NEDD4 family HECT E3s. Consistent with this, Simona 

Polo’s lab (IFOM-FIRC institute, Milan, Italy) solved the NEDD4-1 HECT structure in 

complex with non-covalently bound ubiquitin and identified a ubiquitin binding site in 

the NEDD4-1 HECT N lobe, which turned out to be equivalent to the Rsp5 HECT N lobe 

ubiquitin binding site (both papers currently under review at EMBO Reports). 

Sequence alignment is not sufficient to predict whether non-NEDD4 family 

HECT E3s have the same ubiquitin binding site in their N lobes. A simple preliminary 

test to address this question will be a binding assay with GST-Ub and the N lobes of non-

NEDD4 HECTs. In the case that they also bind to ubiquitin, it will be important to map 

the binding site, determine the structure, and explore the function of these ubiquitin 

binding sites in their chain elongation and chain type specificity determination.  
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Figure 4.2  Sequence alignment of the ubiquitin binding site of Rsp5 HECT N lobe with 
the equivalent sequences of other NEDD4 family HECT E3s. 
 
Yellow rectangles indicate residues in contact with ubiquitin in the structure of Rsp5 
HECT in complex with ubiquitin. Numbering refers to Rsp5 sequence. Each consensus 
symbol indicates the following; “*”- identical in all sequences; “:” – conserved 
substitutions; “.” – semi-conserved substitutions.  
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Figure 4.3  Sequence alignment of the ubiquitin binding site of Rsp5 HECT N lobe with 
the equivalent sequences of non-NEDD4 family HECT E3s. 
 
Yellow rectangles indicate residues in contact with ubiquitin in the structure of Rsp5 
HECT in complex with ubiquitin. Numbering refers to Rsp5 sequence. Each consensus 
symbol indicates the following; “*”- identical in all sequences; “:” – conserved 
substitutions; “.” – semi-conserved substitutions.  
. 
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4.3 THE SEQUENTIAL MODEL AND THE LENGTH OF POLYUBIQUITIN CHAIN 

Several lines of evidence suggested that Rsp5 might assemble K63 chains via the 

sequential model. First, as shown in Figure 3.7, polyubiquitin chains built on the active 

site cysteine have never been detected. Second, in early time points of time course 

ubiquitination, the substrates modified with short chains, such as mono- or di-ubiquitin, 

have been dominant products over highly ubiquitinated products. The pre-incubation of 

E1, E2, E3, ubiquitin, and ATP for 10 min and subsequent initiation of reaction by 

addition of substrate did not change the pattern of ubiquitination in early time points, 

suggesting that no chain assembly occurred in the pre-incubation time (data not shown). 

Third, the identity of E2 does not affect polyubiquitin chain type specificity (discussed in 

chapter 2.4)  

In the sequential model, chain length is predicted to be proportional to the affinity 

of substrate for its E3. Therefore, it will be important to compare the chain lengths of 

different substrates with different affinities for their E3s in a quantitative manner. If the 

affinity of Wbp2-C-K222 for Rsp5 can be manipulated by mutation of one or more PY 

motifs of Wbp2-C-K222, those mutant proteins will be appropriate materials for 

preliminary tests.  
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4.4 THE FUNCTIONS OF AUTOUBIQUITINATION IN HECT E3S 

Many HECT E3s have autoubiquitination activity in vitro (Kim et al, 2007; Nuber 

et al, 1998). However, it is unclear whether autoubiquitination of HECT E3s is regulated 

by other factors, such as DUBs, in vivo, or whether there is even an biological 

significance to autoubiquitination. Woelk et al. suggested a function of the 

autoubiquitination of HECT E3 in the monoubiquitination of a UBD-containing protein 

in vitro and in vivo, referred to as “coupled monoubiquitination”. (Woelk et al, 2006). 

They showed the ubiquitin moiety of the autoubiquitinated NEDD4 interacts with the 

UIM of Eps15, leading to the ubiquitination of Eps15 by NEDD4. Similarly, Rpn10/S5a, 

a UIM-containing protein of the 26S proteasome, is ubiquitinated by Rsp5 in a UIM 

domain-dependent manner (Isasa et al). Since they did not account for the mechanism for 

how Rsp5 targets Rpn10, it remains unclear whether Rpn10 ubiquitination is mediated 

via a coupled monoubiquitination or an adapter protein which mediates the binding 

between Rpn10 and Rsp5. Although the coupled monoubiquitination of ubiquitin binding 

proteins can be mediated by Ub-charged E2s, RING E3s, and HECT E3s in vitro (Hoeller 

et al, 2006; Hoeller et al, 2007; Uchiki et al, 2009), it is unclear what determines the 

substrate specificity for in vivo. 

Another possible function of the autoubiquitination is that it might serve as a 

degradation signal of the HECT E3, itself (Bruce et al, 2008; Kao et al, 2000; Nuber et al, 

1998). Consistent with this, I found that the ubiquitin binding-defective Rsp5 mutant 
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proteins (I537D and F618D), which showed a defect in autoubiquitination in vitro 

(Figure 3.6), were expressed at a higher steady state level than wild-type Rsp5 in vivo 

(data not shown). A simple preliminary test will be to compare the stabilities of wild-

type, catalytically inactive mutant (C777A), and the ubiquitin binding-defective mutants 

of Rsp5. Further, identification of the internal target lysine of Rsp5 in its 

autoubiquitination will be required to clarify the function of autoubiquitination.  



133 
 
 
 

References 

 

Abe F, Iida H (2003) Pressure-induced differential regulation of the two tryptophan 
permeases Tat1 and Tat2 by ubiquitin ligase Rsp5 and its binding proteins, Bul1 and 
Bul2. Mol Cell Biol 23(21): 7566-7584 

 

Adhikary S, Marinoni F, Hock A, Hulleman E, Popov N, Beier R, Bernard S, Quarto M, 
Capra M, Goettig S, Kogel U, Scheffner M, Helin K, Eilers M (2005) The ubiquitin 
ligase HectH9 regulates transcriptional activation by Myc and is essential for tumor cell 
proliferation. Cell 123(3): 409-421 

 

Afonine PV, Grosse-Kunstleve RW, Adams PD (2005) A robust bulk-solvent correction 
and anisotropic scaling procedure. Acta Crystallogr D Biol Crystallogr 61(Pt 7): 850-855 

 

Amerik AY, Nowak J, Swaminathan S, Hochstrasser M (2000) The Doa4 
deubiquitinating enzyme is functionally linked to the vacuolar protein-sorting and 
endocytic pathways. Mol Biol Cell 11(10): 3365-3380 

 

Andersen PL, Xu F, Xiao W (2008) Eukaryotic DNA damage tolerance and translesion 
synthesis through covalent modifications of PCNA. Cell Res 18(1): 162-173 

 

Aravind L, Koonin EV (2000) The U box is a modified RING finger - a common domain 
in ubiquitination. Curr Biol 10(4): R132-R134 

 

Beaudenon SL, Huacani MR, Wang G, McDonnell DP, Huibregtse JM (1999) Rsp5 
ubiquitin-protein ligase mediates DNA damage-induced degradation of the large subunit 
of RNA polymerase II in Saccharomyces cerevisiae. Mol Cell Biol 19(10): 6972-6979 

 

Bekker-Jensen S, Rendtlew Danielsen J, Fugger K, Gromova I, Nerstedt A, Lukas C, 
Bartek J, Lukas J, Mailand N HERC2 coordinates ubiquitin-dependent assembly of DNA 
repair factors on damaged chromosomes. Nat Cell Biol 12(1): 80-86; sup pp 81-12 

 



134 
 
 
 

Belgareh-Touze N, Leon S, Erpapazoglou Z, Stawiecka-Mirota M, Urban-Grimal D, 
Haguenauer-Tsapis R (2008) Versatile role of the yeast ubiquitin ligase Rsp5p in 
intracellular trafficking. Biochem Soc Trans 36(Pt 5): 791-796 

 

Bernassola F, Karin M, Ciechanover A, Melino G (2008) The HECT family of E3 
ubiquitin ligases: multiple players in cancer development. Cancer Cell 14(1): 10-21 

 

Bothos J, Summers MK, Venere M, Scolnick DM, Halazonetis TD (2003) The Chfr 
mitotic checkpoint protein functions with Ubc13-Mms2 to form Lys63-linked 
polyubiquitin chains. Oncogene 22(46): 7101-7107 

 

Bruce MC, Kanelis V, Fouladkou F, Debonneville A, Staub O, Rotin D (2008) 
Regulation of Nedd4-2 self-ubiquitination and stability by a PY motif located within its 
HECT-domain. Biochem J 415(1): 155-163 

 

Brunger AT, Adams PD, Clore GM, DeLano WL, Gros P, Grosse-Kunstleve RW, Jiang 
JS, Kuszewski J, Nilges M, Pannu NS, Read RJ, Rice LM, Simonson T, Warren GL 
(1998) Crystallography & NMR system: A new software suite for macromolecular 
structure determination. Acta Crystallogr D Biol Crystallogr 54(Pt 5): 905-921 

 

Cadwell K, Coscoy L (2005) Ubiquitination on nonlysine residues by a viral E3 ubiquitin 
ligase. Science 309(5731): 127-130 

 

Chastagner P, Israel A, Brou C (2006) Itch/AIP4 mediates Deltex degradation through 
the formation of K29-linked polyubiquitin chains. EMBO Rep 7(11): 1147-1153 

 

Chen D, Kon N, Li M, Zhang W, Qin J, Gu W (2005) ARF-BP1/Mule is a critical 
mediator of the ARF tumor suppressor. Cell 121(7): 1071-1083 

 

Chen HI, Einbond A, Kwak SJ, Linn H, Koepf E, Peterson S, Kelly JW, Sudol M (1997) 
Characterization of the WW domain of human yes-associated protein and its polyproline-
containing ligands. J Biol Chem 272(27): 17070-17077 

 



135 
 
 
 

Chen ZJ, Niles EG, Pickart CM (1991) Isolation of a cDNA encoding a mammalian 
multiubiquitinating enzyme (E225K) and overexpression of the functional enzyme in 
Escherichia coli. J Biol Chem 266(24): 15698-15704 

 

Chiu RK, Brun J, Ramaekers C, Theys J, Weng L, Lambin P, Gray DA, Wouters BG 
(2006) Lysine 63-polyubiquitination guards against translesion synthesis-induced 
mutations. PLoS Genet 2(7): e116 

 

Chiu YH, Sun Q, Chen ZJJ (2007) E1-L2 activates both ubiquitin and FAT10. Molecular 
Cell 27(6): 1014-1023 

 

Cho Y, Gorina S, Jeffrey PD, Pavletich NP (1994) Crystal structure of a p53 tumor 
suppressor-DNA complex: understanding tumorigenic mutations. Science 265(5170): 
346-355 

 

Christensen DE, Brzovic PS, Klevit RE (2007) E2-BRCA1 RING interactions dictate 
synthesis of mono- or specific polyubiquitin chain linkages. Nat Struct Mol Biol 14(10): 
941-948 

 

Ciechanover A, Ben-Saadon R (2004) N-terminal ubiquitination: more protein substrates 
join in. Trends Cell Biol 14(3): 103-106 

 

Ciechanover A, Heller H, Katz-Etzion R, Hershko A (1981) Activation of the heat-stable 
polypeptide of the ATP-dependent proteolytic system. Proc Natl Acad Sci U S A 78(2): 
761-765 

 

Crosas B, Hanna J, Kirkpatrick DS, Zhang DP, Tone Y, Hathaway NA, Buecker C, 
Leggett DS, Schmidt M, King RW, Gygi SP, Finley D (2006) Ubiquitin chains are 
remodeled at the proteasome by opposing ubiquitin ligase and deubiquitinating activities. 
Cell 127(7): 1401-1413 

 

Dastur A, Beaudenon S, Kelley M, Krug RM, Huibregtse JM (2006) Herc5, an 
interferon-induced HECT E3 enzyme, is required for conjugation of ISG15 in human 
cells. J Biol Chem 281(7): 4334-4338 



136 
 
 
 

 

de Napoles M, Mermoud JE, Wakao R, Tang YA, Endoh M, Appanah R, Nesterova TB, 
Silva J, Otte AP, Vidal M, Koseki H, Brockdorff N (2004) Polycomb group proteins 
Ring1A/B link ubiquitylation of histone H2A to heritable gene silencing and X 
inactivation. Dev Cell 7(5): 663-676 

 

Deffenbaugh AE, Scaglione KM, Zhang L, Moore JM, Buranda T, Sklar LA, Skowyra D 
(2003) Release of ubiquitin-charged Cdc34-S - Ub from the RING domain is essential for 
ubiquitination of the SCF(Cdc4)-bound substrate Sic1. Cell 114(5): 611-622 

 

Deng L, Wang C, Spencer E, Yang L, Braun A, You J, Slaughter C, Pickart C, Chen ZJ 
(2000) Activation of the IkappaB kinase complex by TRAF6 requires a dimeric 
ubiquitin-conjugating enzyme complex and a unique polyubiquitin chain. Cell 103(2): 
351-361 

 

Deshaies RJ, Joazeiro CA (2009) RING domain E3 ubiquitin ligases. Annu Rev Biochem 
78: 399-434 

 

Dikic I, Wakatsuki S, Walters KJ (2009) Ubiquitin-binding domains - from structures to 
functions. Nat Rev Mol Cell Biol 10(10): 659-671 

 

Dinudom A, Harvey KF, Komwatana P, Young JA, Kumar S, Cook DI (1998) Nedd4 
mediates control of an epithelial Na+ channel in salivary duct cells by cytosolic Na+. 
Proc Natl Acad Sci U S A 95(12): 7169-7173 

 

Dunn R, Hicke L (2001) Multiple roles for Rsp5p-dependent ubiquitination at the 
internalization step of endocytosis. J Biol Chem 276(28): 25974-25981 

 

Durfee LA, Lyon N, Seo K, Huibregtse JM The ISG15 conjugation system broadly 
targets newly synthesized proteins: implications for the antiviral function of ISG15. Mol 
Cell 38(5): 722-732 

 

Eletr ZM, Kuhlman B (2007) Sequence determinants of E2-E6AP binding affinity and 
specificity. J Mol Biol 369(2): 419-428 



137 
 
 
 

 

Emsley P, Cowtan K (2004) Coot: model-building tools for molecular graphics. Acta 
Crystallogr D Biol Crystallogr 60(Pt 12 Pt 1): 2126-2132 

 

Etlinger JD, Goldberg AL (1977) A soluble ATP-dependent proteolytic system 
responsible for the degradation of abnormal proteins in reticulocytes. Proc Natl Acad Sci 
U S A 74(1): 54-58 

 

Fang P, Lev-Lehman E, Tsai TF, Matsuura T, Benton CS, Sutcliffe JS, Christian SL, 
Kubota T, Halley DJ, Meijers-Heijboer H, Langlois S, Graham JM, Jr., Beuten J, 
Willems PJ, Ledbetter DH, Beaudet AL (1999) The spectrum of mutations in UBE3A 
causing Angelman syndrome. Hum Mol Genet 8(1): 129-135 

 

Finley D, Bartel B, Varshavsky A (1989) The tails of ubiquitin precursors are ribosomal 
proteins whose fusion to ubiquitin facilitates ribosome biogenesis. Nature 338(6214): 
394-401 

 

French ME, Kretzmann BR, Hicke L (2009) Regulation of the RSP5 ubiquitin ligase by 
an intrinsic ubiquitin-binding site. J Biol Chem 284(18): 12071-12079 

 

Goldknopf IL, Busch H (1977) Isopeptide linkage between nonhistone and histone 2A 
polypeptides of chromosomal conjugate-protein A24. Proceedings of the National 
Academy of Sciences of the United States of America 74(3): 864-868 

 

Goldstein G, Scheid M, Hammerling U, Schlesinger DH, Niall HD, Boyse EA (1975) 
Isolation of a polypeptide that has lymphocyte-differentiating properties and is probably 
represented universally in living cells. Proc Natl Acad Sci U S A 72(1): 11-15 

 

Greer PL, Hanayama R, Bloodgood BL, Mardinly AR, Lipton DM, Flavell SW, Kim TK, 
Griffith EC, Waldon Z, Maehr R, Ploegh HL, Chowdhury S, Worley PF, Steen J, 
Greenberg ME The Angelman Syndrome protein Ube3A regulates synapse development 
by ubiquitinating arc. Cell 140(5): 704-716 

 



138 
 
 
 

Haas AL, Wilkinson KD (2008) DeTEKting ubiquitination of APC/C substrates. Cell 
133(4): 570-572 

 

Haldeman MT, Xia G, Kasperek EM, Pickart CM (1997) Structure and function of 
ubiquitin conjugating enzyme E2-25K: the tail is a core-dependent activity element. 
Biochemistry 36(34): 10526-10537 

 

Harreman M, Taschner M, Sigurdsson S, Anindya R, Reid J, Somesh B, Kong SE, Banks 
CA, Conaway RC, Conaway JW, Svejstrup JQ (2009) Distinct ubiquitin ligases act 
sequentially for RNA polymerase II polyubiquitylation. Proc Natl Acad Sci U S A 
106(49): 20705-20710 

 

Hein C, Springael JY, Volland C, Haguenauer-Tsapis R, Andre B (1995) NPl1, an 
essential yeast gene involved in induced degradation of Gap1 and Fur4 permeases, 
encodes the Rsp5 ubiquitin-protein ligase. Mol Microbiol 18(1): 77-87 

 

Hershko A, Heller H, Elias S, Ciechanover A (1983) Components of ubiquitin-protein 
ligase system. Resolution, affinity purification, and role in protein breakdown. J Biol 
Chem 258(13): 8206-8214 

 

Hershko A, Tomkins GM (1971) Studies on the degradation of tyrosine aminotransferase 
in hepatoma cells in culture. Influence of the composition of the medium and adenosine 
triphosphate dependence. J Biol Chem 246(3): 710-714 

 

Hicke L, Zanolari B, Riezman H (1998) Cytoplasmic tail phosphorylation of the alpha-
factor receptor is required for its ubiquitination and internalization. J Cell Biol 141(2): 
349-358 

 

Hochstrasser M (2006) Lingering mysteries of ubiquitin-chain assembly. Cell 124(1): 27-
34 

 

Hoeller D, Crosetto N, Blagoev B, Raiborg C, Tikkanen R, Wagner S, Kowanetz K, 
Breitling R, Mann M, Stenmark H, Dikic I (2006) Regulation of ubiquitin-binding 
proteins by monoubiquitination. Nat Cell Biol 8(2): 163-169 



139 
 
 
 

 

Hoeller D, Hecker CM, Wagner S, Rogov V, Dotsch V, Dikic I (2007) E3-independent 
monoubiquitination of ubiquitin-binding proteins. Mol Cell 26(6): 891-898 

 

Hofmann RM, Pickart CM (1999) Noncanonical MMS2-encoded ubiquitin-conjugating 
enzyme functions in assembly of novel polyubiquitin chains for DNA repair. Cell 96(5): 
645-653 

 

Hofmann RM, Pickart CM (2001) In vitro assembly and recognition of Lys-63 
polyubiquitin chains. J Biol Chem 276(30): 27936-27943 

 

Hoppe T, Matuschewski K, Rape M, Schlenker S, Ulrich HD, Jentsch S (2000) 
Activation of a membrane-bound transcription factor by regulated ubiquitin/proteasome-
dependent processing. Cell 102(5): 577-586 

 

Hoppe T, Rape M, Jentsch S (2001) Membrane-bound transcription factors: regulated 
release by RIP or RUP. Curr Opin Cell Biol 13(3): 344-348 

 

Horak J, Wolf DH (2001) Glucose-induced monoubiquitination of the Saccharomyces 
cerevisiae galactose transporter is sufficient to signal its internalization. J Bacteriol 
183(10): 3083-3088 

 

Hu M, Li PW, Song L, Jeffrey PD, Chernova TA, Wilkinson KD, Cohen RE, Shi YG 
(2005) Structure and mechanisms of the proteasome-associated deubiquitinating enzyme 
USP14. Embo J 24(21): 3747-3756 

 

Huang L, Kinnucan E, Wang G, Beaudenon S, Howley PM, Huibregtse JM, Pavletich NP 
(1999) Structure of an E6AP-UbcH7 complex: insights into ubiquitination by the E2-E3 
enzyme cascade. Science 286(5443): 1321-1326 

 

Huibregtse JM, Scheffner M, Howley PM (1991) A cellular protein mediates association 
of p53 with the E6 oncoprotein of human papillomavirus types 16 or 18. EMBO J 10(13): 
4129-4135 

 



140 
 
 
 

Huibregtse JM, Yang JC, Beaudenon SL (1997) The large subunit of RNA polymerase II 
is a substrate of the Rsp5 ubiquitin-protein ligase. Proc Natl Acad Sci U S A 94(8): 3656-
3661 

 

Hunt LT, Dayhoff MO (1977) Amino-terminal sequence identity of ubiquitin and the 
nonhistone component of nuclear protein A24. Biochem Biophys Res Commun 74(2): 
650-655 

 

Husnjak K, Elsasser S, Zhang N, Chen X, Randles L, Shi Y, Hofmann K, Walters KJ, 
Finley D, Dikic I (2008) Proteasome subunit Rpn13 is a novel ubiquitin receptor. Nature 
453(7194): 481-488 

 

Iglesias N, Tutucci E, Gwizdek C, Vinciguerra P, Von Dach E, Corbett AH, Dargemont 
C, Stutz F Ubiquitin-mediated mRNP dynamics and surveillance prior to budding yeast 
mRNA export. Genes Dev 24(17): 1927-1938 

 

Ikeda F, Dikic I (2008) Atypical ubiquitin chains: new molecular signals. 'Protein 
Modifications: Beyond the Usual Suspects' review series. EMBO Rep 9(6): 536-542 

 

Ikushima H, Miyazono K TGFbeta signalling: a complex web in cancer progression. Nat 
Rev Cancer 10(6): 415-424 

 

Ingham RJ, Gish G, Pawson T (2004) The Nedd4 family of E3 ubiquitin ligases: 
functional diversity within a common modular architecture. Oncogene 23(11): 1972-1984 

 

Isasa M, Katz EJ, Kim W, Yugo V, Gonzalez S, Kirkpatrick DS, Thomson TM, Finley D, 
Gygi SP, Crosas B Monoubiquitination of RPN10 regulates substrate recruitment to the 
proteasome. Mol Cell 38(5): 733-745 

 

Iwai K, Tokunaga F (2009) Linear polyubiquitination: a new regulator of NF-kappaB 
activation. EMBO Rep 10(7): 706-713 

 

Jin JP, Li X, Gygi SP, Harper JW (2007) Dual E1 activation systems for ubiquitin 
differentially regulate E2 enzyme charging. Nature 447(7148): 1135-U1117 



141 
 
 
 

 

Jin L, Williamson A, Banerjee S, Philipp I, Rape M (2008) Mechanism of ubiquitin-chain 
formation by the human anaphase-promoting complex. Cell 133(4): 653-665 

 

Johnson ES, Ma PC, Ota IM, Varshavsky A (1995) A proteolytic pathway that recognizes 
ubiquitin as a degradation signal. J Biol Chem 270(29): 17442-17456 

 

Kamadurai HB, Souphron J, Scott DC, Duda DM, Miller DJ, Stringer D, Piper RC, 
Schulman BA (2009) Insights into ubiquitin transfer cascades from a structure of a 
UbcH5B approximately ubiquitin-HECT(NEDD4L) complex. Mol Cell 36(6): 1095-1102 

 

Kao WH, Beaudenon SL, Talis AL, Huibregtse JM, Howley PM (2000) Human 
papillomavirus type 16 E6 induces self-ubiquitination of the E6AP ubiquitin-protein 
ligase. J Virol 74(14): 6408-6417 

 

Karin M, Ben-Neriah Y (2000) Phosphorylation meets ubiquitination: the control of NF-
[kappa]B activity. Annu Rev Immunol 18: 621-663 

 

Kee Y, Huibregtse JM (2007) Regulation of catalytic activities of HECT ubiquitin 
ligases. Biochem Biophys Res Commun 354(2): 329-333 

 

Kee Y, Lyon N, Huibregtse JM (2005) The Rsp5 ubiquitin ligase is coupled to and 
antagonized by the Ubp2 deubiquitinating enzyme. EMBO J 24(13): 2414-2424 

 

Kee Y, Munoz W, Lyon N, Huibregtse JM (2006) The deubiquitinating enzyme Ubp2 
modulates Rsp5-dependent Lys63-linked polyubiquitin conjugates in Saccharomyces 
cerevisiae. J Biol Chem 281(48): 36724-36731 

 

Kikonyogo A, Bouamr F, Vana ML, Xiang Y, Aiyar A, Carter C, Leis J (2001) Proteins 
related to the Nedd4 family of ubiquitin protein ligases interact with the L domain of 
Rous sarcoma virus and are required for gag budding from cells. Proc Natl Acad Sci U S 
A 98(20): 11199-11204 

 



142 
 
 
 

Kim HC, Huibregtse JM (2009) Polyubiquitination by HECT E3s and the determinants of 
chain type specificity. Mol Cell Biol 29(12): 3307-3318 

 

Kim HT, Kim KP, Lledias F, Kisselev AF, Scaglione KM, Skowyra D, Gygi SP, 
Goldberg AL (2007) Certain pairs of ubiquitin-conjugating enzymes (E2s) and ubiquitin-
protein ligases (E3s) synthesize nondegradable forked ubiquitin chains containing all 
possible isopeptide linkages. J Biol Chem 282(24): 17375-17386 

 

Kim HT, Kim KP, Uchiki T, Gygi SP, Goldberg AL (2009) S5a promotes protein 
degradation by blocking synthesis of nondegradable forked ubiquitin chains. EMBO J 
28(13): 1867-1877 

 

Kimura Y, Tanaka K Regulatory mechanisms involved in the control of ubiquitin 
homeostasis. J Biochem 147(6): 793-798 

 

Kirisako T, Kamei K, Murata S, Kato M, Fukumoto H, Kanie M, Sano S, Tokunaga F, 
Tanaka K, Iwai K (2006) A ubiquitin ligase complex assembles linear polyubiquitin 
chains. EMBO J 25(20): 4877-4887 

 

Komander D, Clague MJ, Urbe S (2009a) Breaking the chains: structure and function of 
the deubiquitinases. Nat Rev Mol Cell Biol 10(8): 550-563 

 

Komander D, Reyes-Turcu F, Licchesi JD, Odenwaelder P, Wilkinson KD, Barford D 
(2009b) Molecular discrimination of structurally equivalent Lys 63-linked and linear 
polyubiquitin chains. EMBO Rep 10(5): 466-473 

 

Laine A, Ronai Z (2007) Regulation of p53 localization and transcription by the HECT 
domain E3 ligase WWP1. Oncogene 26(10): 1477-1483 

 

Lauwers E, Jacob C, Andre B (2009) K63-linked ubiquitin chains as a specific signal for 
protein sorting into the multivesicular body pathway. J Cell Biol 185(3): 493-502 

 



143 
 
 
 

Lee JR, Oestreich AJ, Payne JA, Gunawan MS, Norgan AP, Katzmann DJ (2009) The 
HECT domain of the ubiquitin ligase Rsp5 contributes to substrate recognition. J Biol 
Chem 284(46): 32126-32137 

 

Lee S, Tsai YC, Mattera R, Smith WJ, Kostelansky MS, Weissman AM, Bonifacino JS, 
Hurley JH (2006) Structural basis for ubiquitin recognition and autoubiquitination by 
Rabex-5. Nat Struct Mol Biol 13(3): 264-271 

 

Lenschow DJ, Lai C, Frias-Staheli N, Giannakopoulos NV, Lutz A, Wolff T, Osiak A, 
Levine B, Schmidt RE, Garcia-Sastre A, Leib DA, Pekosz A, Knobeloch KP, Horak I, 
Virgin HWt (2007) IFN-stimulated gene 15 functions as a critical antiviral molecule 
against influenza, herpes, and Sindbis viruses. Proc Natl Acad Sci U S A 104(4): 1371-
1376 

 

Leon S, Erpapazoglou Z, Haguenauer-Tsapis R (2008) Ear1p and Ssh4p are new adaptors 
of the ubiquitin ligase Rsp5p for cargo ubiquitylation and sorting at multivesicular 
bodies. Mol Biol Cell 19(6): 2379-2388 

 

Li M, Chen D, Shiloh A, Luo J, Nikolaev AY, Qin J, Gu W (2002) Deubiquitination of 
p53 by HAUSP is an important pathway for p53 stabilization. Nature 416(6881): 648-
653 

 

Li W, Tu D, Brunger AT, Ye Y (2007) A ubiquitin ligase transfers preformed 
polyubiquitin chains from a conjugating enzyme to a substrate. Nature 446(7133): 333-
337 

 

Li W, Tu D, Li L, Wollert T, Ghirlando R, Brunger AT, Ye Y (2009) Mechanistic 
insights into active site-associated polyubiquitination by the ubiquitin-conjugating 
enzyme Ube2g2. Proc Natl Acad Sci U S A 106(10): 3722-3727 

 

Lin CH, MacGurn JA, Chu T, Stefan CJ, Emr SD (2008) Arrestin-related ubiquitin-ligase 
adaptors regulate endocytosis and protein turnover at the cell surface. Cell 135(4): 714-
725 

 



144 
 
 
 

Lu PJ, Zhou XZ, Shen M, Lu KP (1999) Function of WW domains as phosphoserine- or 
phosphothreonine-binding modules. Science 283(5406): 1325-1328 

 

Marchal C, Haguenauer-Tsapis R, Urban-Grimal D (1998) A PEST-like sequence 
mediates phosphorylation and efficient ubiquitination of yeast uracil permease. Mol Cell 
Biol 18(1): 314-321 

 

Matsuura T, Sutcliffe JS, Fang P, Galjaard RJ, Jiang YH, Benton CS, Rommens JM, 
Beaudet AL (1997) De novo truncating mutations in E6-AP ubiquitin-protein ligase gene 
(UBE3A) in Angelman syndrome. Nat Genet 15(1): 74-77 

 

Medintz I, Jiang H, Michels CA (1998) The role of ubiquitin conjugation in glucose-
induced proteolysis of Saccharomyces maltose permease. J Biol Chem 273(51): 34454-
34462 

 

Merkley N, Barber KR, Shaw GS (2005) Ubiquitin manipulation by an E2 conjugating 
enzyme using a novel covalent intermediate. J Biol Chem 280(36): 31732-31738 

 

Moraes TF, Edwards RA, McKenna S, Pastushok L, Xiao W, Glover JN, Ellison MJ 
(2001) Crystal structure of the human ubiquitin conjugating enzyme complex, hMms2-
hUbc13. Nature structural biology 8(8): 669-673 

 

Murshudov GN, Vagin AA, Dodson EJ (1997) Refinement of macromolecular structures 
by the maximum-likelihood method. Acta Crystallogr D Biol Crystallogr 53(Pt 3): 240-
255 

 

Nikko E, Sullivan JA, Pelham HR (2008) Arrestin-like proteins mediate ubiquitination 
and endocytosis of the yeast metal transporter Smf1. EMBO Rep 9(12): 1216-1221 

 

Nuber U, Scheffner M (1999) Identification of determinants in E2 ubiquitin-conjugating 
enzymes required for hect E3 ubiquitin-protein ligase interaction. J Biol Chem 274(11): 
7576-7582 

 



145 
 
 
 

Nuber U, Schwarz SE, Scheffner M (1998) The ubiquitin-protein ligase E6-associated 
protein (E6-AP) serves as its own substrate. Eur J Biochem 254(3): 643-649 

 

Oestreich AJ, Aboian M, Lee J, Azmi I, Payne J, Issaka R, Davies BA, Katzmann DJ 
(2007) Characterization of multiple multivesicular body sorting determinants within 
Sna3: a role for the ubiquitin ligase Rsp5. Mol Biol Cell 18(2): 707-720 

 

Ogunjimi AA, Briant DJ, Pece-Barbara N, Le Roy C, Di Guglielmo GM, Kavsak P, 
Rasmussen RK, Seet BT, Sicheri F, Wrana JL (2005) Regulation of Smurf2 ubiquitin 
ligase activity by anchoring the E2 to the HECT domain. Mol Cell 19(3): 297-308 

 

Ogunjimi AA, Wiesner S, Briant DJ, Varelas X, Sicheri F, Forman-Kay J, Wrana JL 
(2010) The ubiquitin binding region of the Smurf HECT domain facilitates 
polyubiquitylation and binding of ubiquitylated substrates. J Biol Chem 285(9): 6308-
6315 

 

Pandya RK, Partridge JR, Love KR, Schwartz TU, Ploegh HL A structural element 
within the HUWE1 HECT domain modulates self-ubiquitination and substrate 
ubiquitination activities. J Biol Chem 285(8): 5664-5673 

 

Passmore LA, Barford D (2004) Getting into position: the catalytic mechanisms of 
protein ubiquitylation. Biochem J 379(Pt 3): 513-525 

 

Peng J, Schwartz D, Elias JE, Thoreen CC, Cheng D, Marsischky G, Roelofs J, Finley D, 
Gygi SP (2003) A proteomics approach to understanding protein ubiquitination. Nat 
Biotechnol 21(8): 921-926 

 

Peters JM (2006) The anaphase promoting complex/cyclosome: a machine designed to 
destroy. Nat Rev Mol Cell Biol 7(9): 644-656 

 

Petroski MD, Kleiger G, Deshaies RJ (2006) Evaluation of a diffusion-driven mechanism 
for substrate ubiquitination by the SCF-Cdc34 ubiquitin ligase complex. Mol Cell 24(4): 
523-534 

 



146 
 
 
 

Pickart CM (2001) Mechanisms underlying ubiquitination. Annu Rev Biochem 70: 503-
533 

 

Pincetic A, Leis J (2009) The Mechanism of Budding of Retroviruses From Cell 
Membranes. Adv Virol 2009: 6239691-6239699 

 

Polo S, Di Fiore PP (2008) Finding the right partner: science or ART? Cell 135(4): 590-
592 

 

Popov N, Wanzel M, Madiredjo M, Zhang D, Beijersbergen R, Bernards R, Moll R, 
Elledge SJ, Eilers M (2007) The ubiquitin-specific protease USP28 is required for MYC 
stability. Nat Cell Biol 9(7): 765-U771 

 

Ptak C, Gwozd C, Huzil JT, Gwozd TJ, Garen G, Ellison MJ (2001) Creation of a 
pluripotent ubiquitin-conjugating enzyme. Mol Cell Biol 21(19): 6537-6548 

 

Raasi S, Varadan R, Fushman D, Pickart CM (2005) Diverse polyubiquitin interaction 
properties of ubiquitin-associated domains. Nat Struct Mol Biol 12(8): 708-714 

 

Rahighi S, Ikeda F, Kawasaki M, Akutsu M, Suzuki N, Kato R, Kensche T, Uejima T, 
Bloor S, Komander D, Randow F, Wakatsuki S, Dikic I (2009) Specific recognition of 
linear ubiquitin chains by NEMO is important for NF-kappaB activation. Cell 136(6): 
1098-1109 

 

Rape M (2009) Ubiquitin, infinitely seductive: symposium on the many faces of 
ubiquitin. EMBO Rep 10(6): 558-562 

 

Ravid T, Hochstrasser M (2007) Autoregulation of an E2 enzyme by ubiquitin-chain 
assembly on its catalytic residue. Nat Cell Biol 9(4): 422-427 

 

Ren J, Kee Y, Huibregtse JM, Piper RC (2007) Hse1, a component of the yeast Hrs-
STAM ubiquitin-sorting complex, associates with ubiquitin peptidases and a ligase to 
control sorting efficiency into multivesicular bodies. Mol Biol Cell 18(1): 324-335 



147 
 
 
 

 

Risinger AL, Kaiser CA (2008) Different ubiquitin signals act at the Golgi and plasma 
membrane to direct GAP1 trafficking. Mol Biol Cell 19(7): 2962-2972 

 

Rodrigo-Brenni MC, Foster SA, Morgan DO Catalysis of lysine 48-specific ubiquitin 
chain assembly by residues in E2 and ubiquitin. Mol Cell 39(4): 548-559 

 

Rodrigo-Brenni MC, Morgan DO (2007) Sequential E2s drive polyubiquitin chain 
assembly on APC targets. Cell 130(1): 127-139 

 

Rossi M, Aqeilan RI, Neale M, Candi E, Salomoni P, Knight RA, Croce CM, Melino G 
(2006) The E3 ubiquitin ligase Itch controls the protein stability of p63. Proc Natl Acad 
Sci U S A 103(34): 12753-12758 

 

Rossi M, De Laurenzi V, Munarriz E, Green DR, Liu YC, Vousden KH, Cesareni G, 
Melino G (2005) The ubiquitin-protein ligase Itch regulates p73 stability. EMBO J 24(4): 
836-848 

 

Rotin D, Kumar S (2009) Physiological functions of the HECT family of ubiquitin 
ligases. Nat Rev Mol Cell Biol 10(6): 398-409 

 

Saeki Y, Kudo T, Sone T, Kikuchi Y, Yokosawa H, Toh-e A, Tanaka K (2009) Lysine 
63-linked polyubiquitin chain may serve as a targeting signal for the 26S proteasome. 
EMBO J 28(4): 359-371 

 

Salvat C, Wang G, Dastur A, Lyon N, Huibregtse JM (2004) The -4 phenylalanine is 
required for substrate ubiquitination catalyzed by HECT ubiquitin ligases. J Biol Chem 
279(18): 18935-18943 

 

Sato Y, Yoshikawa A, Mimura H, Yamashita M, Yamagata A, Fukai S (2009) Structural 
basis for specific recognition of Lys 63-linked polyubiquitin chains by tandem UIMs of 
RAP80. EMBO J 28(16): 2461-2468 

 



148 
 
 
 

Sato Y, Yoshikawa A, Yamagata A, Mimura H, Yamashita M, Ookata K, Nureki O, Iwai 
K, Komada M, Fukai S (2008) Structural basis for specific cleavage of Lys 63-linked 
polyubiquitin chains. Nature 455(7211): 358-362 

 

Scheffner M, Huibregtse JM, Vierstra RD, Howley PM (1993) The HPV-16 E6 and E6-
AP complex functions as a ubiquitin-protein ligase in the ubiquitination of p53. Cell 
75(3): 495-505 

 

Scheffner M, Nuber U, Huibregtse JM (1995) Protein ubiquitination involving an E1-E2-
E3 enzyme ubiquitin thioester cascade. Nature 373(6509): 81-83 

 

Scheffner M, Staub O (2007) HECT E3s and human disease. BMC Biochem 8 Suppl 1: 
S6 

 

Scheffner M, Takahashi T, Huibregtse JM, Minna JD, Howley PM (1992) Interaction of 
the human papillomavirus type 16 E6 oncoprotein with wild-type and mutant human p53 
proteins. J Virol 66(8): 5100-5105 

 

Scheffner M, Werness BA, Huibregtse JM, Levine AJ, Howley PM (1990) The E6 
oncoprotein encoded by human papillomavirus types 16 and 18 promotes the degradation 
of p53. Cell 63(6): 1129-1136 

 

Schlesinger DH, Goldstein G, Niall HD (1975) The complete amino acid sequence of 
ubiquitin, an adenylate cyclase stimulating polypeptide probably universal in living cells. 
Biochemistry 14(10): 2214-2218 

 

Schreiner P, Chen X, Husnjak K, Randles L, Zhang N, Elsasser S, Finley D, Dikic I, 
Walters KJ, Groll M (2008) Ubiquitin docking at the proteasome through a novel 
pleckstrin-homology domain interaction. Nature 453(7194): 548-552 

 

Schulman BA, Harper JW (2009) Ubiquitin-like protein activation by E1 enzymes: the 
apex for downstream signalling pathways. Nat Rev Mol Cell Biol 10(5): 319-331 

 



149 
 
 
 

Schwarz SE, Rosa JL, Scheffner M (1998) Characterization of human hect domain family 
members and their interaction with UbcH5 and UbcH7. J Biol Chem 273(20): 12148-
12154 

 

Scialpi F, Malatesta M, Peschiaroli A, Rossi M, Melino G, Bernassola F (2008) Itch self-
polyubiquitylation occurs through lysine-63 linkages. Biochemical pharmacology 76(11): 
1515-1521 

 

Shih SC, Sloper-Mould KE, Hicke L (2000) Monoubiquitin carries a novel 
internalization signal that is appended to activated receptors. EMBO J 19(2): 187-198 

 

Singh RK, Kabbaj MH, Paik J, Gunjan A (2009) Histone levels are regulated by 
phosphorylation and ubiquitylation-dependent proteolysis. Nat Cell Biol 11(8): 925-933 

 

Soetens O, De Craene JO, Andre B (2001) Ubiquitin is required for sorting to the vacuole 
of the yeast general amino acid permease, Gap1. J Biol Chem 276(47): 43949-43957 

 

Spence J, Sadis S, Haas AL, Finley D (1995) A ubiquitin mutant with specific defects in 
DNA repair and multiubiquitination. Mol Cell Biol 15(3): 1265-1273 

 

Staub O, Dho S, Henry P, Correa J, Ishikawa T, McGlade J, Rotin D (1996) WW 
domains of Nedd4 bind to the proline-rich PY motifs in the epithelial Na+ channel 
deleted in Liddle's syndrome. EMBO J 15(10): 2371-2380 

 

Stawiecka-Mirota M, Pokrzywa W, Morvan J, Zoladek T, Haguenauer-Tsapis R, Urban-
Grimal D, Morsomme P (2007) Targeting of Sna3p to the endosomal pathway depends 
on its interaction with Rsp5p and multivesicular body sorting on its ubiquitylation. 
Traffic 8(9): 1280-1296 

 

Strong M, Sawaya MR, Wang S, Phillips M, Cascio D, Eisenberg D (2006) Toward the 
structural genomics of complexes: crystal structure of a PE/PPE protein complex from 
Mycobacterium tuberculosis. Proc Natl Acad Sci U S A 103(21): 8060-8065 

 



150 
 
 
 

Sutcliffe JS, Jiang YH, Galijaard RJ, Matsuura T, Fang P, Kubota T, Christian SL, 
Bressler J, Cattanach B, Ledbetter DH, Beaudet AL (1997) The E6-Ap ubiquitin-protein 
ligase (UBE3A) gene is localized within a narrowed Angelman syndrome critical region. 
Genome Res 7(4): 368-377 

 

Swaminathan S, Amerik AY, Hochstrasser M (1999) The Doa4 deubiquitinating enzyme 
is required for ubiquitin homeostasis in yeast. Mol Biol Cell 10(8): 2583-2594 

 

Tao M, Scacheri PC, Marinis JM, Harhaj EW, Matesic LE, Abbott DW (2009) ITCH 
K63-ubiquitinates the NOD2 binding protein, RIP2, to influence inflammatory signaling 
pathways. Curr Biol 19(15): 1255-1263 

 

Tokunaga F, Sakata S, Saeki Y, Satomi Y, Kirisako T, Kamei K, Nakagawa T, Kato M, 
Murata S, Yamaoka S, Yamamoto M, Akira S, Takao T, Tanaka K, Iwai K (2009) 
Involvement of linear polyubiquitylation of NEMO in NF-kappaB activation. Nat Cell 
Biol 11(2): 123-132 

 

Trotman LC, Wang X, Alimonti A, Chen Z, Teruya-Feldstein J, Yang H, Pavletich NP, 
Carver BS, Cordon-Cardo C, Erdjument-Bromage H, Tempst P, Chi SG, Kim HJ, Misteli 
T, Jiang X, Pandolfi PP (2007) Ubiquitination regulates PTEN nuclear import and tumor 
suppression. Cell 128(1): 141-156 

 

Tsui C, Raguraj A, Pickart CM (2005) Ubiquitin binding site of the ubiquitin E2 variant 
(UEV) protein Mms2 is required for DNA damage tolerance in the yeast RAD6 pathway. 
J Biol Chem 280(20): 19829-19835 

 

Uchiki T, Kim HT, Zhai B, Gygi SP, Johnston JA, O'Bryan JP, Goldberg AL (2009) The 
ubiquitin-interacting motif protein, S5a, is ubiquitinated by all types of ubiquitin ligases 
by a mechanism different from typical substrate recognition. J Biol Chem 284(19): 
12622-12632 

 

Ulrich HD, Jentsch S (2000) Two RING finger proteins mediate cooperation between 
ubiquitin-conjugating enzymes in DNA repair. EMBO J 19(13): 3388-3397 

 



151 
 
 
 

Unk I, Hajdu I, Fatyol K, Szakal B, Blastyak A, Bermudez V, Hurwitz J, Prakash L, 
Prakash S, Haracska L (2006) Human SHPRH is a ubiquitin ligase for Mms2-Ubc13-
dependent polyubiquitylation of proliferating cell nuclear antigen. Proc Natl Acad Sci U 
S A 103(48): 18107-18112 

 

Vana ML, Tang Y, Chen A, Medina G, Carter C, Leis J (2004) Role of Nedd4 and 
ubiquitination of Rous sarcoma virus Gag in budding of virus-like particles from cells. J 
Virol 78(24): 13943-13953 

 

VanDemark AP, Hofmann RM, Tsui C, Pickart CM, Wolberger C (2001) Molecular 
insights into polyubiquitin chain assembly: crystal structure of the Mms2/Ubc13 
heterodimer. Cell 105(6): 711-720 

 

Verdecia MA, Joazeiro CA, Wells NJ, Ferrer JL, Bowman ME, Hunter T, Noel JP (2003) 
Conformational flexibility underlies ubiquitin ligation mediated by the WWP1 HECT 
domain E3 ligase. Mol Cell 11: 249-259 

 

Verma R, Aravind L, Oania R, McDonald WH, Yates JR, 3rd, Koonin EV, Deshaies RJ 
(2002) Role of Rpn11 metalloprotease in deubiquitination and degradation by the 26S 
proteasome. Science 298(5593): 611-615 

 

Vijay-Kumar S, Bugg CE, Cook WJ (1987) Structure of ubiquitin refined at 1.8 A 
resolution. J Mol Biol 194(3): 531-544 

 

Vijay-Kumar S, Bugg CE, Wilkinson KD, Cook WJ (1985) Three-dimensional structure 
of ubiquitin at 2.8 A resolution. Proc Natl Acad Sci U S A 82(11): 3582-3585 

 

Wagner S, Carpentier I, Rogov V, Kreike M, Ikeda F, Lohr F, Wu CJ, Ashwell JD, 
Dotsch V, Dikic I, Beyaert R (2008) Ubiquitin binding mediates the NF-kappaB 
inhibitory potential of ABIN proteins. Oncogene 27(26): 3739-3745 

 

Wang G, Yang J, Huibregtse JM (1999) Functional domains of the Rsp5 ubiquitin-
protein ligase. Mol Cell Biol 19(1): 342-352 

 



152 
 
 
 

Wang H, Wang L, Erdjument-Bromage H, Vidal M, Tempst P, Jones RS, Zhang Y 
(2004) Role of histone H2A ubiquitination in Polycomb silencing. Nature 431(7010): 
873-878 

 

Wang M, Cheng D, Peng J, Pickart CM (2006) Molecular determinants of polyubiquitin 
linkage selection by an HECT ubiquitin ligase. EMBO J 25(8): 1710-1719 

 

Wang M, Pickart CM (2005) Different HECT domain ubiquitin ligases employ distinct 
mechanisms of polyubiquitin chain synthesis. EMBO J 24(24): 4324-4333 

 

Wang X, Trotman LC, Koppie T, Alimonti A, Chen Z, Gao Z, Wang J, Erdjument-
Bromage H, Tempst P, Cordon-Cardo C, Pandolfi PP, Jiang X (2007) NEDD4-1 is a 
proto-oncogenic ubiquitin ligase for PTEN. Cell 128(1): 129-139 

 

Watson H, Bonifacino JS (2007) Direct binding to Rsp5p regulates ubiquitination-
independent vacuolar transport of Sna3p. Mol Biol Cell 18(5): 1781-1789 

 

Wertz IE, O'Rourke KM, Zhou H, Eby M, Aravind L, Seshagiri S, Wu P, Wiesmann C, 
Baker R, Boone DL, Ma A, Koonin EV, Dixit VM (2004) De-ubiquitination and 
ubiquitin ligase domains of A20 downregulate NF-kappaB signalling. Nature 430(7000): 
694-699 

 

Winborn BJ, Travis SM, Todi SV, Scaglione KM, Xu P, Williams AJ, Cohen RE, Peng J, 
Paulson HL (2008) The deubiquitinating enzyme ataxin-3, a polyglutamine disease 
protein, edits Lys63 linkages in mixed linkage ubiquitin chains. J Biol Chem 283(39): 
26436-26443 

 

Woelk T, Oldrini B, Maspero E, Confalonieri S, Cavallaro E, Di Fiore PP, Polo S (2006) 
Molecular mechanisms of coupled monoubiquitination. Nat Cell Biol 8(11): 1246-1254 

 

Wong JJ, Pung YF, Sze NS, Chin KC (2006) HERC5 is an IFN-induced HECT-type E3 
protein ligase that mediates type I IFN-induced ISGylation of protein targets. Proc Natl 
Acad Sci U S A 103(28): 10735-10740 

 



153 
 
 
 

Wu W, Sato K, Koike A, Nishikawa H, Koizumi H, Venkitaraman AR, Ohta T HERC2 is 
an E3 ligase that targets BRCA1 for degradation. Cancer Res 70(15): 6384-6392 

 

Xie Y, Varshavsky A (2002) UFD4 lacking the proteasome-binding region catalyses 
ubiquitination but is impaired in proteolysis. Nat Cell Biol 4(12): 1003-1007 

 

Xu P, Duong DM, Seyfried NT, Cheng D, Xie Y, Robert J, Rush J, Hochstrasser M, 
Finley D, Peng J (2009) Quantitative proteomics reveals the function of unconventional 
ubiquitin chains in proteasomal degradation. Cell 137(1): 133-145 

 

Yao T, Cohen RE (2002) A cryptic protease couples deubiquitination and degradation by 
the proteasome. Nature 419(6905): 403-407 

 

Ye Y, Rape M (2009) Building ubiquitin chains: E2 enzymes at work. Nat Rev Mol Cell 
Biol 10(11): 755-764 

 

Zhang N, Wang Q, Ehlinger A, Randles L, Lary JW, Kang Y, Haririnia A, Storaska AJ, 
Cole JL, Fushman D, Walters KJ (2009) Structure of the s5a:k48-linked diubiquitin 
complex and its interactions with rpn13. Mol Cell 35(3): 280-290 

 

Zhao C, Denison C, Huibregtse JM, Gygi S, Krug RM (2005) Human ISG15 conjugation 
targets both IFN-induced and constitutively expressed proteins functioning in diverse 
cellular pathways. Proc Natl Acad Sci U S A 102(29): 10200-10205 

 

Zhao X, Heng JI, Guardavaccaro D, Jiang R, Pagano M, Guillemot F, Iavarone A, 
Lasorella A (2008) The HECT-domain ubiquitin ligase Huwe1 controls neural 
differentiation and proliferation by destabilizing the N-Myc oncoprotein. Nat Cell Biol 
10(6): 643-653 

 

Zheng N, Wang P, Jeffrey PD, Pavletich NP (2000) Structure of a c-Cbl-UbcH7 
complex: RING domain function in ubiquitin-protein ligases. Cell 102(4): 533-539 

 

Zoladek T, Tobiasz A, Vaduva G, Boguta M, Martin NC, Hopper AK (1997) MDP1, a 
Saccharomyces cerevisiae gene involved in mitochondrial/cytoplasmic protein 



154 
 
 
 

distribution, is identical to the ubiquitin-protein ligase gene RSP5. Genetics 145(3): 595-
603 

 

 

 



155 
 
 
 

 

 

Vita 

 

Hyung Cheol Kim was born in Seoul, South Korea on July 24, 1973. He is the son of Jae-

Kee Kim and Ok-Yong Lee. In Feb. 1996, he graduated from Seoul National University, 

South Korea, with a Bachelor of Science degree in microbiology. He received his Master 

of Science degree in 1998 in Dr. Kye-Joon Lee’s lab at the same university. He worked 

as a research scientist in LG Life Sciences Ltd., Daejeon, South Korea, until 2004, when 

he came to U.S for his graduate education in Graduate program in microbiology at the 

University of Texas at Austin. In 2005, he joined the Dr. Jon Huibregtse’s lab for his 

doctoral studies.     

 

 

Permanent address: 266-37, Jeongneung 4-dong, Seongbuk-gu, Seoul, Korea (136-849)  

 

This dissertation was typed by Hyung Cheol Kim. 

 


