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ABSTRACT
Ubiquitin is a highly conserved eukaryotic protein of 76 amino acids that is added
post-translationally to other proteins or to itself by a hierarchical cascade of enzymes
(E1, E2, and E3) in distinct pathways. Often, a polyubiquitin chain is built onto a
substrate to target it for degradation by the 26S proteasome. The selection of a ubiquitin
conjugating enzyme (E2) for a particular ubiquitin ligase (E3) and the subsequent
transfer of ubiquitin from the E2 onto the substrate lysine are two processes that remain
to be better understood. It is known that E3s harbor a limited number of conserved
sequence motifs that recruit specific E2 enzymes. One such motif is known as the RING
domain, comprising of amino acids that coordinate two zinc atoms in a conserved
structural fold. Based on the finding that RING domains from known or putative E3
partners of Ubc7, E2-25K and Cdc34 are able to activate an intrinsic ubiquitin to
ubiquitin linkage activity in these three E2 enzymes, work in this thesis uses the premise
that insights on E3-E2 interactions can be obtained by studying the interactions between
an E2 enzyme with isolated RING domains.
A collection of human RING domains that belong to ~100 E3s is available in our
laboratory for a study toward the identification of RING domains that selectively activate
Ubc7, E2-25K, or Cdc34. In work carried out in this thesis, eleven new Ubc7- and seven
new E2-25K-activating RING sequences were identified. To understand the structurefunction relationship of these E2-activating sequences, work in this thesis examined a
RING-E2 fusion strategy to facilitate structural analysis of RING-E2 interactions.
Independently of this thesis work, the gp78RING-Ubc7 fusion protein was used to obtain
diffraction quality crystals from which a 2.2 Ǻ resolution structure was obtained. Using
the atomic coordinates of this structure, calculation and mutational analyses were
carried out to assess selected contacts at the two-protein interface. Results from this
analysis identified three residues in Ubc7 (R8, L66, and V113) that contribute importantly
to the binding affinity, of indicating that positive interactions make a significant
contribution to E2-E3 pairings. Thus, selective E2-E3 pairings can be dictated in part by
the presence of specific residues in the sequence of these proteins that supply positive
interactions. Based on this analysis, it can be concluded that certain amino acids cannot
readily be accommodated into the gp78-Ubc7 interface, and a negative selection
process may also contribute to the stringent pairing of an E2 with an E3.
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Work in this thesis also examined the catalytic function of a set of residues in
Ubc7. The transfer of ubiquitin from the thiolester-linked form in an E2~Ub complex to a
lysine requires the latter to be in the deprotonated form. To examine residues in Ubc7
that may assist in this deprotonation step of the reaction, work in this thesis examined
the pH dependence of Ubc7 activity, with the rationale that loss of this function in a Ubc7
mutant will lead to a pH profile that is dictated by the substrate lysine. This analysis
indicates that H94 and E104 function together in this mechanism. This finding differs
from that suggested for Ubc9, a SUMO-conjugating enzyme that belongs to the UBC
family of proteins.
In conclusion, work carried out in this thesis led to the identification of a set of
E2-activating RING domains that can be used to analyze how E3 and E2 enzymes are
selectively paired. A study examining the interaction between the RING domain in gp78
and Ubc7 has provided initial structure-function insights. The work in this thesis also
identified important catalytic residues in Ubc7. These results have led to further testable
hypotheses on the selection of an E2 by an E3 and how the RING domain may
allosterically activate an E2 enzyme.
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representation. The two zinc atoms coordinated by the RING domain are
colored in yellow. The N-terminal helix, Loop 1, and Loop 2 of UbcH7 and
Zn1, Zn2, and the helix of c-Cbl RING are labeled as regions of the interface.
Right: A contact map of the three-part interface is shown for c-Cbl RINGUbcH7, with UbcH7 residues on the vertical axis and c-Cbl RING residues
on the horizontal axis. Each blue square represents a contact between two
residues. The percent contribution of the three-part UbcH7 interface is listed
separately in Figure 3-2. The structure of 1FBV was modeled using the
program UCSF Chimera [292]. The contact map was generated by the
program SPACE [356]. ....................................................................................104
Figure 4-2: Surface area contributions of residues (Ǻ2) in the c-Cbl-UbcH7
interface. Calculations in Ǻ2 were produced by the SPACE server for the
interface of the c-Cbl-UbcH7 (PDB code: 1FBV). Residues making
significant contributions in surface area of the interface are highlighted in
yellow, and the location of the residues are indicated by the brackets on the
left-hand side. The values were generated by the program SPACE [356].
............................................................................................................................105
Figure 4-3: The crystal structure and interface of cNOT4-UbcH5B. Left:
The structure was retrieved under PDB code 1UR6. UbcH5B and cNOT4
are colored in purple and turquoise, respectively and displayed in ribbon and
surface representation. The two zinc atoms coordinated by the RING
domain are colored in yellow. The N-terminal helix, Loop 1, and Loop 2 of
UbcH5B and Zn1, Zn2, and the helix of cNOT4 are labeled as regions
interface. Right: A contact map of the three-part interface is shown for
cNOT4-UbcH5B, with UbcH5B residues on the vertical axis and cNOT4
residues on the horizontal axis. Each blue square represents a contact
between two residues. The percent contribution of the three-part UbcH5B
interface is listed. The structure of 1UR6 was modeled using the
program UCSF Chimera [292]. The contact map was generated by the
program SPACE [356]. ....................................................................................106
Figure 4-4: Surface area contributions of residues (Ǻ2) in the cNOT4UbcH5B interface. Calculations in Ǻ2 were produced by the SPACE server
for the interface of the cNOT4-UbcH5B (PDB code: 1UR6). Residues
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making significant contributions in surface area of the interface are
highlighted in yellow, and the location of the residues are indicated by the
brackets on the left-hand side. The values were generated by the
program SPACE [356]. ....................................................................................107
Figure 4-5: Kinetic Analysis of gp78RING. Ub2 formation timecourses were
carried out in the presence of 20 µM Ub74 and 2, 10, or 20 µM gp78RING.
The rate constant from each of the reactions is plotted against the RING
concentration to show that the rate constant increase is linear and is not
easily saturated. The rate constant (kobs) is expressed in min-1. .......................109
Figure 4-6: The gp78RING-Ubc7 Fusion. A. The sequence of the gp78RING
domain is shown with flanking sequence (underlined) that was cloned with
the RING in order to ensure correct folding of the RING and to include any
extra-RING amino acids that may be involved in interacting with the E2. B.
Schematic of the fusion: A poly-histidine tag (His6) was incorporated for
purification purposes. In addition, a tobacco etch virus (TEV) cleavage site
was present between the poly-histidine tag and the RING domain to allow
cleavage of the tag, leaving just a glycine-histidine sequence in front of the
RING. The RING domain was included with flanking sequence (shown in
part A), followed by an expandable linker of GTGSH which included a KpnI
restriction site for the purpose of adding extra amino acids if the linker was
not long enough. The Ubc7 sequence is present last. The RING was fused
to the N-terminus of Ubc7 due to the previous structural studies (see Figure
4-1) indicating that the RING contacts the N-terminus of the E2. .....................113
Figure 4-7: Expression and purification of the gp78RING-Ubc7 fusion. A.
A coomassie stained gel shows the bacterial expression of the fusion in the
pET-28a-TEV vector. Lane 1 is TEV-cleaved purified Ubc7 marker (~18
kDa), Lanes 2 and 4 are –IPTG induced soluble and insoluble extracts,
respectively. Lanes 3 and 5 are +IPTG induced soluble and insoluble
extracts, respectively. The black arrow points to the fusion, which is ~34
kDa. Approximately 50% of the fusion expressed in the insoluble fraction,
although induction at a lower temperature can reduce this to ~30%. B.
Bacteria induced with IPTG were pelleted, washed, and lysed with
Bugbuster reagent. The fusion protein was purified by sequential steps: a
nickel affinity column followed by a gel filtration column. The fractions shown
in the coomassie stained gel were pooled for cleavage of the N-terminal
poly-histidine tag by the TEV protease. Finally, the fusion was purified by an
anion exchange column to separate it from the cleaved peptide. Typically, a
2-liter culture of bacteria generated a total of ~20 mg protein. ..........................114
Figure 4-8: The fusion accelerates formation of polyubiquitin conjugates.
A. Unanchored polyubiquitin chain synthesis was monitored under the
conditions of 0.1 µM Ubc7 (Lanes 1-4) with the addition of 20 µM gp78RING
(Lanes 5-8). B. The unanchored polyubiquitin chain synthesis activity of 0.1
µM gp78RING-Ubc7 fusion is shown. Proteins in the reaction were
separated by SDS-PAGE and visualized with a fluorimager. ..............................115
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Figure 4-9: The crystal structure of gp78RING-Ubc7 reveals an interface. A.
The crystal structure of gp78RING-Ubc7 was solved at 2.2 Å and is shown in
ribbon representation. The active cysteine (C89) of Ubc7 is labeled to show
the distance between the RING binding site and the Ubc7 active site. B.
The residues of Ubc7 (red) and gp78RING (green) are shown in stick
representation and highlighted in their respective colors. This demonstrates
that both Ubc7 and gp78RING have folded into their respective threedimensional conformations, but form a distinct interface as shown by the
interaction of the residue side chains. The structure of gp78RING-Ubc7
was modeled using the program UCSF Chimera [292]. ................................117
Figure 4-10: The interface of gp78RING-Ubc7. A. The crystal structure shown
in Figure 4-9B has been rotated 90o to face the viewer so that the interface is
revealed. Ubc7 is on the left and gp78RING is on the right, with residues of
the interface highlighted in red and green, respectively. B. A contact map
displays residues of gp78RING and Ubc7 that interact with each other,
indicated by a blue square. The residues on the vertical and horizontal axes
represent Ubc7 and gp78RING, respectively. Each part of the interface (i.e.
Ubc7 Helix, L1, L2) are indicated, including contribution of each part of the
Ubc7 interface. The structure of gp78RING-Ubc7 was modeled using
the program UCSF Chimera [292]. The contact map was generated by
the program SPACE [356]. ...............................................................................118
Figure 4-11: Surface area contributions of residues in the gp78RING-Ubc7
interface. Calculations in Ǻ2 were produced by the SPACE server for the
interface of the gp78RING-Ubc7 structure. Residues making significant
contributions in surface area of the interface are highlighted in yellow, and
the location of the residues are indicated by the brackets on the left-hand
side. The contact map was generated by the SPACE contact map
analysis server [356]. ......................................................................................119
Figure 4-12: Mutational Analysis of Ubc7. A. An in vitro Ub2 assay was
carried out as has been described elsewhere. In this experiment, a 0 to 120
µM gp78RING titration shows the decreased affinity of WT RING for L66A
and V113A mutant Ubc7 can be overcome as the amount of gp78RING is
increased. 20 µM Ub74 was used for each RING condition, and the reaction
was stopped after 30 minutes with 2X SDS sample buffer. The proteins
were separated by SDS-PAGE and visualized with fluorescence. B. The
R8A Ubc7 mutant without (basal) and with 20 µM gp78RING in a timecourse
experiment. The basal and +RING conditions show indistinguishable
formation of Ub2. C. Left: the x-axis shows a titration of gp78RING from 0
to 120 µM does not increase the rate constant. Right: R8A Ubc7 has the
same basal rate (minus RING) as WT Ubc7, according to a Ub74 rate
constant...............................................................................................................121
Figure 4-13: gp78RING Mutant. A. An in vitro Ub2 assay was carried out as
previously described. In this case, a time point of 5 minutes demonstrated
that the W24A mutant of gp78RING was not able to activate accelerated Ub2
formation by Ubc7. The –RING condition is showed as a negative control.
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B. An experiment with 10 µM WT RING and 10 µM WT + 235 µM W24A
RING showed that the mutant RING is not a competitive inhibitor of the WT,
since the same amount of Ub2 was formed in both conditions. This indicates
that the W24A gp78RING mutant does not have a detectable affinity for
Ubc7. 40 µM of Ub74 was present for both conditions. .......................................123
Figure 4-14: A distal loop changes conformation. A. A ribbon representation
of Ubc7 highlights in stick representation the three-part gp78RING binding
surface in red (N-terminal helix, Loop 1 and Loop 2), the active cysteine
(C89) in yellow, and the distal loop in blue. B. The distal loop conformation
in the Ubc7 alone structure (PDB code 2CYX) is shown with other residues
near the active site. Elements nitrogen and oxygen are highlighted in blue
and red, respectively. C. The distal loop conformation in the gp78RINGUbc7 structure. D. Superimposition of the distal loop (from B and C) shows
that it changes conformation upon RING binding. The structures of
gp78RING-Ubc7 and 2CYX (Ubc7) were modeled using the program
UCSF Chimera [292]..........................................................................................124
Figure 4-15: Mutations of the distal loop affect ubiquitin transfer. A single
turnover in vitro Ub2 timecourse assay was carried out as previously
described. Top, WT Ubc7 is more efficient in ubiquitin transfer from its
active site with gp78RING present, as indicated by the robust Ub2 formation.
Note the difference in time points. Bottom, N131A Ubc7 is not able to
efficiently mediate the transfer of ubiquitin from the active site in the
presence of gp78RING. ......................................................................................125
Figure 4-16: E2-RING interface. A. The c-Cbl-UbcH7 (red) and gp78-Ubc7
(gray) structures have been superimposed and are zoomed in to the Nterminal helix region of the E2-RING interface. R5 and A385 of UbcH7 and
c-Cbl, respectively, are labeled in red. R8 and W24 of Ubc7 and gp78,
respectively, are labeled in gray. B. The Loop 1 region of the gp78RINGUbc7 (gray) and c-Cbl-UbcH7 (red) interfaces are shown. L66 and F63, both
key residues in Loop 1 of their respective E2s, are labeled and shown in
sphere representation. Their respective RING interacting residues are
shown in stick representation. This figure demonstrates that F63 may not fit
into the L66 binding pocket, allowing discrimination in E2-E3 pairing. The
structures of 1FBV and gp78RING-Ubc7 were modeled using the
program UCSF Chimera [292]. .........................................................................128
Figure 4-17: Alignment of E2s. The sequences of selected E2s are aligned,
beginning with the end of the N-terminal helix and concluding at the end of
Loop 1. Conserved residues of Loop 1 are highlighted in gray. Residue L66
of Ubc7 (turquoise) contributed the most contact surface area in Loop 1.
The residues at this position in other E2s varied, however phenylalanine
(red) and tyrosine (pink) are highlighted to reveal a potential key
discriminatory residues. For example, F63 of UbcH7 may not fit in the
binding pocket of a cognate RING of Ubc7, as the binding pocket would
accommodate L66 of Ubc7, which has a smaller side chain than
phenylalanine. In addition, the hydroxyl group on the tyrosine may preclude
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a certain E2 from a putative binding pocket that accommodates a
phenylalanine. .....................................................................................................129
Figure 4-18: E2-E3 pairs have interface residues in common. An alignment
of the E2s Ubc7, UbcH5B, and UbcH7 and the RINGs gp78, cNOT4, and cCbl are shown. E2 sequences: pink highlights identify residues involved in
binding each E2’s cognate RING domain, the yellow cysteine identifies the
active site cysteine which makes a thiolester bond with ubiquitin, the green
residue is the invariant asparagine found in all E2s, and conserved residues
are highlighted in gray. Note that certain conserved residues may be
“masked” by the pink highlight. RING sequences: pink highlights identify
residues involved in binding each RING’s cognate E2, the yellow residues
identify the zinc coordinating residues, and the gray residues are conserved.
Again, note that certain conserved residues may be “masked” by the pink
highlight. The conserved tryptophan (see Chapter 3) in gp78 and c-Cbl is
marked by a red asterisk. The RING domains of c-Cbl and cNOT4 were
extended N-terminally to highlight interacting residues that are not within the
RING domain. The interacting cNOT4 and UbcH5B residues are based on
the docking model. Prior NMR analyses found chemical shifts in these
residues, as well as others that are not highlighted. ...........................................130
Figure 4-19: Overlay of 2D [15N, 1H]-HSQC spectra acquired for solutions of
200 µM 15N-gp78RING-Ubc7 fusion (red), and 200 µM 15N-Ubc7 in the
absence (black) or the presence of 200 µM gp78RING (blue). Residues of
interest have been labeled, specifically residues at the Ubc7-RING interface.
These data were generated by Dr. Ira Ropson of the Department of
Biochemistry and Molecular Biology. .............................................................131
Figure 5-1: A. Alignment of class I and class II E2s. UBE2G2 is the human
homolog of Ubc7p (yeast), and is referred to as Ubc7 in this thesis.
Residues highlighted in gray are conserved residues, and the yellowhighlighted cysteine is the active site cysteine in each E2 that forms a
thiolester bond with ubiquitin. The underlined sequences represent loops of
unknown function in E2s. B. Three-dimensional crystal structures of
selected E2s, illustrating the conserved fold of the core domain. The active
cysteine is highlighted in yellow. From left (PDB codes listed in
parentheses): UBE2G2 (2CYX), Ubc7p (2UCZ), Cdc34 (2OB4), and E2-25K
(2BEP). C-terminal extension of Cdc34 and E2-25K are not present in
these structures. The red arrows indicate the acidic loop that is present in
UBE2G2 (Ubc7) and yeast Ubc7p. Cdc34 also contains this acidic loop,
although it is not present in this structure. The structures shown in this
figure were modeled using the program UCSF Chimera [292]. ....................138
Figure 5-2: The Sandwich Fusion Protein. A. A schematic of the Sandwich
shows that it is based on the gp78RING-Ubc7 fusion with a ubiquitin
attached at the C-terminus. B. A multiple turnover ubiquitination assay was
performed with gp78RING-Ubc7 fusion and Sandwich 1. The fusion
produced unanchored polyubiquitin chains, while the Sandwich produced
chains anchored to the ubiquitin fused to Ubc7 as indicated by the high
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molecular weight smear seen at the top of the gel. C. The same
ubiquitination assay was repeated in the absence and presence of the
reducing agent BME. This experiment demonstrates that the polyubiquitin
chains are not attached via a thiolester bond to Ubc7 C89, as BME would
break the thiolester bond. ..................................................................................140
Figure 5-3: Multiturnover in vitro ubiquitination assays with the Sandwich.
A. Sandwich 1, Sandwich 2, and Sandwich 3 showed a high Ub2 to
anchored Ubn ratio. B. A coomassie stained gel of Sandwich 1 and
Sandwich 3 assays with UbK48R. In this reaction, only one ubiquitin can be
added to the Sandwich, since K48-linked chains cannot be synthesized.
Sandwich 3 is able to transfer the free ubiquitin more quickly than Sandwich
1. C. Ubc7-Ub and Ubc7-Ub-Ub had lower Ub2 to anchored Ubn ratio. The
asterisk (*) denotes Ubc7-Ub~Ub. ......................................................................142
Figure 5-4: The Sandwich synthesizes anchored and unanchored
polyubiquitin chains. Under multiple turnover conditions, the Sandwich
proteins could either synthesize unanchored Ub2 by using the free ubiquitin
added in the reaction (trans), or transfer the thiolester-bound ubiquitin from
the active cysteine of Ubc7 onto the fused ubiquitin (cis). .................................144
Figure 5-5: Investigation of residues near the Ubc7 active site having a
deprotonation function. A. 2CYX structure of Ubc7 highlights C89 in
yellow, and residues around the active site that were mutated in the pH
dependence investigation (left). Ubc7 could harbor a residue that would
deprotonate a substrate (Ub74) lysine, converting it into the active form
(right). B. WT Ubc7 + gp78RING showed pH dependence, as synthesis of
Ub2 was decreased at low pH (5.5 to 6.0). H94A, D99A, and E104A showed
pH dependence, as Ub2 product increased as the pH increased.
Experiments with mutants were performed in the presence of 20 μM
gp78RING. The structure of 2CYX was modeled using the program
UCSF Chimera [292]..........................................................................................148
Figure 5-6: H94A, D99A, and E104A Ubc7 mutants are pH dependent in the
synthesis of Ub2. In vitro Ub2 assays were performed in the presence of 20
μM gp78RING to assess pH dependence of H94A, D99A, and E104A
mutants on their ability to synthesize Ub2. The top panel shows a
timecourse at pH 9.0 of H94A and E104A demonstrating that in the presence
of reducing agent BME, a band appears where the thiolester species
normally migrates on a PAGE gel, indicating ubiquitin attachment at some
lysine on Ubc7. The bottom panel shows a pH titration of the D99A mutant,
demonstrating that as the pH increases, the Ub-D99A species increases as
well. Ub2 formation does not increase at all, ruling D99A out for further
analysis. The “0 minutes” or “thiolester” lane was run without BME, showing
where the E2~Ub species migrates, demonstrating that E2-Ub and E2~Ub
are the same molecular weight. ..........................................................................151
Figure 5-7: Characterization of WT and mutant Ubc7. A. The pH profiles of
WT compared to H94A, E104A, and H94A/E104A in the synthesis of Ub2 are
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shown. While the WT reaction reflects the pKa of a histidine (pKa ~6), the
mutants reflect the pKa of a lysine side chain (pKa ~9-10). The rates were
normalized to WT activity. Reactions were performed in the presence of 20
μM gp78RING B. The values generated from fitting each of the profiles to a
least-fitting squares routine in part A are shown. The P2 value represents
the pKa of the reaction. .......................................................................................152
Figure 5-8: A. In a single turnover Ub2 assay, the rate constants of H94A,
E104A, and H94A/E104A are the same, indicating that the double mutant
does not severely inhibit its ability to transfer ubiquitin, compared to the
single mutant. Reactions were performed in the presence of 20 μM
gp78RING B. The values generated from fitting each of the timecourses to
a least fitting squares routine in part A are shown. The P2 value represents
the rate constant of the mutant Ubc7..........................................................153
Figure 5-9: The E2 non-covalent ubiquitin binding site. A. Top: The
structure of Ubc7 (pink: 2CYX) and UbcH5, Ub (blue and gray, respectively:
2FUH) are superimposed and shown in ribbon representation. Residues of
the E2 β-sheet (V26, V49 of UbcH5c and V25, V53 of Ubc7) and the
ubiquitin hydrophobic patch (L8, I44, V70) involved in non-covalent binding
of ubiquitin are highlighted in green and shown in stick representation.
Bottom: The structure on the top is shown with the interacting residues
labeled and shown in sphere representation. B. The non-covalent binding
site of E2 is depicted in cartoon form, and was reproduced from Brzovic et
al. 2006 (Molecular Cell). E2 is shown in pink, with ubiquitin and E3 binding
sites shown in magenta and green, respectively. Ubiquitin is linked to the E2
through a thiolester bond. This illustrates that E2~Ub has a greater affinity
for the ubiquitin binding site of E2 rather than free ubiquitin. The structures
of 2CYX and 2FUH were modeled using the program UCSF Chimera
[292]. .................................................................................................................155
Figure 6-1: Positive and Negative Selection in E2-RING Pairing. Binding pockets in
E2 and RING exist which allow the two proteins to form an active complex which
leads to positive selection (A). If one of the parts in the E2, for example, does not fit
in a RING binding pocket, as shown by a bulky tyrosine side chain, then the complex
cannot form and negative selection occurs (B).....................................................162
Figure 6-2: E2 Catalytic Residues. A. The sequence alignment of human Ubc7 and
yeast Ubc9 is shown, with conserved residues highlighted in gray, the active site
cysteine highlighted in yellow, and a conserved loop underlined. Residues of Ubc9
(highlighted in turquoise) were identified as functioning in the deprotonation of the
substrate lysine (K524) in RanGAP1. Work in this chapter identified H94 and E104
of Ubc7 (highlighted in turquoise) as performing this same function. B. The threedimensional structures of Ubc7 and Ubc9 are shown in ribbon representation, with
the deprotonating residues indicated in stick representation. In addition, each active
site cysteine (C89 in Ubc7 and C93 in Ubc9) are shown in stick
representation.......................................................................................................164
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Chapter 1
Literature Review
A. Abstract
The discovery of the ubiquitin-proteasome system (UPS) has provided numerous
insights on how energy-dependent proteolysis regulates biological processes such as:
the cell cycle, gene transcription, DNA repair, signal transduction, the immune response,
protein quality control, and temporal activation/inactivation of cellular processes. The
UPS comprises a hierarchical cascade of enzymes (E1, E2, and E3) which work
together to covalently add ubiquitin and ubiquitin-like proteins (UbL) to substrate proteins
in an ATP-dependent process. In this chapter, I will review how proteins are selected for
degradation, covalently modified with ubiquitin, degraded by the proteasome, and
alternate fates of ubiquitinated proteins. This background information provides a context
to the questions that will be addressed in this thesis.
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Figure 1-1: An overview of the ubiquitin proteasome system (UPS). A. A substrate
can be covalently modified with ubiquitin by conjugation of the ubiquitin C-terminus onto
the lysine ε-amino group to form an isopeptide bond. B. A hierarchical cascade of
enzymes mediates synthesis of a K48-linked polyubiquitin chain onto a substrate
protein. E1 adenylates the carboxyl terminus of ubiquitin, which activates it and allows
formation of a thiolester bond with the E1 active cysteine. Ubiquitin will be transferred
onto E2 via a transthiolation reaction. The E3 selects a substrate for destruction and
pairs with a cognate E2 in order to mediate transfer of ubiquitin onto a substrate lysine.
E2s lose their affinity for the E3 once the ubiquitin transfer is complete, allowing
dissociation and association of another E2~Ub. In some cases, E4 will assist in the
synthesis of the polyubiquitin chain. The regulatory particle of the 26S proteasome
recognizes the polyubiquitin chain. Deubiquitinating enzymes extract ubiquitin from the
chain while simultaneously unfolding and threading the protein through the proteasome
pore, causing degradation of the substrate into small peptides.
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B. Introduction
In the ubiquitin-proteasome system (UPS), three enzymes mediate the covalent
attachment of ubiquitin, a small conserved protein of 76 amino acids, to the ε-amino
group of a lysine residue. Figure 1-1 illustrates the general overview of this process.
The first step is ATP-dependent, as the ubiquitin activating enzyme (E1) will activate the
carboxyl terminus of ubiquitin by adenylation. The adenylated ubiquitin is able to attack
the active site cysteine of the E1, thus forming a high-energy thiolester bond. Next, E1
will transfer the ubiquitin to the active cysteine of a ubiquitin conjugating enzyme (E2) in
a transthiolation reaction. E2~Ub (E2 linked to ubiquitin via a thiolester bond) will then
be recruited by a ubiquitin ligase (E3). The E3 harbors at least two motifs or domains
within its sequence to allow recruitment of the E2 and selection of a substrate. Normally,
the thiolester bond between E2 and ubiquitin is quite stable, however when E2~Ub
encounters an E3-substrate complex, activation of the E2~Ub by the E3 occurs, and
ubiquitin is released from the E2 and covalently added to the ε-amino group of a
substrate lysine [1]. It has been reported recently that a fourth class of enzyme called
the E4 may assist the E3 in chain synthesis by binding the chain non-covalently,
perhaps to discourage premature deubiquitination [2]. A substrate tagged with a
polyubiquitin chain of lysine 48 to glycine 76 (K48-G76) linkage allows recognition of the
substrate by a subunit of the proteasome regulatory particle. The deubiquitinating
subunit Rpn11 will dismantle the ubiquitin chain in order to recycle individual ubiquitin
proteins, while simultaneously the substrate is unfolded by distinct subunits and is
threaded through the pore of the proteasome core complex, causing destruction of the
substrate into small peptides [3].
C. Degron
Within the primary sequence of a protein is information that determines its posttranslational stability in the cell. This residue or stretch of residues is termed a degron
[4]. For some proteins, the N-terminal residue determines the half life and an internal
lysine is designated for polyubiquitination. Other proteins bear only an internal
destabilizing sequence, which can be exposed by post-translational modifications such
as phosphorylation [5].
An example of a well-characterized internal degron called Deg1 is found in the
short-lived Matα2 transcription repressor in yeast [6]. Fusion of Deg1, a hydrophobic
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sequence, to the N-terminus of a stable E. coli β-galactosidase (expressed in yeast)
renders the normally long-lived β-galactosidase a short-lived protein [6]. When the Nterminal Deg1 sequence is masked by heterodimerization of Matα2 with Matα1, the
protein becomes long-lived [7]. Other novel degrons have been discovered, which
include stretches of acidic residues (aspartate and glutamate) [8] or a PEST domain
(sequence rich in proline, glutamate, serine, threonine) [9]. Interestingly, the PEST
domain harbors a conserved threonine that must be phosphorylated for recognition by
an F-box E3.
Another example of a degron is the N-degron, the N-terminal amino acid of a
protein [10-12]. The N-end rule, which describes the relationship between the Nterminal amino acid identity and the half life of a protein, was established using a clever
ubiquitin fusion system in yeast. The ubiquitin gene was fused to the N-terminus of the
β-galactosidase gene (a reporter gene), with a codon for one amino acid to connect the
two genes (i.e. Ub-X-β-gal). Consequently, codons for each of the 20 amino acids could
be substituted in for X, and expressed in yeast. Then ubiquitin proteases (discussed in
Section J) would cleave off the ubiquitin, leaving a unique amino acid at the N-terminus
of β-gal. In this manner, the half-life of X-β-gal could be assessed and destabilizing
amino acids identified [10-12]. The N-end rule was established early in evolution, as it
has been observed in living organisms from bacteria to humans [13].
A newly-translated polypeptide will contain the N-terminal residue methionine.
However, this stabilizing residue can be cleaved off by proteases, depending on the
identity of the second amino acid, thus exposing a primary destabilizing residue. After
exposure of the new N-terminal amino acid, another new residue can be added at the Nterminus by an amino acid transferase. This newly-added residue is termed a
secondary destabilizing residue. Furthermore, the residues asparagine and glutamine
can be deamidated into aspartate and glutamate, and these are considered tertiary
destabilizing residues. Alternatively, the N-terminal destabilizing residue can be
exposed by cleavage of a large amino acid sequence, thus revealing a new N-terminus
[14]. The process of recognizing a destabilizing N-terminal residue involves one E3
protein in yeast called N-recognin [12, 15], and a family of ubiquitin-protein ligase E3
component N-recognin (UBR) proteins in mammals formerly called E3α [14, 16]. After
recognition of the appropriate substrate, the N-recognin is able to recruit an E2~Ub, and
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an internal lysine is modified by a K48-linked polyubiquitin chain, which will create a
signal that the protein is to be degraded [17, 18].
D. Ubiquitin
In the late 1970’s research on ATP-dependent proteolysis made great advances
with the discovery of ubiquitin. Ubiquitin was first identified as protein A24, a protein with
two N-termini [19, 20]. Around the same time, ubiquitous immunopoietic polypeptide
(UBIP) (ubiquitin) was also isolated from bovine and human thymus, which appeared to
induce T and B cell differentiation [21, 22]. Independently, polypeptide β1 was isolated
from bovine thymus [23, 24]. Additionally, ATP-dependent proteolysis factor-1 (APF-1)
(ubiquitin) was identified as a heat-stable polypeptide [25]. These proteins were
reported to have a sequence of 74, 76, or 77 amino acids, with a molecular weight of
~8500 daltons [26-30]. In 1980, it was determined that the above-mentioned studies
had all identified the same protein, ubiquitin, and confirmed this based on the following
criteria: molecular weight, amino acid sequence, and function in proteolytic activity [31].
The levels of free versus conjugated ubiquitin seemed to vary between cell types [32].
However, the high level of ubiquitin’s amino acid conservation and tissue expression (in
higher order eukaryotes) indicated early on that this polypeptide must have an important
role in cells.
Even though the identity of ubiquitin had been confirmed, there was still some
uncertainty about the precise C-terminal amino acid sequence, as some had isolated
ubiquitin without the C-terminal GG sequence (leaving arginine at the C-terminus) [23,
24, 26, 27] and others had identified ubiquitin as ending in GG [33, 34]. During this time,
a protein which would later be termed the ubiquitin activating enzyme (E1) was first
being described, as it was revealed that the C-terminal G76 was the residue activated by
E1, further suggesting that full-length ubiquitin ended in glycine [34]. Sequence analysis
had been impeded in these earlier studies due to ubiquitin’s resistance to trypsin
cleavage. Later studies revealed that the three-dimensional structure of ubiquitin (Figure
1-2A) showed that it is compactly folded, which might explain its resistance to cleavage
by trypsin and other enzymes [35].
Although ubiquitin is a 76 residue protein in its functional form, it is expressed as
multiple different precursor fusions. In total, yeast harbor four ubiquitin-fusion genes
named UBI1-4 [36]. UBI1-3 encode ubiquitin fused to ribosomal proteins, which express
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the bulk of free ubiquitin in the cell [37]. The fusion of ubiquitin to ribosomal proteins
suggested that ubiquitin aids in ribosome biogenesis [37]. The UBI4 gene yields a
translation product of at least five ubiquitin amino acid sequences that are connected in
tandem without any linker (i.e. glycine 76 is followed directly by methionine 1 of the next
ubiquitin), except for the last ubiquitin sequence which contains a C-terminal asparagine
residue, presumably to prevent activation of the ubiquitin before the immature
polypeptide is processed [36, 38]. This polyubiquitin gene was found to be required in
times of stress [39]. Remarkably, ubiquitin differs only in three amino acids between
yeast and human, and yeast extracts are able to conjugate human ubiquitin onto
substrates [38]. Like yeast, the human genome contains multiple ubiquitin fusion genes.
The polyubiquitin gene (UbB), which is located on human chromosome 17 [40], contains
nine ubiquitin repeats. Each ubiquitin repeat has its own unique nucleotide sequence,
however the extra amino acid on the C-terminal ubiquitin is valine (instead of yeast
asparagine) [41]. Ubiquitin is fused to the ribosomal subunits S27a and L40 in the other
two human ubiquitin fusion genes [42, 43]. Evidence for ubiquitin-like proteins (UbLs)
being co-expressed with ribosomal subunits has been shown in nematode worms [44].
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Figure 1-2

A.

PDB code: 1UBQ

B.

PDB codes: 2O6V

1TBE

1F9J

Figure 1-2: Three dimensional fold of ubiquitin and tetraubiquitin. A. The ubiquitin
crystal structure was retrieved from the Protein Data Bank, under code 1UBQ. The
hydrophobic residues L8, I44, and V70 are highlighted red in stick representation. B.
Taken from Eddins et al. 2007 J. Mol. Biol. 367, 204-211. Structure of tetraubiquitin at
three pH conditions. The conditions of pH 6.7 and 4.8 are tetraubiquitin in two different
closed conformations. pH 5.0 is ubiquitin in the open conformation. Ubiquitins 1, 2, 3,
and 4 in the chain are colored yellow, cyan, green, and blue, respectively. The
hydrophobic residues (L8, I44, V70) are shown in stick representation and colored red.
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E. The ubiquitin activating enzyme (E1)
i. Discovery of E1. Early studies of ATP-dependent proteolysis identified an
enzyme that was responsible for activating ubiquitin/APF-1 [45]. Further work
established this ubiquitin activating enzyme (E1) could simultaneously bind two
ubiquitins via a non-covalent site and a covalent site [46]. The sequence in which the
reaction takes place was soon elucidated: in the presence of ATP, E1 adenylates
ubiquitin and the non-covalently associated ubiquitin-adenylate is then transferred to the
active site cysteine, forming a covalent thiolester bond. Following this transfer, E1 can
associate non-covalently with a second ubiquitin, via the non-covalent site [47]. The
nature of the covalent bond was first postulated to be a thiolester linkage when studies
showed that N-ethylmaleimide blocked the activity of E1 and reducing agents caused the
bond between E1 and APF-1/ubiquitin to be broken [45]. Further support for a thiolester
linkage was demonstrated when rabbit reticulocyte and human erythrocyte extracts were
run over a ubiquitin-Sepharose column (“covalent affinity” chromatography), which
established that E1 bound to the ubiquitin (in the presence of ATP and Mg2+) and was
only released from the column upon treatment with dithiothreitol (DTT) at high pH [48].
A thiolester assay showed that by incubating purified wheat E1, radiolabeled ubiquitin,
ATP, and Mg2+ together, a molecular species equal to E1 and ubiquitin could be
visualized by separation on SDS-PAGE, and this species would disappear by treatment
with β-mercaptoethanol (BME) and boiling [48, 49].
During characterization of the E1 activation mechanism, the importance of E1
and the ATP-dependent breakdown of proteins was first appreciated. A mouse cell line,
designated ts85 for its temperature sensitivity, had previously been described as having
a phenotype at the non-permissive temperature of 39OC [50]. This phenotype included:
decreased H1 histone phosphorylation, incompletely condensed chromosomes, and the
disappearance of a nuclear protein [50, 51]. It was hypothesized that the disappearing
nuclear protein of ~25,000 daltons might be ubiquitin attached to a histone (H2A).
Further work with the ts85 cell line found that ATP-dependent proteolysis of short-lived
proteins was reduced by 90% when the ts85 cells were grown at a non-permissive
temperature [52, 53]. Although proteolysis was severely inhibited, injection of
radiolabelled ubiquitin into the ts85 cells demonstrated that at the non-permissive
temperature, formation of higher molecular weight conjugates (polyubiquitin chains on
protein substrates) still occurred [54]. These results, along with the incomplete
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cessation of proteolysis in the initial studies, were puzzling. It was not until the recent
discovery of a second ubiquitin E1 in humans [55-57] that this phenomenon could be
explained. In contrast to mouse (and humans), a complete knockout of the yeast E1
gene (UBA1) is lethal [58], and only mutant Uba1 alleles allow cell viability [59, 60],
indicating that there are no other gene products in yeast that can compensate for the
lack of UBA1.
ii. Ubiquitin-like protein (UbL) E1s: structure and mechanism of action.
Only a partial ubiquitin E1 structure is available, however crystal structures of two UbL
E1s are available for analysis. UbLs are proteins which can be similar in sequence and
fold to ubiquitin that are activated by an E1-like enzyme. UbLs are discussed in depth in
Section L of this chapter. UbLs each have a designated E1, and those of Nedd8
(neuronal precursor cell-expressed developmentally downregulated protein 8) and
SUMO (small ubiquitin modifier) are discussed below. Other UbL E1s are discussed in
Section L.
The understanding of how E1 functions was greatly accelerated by structural
studies. E1s contain three domains: the adenylation domain, the catalytic cysteine
domain, and the ubiquitin-fold domain (UFD) [61, 62]. The adenylation domain is the
site where E1 binds ATP and adenylates the C-terminus of ubiquitin (ubiquitin is noncovalently associated with E1), allowing Ub-AMP to form a thiolester bond with the
catalytic cysteine of the E1. The UFD is responsible for recognizing E2. Interestingly,
the structure of Nedd8’s E1 with two Nedd8 molecules and an inactive Ubc12 (E2)
showed that a conformational change occurs when the E1 is associated with two
Nedd8s which reveals the UFD site to allow recognition of Ubc12 (Figure 1-3) [62].
However, an additional conformational change would have to occur to allow
transthiolation, which is the transfer of ubiquitin from the E1 active site cysteine to the E2
active site cysteine [62]. It is likely that E1 makes this large conformational change,
although this has not yet been reflected in the crystal structures that are available [61,
63-66].
The process of selection of ubiquitin, Nedd8, and SUMO by their particular E1s
has been determined. Using the MoeB-MoaD structure [67], Walden and colleagues
modeled Nedd8 with the structure of its E1, AppBp1-Uba3. They found that the
hydrophobic patch of Nedd8, which is conserved in ubiquitin (Figure 1-2A), contacts
hydrophobic residues from Uba3 β-strands [63], and the charged faces of Nedd8 and
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AppBp1 contact each other through acidic contacts unique to eukaryotic E1s [64].
Further work found that ubiquitin’s arginine 72 (R72) allows AppBp1-Uba3 to
discriminate against ubiquitin, and instead select Nedd8 which has alanine at that
position. Indeed, mutational analysis found that the substitution R72A in ubiquitin
allowed AppBp1-Uba3 to activate ubiquitin and vice versa with Nedd8 [64]. It appears
that SUMO-1’s E93 could be analogous to the selective arginine or alanine in ubiquitin or
Nedd8, respectively [65].
The mechanism of activation of ubiquitin and UbLs appears to be conserved, as
it has been reported that the Nedd8 E1 (AppBp1-Uba3) heterodimer activates Nedd8 in
the same sequence and manner as Ube1 (human E1) activates ubiquitin [68]. The
nucleotide binding domain bears similarity to the E. coli ThiF protein family, indicating a
possible evolution of eukaryotic E1 from bacteria [69]. In bacteria, ThiF and ThiS, which
are likely E1 and ubiquitin ancestors, respectively, are involved in thiamin biosynthesis.
Additionally, the MoeB-MoaD protein pair, thought likely to be E1 and ubiquitin ancestors
respectively, are involved in bacterial molybdopterin biosynthesis. Structures of the
ThiF-ThiS and MoeB-MoaD pairs have shown similarities in the adenylation process of
ThiS and MoaD in comparison to adenylation of ubiquitin by E1 [67, 69, 70].
iii. A second ubiquitin E1. Recently, two groups published independent
papers identifying Ube1-L2/Uba6 as a new E1 in humans and other vertebrates, which
could activate ubiquitin [55, 56]. According to its sequence, Ube1-L2/Uba6 contains the
three domains of an E1 (adenylation, catalytic cysteine, and UFD). By using glutathioneS-transferase (GST)-tagged ubiquitin and UbLs to establish whether Ube1-L2/Uba6
activated ubiquitin and/or other UbLs, both groups found that the new E1 activated
ubiquitin only. A third group contradicted this finding, saying that Ube1-L2/Uba6
activated both ubiquitin and the UbL Fat10, and that the large GST tag had hindered the
ability of Ube1-L2/Uba6 to activate Fat10 [57]. Chiu and colleagues had repeated these
studies with poly-histidine tagged ubiquitin and UbLs, in which they demonstrated that
the newly-identified E1 activated both ubiquitin and Fat10. This was an important
finding, as no activating enzyme associated with Fat10 had been identified at the time,
and the biological function of this UbL is still unknown. Chiu and colleagues discovered
that deletion of Ube1-L2 is embryonic lethal in mouse, it is expressed widely in human
tissues, and is localized on human chromosome 4 (compare to Ube1 which is on the X
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Figure 1-3

Figure 1-3: Potential E1 conformational change. The Nedd8 E1 is shown here, as
there is not a crystal structure of the full-length ubiquitin E1 (Ube1) available yet. Note
that this model is a composite to show how the Nedd8 E1 heterodimer, AppBp1-Uba3,
E2, and Nedd8 would look upon UbL transfer. The ATP-binding site is colored in green.
The Uba3 domain of the E1 heterodimer and Ubc12 (the E2) are shown in ribbon
representation in black and green, respectively. Nedd8 (UbLp) is shown in the light-gray
ribbon representation. The active site cysteines of E1 and E2 are shown in yellow,
which demonstrates that the large distance of over 50 Å requires E1 to change in
conformation to allow transthiolation to occur. This figure was taken from VanDemark
and Hill 2005, Molecular Cell 17, 474-475.
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chromosome) [71]. In contrast, Pelzer and colleagues found that Ube1-L2/Uba6 is
expressed predominantly in mouse testis. Ube1-L2 was found to be able to transfer
thiolester-linked ubiquitin to Ubc5 and Ubc13 and aid in synthesis of polyubiquitin chains
with Ubc13/Uev1 and TRAF6 (albeit to a weaker degree compared to E1 due to less
charging of Ubc13) [57].
Although human and mouse males have an additional E1 located on
chromosome Y, presumably playing a role in spermatogenesis [72-76], identification of
the autosomal UBE1-L2/Uba6 challenged the long-held theory that only one E1 existed
per mammalian genome for either ubiquitin or a UbL. It is likely that additional E1s that
remain to be identified for certain UbLs may also conjugate ubiquitin.
F. The ubiquitin conjugating enzyme (E2)
i. Classification of E2s and conservation of sequence and structure. The
ubiquitin conjugating enzyme (E2) will accept ubiquitin from E1 in a transthiolation
reaction. E2s identified to date have a conserved core sequence of approximately 150
amino acids. E2s containing only this core sequence are deemed class I E2s.
However, some E2s contain a C-terminal or an N-terminal extension, which groups them
into class II and class III respectively, and E2s with extensions at both termini belong to
class IV [77]. The extensions can vary in size from 50 to 125 amino acids [78, 79].
Currently, there are 11 E2s have been identified in yeast and at least 30 identified in
humans [80]. Most E2s are dedicated to conjugating ubiquitin, but a few conjugate
UbLs, which are discussed in further detail in Section L. The sequence around the
active site cysteine, which forms the thiolester bond with ubiquitin (or UbL) is highly
conserved among E2s. Specifically, an invariant asparagine has been proposed to be
the oxyanion hole that stabilizes the negative charge that ensues during ubiquitin
transfer [81]. Other residues such as histidine, proline, and tyrosine, which precede the
active site cysteine, appear to be conserved as well. Figure 1-4A shows an alignment of
selected E2s in which conserved residues, active site cysteine, and invariant asparagine
are colored in gray, yellow, and green respectively. In addition, the histidine, proline,
and tyrosine are colored in magenta. The three-dimensional crystal structures of yeast
Ubc7p and its human homolog Ubc7/UBE2G2 (class I) are depicted, showing the
conservation in fold (Figure 1-4B). In general E2s are free in the cytoplasm, but perform
specific ubiquitination functions and can become localized to certain parts of the cell in
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association with other factors. For example, the yeast E2 Ubc7p is recruited to the ER
membrane by a membrane-bound protein called Cue1p [82]. The only E2 known to be
membrane bound is the yeast Ubc6p, which is attached to the ER membrane by a single
transmembrane pass. Its catalytic domain is located in the cytosol where it functions as
a heterodimer with Ubc7p to ubiquitinate ER-associated substrates [83].
ii. Binding of E2 to E1 and E3, and the activation mechanism to release
ubiquitin. E1 linked to Ub by a thiolester bond (hereafter E1~Ub) has a greater affinity
for E2 than E1 alone. In this manner, E1~Ub is able to quickly transfer ubiquitin to E2,
and after this reaction is complete, E1 loses affinity for E2 and dissociates [62].
Additionally, structural studies with specific E1-E2 and E2-E3 pairs and competitive
binding experiments have demonstrated that the E1 and E3 binding sites on E2 overlap,
illustrating that the cognate E3 cannot bind until E1 is released [84-87]. In particular, two
reported E2-E3 crystal structures and one E2-E3 docking model structure have
demonstrated that E3s make contact with the N-terminus, Loop 1, and Loop 2 of the E2
[85, 86, 88]. Presumably, these three E2 regions mediate binding of all E3s.
It is not fully understood how the lysine side chain of a substrate, which accepts
ubiquitin, is activated. A recent study with the SUMO E2 Ubc9 found that three residues
near the active site work together to deprotonate the substrate (RanGAP1) lysine to
allow the lysine to attack the E2~SUMO, allowing attachment of SUMO onto the lysine
[89]. Other catalytic groups are required for stabilization of the transient state and
protonation of the thiolate, however these groups remain to be identified. It is interesting
to note that a recent study reported that the pKa of the active site cysteine of E2s is
typically elevated when not conjugated to ubiquitin, implying that a regulatory
mechanism exists to prevent constitutive addition of ubiquitin to the active site [90].
iii. Synthesis of polyubiquitin chains. Section K discusses the ability of E2E3 pairs to synthesize polyubiquitin conjugates that utilize all possible lysine linkages.
Some E2s possess a unique ability to synthesize these conjugates as unanchored
chains, which allows the study of E2 function in vitro without the need for a genuine
substrate. For example, the class II E2 Cdc34 is able to synthesize such unanchored
chains. In vivo, the yeast Cdc34 targets cyclins for degradation [91], and Cdc34 was
identified based on sequence similarity to Rad6, a yeast E2 involved in DNA repair [92].
The human homolog, Ubc3, is similar in sequence and can substitute for yeast Cdc34
[93]. Cdc34 can dimerize through its C-terminal extension, allowing for optimal E2
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function [94-97]. Other E2s can synthesize free conjugates, and are described in the
subsequent chapters.
iv. Non-covalent ubiquitin binding site. In Section M, I will discuss ubiquitin
binding domains (UBDs), which non-covalently bind ubiquitin. Two classes of UBDs
have been reported on E2s (Ubc) and Ubc E2 variants (UEV). A UEV has similar
sequence and three-dimensional structure as an E2 but lacks a catalytic cysteine and
thus cannot form a thiolester bond with ubiquitin [98]. Typically, a UEV will associate
with an E2 and also bind ubiquitin non-covalently in its β-sheet region. This will help
position the acceptor ubiquitin’s lysine side chain to allow for efficient conjugation of the
donor ubiquitin located at the E2 active site cysteine [98]. This process is described in
more detail in the discussion section of Chapter 5, using the E2-UEV pair Ubc13-Mms2
as an example. Ubiquitin is also able to associate non-covalently with the β-sheet region
of E2s, as has been reported previously [99, 100] and this is also discussed in more
detail in Chapter 5.
G. The ubiquitin ligase (E3)
Early studies of the ubiquitin ligase (E3) suggested that its role was to mediate
the transfer of ubiquitin from the E2 onto the substrate [101]. The E2-E3 encounter was
assumed to be specific, as was the substrate binding site on the E3 [102]. E3s can
ubiquitinate a wide variety of proteins, as E3s have been found in the cytosol, nucleus,
ER, mitochondria, and endosomes. Recently, an impressive report was published which
listed all known E3s in the human genome, not only grouping them by catalytic domain,
but also by other functional domains [103]. According to this report, more than 300
single polypeptide human E3s have been identified, and can be classified into three
groups based on a catalytic domain: ubiquitin fusion degradation box (U-box),
homologous to E6-associated protein C-terminus (HECT), and really interesting new
gene (RING). Figure 1-5 shows the three-dimensional structures of each catalytic
domain.
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Figure 1-4
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Ube2G2
Ubc7p
Ubc9
UbcH7
Cdc34
Ube2T
E225K

MAGTALKRLMAEYKQLTLNPPEGIVAGPMNEE----NFFEWEALIMGPEDTCFEFGVFPA
MSKTAQKRLLKELQQLIKDSPPGIVAGPKSEN----NIFIWDCLIQGPPDTPYADGVFNA
MSGIALSRLAQERKAWRKDHPFGFVAVPTKNPDGTMNLMNWECAIPGKKGTPWEGGLFKL
--MAASRRLMKELEEIRKCGMKNFRNIQVDEA----NLLTWQGLIVP-DNPPYDKGAFRI
MARPLVPSSQKALLLELKGLQEEPVEGFRVTLVDEGDLYNWEVAIFGPPNTYYEGGYFKA
------MQRASRLKRELHMLATEPPPGI-TCWQDKDQMDDLRAQILGGANTPYEKGVFKL
-MANIAVQRIKREFKEVLKSEETSKNQIKVDLVDEN-FTELRGEIAGPPDTPYEGGRYQL
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Ube2G2
Ubc7p
Ubc9
UbcH7
Cdc34
Ube2T
E225K

ILSFPLDYPLSPPKMRFTCEMFHPNIYPD-GRVCISILHAPGDDPMGYESSAERWSPVQSV
KLEFPKDYPLSPPKLTFTPSILHPNIYPN-GEVCISILHSPGDDPNMYELAEERWSPVQSV
RMLFKDDYPSSPPKCKFEPPLFHPNVYPS-GTVCLSILEEDKD-----------WRPAITI
EINFPAEYPFKPPKITFKTKIYHPNIDEK-GQVCLPVIS------------AENWKPATKT
RLKFPIDYPYSPPAFRFLTKMWHPNIYET-GDVCISILHPPVDDPQSGELPSERWNPTQNEVIIPERYPFEPPQIRFLTPIYHPNIDSA-GRICLDVLKLP---------PKGAWRPSLNEIKIPETYPFNPPKVRFITKIWHPNISSVTGAICLDILKDQ-------------WAAAMT-

Ube2G2
Ubc7p
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UbcH7
Cdc34
Ube2T
E225K

EKILLSVVSMLAEPNDESGANVDASKMWRDDREQFYKIAKQIVQKSLGL----------EKILLSVMSMLSEPNIESGANIDACILWRDNRPEFERQVKLSILKSLGF----------KQILLGIQELLNEPNIQDPAQAEAYTIYCQNRVEYEKRVRAQAKKFAPS----------DQVIQSLIALVNDPQPEHPLRADLAEEYSKDRKKFCKNAEEFTKKYGEKRPVD------VRTILLSVISLLNEPNTFSPANVDASVMYRKWKESKGK-DREYTDIIRKQVLGTKVDAER
IATVLTSIQLLMSEPNPDDPLMADISSEFKYNKPAFLKNARQWTEKHARQKQKADEEEML
LRTVLLSLQALLAAAEPDDPQDAVVANQYKQNPEMFKQTARLWAHVYAGAPVSSPEYTKK

116
116
109
101
119
103
105

165
165
158
154
178
163
165

(C-terminal extension)
Cdc34
Ube2T
E225K

DGVKVPTTLAEYCVKTKAPAPDEGSDLFYDDYYED--GEVEEEADSCFGDDEDDSGTEES 236
DNLPEAGDSRVHNSTQKRKASQLVG--IEKKFHPDV------------------------ 197
IENLCAMGFDRNAVIVALSSKSWDVETATELLLSN------------------------- 200

B.

Figure 1-4: Sequence and structure conservation in E2s. A. The amino acid
sequences of certain E2s are aligned to show conservation in sequence, especially
around the active site cysteine, colored in yellow. The invariant asparagine is colored in
green and conserved histidine, proline, and tyrosine are colored in magenta. Two
stretches of sequence forming loops of unknown function are underlined. B. The threedimensional structures of yeast Ubc7p (magenta) and human UBE2G2/Ubc7 (blue) are
shown. They were retrieved from the Protein Data Bank under the codes 2UCZ and
2CYX, respectively. The active site cysteine is highlighted in yellow and shown in stick
representation. All known E2s possess a ~150 amino acid core sequence which folds in
the conserved structure shown above. Some E2s have extensions at their N- and Ctermini which may allow for dimerization. The β-sheet region has the ability to weakly
bind monoubiquitin in a non-covalent manner.
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i. RING. E3s containing RING domains are the most abundant type of E3 in
eukaryotes. The RING domain is a 40-70 amino acid sequence containing eight
conserved cysteines and/or histidines (CX2CXnCX1-3C/HX2-3C/HX2CXnC), where X is any
amino acid), which coordinate two zinc ions in a three-dimensional cross-brace structure
[104-107]. The NCBI Database contains approximately 250 RING E3s of the
designation “RNF” (RING finger) [108], but at least 50 other RING E3s without this
designation have been identified. RING E3s can be classified according to their ability to
function as a single protein or within a complex [109]. The single protein RINGs are
described in detail in Chapter 3, although a subset of these RINGs will be described
briefly here. Certain single protein RINGs can be further classified as tripartite motifs
(TRIM) due to the presence of a RING domain, B-box (binds zinc), and a coiled-coil
region [110]. The function of the B-box is not known, however the coiled-coil domain is
proposed to allow homodimerization [110, 111]. Recent work with TRIM21/Ro52
(RNF81) found that the linker in between the RING and B-box domains harbors an
epitope found in Sjogren syndrome [112]. Indeed, the TRIM family seems to have a role
in immunity, as some TRIMs were found to inhibit cellular infection by certain
retroviruses [113].
RING-E3s can also exist as multiprotein complexes, such as SCF (Skp, Cullin, Fbox). The small RING Rbx1 (and its homologs) is non-covalently bound to the
scaffolding protein cullin. The cullin complex also binds to the adaptor protein Skp that
recruits an F-box [114] (Figure 1-5B). The Rbx1 will recruit the E2, and substrate
recognition is mediated through the F-box. For this reason, it is likely that few RINGs
exist for the SCF complex since the numerous F-box proteins can be interchanged,
which allows selection of modified substrates for ubiquitination [115]. For example,
when the substrate hypoxia-inducible factor α (HIFα) is hydroxylated under conditions of
normoxia, it is recognized by a SCF complex containing the F-box-like protein pVHL
(von Hippel Lindau tumor suppressor protein), which targets it for degradation [116].
Recent evidence suggests that F-box proteins can also function on their own, out of
context of the SCF complex, although this function is not well determined [117].
ii. HECT. E3s which have ~350 amino acids homologous to the E6-associated
protein C-terminus (HECT) can be classified as HECT domains. E6-associated protein
(E6-AP) is a protein which binds to E6, a gene product of some papilloma viruses. The
E6:E6-AP complex binds to the tumor suppressor p53 to mediate p53 ubiquitination and
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degradation [118]. Mutations in E6-AP have been implicated in the neurological disease
Angelman syndrome [119]. The N-termini of HECT proteins tend to vary in sequence,
thus it is assumed that the substrate binding site is located there [120]. Two studies
identified that the related E2s UbcH5 (later termed UbcH5A) and Ubc4 were able to pair
with E6-AP and mediate degradation of the tumor suppressor p53 [121, 122]. The
HECT domain is a unique E3 catalytic domain in that a conserved cysteine forms a
thiolester intermediate with ubiquitin prior to attachment of ubiquitin onto the substrate
[123]. Polyubiquitin chains of K29 or K48 linkage can be synthesized on the HECT
domain active site cysteine or as an unanchored species. The specificity for this
distinction appears to result from a conserved region in the N-terminus of the HECT
domain [124].
iii. U-box. The U-box domain E3s contain a conserved sequence (U-box) of
about 70 amino acids which adopts a three-dimensional conformation like the RING
domain, but lacks zinc-coordinating sites [125] (Figure 1-5). Two well-described U-box
domain E3s are the yeast Ufd2 (ubiquitin fusion degradation) and the human CHIP (Cterminal Hsc70-interacting protein). Ufd2 was first identified as an E4, as it was shown
to aid in chain elongation in the presence of an E3 [2]. However, Ufd2 is also able to
mediate synthesis of polyubiquitin chains without other E3s, albeit not just K48-linked,
indicating that U-box containing proteins could be classified as E3s [125]. CHIP, a
human U-box E3, is able to pair with Ubc4 or UbcH5 to mediate ubiquitination of a
synthetic substrate in vitro, but CHIP can also associate with other E3s, indicating it
might have an E4-like chaperone function [126].
H. Functions of E4s
A family of proteins classified as E4s are involved in promoting efficient
polyubiquitin chain synthesis by acting as scaffolding proteins and binding to the
polyubiquitin chain [127]. Some human E3s and other proteins have been characterized
as having E4 functions. For example, the yeast Ufd2, described in the previous section
as a U-box E3, can also function as an E4. Ufd2 is not essential under normal growth
conditions, but mutant Ufd2 cells are highly sensitive to stress [2]. Recently, gp78, a
CUE-domain-containing RING E3, demonstrated E4-like activity by assisting an E3 with
ubiquitination of the mutated chloride channel CFTRΔ508 found in cystic fibrosis [128].
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Figure 1-5

A.

B.

Figure 1-5: Three-dimensional structures of E3s. A. Examples of RING, U-box, and
HECT E3s in complex with cognate E2s. Left to right: the RING domain cCbl (dark
blue) binds two zinc atoms (gray) and is shown in complex with the E2 UbcH7
(turquoise) and substrate ZAP-70 peptide (orange); the U-box CHIP (dark blue and red)
is shown as a heterodimer, in complex with cognate E2, Ubc13 (turquoise); the HECT
E6-AP (dark blue) is shown in complex with its cognate E2 UbcH7 (turquoise). The
active site cysteine of each E2 is depicted by the green sphere. This figure is taken
from Dye and Schulman 2007, Annu. Rev. Biophys. Biomol. Struct. 36, 131-150. B.
The Cul1-Rbx1-Skp1-F-boxSkp2 E3 is an example of a multi-protein complex E3. This
structure is a partial complex. The RING Rbx1 is non-covalently bound to Cullin
(scaffold). The cullin complex binds the adaptor protein Skp that recruits an F-box. The
Rbx1 will recruit the E2, and substrate recognition is mediated through the F-box. This
figure is taken from Zheng 2002, Nature 416, 703-709.
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The role of E4s is still not entirely understood, but it seems likely that these enzymes will
all have a ubiquitin binding domain (UBD, discussed in Section M) within their
sequences due to their ability to bind polyubiquitin chains. Further study of the E4s may
elucidate subclasses of these enzymes as well as identification of novel UBDs.
I. Proteasome
The 26S proteasome is a multi-protein protease complex found in all eukaryotes.
The complex consists of a cylindrical core (20S, core particle-CP) and the potential for
two 19S regulatory particles (RP) placed as a single 19S cap on either end. Figure 1-6
shows a detailed schematic of this complex, and was taken from Hirano et al 2005. The
20S core is composed of two outer rings of seven α subunits and two inner rings of
seven β subunits (αββα), which form a cylindrical-shaped complex that has a pore in the
center [129]. A similar 20S proteasome is found in bacteria, but lacks the RP caps [3].
Of the seven β subunits that compose each of the two center rings, three are
catalytically active, and contain tryptic (basic), chymotryptic (hydrophobic), and
peptidylglutamyl-peptide hydrolytic (acidic) proteases [130]. When the 19S RP is not
associated with the 20S CP (αββα stack), the N-termini of the α subunits are oriented to
cover the pore acting as a gate to prevent unregulated proteolysis. When the 19S cap
associates with the 20S core, the N-termini change in conformation so that the pore is
open [130]. Thus, proteolysis is regulated by harboring the active sites within the pore,
and keeping the pore blocked until the RP associates with the CP to allow regulated
proteolysis [130].
The RP that associates with the CP to regulate protein turnover is generally the
19S, also known as protease activator 700 (PA700) [131]. The diameter of the CP pore
is about 13 Å, indicating that a protein in its tertiary form could not fit through [3]. Thus,
functions of the 19S cap include: to recruit the polyubiquitinated substrate, to
deubiquitinate the substrate, and to unfold the substrate so it can be threaded through
the pore [132]. The cap is composed of two types of subunits, subdividing it into two
parts: the base and the lid. The base associates directly with outside α ring of the 20S
CP, and the lid associates with the base. One subunit, called Rpn10/S5a
(yeast/humans), is responsible for connecting the base and the lid [133]. The base is
composed mainly of AAA ATPase subunits, which presumably function to unfold a
protein, allowing it to be threaded through the pore of the CP. Additionally, the
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Rpn10/S5a subunit recognizes and binds to polyubiquitin chains [134-136]. The
functions of the lid subunits are largely unknown, although evidence for a
deubiquitinating function for one subunit (Rpn11) has been demonstrated [137, 138].
Other RPs can also associate with the 20S CP to activate it. An example is
protease activator 28 (PA28), which associates with the 20S CP to generate peptides for
antigen presentation. Interestingly, this RP does not contain AAA ATPase subunits [3].
Thus it appears the proteasome can adapt by changing RPs for different cellular
functions, as the PA28 causes a different quality of peptide to be generated [139].
As is generally the case, there are exceptions to the rules. Although it seems
virtually all proteins degraded by the 26S proteasome require a polyubiquitin chain to
determine this fate, there is one well-documented exception. It has been known for
years that ornithine decarboxylase (ODC) is degraded by the 26S proteasome
independently of a polyubiquitin chain modification [140]. This phenomenon contradicts
the regulation and specificity that is conferred by the ubiquitin proteasome system and
also the accepted model that a substrate protein targeted with a polyubiquitin chain
(usually linked at K48) will be targeted for destruction by the proteasome. In the case of
ODC, however, it appears that ODC binds to a protein called antizyme (Az), which
causes a conformational change in ODC, allowing it to be recognized for destruction
[141].
J. Deubiquitinating enzymes (DUBs)
Deubiquitinating enzymes (DUBs) are present in the cell to remove the ubiquitin
chain on a substrate before it is unfolded and threaded through the proteasome. A
distinct DUB is present as a subunit of the 19S regulatory particle in the 26S proteasome
to facilitate deubiquitination (see below). While the recycling of ubiquitin probably serves
to save the cell time and energy in expression of new ubiquitin, it was also shown that
the stability of ubiquitin impedes the unfolding, thus reducing the efficiency of the
proteasome [3]. The key to this process, though, is timing, as early detachment of the
polyubiquitination signal from the substrate will allow the substrate to escape
degradation. It is only when the unfolded substrate has begun to be threaded through
the CP that Rpn11, the DUB subunit of the 19S cap, will be able to cleave the initial
ubiquitin off the unfolded substrate, which releases the entire chain [3].
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Figure 1-6

Figure 1-6: The 26S proteasome is a multiprotein complex in eukaryotes and consists of
a 20S cylindrical core particle (CP), and can be capped on both ends with a 19S regulatory
particle (RP). On the left is an electron micrograph representation of the 26S, with a
protein (red) being recognized (gray polyubiquitin chain), unfolded and threaded through
the pore of the 20S core. On the right, a schematic of all the subunits is depicted,
illustrating the active β subunits in the 20S CP, shown in red, and the Rpn10 subunit (gray),
which holds together the base and the lid of the 19S RP. This figure is taken from
Hirano et al. 2005 Methods in Enzymology 399 227-240.
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More than 30 DUBs have been identified in the human genome [142]. These
enzymes can be classified into four families: Ub C-terminal hydrolase (UCH), Ubspecific processing protease (UBP), ovarian tumor domain Ub-aldehyde-binding protein
(Otubain), and Jab1/Pad1/MPN-domain metallo-enzyme (JAMM) [143]. The UCH
enzymes are conserved in their amino acid sequence, which includes the catalytic triad
of cysteine, histidine, and aspartate, which allow cleavage of ubiquitin from its cotranslational proteins (i.e. ribosomal subunits) by cleavage at the C-terminus of ubiquitin
[143]. A crystal structure of the UCH-L3 showed that it has a three-dimensional fold
similar to papain-like cysteine proteases [144]. UBPs have a conserved core domain of
sequence although their N-termini can vary, which allows recognition of different
ubiquitin linkages and thus differing catalytic efficiencies [145]. UBPs contain two
catalytic residues, cysteine and histidine, which are often interrupted by amino acid
insertions [143]. UBPs, such as isopeptidase T [146], cleave ubiquitin fusion proteins
after translation, but can also cleave a ubiquitin chain off a substrate and then extract
each individual ubiquitin from the free chain [143]. Members of the otubain class also
contain the cysteine, histidine, and aspartate triad, classifying them as cysteine
proteases. Most otubain enzymes will cleave isopeptide bonds, which allows extraction
of individual ubiquitins from a chain [143]. The Rpn11 subunit of the 26S proteasome,
which was described in the preceding section as having DUB activity can be classified in
the JAMM family of DUBs. Rpn11 is unique in that it contains an MPN (Mpr1/Pad1/Nterminal) domain, which is proposed to be responsible for its DUB activity.
K. Polyubiquitin chain formation
Some of the E2-E3 pairs involved in synthesizing ubiquitin chains of certain
lysine linkages have been deciphered. However, the mechanism of ubiquitin addition to
the substrate is still not fully known, and might differ depending on the particular E2-E3
pair [147].
It is well-known that a polyubiquitin chain linked by the C-terminus G76 of
ubiquitin to the K48 residue of the subsequent ubiquitin targets a substrate protein for
degradation by the proteasome [17, 18]. A study was performed with the plant Nicotiana
tabacum, in which the K48R version of ubiquitin was overexpressed in the plant.
UbK48R is a dominant negative form of ubiquitin in that it can form a thiolester bond with
E1 and E2, but cannot be used for synthesis of K48-linked chains. The mutant ubiquitin
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caused a phenotype of abnormal vascular tissue and leaf development, indicating that
lack of Ub K48 induced cell death [148].
Studies with K48-linked polyubiquitin chains have found that the hydrophobic
surface of ubiquitin (L8/I44/V70) makes a continuous surface, which is what presumably
allows its recognition by the 26S proteasome [149-151]. L8 ubiquitin mutants disrupted
this association, demonstrating that this hydrophobic signal allows discrimination of the
K48-linked chain [152]. Structural studies have found that the hydrophobic surface must
be in the “open conformation” for the hydrophobic surface to be exposed (“closed” buries
it) (Figure 1-2B), allowing recognition by ubiquitin binding domains (UBDs)(discussed in
Section M) [153]. The hydrophobic region, particularly I44, is important in binding UBDs,
however D58 of ubiquitin has emerged as an alternate binding surface in some cases
[154].
Linkage of ubiquitin chains with the other six lysines of ubiquitin have been
reported in vitro [155]. Functions for some of these alternate linkages have been
elucidated. For example, MHC class I molecules tagged with a K63-linked polyubiquitin
chain targets them for internalization by the endosome and subsequent degradation by
the lysosome [156], however K63-linked chains on other substrates can determine
different fates [157]. Interestingly, the structure of a Ub2 linked at K63 showed an
extended conformation (compared to K48 linkage), indicating that chain topology
changes with lysine linkage [158]. The synthesis of K6-linked chains by the
BRCA1/BARD heterodimer E3 [159], and unanchored K29 chains synthesized by
UbcH5A and an unnamed E3 have also been reported [160]. Curiously, reversible
cyclization of Ub3 was demonstrated, although the function is unknown [161]. In vitro
ubiquitination experiments have shown that UbcH5, pairing with certain E3s, can form
ubiquitin conjugates of heterogeneous lysine linkages, including attachment of two
ubiquitins onto one preceding, forming a forked conjugate, which renders these
conjugates unrecognizable by the proteasome [162]. A recent proteomics study in yeast
found that ubiquitin was attached to proteins via all seven of its lysines, indicating that
polyubiquitin chains may be diverse and heterogeneous in vivo [163].
L. Ubiquitin-like protein modifiers
A group of protein modifiers in eukaryotes have been classified as ubiquitin-like
proteins (UbL) due to sequence, structural, and/or functional similarity to ubiquitin. Most
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importantly, though, each of these proteins is presumed to be activated by an E1-like
enzyme. To date, the list includes: small ubiquitin modifier (SUMO, called Smt3p in
yeast), neuronal precursor cell-expressed developmentally downregulated protein 8
(Nedd8 – called related to ubiquitin (RUB) in yeast), ubiquitin D (Fat10), ubiquitin crossreacting protein/interferon stimulating gene 15 kDa (UCRP/ISG15), homologous to
ubiquitin 1 protein (Hub1p), autophagy related proteins 8 and 12 (Apg8, Apg12),
ubiquitin-fold modifier (Ufm1), ubiquitin-related modifier (Urm1), and monoclonal
nonspecific suppressor factor-beta (MNSF-β). Those UbLs with a known threedimensional structure are shown in Figure 1-7. While some of these UbLs have yeast
counterparts, others appear to have evolved later, and are only present in mammals
[164]. Additionally, unlike ubiquitin, the UbLs Apg12, Urm1, and Fat10 are not
synthesized as poly-proteins and therefore do not require proteolytic processing after
translation [165]. Compared to the other UbLs, ubiquitin interacts with by far the most
enzymes and has the most targets and functions characterized. However, quite a bit is
known about SUMO and Nedd8, while the rest are not as well-characterized.
In mammals, SUMO is a family of three proteins named SUMO-1-3, while in
yeast, one homolog called Smt3p exists. SUMO resembles the “ubiquitin fold,” but is
unique from ubiquitin in that it contains an N-terminal extension that appears to be nonessential for its function [166]. Like ubiquitin, SUMO has specific isopeptidases which
carry out SUMO maturation after biosynthesis or SUMO cleavage from a substrate [166].
The SUMO family of proteins is present in the nucleus, conjugated onto nuclear proteins
to modify their function or location [166]. However, SUMO is also thought to be a
competitive inhibitor of sorts, becoming conjugated to certain substrate lysines,
preventing the substrate from being ubiquitinated and degraded [166]. SUMO is
activated via a heterodimeric E1 called Sae1-Sae2, which is described in Section E.
Ubc9 is the only SUMO-1-specific E2, which not surprisingly has the same threedimensional fold of ubiquitin E2s [167]. During transfer of SUMO E1 to Ubc9, the E1
binds to the same area of the E2 (Ubc9) as occurs during an E1-E2 ubiquitin transfer
suggesting that most aspects of the UbL enzymatic cascade are conserved [168]. To
further substantiate this statement, it has been reported that SUMO can associate noncovalently with Ubc9 in the E2 β-sheet region [169, 170], which is analogous to the
reported ubiquitin binding site on UbcH5 and Ubc2b [99, 100]. Ubc9 is able to recognize
SUMO’s substrates via an amino acid motif of [I/V/L]-K-X-[D/E] [166, 171]. Generally,
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this motif enables prediction of a potential lysine site of SUMOylation [166]. However,
this consensus site is not always accurate, as E2-25K is SUMOylated on lysine 14,
which is not within the predictable consensus site [172]. This suggests that secondary
structure may determine SUMOylation [172]. A well-reported substrate of SUMOylation
is the Ran GTPase-activating protein RanGAP1, in which the SUMOylated form allows
RanGAP1 to change locales from the cytosol to the nuclear pore complex [165, 173175]. While the modification of RanGAP1 is by one SUMO, in vitro work has shown that
it is possible to synthesize a SUMO chain on the substrate promyelocytic leukemia
protein (PML), however the significance of the chain is currently unknown [176, 177].
Although Ubc9 is capable of identifying substrates, the SUMO pathway does contain a
set of E3s which have been subclassified based on conserved motifs [178]. Very
recently, a ubiquitin RING-E3 called RNF4 was shown to be capable of ubiquitinating a
SUMOylated substrate, which targeted the substrate for degradation [179]. Of all the
UbLs, SUMO is the only one known to have SUMO-binding motifs (SBM), analogous to
the UBDs, albeit much smaller in sequence [180].
Nedd8 is another well-characterized UbL, which also resembles the threedimensional “ubiquitin fold” [181]. The best-known targets of Nedd8 are the cullins,
which are part of the Skp1-Cdc53/Cul1-F-box (SCF) complexes (cullins are mammalian
orthologs of Cdc53) [182]. In fact, inhibition of neddylation disrupts the function of SCF
complexes in mammalian cells [182] and Arabidopsis cells [183]. Like SUMO, Nedd8 is
also activated by a heterodimeric E1 (AppBp1-Uba3) and is only known to be conjugated
by one E2 (Ubc12, in yeast). Ubc12 is unique from other E2s because it harbors an Nterminal sequence, grouping it as a class III E2. A recent crystal structure revealed that
residues in the Uba3 part of the E1 heterodimer are responsible for contacting Ubc12,
thus generating specificity between the E1-E2 interaction [62]. It appears that just one
Nedd8 amino acid, alanine 72 (which is arginine in ubiquitin) is the residue that prevents
Nedd8 from being activated and conjugated by the ubiquitin enzymes [181].
Surprisingly, Nedd8 conjugates can be targeted to the proteasome independently of
ubiquitin by the actions of a protein called Nedd8 ultimate buster-1 (NUB1), which has
been shown to bind to the S5a subunit of the 19S cap with its ubiquitin-like fold domain
[184].
ISG15 has a di-ubiquitin three-dimensional structure (Figure 1-7) and was the
first UbL to be identified, although its actions are not as well-characterized as SUMO and
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Nedd8. ISG15 and its E1 (UBE1L) are upregulated in response to IFN α/β [171, 185,
186]. In addition, ISG15 is conjugated by UbcH8, which is also a ubiquitin E2 [187].
Since ISG15 is only expressed at low levels in the absence of interferon stimulation, it is
likely that ISG15 lacks a discriminating residue that allows UbcH8 to recognize both
ISG15 and ubiquitin [171]. Ubc13 is a reported target of ISG15. ISG15 conjugation onto
K92 of Ubc13 prevents the E2 from forming a thiolester bond with ubiquitin [188].
Additionally, the yeast HECT-E3 Rsp5p functions with UbcH8, and was able to mediate
ISGylation onto a substrate in vitro [187].
Like ISG15, Fat10 also has a di-ubiquitin structure, and is encoded in the MHC
class I chromosomal region [189]. Interestingly, the newly-identified E1 for ubiquitin
called Ube1-L2/Uba6 also activates Fat10 [57]. Consequently, this is another case in
which the ubiquitin and UbL pathways share common enzymes, and it may be that there
is a discriminatory sequence(s) that enables Ube1-L2/Uba6 to activate ubiquitin and
Fat10, but not other UbLs. It has been reported that a Fat10 fused to the long-lived
green fluorescent protein is sufficient to target the protein for degradation by the
proteasome, indicating that Fat10 may serve as a ubiquitin-independent signal for
degradation [190]. Although the functions of Fat10 conjugation are not entirely
understood, Fat10 may play a role in cell cycle regulation, as it can associate with cell
cycle checkpoint proteins, and Fat10 has been reported to be upregulated in certain
cancers [191, 192]. Interestingly, p53 appears to negatively regulate FAT10 expression,
thus cells lacking p53 show dysregulated FAT10 expression [193].
The UbLs Apg12p and Apg8p are involved in formation of autophagosomes in
the cell, thus promoting autophagy [171], a starvation situation in which cells engulf their
own organelles and cytoplasm in order to recycle nutrients. These UbLs share the same
E1, which is called Apg7p. However, Apg12p and Apg8p each have a distinct E2
(Apg10p and Apg3p, respectively) [194]. In yeast, Agp12p was found conjugated to
another autophagy protein called Apg5p [195]. Other targets have not been described,
but it is reasonable to assume they would all be proteins involved in autophagosome
formation.
Limited information exists that describes the enzymes or targets of the other
identified UbLs (Hub1p, Urm1, Ufm1, and MNSF-β). The E1 for Urm1 is Uba4, but no
E2s or targets have been identified, to date [195]. Hub1p was found to modify proteins
involved in cell polarization [194]. Interestingly, Hub1p contains two terminal tyrosines
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Figure 1-7

Figure 1-7: Structures of Ubiquitin and UbLs. The structures of ubiquitin, Nedd8,
and MoaD were solved by x-ray crystallography. The structures of SUMO-1, ISG15, and
Ub-Ub were solved by NMR. Structures of ubiquitin (a), SUMO-1 (b), and Nedd8 (c) all
possess a similar three-dimensional fold. ISG15 (d) resembles two ubiquitins in tandem.
MoaD (e) is a bacterial protein that is shown for comparison. Ubiquitin, UbLs, and MoaD
may have evolved from a common ancestor, due to the similarity in their fold. (f) The
structure of a K48-linked ubiquitin dimer is shown. This figure is taken from Dye and
Schulman 2007, Annu. Rev. Biophys. Biomol. Struct. 36, 131-150.
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and then a variable amino acid, which makes it different from the characteristic double
glycine sequence at the ubiquitin and other UbL C-termini [165]. Evidence exists to
support this difference may indicate that Hub1p associates with target proteins noncovalently [196]. The unifying theme for UbLs is that, like ubiquitin, they are activated
and conjugated by enzymes onto target proteins. This potentially modifies the cellular
function or location of the protein.
M. Ubiquitin Binding Domains
The most recent review on ubiquitin binding domains (UBD) identifies sixteen
domains that have been reported to associate non-covalently with ubiquitin: UBA
(ubiquitin-associated), UIM (ubiquitin interacting motif), MIU (motif interacting with
ubiquitin), DUIM (double-sided UIM), CUE (coupling of ubiquitin to ER degradation),
GAT (GGA and TOM), NZF (Npl4 Zn-F), A20 ZnF (A20 zinc finger), UBZ (ubiquitinbinding ZnF), Ubc (ubiquitin conjugating enzyme), UEV (Ubc E2 variant), UBM
(ubiquitin-binding motif), GLUE (GRAM-like ubiquitin binding in ELL-associated protein
45), Jab1/MPN (Jab1/Mpr/Pad1/N-terminal), and PFU (PLAA family ubiquitin binding)
[197]. Figure 1-8 shows the three-dimensional structures of UBDs that have been
solved by NMR or x-ray diffraction.
In 1996, a ~40 amino acid sequence motif, named the ubiquitin-associated (UBA)
domain, was identified and found to be present in many proteins in the ubiquitination
pathway from yeast to humans [198, 199]. As I will describe below, generally the UBA
domain is involved in binding polyubiquitin chains although it can function to allow
homodimerization of proteins [200]. The solution structures of the UBA1 and UBA2
domains of the DNA repair protein HHR23A, the human homolog of yeast Rad23,
showed that both UBA domains of dissimilar sequence have a conserved threedimensional structure of 3 α-helices and a conserved hydrophobic surface [201].
Studies using surface plasmon resonance (SPR) found that each UBA domain
preferentially binds to K48-linked polyubiquitin chains of 4-6 moieties, in a stoichiometry
of 1:1 (1 UBA domain: 1 chain), and at a weak affinity in the low µM range [202, 203].
Further work showed that the “open conformation” structure (the packing together of
ubiquitin to bring a continuous hydrophobic surface of L8/I44/V70) of Ub2 or Ub4 is
necessary for interaction with a UBA domain [204] (Figure 1-2B). In addition to the dual
UBA domains, HHR23A/Rad23 also has a UbL domain, which has been shown to bind
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the S5a/Rpn10 unit of the 19S proteasome [202]. While it seems that this would allow
HHR23A/Rad23 to simultaneously bind a polyubiquitinated substrate with its UBA
domain(s) and the proteasome with its UbL domain to target substrates for degradation,
the opposite scenario occurs: HHR23A/Rad23 actually seems to sequester
polyubiquitinated substrates and/or inhibit the chain synthesis [203, 205]. A recent study
of the protein Ubiquilin-1, which also contains both a UbL and UBA domain, found that
its UBA domain could bind both K48 and K63-linked polyubiquitin chains with equal
affinity [206]. It is clear that UBA domains are quite complex, and likely can bind other
ubiquitin linkages not yet tested.
The UIM has a three-dimensional structure of one alpha-helix consisting of the
sequence: ΦXXAXXXSXXAc (Φ= hydrophobic, Ac=acidic), in which the conserved
alanine makes contact with ubiquitin’s hydrophobic surface at I44 [197, 207]. The UIM
can bind both monoubiquitin [208] and polyubiquitin chains of varying length [209]. A
UIM transplanted from its native protein into a protein that normally lacks a UIM
promotes its polyubiquitination, but fails to undergo proteolysis [209]. In the case of the
ubiquitin-binding proteasomal subunit S5a/Rpn10 (human/yeast), two UIMs are present
in tandem, and participate in polyubiquitin chain recognition [210]. A variation of the UIM
UBD is the DUIM, named for the reason that it can simultaneously bind two ubiquitin
molecules. The DUIM was identified in Hrs (hepatocyte growth factor-related tyrosine
kinase substrate), as the crystal structure of Hrs in complex with ubiquitin found that its
UBD, previously classified as a UIM, was capable of binding two ubiquitins
simultaneously via the hydrophobic I44 patch leading the authors to propose reclassifying this UBD as a DUIM [211]. Another variation of the UIM UBD created
another new class termed MIU, which is essentially the reverse of the UIM: its one
alpha-helix structure has the N- and C-termini in the reverse positions compared to UIM
[212, 213]. MIU is sometimes also referred to as IUIM (inverted UIM).
The GAT (GGA [Golgi-localized, gamma-ear-containing, ADP-ribosylation factor
binding protein] And TOM [target of Myb]) domain has been identified in GGA proteins
that function to sort ubiquitinated proteins at the trans-Golgi network to endosomes [214,
215]. The GAT domain is a three-helix bundle [197] that binds the I44 hydrophobic
patch of monoubiquitin [214, 215]. Crystal structures of human GGA3 or Tom1 in
complex with ubiquitin revealed that GAT and ubiquitin bind in a 1:1 stoichiometry via the
I44 hydrophobic patch [216-218]. Oddly, the GAT domains of the yeast Vps27/Hse1
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complex do not have affinity for ubiquitin, but rather act as a scaffold in the endosomal
sorting pathway [219].
The Cue1p protein was first described in yeast as a protein that could recruit the
E2 Ubc7p to the ER membrane [82]. Subsequently, the yeast vacuolar protein sorting 9
protein (Vps9p) was shown to have sequence homology with Cue1p, and that the
domain (named CUE) could bind monoubiquitin [220]. When the invariant proline of the
CUE domain is preceded by a phenylalanine, leucine, or methionine, then that sequence
binds the I44 hydrophobic patch of ubiquitin with a higher affinity [220]. Cue1p does not
have any of these hydrophobic residues preceding the proline, which likely only allows
weak binding to monoubiquitin and K48-linked polyubiquitin chains [197]. In a recent
report, the CUE domain of the mammalian E3 gp78/AMFR was found to bind the
polyubiquitinated substrate CFTRΔF508, acting as an E4 by assisting in further
polyubiquitin chain synthesis [128].
Three of the UBDs can be grouped as ZnF, since they bind one zinc atom: NZF,
A20 ZnF, and ZnF UBP. NZF (Npl4 Zn-F), which is present in Npl4 of the Ufd1-Npl4
heterodimer and other proteins, is a zinc-binding motif which can bind mono- or
polyubiquitin chains by interacting with the I44 hydrophobic surface of ubiquitin [221].
Npl4 acts like a chaperone, linking the ubiquitinated substrate to the p97/Cdc48 AAA
ATPase [221]. Structural studies of the NZF domain of Npl4 showed that the zinccoordination site (CTFΦC) likely contains the minimal residues needed to contact
ubiquitin’s I44 [222]. In fact, the TFΦ sequence can be replaced in non-ubiquitin NZF
domains, and provide a gain-of-function [222]. The A20 ZnF domain is able to bind
ubiquitin on its D58 residue, which is an alternate site of ubiquitin binding [197]. Two
examples of proteins with the A20 ZnF domain are A20 and Rabex-5 (a mammalian
guanine nucleotide exchange factor), which uniquely possess both ligase and
deubiquitinating activities [223, 224]. The UBP ZnF domain was identified in mammalian
histone deacetylase 6 (mHDAC6) and found to bind both mono- and polyubiquitin [225,
226]. Structural studies of the deubiquitinating enzymes isopeptidase T (IsoT) and UbpM delineated that the C-terminal GG of ubiquitin binds a pocket in the UBP ZnF domain
that is another unique ubiquitin interaction [227].
The other known UBDs are relatively uncharacterized. The zinc-binding UBZ
domain is found in a class of DNA polymerases, and has been shown to bind
monoubiquitin [228]. UBM is a relatively uncharacterized UBD with an invariant leucine-
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proline sequence that is also found in a class of DNA polymerases, and possibly
interacts with ubiquitin on a region other than the hydrophobic I44 patch [228]. The
Jab1/MPN domain also binds ubiquitin via the I44 hydrophobic patch [197], and was
identified in Prp8p, a protein product of the mRNA spliceosome complex [229]. The PFU
was identified in the yeast protein Doa1 and is known to bind mono- and polyubiquitin
[230]. The GLUE domain is helical in structure, binds monoubiquitin, and is involved in
protein sorting in the endosomal pathway [231].
The remaining UBDs are Ubc and UEV. Each domain binds to monoubiquitin via
the I44 hydrophobic patch with a weak affinity. This non-covalent association is
described in more detail in Section F of this chapter, and the discussion section of
Chapter 5.
N. Endoplasmic Reticulum-Associated Degradation (ERAD)
ERAD is a pathway for eukaryotic cells to ensure that correctly folded and
assembled proteins exit the endoplasmic reticulum (ER). Examples of ERAD substrates
include misfolded proteins, orphan subunits of larger protein complexes, or proteins
above physiological levels. Originally, it was believed that proteases within the ER
would degrade proteins. However, it is now known that substrates within the ER are
retrotranslocated into the cytosol for destruction by the 26S proteasome [232]. Yeast
have been used extensively to study ERAD since gene deletion experiments have been
valuable in discerning phenotypes in the absence of certain E2s or E3s. In this manner,
mammalian homologs have been identified by sequence comparison, and work in
mammalian cells has demonstrated that homologous E2-E3-substrate pairings exist.
Presently, three E2s (Ubc6p, Ubc7p, and Ubc1p) and two RING E3s
(degradation of alpha 10 (Doa10) and HMG CoA reductase degradation 1 protein
(Hrd1p)) have been implicated in yeast ERAD [233]. Ubc6p is a stable ER-membranebound E2 that contains a transferable degron in its membrane tail, and can be
ubiquitinated for degradation by itself or Ubc7p [234]. Ubc7p is a cytosolic E2 which is
recruited to the ER membrane by a membrane-bound ER protein called Cue1p [82]. It is
thought that the Ubc6p/Ubc7p pair recognizes cytosolic substrates based on a 16 amino
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Figure 1-8

Figure 1-8: Ubiquitin binding domains. The structures of certain UBDs were solved
by NMR or x-ray diffraction (MIU, DUIM, Vps9-CUE, and GAT were solved by x-ray
diffraction. UIM, Cue2-CUE, and UBA were solved by NMR). The UBDs (blue ribbon
representation) are shown in complex with ubiquitin (yellow ribbon and surface
representation). I44 of ubiquitin, which is the core of the hydrophobic surface, is
depicted by green spheres. Ubiquitin’s hydrophobic surface interacts non-covalently
with UBDs. Some UBDs (not shown) are able to interact with D58 of ubiquitin as an
alternate binding surface. The two CUE domains are depicted to illustrate that binding
studies have found the Vps29 CUE domain has a greater affinity for monoubiquitin than
the Cue2 CUE domain. This figure is taken from Hurley et al., 2006 Biochem. J.
399, 361-372.

33
acid signal of hydrophobic and positively charged residues, independently of E3s [235].
Unlike Ubc7p, Ubc1p does not require the presence of Cue1p or Ubc6p to be functional
at the ER membrane. Gene deletion studies showed that Ubc1p can partially substitute
for Ubc7p [236, 237] and their E3 partners have been elucidated. Two of these include
RING E3s (Doa10 and Hrd1p) and the third is a HECT E3 called Rsp5p (Nedd4 in
humans) [238, 239]. Not surprisingly, Doa10 and Hrd1p recognize distinct substrates
but do overlap in their functions, presumably as a backup system for the cell [239].
Three distinct pathways of ERAD have been identified in yeast: ERAD-M, -L,
and -C, which target substrates misfolded in their membrane, luminal, or cytosolic
domains, respectively [239]. Different E3 complexes participate in these pathways.
The yeast E3 Hrd1p participates in turnover of luminal and membrane misfolded
proteins (ERAD-L and ERAD-M). Hrd1p is bound to the ER by 6 transmembranes
(TMs), with the RING domain in the cytosol, and was independently discovered as both
Hrd1p and Der3p [240-243]. Studies of Hrd1p in yeast found that the integrity of the
RING domain, which had an unknown function at the time, was necessary for
ubiquitination of substrates CPY*, Sec61-2p (mutant Sec61), Hmg2p, TCR-α, CD3-δ,
and the artificial substrate boiled BSA [237, 242, 244]. Hrd1 may play an important role
in human diseases such as rheumatoid arthritis [245] and Huntington’s disease [246], as
Hrd1 appears to be overexpressed in these conditions, presumably in response to the
accumulation of unfolded proteins. In addition, overexpression of Hrd1 has been
observed in pancreatic cells with misfolded insulin, which indicates Hrd1 likely is
responsible for ubiquitinating insulin [247].
Further yeast studies found that Hrd1p does not function alone, but rather can
pair with certain membrane-bound and ER lumen proteins (Figure 1-9A). For example,
the ER transmembrane protein Hrd3p has a small C-terminus facing the cytosol and a
large N-terminus in the ER lumen which associates with Hrd1p [243]. It appears that
Hrd3p has two roles: to stabilize Hrd1p by associating with it in a 1:1 stoichiometry and
to recognize substrate proteins [243, 248]. Most likely, Hrd3p selects the substrate in
the ER lumen, while Hrd1p binds an AAA ATPase called p97/Cdc48p/VCP in the
cytoplasm to allow protein retrotranslocation from the ER [248]. In the absence of
Hrd3p, WT Hrd1p regulates its activity by mediating its own degradation via
ubiquitination by another Hrd1p [249]. However, if Hrd1p lacks its RING domain or
contains a C399S RING domain mutation, it is no longer dependent on Hrd3p for
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stability [249]. Interestingly, a 13-amino acid insertion in the yeast Hrd1p which is not
present in human Hrd1 may contain a degron, as removal of the loop allows Hrd1p to
remain stable without its binding partner Hrd3p [249]. In addition to Hrd3p, other factors
such as Der1p (Derlin-1 protein), Usa1p, and Yos9p are also proposed binding partners
of the Hrd1p/Hrd3p ligase complex. Usa1p joins together Hrd1p-Hrd3p and Der1p, and
Der1p may be involved in mediating substrate recognition [250]. This association
confers stability to Hrd1p and presumably substrate specificity. The complex can be
further modified by the association of Yos9p with the N-terminus of Hrd3p (ER lumen)
[251]. It has been proposed that Yos9p becomes part of this complex to allow
discrimination of glycoproteins, which in turn allows Hrd1p to become more diverse in its
substrate ubiquitination [251]. In contrast to yeast Hrd1p, human Hrd1 appears to be
quite stable in vivo (t1/2≈15 hours), and an Hrd3p stabilizing homolog has not yet been
identified, although a possible candidate called SEL1 has been proposed as it is
upregulated in response to ER stress [252-254].
The mammalian genome contains two ER-localized homologs of the yeast
Hrd1p: Hrd1 and gp78/AMFR. Human Hrd1 targets many of the same yeast Hrd1p
substrates [249]. gp78 (glycoprotein 78), first described as the autocrine motility factor
receptor (AMFR) [255], targets many of the Hrd1 substrates for degradation [256], thus
gp78 and Hrd1 may have overlapping functions. gp78 contains a CUE domain, which
has been implicated in E2-recruitment and ubiquitin binding, and allows gp78 to function
as an E4 [128]. Recent work with the cytosolic domain of Hrd1p found that Cue1p
greatly enhanced Ubc7p ubiquitination activity both in vitro and in vivo, suggesting that
the function of Cue1p is not restricted to recruitment of Ubc7 to the ER membrane [249].
Thus, gp78 may have evolved from Hrd1p to include a CUE domain allowing it to
function more efficiently [257].
The ERAD-C pathway uses the yeast RING-E3 Doa10, which is alternately
known as Ssm4 [258]. Doa10 was identified as a 14 TM ER-bound RING domaincontaining E3 [259, 260]. Like Hrd1p, Doa10 has protein binding partners, such as the
derlins Der1p and Dfm1 [261]. With an intact RING domain, Doa10 recognizes
substrates with the hydrophobic helix Deg1 signal [7, 259]. The substrate α2 contains
the Deg1 signal and has been shown to be targeted through the Ubc4/Ubc5 or
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Figure 1-9

Figure 1-9: ERAD pathways and players. A. Yeast Doa10 (light blue) and Hrd1 (red)
E3s are involved in distinct ERAD pathways. Protein partners of these E3s are shown in
green, orange, and purple. The misfolded substrates are indicated in black, with the
area of misfolding depicted with a star. B. The homologs of the yeast ERAD enzymes
are listed. This figure was taken from Carvalho et al. 2006, Cell 126, 361-373.
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Ubc6/Ubc7 pathways [262]. Additional Doa10 substrates include: Ndc10-2 (kinetochore
protein in yeast), Msp2-1 (TM protein that tethers the spindle pole body in yeast), human
deiodinase D2, Ubc6p, Pma1-D378N, and Hmg1p [259, 263, 264, 265]. Extraction of
membrane-bound substrates requires the Cdc48-Npl4-Ufd1 ATPase complex, as
creation of an artificial substrate (deg1 fused to ER-bound Vma12), required ATPase
action [263].
The proposed human homolog of yeast Doa10 is TEB4 [260]. This RING E3 is
widely expressed in human tissues, suggesting it has a general role in the cell [266].
The ER-localized TEB4 has 14 TMs with the N- and C-termini both located in the
cytosol, and a conserved region in three of the TMs called the TEB4-Doa10 (TD) domain
[260]. TEB4 is able to mediate its own RING-ubiquitin-proteasome-dependent
degradation but, unlike Hrd1, is not upregulated in response to ER stress [267]. In vitro
analysis has shown that the TEB4 RING domain can mediate K48-linked Ub2 formation,
indicating it likely forms K48-linked polyubiquitin chains in vivo [267].
Hrd1p substrates can be located in the ER lumen or cytosol, while Doa10
substrates are entirely cytosolic [259]. Although each E3 has a distinct set of substrates,
there is some overlap. For example, yeast gene deletion analysis showed that absence
of Shr3, a chaperone for amino acid permeases (AAPs), caused AAPs to aggregate and
be redundantly ubiquitinated by both the Hrd1p and Doa10 E3 complexes [268].
However, Doa10 is able to ubiquitinate a distinct set of substrates due to its ability to
localize to the inner nuclear membrane (INM) along with Ubc6p/Ubc7p and Cue1p
(probably through nucleoporins) [269]. Doa10 does not have any nuclear localization
signals, but rather seems to be transported to the INM due to its TMs, as fusion of the
cytoplasmic domain of Hrd1 to the transmembrane domain of Doa10 permitted the
chimeric protein to pass to the INM [269].
The translocon for ERAD-L substrates to be transported back into the cytosol
from the ER is currently unknown. The Sec61 channel that allows translocation of
proteins into the ER is a candidate although other putative channels are likely to
participate. For example, Hrd1p, Der1p, or Doa10 each have an excessive amount of
TMs for just the function of being anchored to the ER, raising the possibility that these
TMs could form a translocon [239]. Some evidence is available to propose Derlin-1 as a
putative translocon, as it was found in a complex with the substrate class I MHC
molecules [261]. However, Sec61 may allow bi-directional travel of proteins as class I
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MHC molecules and other substrates have been found associated with Sec61 [270,
271]. Transport of the protein back into the cytosol requires polyubiquitination as a
recognition signal, and ATP to drive the energy-dependent reaction [272]. If the
polyubiquitin signal is not sufficient in length, it will not be recognized easily [273] by the
cytosolic ATPase complex Cdc48/p97-Ufd1-Npl4 [274]. The ER-bound Ubx2 contains a
UBX domain [275] that is used to recruit the Cdc48/p97 ATPase part of the Cdc48/p97Ufd1-Npl4 complex to the ER [276]. Figure 1-9A shows a schematic of the Hrd1p and
Doa10 complexes and how the different pathways target distinct substrates. Figure 19B lists yeast and human homologs of these ERAD participants, demonstrating that
further evidence is needed to determine human homologs of yeast proteins.
Viruses such as the human cytomegalovirus (HCMV), the murine γ herpesvirus
68 (γ-HV68), and the Kaposi’s sarcoma-associated herpesvirus can hijack the ERAD
pathway. In the case of HCMV, the virally-encoded US11 protein binds to host cell MHC
class I molecules in the ER, causing their translocation into the cytosol and subsequent
proteasomal degradation [277]. Recently, candidate E2 and E3s were determined that
may be involved in the ubiquitination of the MHC class I molecules [278]. In another
case, the HV genome encodes its own RING E3, called mK3 that is used to mediate
ubiquitination of host cell MHC class I heavy chains [279].
O. Endosomal sorting
A monoubiquitin modification on a protein has the potential to regulate trafficking
of a protein in four different situations: extracellular budding of a virus, internalization of
a protein from outside the cell, sorting to the endosomal pathway, and sorting at the
trans Golgi network, with the latter three following the endosomal pathway, targeting
proteins for destruction by the lysosome [280]. As certain sequence motifs are known to
be recognized by clathrin adaptor proteins (to allow vesicle formation), it is unclear as to
how the ubiquitin signal is recognized [280]. However, the discovery of UBDs suggests
that proteins containing certain UBDs are stationed in the cell to allow shuttling to the
endosomal pathway [281]. In yeast, the primary E3 involved in tagging plasma
membrane proteins with ubiquitin is the HECT E3 Rsp5p, however the consensus
sequence for which Rsp5p selects its substrates is not understood [282]. The human
homolog of Rsp5p, Nedd4 (neuronally expressed developmentally downregulated 4),

38
also ubiquitinates plasma proteins, and a few RING E3s have also been identified as
regulating trafficking of proteins by the endosomal pathway [281].
The study of a monoubiquitinated G-protein coupled receptor being degraded by
the lysosome was the first demonstration of monoubiquitin mediating degradation, albeit
by the lysosome and not the proteasome [282]. In some cases, receptors are
multiubiquitinated, that may allow for faster endocytosis [281]. It is tempting to propose
that receptor-ligand complex degradation occurs by the lysosome, presumably due to
the large size of the complex that may be too much of an energy investment for the 26S
proteasome. Although receptor endocytosis often involves monoubiquitination, this is
not always the case, and the reason for this phenomenon is not known [281].
P. DNA repair and transcription regulation
In the event of DNA damage, the cell has various DNA repair processes that can
be initiated. Although ubiquitination enzymes can target DNA repair proteins for
degradation, modification with ubiquitin or a UbL can also determine a different fate for
the modified protein. For example, in the event of single-stranded gaps or nicks
produced during DNA replication, yeast employ the enzymes of the ubiquitination/UbL
pathway to modify proliferating cell nuclear antigen (PCNA) with monoubiquitin, a K63linked ubiquitin chain, or SUMO [283]. The modified PCNA likely promotes association
of PCNA with translesion synthesis polymerases, allowing DNA repair to proceed [283].
In a different DNA repair process, the DNA damage binding (DDB) protein binds to DNA
lesions and recruits a complex called xeroderma pigmentosum (XPC) for nucleotide
excision repair [284]. Ubiquitination of the DDB protein promotes its degradation,
however ubiquitination of XPC confers an increased affinity of modified XPC for the
damaged DNA, presumably allowing the DNA repair to proceed quickly and efficiently
[284].
As DNA repair is a tightly-regulated process that ensures the integrity of the
genome, transcription of genes is also well-controlled. One role of ubiquitin in the
regulation of gene expression appears to be monoubiquitination of histones. This
process is reversible owing to the actions of DUBs and also has different outcomes
depending on the histone. For example, monoubiquitination of human H2A is a signal
for silencing transcription, whereas monoubiquitination of human H2B can either activate

39
or silence transcription. Furthermore, the monoubiquitination of H2B is a prerequisite for
DNA methylation [285].
Q. Disease states associated with the ubiquitin-proteasome pathway
Mutations in certain enzymes, particularly E3s, can lead to certain phenotypes.
For example, the gene BRCA1 encodes a RING E3 that has been identified as a tumor
suppressor. Mutations within the BRCA1 gene are associated with familial breast
cancer. BRCA1 associates with the RING E3 BARD1 and this heterodimer functions to
regulate the G2-M checkpoint and ensure integrity of the genome [286]. Mutations in the
RING domain prevent BRCA1 from associating with BARD1, inhibiting the complex from
functioning efficiently as a ubiquitin ligase (E3) [287]. BRCA1-BARD1 is known to
monoubiquitinate certain histones and to tag other proteins with K6-linked polyubiquitin
chains, which presumably regulates chromatin remodeling and centrosome proliferation,
respectively [159]. Additional tumor suppressor roles of E3s are presented in the
Discussion section of Chapter 3.
While the deletion or mutation of some E3 genes causes deregulation of the cell
cycle, the opposite effect, upregulation of E3s, can also occur. For example, muscle
atrophy resulting from disuse or disease leads to upregulation of the family of N-end rule
E3s (E3α) and the E2, E2-14K. In addition, the levels of two muscle-specific E3s also
increase dramatically: muscle RING finger 1 (MuRF1) and muscle atrophy F-box
(MAFbx)/Atrogin-1 [288, 289]. MAFbx/Atrogin-1 is a SCF complex E3 in which the F-box
is called atrogin-1, while MuRF1 is a single polypeptide E3. Experiments with mice
lacking these genes found that muscle protein proteolysis was significantly reduced, thus
it seems MuRF1 and MAFbx are the primary E3s involved in skeletal muscle protein
breakdown [289]. Apparently the upregulation of atrogin-1 transcription during muscle
atrophy is mediated by FoxO transcription factors which, in the absence of Akt
activation, remain de-phosphorylated, which is their active state [290].
It is evident that ubiquitin enzymes are an essential part of all cellular processes.
Deregulation of any of these enzymes is bound to have some kind of phenotypic effect.
Thus, it is important to characterize motifs within enzymes that promote protein-protein
or protein-DNA interaction, as inhibiting such interactions in the case of overexpression
would likely be of great advantage.
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R. The ubiquitin field in the future
Clearly, a great deal of work has been accomplished during the past 30 years on
elucidation of enzymes, substrates, and mechanisms of action of these components in
the UPS. Although some fundamental aspects of ubiquitination are understood, some
important processes such as how the ubiquitin chain is synthesized, is still not
completely understood. The recent discovery of a second ubiquitin activating enzyme,
Ube1-L2/Uba6, shattered the assumption that only one E1 is present per ubiquitin/UbL,
per genome. The role of the E4 in ubiquitination is also not entirely clear. If such an
accessory factor(s) is required in most ubiquitation reactions, then perhaps other classes
of enzymes exist to allow efficiency in substrate ubiquitination. The list and functions of
UBDs and UbLs are likely incomplete. As described, UbLs such as SUMO and Nedd8
can modify E2-25K and a SCF E3 complex to alter their functions. It will be interesting
to learn whether other UbL modifications of ubiquitin enzymes exist and whether these
modifications not only alter function but also perhaps alter the subcellular location of
these enzymes. Thus, it is inevitable that new discoveries in the future will challenge
long-held hypotheses.

S. Purpose of the thesis
The current chapter has summarized the known and unknown factors of
ubiquitination. This thesis examines two unknown processes: E2-E3 pairing and
mediation of ubiquitin transfer from the E2 onto the lysine 48 (K48) side chain of a
substrate ubiquitin. Chapter 3 will describe a RING screen in which three E2s were
tested for their ability to be activated by RING domains. This analysis allowed
identification of novel E2-RING pairs, and assessment of residues within the RING
sequence that could discriminate among E2s. Chapter 4 describes an analysis of the
interface of the gp78RING-Ubc7 fusion crystal structure and how the interface compares
to other known published structures. Chapter 5 examines the mediation of ubiquitin
transfer from the E2 Ubc7 and how certain Ubc7 mutants are dependent on pH for
activity, leading to the conclusion that at least two specific residues are involved in
deprotonating the substrate lysine for efficient ubiquitin conjugation.

Chapter 2
Materials and Methods
A. PCR of RING domains: RING domain-containing ubiquitin ligase (E3) clones were
obtained from American Type Culture Collection (ATCC) as Mammalian Gene Collection
(MGC) or Integrated Molecular Analysis of Genomes and their Expression (IMAGE)
Expressed Sequence Tags (EST) clones. The E3s TRAF2 and TRAF3 were gifts from
Dr. Sun of the Pennsylvania State University College of Medicine (Hershey, PA). 5’ and
3’ PCR primers were designed to clone the RING domain (115 to 150 nucleotides) and
approximately 45 native flanking nucleotides. The purpose of including this sequence
was to ensure proper folding of the translated RING polypeptide into a three-dimensional
structure as seen with the c-Cbl RING [86]. The 5’ and 3’ primer sequences encoded a
BamHI and an EcoRI restriction site, respectively. These restriction sites were chosen
since they are not internally present in most of the RING sequences and they are part of
the multiple cloning site of the pGEX-4T1 plasmid which was used as a vector. In some
cases, where either BamHI or EcoRI was present internally, alternate restriction sites
such as NotI or XhoI were utilized. The PCR strategy is depicted in Figure 2-1. PCR
was performed on a Peltier Thermal Cycler 200 (MJ Research) under the following
conditions: 1. Initial denaturation 95 degrees Celsius, 45 seconds. 2. Denaturation 95
degrees Celsius, 45 seconds. 3. Annealing 55 degrees Celsius, 45 seconds. 4.
Extension 72 degrees Celsius, 2 minutes + 2 sec/cycle. 5. Go to steps 2-5, 30 cycles.
6. Final extension 72 degrees Celsius, 10 minutes. 7. End. The reaction mixture
contained: 5 µl of 10X Pfu polymerase reaction buffer, 0.4 µl of 25 mM dNTP mix, 125
pmol of each primer, 10 ng template, 1 µl cloned Pfu polymerase and sterile water to a
final volume of 50 μl.
PCR Primers: Both sense and antisense primers are written in a 5’ to 3’ orientation.
PCR primers were engineered to contain BamHI (5’) and EcoRI (3’) for cloning into the
pGEX-4T1 vector. RINGs which are indicated as poly-histidine tagged were cloned into
the pET-28a-TEV vector and the primers for these RINGs included the restriction sites
NdeI and HindIII for insertion into the vector. Primers were designed by Dr. Catherine
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Coleman and me. A former technician from this lab, Jill Davis, cloned ~80 of the RINGs
and Dr. Catherine Coleman cloned the remaining ~20.
Ub74 Sense-5’
Antisense-5’ CCGGAATTCAAGCTTTCACGCTAGTCTTAAGACAAG
pGEX sequencing primers used to verify RING PCR sequence
Sense-5’ GGGCTGGCAAGCCACGTTTGGTG
Antisense-5’ CCGGGAGCTGCATGTGTCAGAGG
Hrd1 (poly-histidine tagged) Sense-5’ CCGCGTGGACATATGAACACCCTG
Antisense-5’ GGAATTCAAGCTTTCATGGTGACTGCGCTGG
TEB4 (poly-histidine tagged) Sense-5’
CGGGATCCCATATGGACACCGCGGAGGAAGATATAT
Antisense-5’ CCCAGGCTTTCAGTCAGTCACGATGCG
RNF111 Sense-5’ CCCGAATTCGGCATATGGGGAACTGCCTCAAATC
Antisense-5’ CCGCTCGAGAAGCTTTCAATTAGTCTCATAGG
RNF5 Sense-5’ CCCGAATTCGGCATATGGCAGCAGCGGAGGAG
Antisense-5’ CCGCTCGAGAAGCTTTCAAATACTGAGCAGCCA
RNF7 Sense-5’ CCCGAATTCGGCATATGGCCGACGTGGAAGAC
Antisense-5’ CCGCTCGAGAAGCTTTCATTTGCCGATTCTTTG
RNF6 Sense-5’ CGCGGATCCCATATGGACAATCTTTCCACCAGG
Antisense-5’ CCGGAATTCAAGCTTTTACCCATTGTTTGCTATG
TRC8 (poly-histidine tagged) Sense-5’
CGCGGATCCCATATGATTAATTCACTTCCTGAA
Antisense-5’ CCGGAATTCAAGCTTTCATGAATTATCCTTGATATC
gp78 (poly-histidine tagged) Sense-5’ CGCGGATCCCATATGGAGGCCAGGTTTGCAG
Antisense-5’ CCGGAATTCAAGCTTTCATTCTTCCCTGACACGATT
RNFx6/RNF183 Sense-5’ CGCGGATCCCATATGTGCTATGAGGATGAAAAC
Antisense-5’ CCGGAATTCAAGCTTTCACAATTCTTTCGCTGGATTG
RNF133 Sense-5’ CGCGGATCCCATATGCAACTTCGAGTAGTAAAAG
Antisense-5’ CCGGAATTCAAGCTTTCATTCTGTTCCATTTTCAAC
RNF148 Sense-5’ CGCGGATCCCATATGCAAATGCGAGTTCTCAAAG
Antisense-5’ CCGGAATTCAAGCTTTTAAGTTTTCAGGATGTC
RNFx1 Sense-5’ CGCGGATCCCATATGGAAAAGGTGGGACTCTCTG
Antisense-5’ CCGGAATTCAAGCTTTCAAAGAGTCTTCGGTTTG
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RNFx2 Sense-5’ CGCGGATCCCATATGACGTCTACCTGCCAGAAG
Antisense-5’ GCGGAATTCAAGCTTTCAGGAGTCAAAGCTGCTTTC
RNFx4 Sense-5’ CGCGAATTCCATATGGAGCTCTCATTTGCC
Antisense-5’ GCGCTCGAGAAGCTTTCACTCACTTGGAATGACAAAG
RNF10 Sense-5’ CGCGGATCCCATATGGTTAACTGGGACTTTGTGG
Antisense-5’ GCGGAATTCAAGCTTTCACTCTGTGGCAACAACACTC
RNF103 Sense-5’ CGCGGATCCCATATCGAACCTGATTGGTTAAC
Antisense-5’ GCGGAATTCAAGCTTTTAAGATGGGACATCATTTGAC
RNF110 Sense-5’ CGCGGATCCCATATGCATCGGACTACACGG
Antisense-5’ GCGGAATTCAAGCTTTCAGTCAGACCTGATGCTCAGC
RNF12 Sense-5’ CGCGGATCCCATATGCAGATTGACAACTTGGCA
Antisense-5’ GCGCTCGAGAAGCTTTTACACAACACTTTCTCTG
RNF126.2 Sense-5’ CGCGGATCCCATATGCAGGCCCTCCCCACCGTC
Antisense-5’ GCGGAATTCAAGCTTTCAGTTCGTGGCCGTGTTCTGTC
RNF13 Sense-5’ CGCGGATCCCATATGCAACTTAAGAAACTTCCTG
Antisense-5’ GCGGAATTCAAGCTTTCAGTCTGAATCGCCTTGAGAAG
RNF134 Sense-5’ CGCGGATCCCATATGGAGGACGAGGAGGAGCGC
Antisense-5’ CCGGAATTCAAGCTTTCAAGCACTTATGTTATAAAG
RNF138 Sense-5’ CGCGGATCCCATATGGCCGAGGACCTCTCTGCG
Antisense-5’ CCGGAATTCAAGCTTTCAGCCCCGTTCAGGACATGC
RNF141 Sense-5’ CGCGGATCCCATATGGCTAGTCTTTGGATGGGAAG
Antisense-5’ GCGGAATTCAAGCTTTCAATCTGATACCACCCAAGATTC
RNF146 Sense-5’ CGCGGATCCCATATGGCGAACGAGTCCTGTTCT
Antisense-5’ GCGGAATTCAAGCTTTCACAAGGTTGGCTTGTCAAG
RNF166 Sense-5’ CGCGGATCCCATATGGCTATGTTCCGCAGC
Antisense-5’ GCGGAATTCAAGCTTTCAGTCCACCTTCTTGGGGTC
RNF2 Sense-5’ CGCGGATCCCATATGACAGATGGCTTAGAAATTG
Antisense-5’ GCGGAATTCAAGCTTTCAGTCTGGCCTTAGTGATCT
RNF26 Sense-5’ CGCGGATCCCATATGGTGGGCAAGACCCTTGG
Antisense-5’ GCGGAATTCAAGCTTTCAGAGGTAGACATTGAG
RNF29 Sense-5’ CGCGGATCCCATATGAGCGCATCTCTGAAT
Antisense-5’ GCGGAATTCAAGCTTTCATACCCCATGTCTATCCAA
RNF32 Sense-5’ CGCGGATCCCATATGGAATGGGAGAAGGTGAAAC
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Antisense-5’ GCGCTCGAGAAGCTTTCAGGCCCCATCGTGTATCAC
RNF34 Sense-5’ CGCGGATCCCATATGCAAAAGTCCTATGGCGAG
Antisense-5’ GCGGAATTCAAGCTTTCAGGACTTGAACACGTG
RNF38 Sense-5’ CGCGGATCCCATATGCAACTTCCTTCTTATCGG
Antisense-5’ GCGGAATTCAAGCTTTCATTCTGAATCCCGATG
RNF40 Sense-5’ CGCGGATCCCATATGGCCGACGAAATCCTCCAG
Antisense-5’ GCGGAATTCAAGCTTTCAGCTGATGTAGATACG
RNF41 Sense-5’ CGCGGATCCCATATGGGGTATGATGTAACC
Antisense-5’ GCGGAATTCAAGCTTTCAGTCAAGCCGGACAACGGC
RNF8 Sense-5’ CGCGGATCCCATATGGCACAGAAGGAAGAAGTTC
Antisense-5’ GCGGAATTCAAGCTTTCAGTCCAGAACCAAAGAGTA
RNF1 Sense-5’ CGCGGATCCCATATGGATGGCACAGAGATTG
Antisense-5’ GCGGAATTCAAGCTTTCAGTCTGGCCGTAGGGATCG
MARCH1 Sense-5’ CGCGGATCCCATATGGCTCCCAGGAGCCAGTCAAG
Antisense-5’ GCGGAATTCAAGCTTTCATTTGAGCTTGGTCTCCAT
MARCH2 Sense-5’ CGCGGATCCCATATGCTCCTCTCCACCGTCATC
Antisense-5’ GCGGAATTCAAGCTTTCATCGAGGCCGTTTCTCCAC
MARCH3 Sense-5’ CGCGGATCCCATATGCTGTCAACAGTAGTCCGG
Antisense-5’ GCGGAATTCAAGCTTTCACCTGGGTTTGCGCTCGAC
MARCH7 Sense-5’ CGCGGATCCCATATGGAGAGCCTCCTTTTAGAG
Antisense-5’ GCGGAATTCAAGCTTTCAATCAAAATCCTCCAGGTT
MARCH9 Sense-5’ CGCGGATCCCATATGGCGCTGGACGCCCTGTCG
Antisense-5’ GCGGAATTCAAGCTTTCAGTTCTTGGTGCTGATCGC
MARCH8 Sense-5’ CGC GGATCCCATATGGCTCCGGTGTCCTCCTTC
Antisense GCGGAATTCAAGCTTTCACTTCAGCTTGGTCTCCATG
RNF128 Sense-5’ CGCGGATCCCATATGCTTCAACTACGCACACTG
Antisense-5’ GCGGAATTCCTCGAGTCAATCCACCTCAATTCCCAAAG
RNF149 Sense-5’ CGCGGATCCCATATGCTTCATACTGTAAAGCATG
Antisense-5’ GCGCTCGAGAAGCTTTCACTCTCCCCAATATCCTAG
RNF44 Sense-5’ CGCGGATCCCATATGGAGCAGCTCCCGTCGTAC
Antisense-5’ GCGGAATTCAAGCTTTCACTCAGCCTCCCTGGG
RNF111 Sense-5’ CGCGGATCCCATATGAGGAAACTGCACTGCAAA
Antisense-5’ GCGGAATTCAAGCTTTCAACTTTCACTTGGCAG
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RNF156 Sense-5’ CGCGGATCCCATATGGAGACCAAGCCCTCGGAC
Antisense-5’ GCGGAATTCAAGCTTTCACCGCACCGCCCGGATCTG
RNF25 Sense-5’ CGCGGATCCCATATGGAGAAAGGGAAGGAAATTC
Antisense-5’ GCGGAATTCAAGCTTTCATGCTTTCAGTGAGGCAAG
IMAGE clone 4906353 Sense-5’ CGCGGATCCCATATGTCGGCTGCGCCCGGC
Antisense-5’ GCGGAATTCAAGCTTTCACTGCAGGTTGGTGCTGAG
RNF28 Sense-5’ CGCGGATCCCATATGGATTATAAGTCGAGC
Antisense GCGGAATTCAAGCTTTCACAGGCCGTACACTCCGTG
CCR4-NOT Sense-5’ CGCGGATCCCATATGTCTCGCAGTCCTGAT
Antisense-5’ GCGCTCGAGAAGCTTTCATATCCTTTGCAGCTCTTC
RNF80 Sense-5’ CGCGGATCCCATATGGAACTGAGAAAGAAGTTA
Antisense-5’ GCGGAATTCAAGCTTTCATTCTAATAAAATATCTTC
RNF159 Sense-5’ CGCGGATCCCATATGGCTACCCAAAGGAAAC
Antisense-5’ GCGGAATTCAAGCTTTCATAATGGATTTGTCTC
RNF36 Sense-5’ CGCGGATCCCATATGAATGATTCAATCACC
Antisense-5’ GCGGAATTCAAGCTTTCAGTCCAGTACAGGGTTGAATG
IMAGE clone 4822540 Sense-5’ CGCGGATCCCATATGCACAATTTTGAGGAAG
Antisense-5’ GCGCTCGAGAAGCTTTCATTCAATGCCAGTTGGAGC
RNF116 Sense-5’ CGCGGATCCCATATGGAGGACGTCAGAGCAGCG
Antisense-5’ GCGGAATTCAAGCTTTCAGTTGAGGATGTGGTTTTTAC
RNF96 Sense-5’ CGCGGATCCCATATGGAGGGTACCTCAGCCCCAG
Antisense-5’ GCGGAATTCAAGCTTTCAGAGGCTGCCATCCTCCTC
IMAGE clone 3908900 Sense-5’ CGCGGATCCCATATGCAGCCTGTGTCCCTGCCC
Antisense-5’ GCGGAATTCAAGCTTTCATTCTTCCTTCTTCAGCAT
RNF62 Sense-5’ CGCGGATCCCATATGTTGACGTTCGAACAC
Antisense-5’ GCGGAATTCAAGCTTTCACACTCTTGGAATTACAAAC
RNF51 Sense-5’ CGCGGATCCCATATGCATCGAACAACGAGA
Antisense-5’ GCGGAATTCAAGCTTTCAATTCAGTAGTGGTCTGGTC
MARCH5 Sense-5’ CGCGGATCCCATATGCCGGACCAAGCCCTAC
Antisense-5’ GCGGAATTCAAGCTTTCAACCCAATTTTGGAAAAAC
TRAF2 Sense-5’ CGCGGATCCCATATGCTACAGCCCGGCTTCTCC
Antisense-5’ GCGGAATTCAAGCTTTCATTCTAAAATAGAAATGCC
TRAF3 Sense-5’ CGCGGATCCCATATGGAACAAGGAGGTTACAAG

46
Antisense-5’ GCGGAATTCAAGCTTTCAATCCTTAAACACCTTATC
RNF114 Sense-5’ CGCGGATCCCATATGGGTGCTGCGCAGCTGGCG
Antisense-5’ GCGGAATTCAAGCTTTCACTCGAGCTCCACGGCTCG
RNF76 Sense-5’ CGCGGATCCCATATGGCCTCCGGGAGTGTGGCC
Antisense-5’ GCGGAATTCAAGCTTTCAGTTGGGCCGCATGTGCCTC
LOC51255 Sense-5’ CGCGGATCCCATATGACTGTGGTTGAGAACCTC
Antisense-5’ GCGGAATTCAAGCTTTCACTCATAAGTGTCGTCATC
MYLIP Sense-5’ CGCGGATCCCATATGTGCCAGCAGACCCGGGTG
Antisense-5’ GCGGAATTCAAGCTTTTAGATTACAGTCAGATTGAG
RNF112 Sense-5’ CGCGGATCCCATATGAAGTTGGAGCTAGGCCTG
Antisense-5’ GCGGAATTCAAGCTTTCACTCGCCCAGGCTCCGGAG
ZNF598 Sense-5’ CGCGGATCCCATATGCGGCGCGCGGCCCTGGAG
Antisense-5’ GCGGAATTCAAGCTTTCACTTCCCAAAGACCACCTG
RNF109 Sense-5’ CGCGGATCCCATATGGTTTCCCACGGGTCC
Antisense-5’ GCGGAATTCAAGCTTTCAGGCCACACCCTCGGGCGG
RNF113A Sense-5’ CGCGGATCCCATATGGTCTATGAGGATGAAAAC
Antisense-5’ GCGGAATTCAAGCTTTCATTCTTTCGCTGGATTGAAG
RNF69 Sense-5’ CGCGGATCCCATATGGGCCTGTCTCACCGCAGG
Antisense-5’ GCGGAATTCAAGCTTTCAGCGGTAGTGCCGAAG
ZNF692 Sense-5’ CGCGGATCCCATATGACTAGCAGCAACCTTGTC
Antisense-5’ GCGCTCGAGAAGCTTTCATGCAACACTGTCTGGCTTC
TRIM61 Sense-5’ CGCGGATCCCATATGGAATTTGTTACGGCC
Antisense-5’ GCGGAATTCAAGCTTTCACTGGGGATTGCTTATAAA
RNF168 Sense-5’ CGCGGATCCCATATGGCTCTACCCAAAGAC
Antisense-5’ GCGGAATTCAAGCTTTCAATTTCTTCGGGTATGGTAC
RNF175 Sense-5’ CGCGGATCCCATATGGCTTCCACTATAGGG
Antisense-5’ GCGCTCGAGAAGCTTTCAATTACTGATCATCCTCTTC
RNF170 Sense-5’ CGCGGAYCCCATATGCAAACAGAACAGGATGCA
Antisense-5’ GCGGAATTCAAGCTTTCACTCACTTGCACGGCTGCTC
RNF37 Sense-5’ CGCGGATCCCATATGACTTCCTGGAGGCCTGGC
Antisense-5’ GCGGAATTCAAGCTTTCAGAAGTGGAACCCGCAG
RNF68 Sense-5’ CGCGGATCCCATATGGACCCGCTACGGAAC
Antisense-5’ GCGGAATTCAAGCTTTCAGTTGAGCAGTGGCTGTGTC
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RFWD3 Sense-5’ CGCGGATCCCATATGCAGAAGTCTGAGCCTCTG
Antisense-5’ GCGGAATTCAAGCTTTCAGGCATAAAGGACGACAATG
MIB2 Sense-5’ CGCGGATCCCATATGAACACCGTGACGAACCTG
Antisense-5’ GCGGAATTCAAGCTTTCACTCAGAGCCGTCTGGGCG
DTX3L Sense-5’ CGCGGATCCCATATGCTCAAGGGCTCTGTGAGT
Antisense-5’ GCGCTCGAGAAGCTTTCACTCTGGCTGATTTCCTTTC
TRIM65 Sense-5’ CGCGGATCCCATATGGCCGCGCAGCTGCTG
Antisense-5’ GCGGAATTCAAGCTTTCACTCCAGCACGCCGCTGAG
TRIM62 Sense-5’ CGCGGATCCCATATGGCGTGCAGCCTCAAG
Antisense-5’ GCGGAATTCAAGCTTTCACTCCACGATGTTGGCCAG
TRIM21/RNF81 Sense-5’ CGCGGATCCCATATGGCTTCAGCAGCACGC
Antisense-5’ GCGGAATTCAAGCTTTCACTGTCGATTGGGCCGGAG
B. PCR of gp78-Ubc7 Fusion: PCR was used to generate a gp78-RING domain with
codons (encoded by the restriction sites KpnI and BamHI) for a C-terminal amino acid
linker with the sequence GTGSH (PCR product = gp78RING-GTGSH). PCR was
performed under the conditions described for the RING (Section A). Primers were
engineered to contain NdeI and BamHI restriction sites for sense and antisense,
respectively. Figures 2-2 and 2-3 show the schematic of the cloning process.
Fusion primers: Antisense-5’ CCGGATCCGGTACCTTCTTCCCTGACACGATT 3’
Sense-5 ’CGCGGATCCCATATGGAGGCCAGGTTTGCAG
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Figure 2-1

Figure 2-1: RING Domain Cloning. This schematic shows how a full-length RING-E3
was used as a PCR template to amplify the RING domain. The RING domain was
cloned into the pGEX-4T1 vector to become a GST-RING fusion gene.
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Figure 2-2

Figure 2-2: gp78RING-Ubc7 Fusion Cloning-Step 1. This schematic shows the steps
taken to PCR amplify the RING domain of each pGEX-4T1-RING to add in codons for a
linker, followed by cloning into the pET-28a-TEV vector.
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Figure 2-3

Figure 2-3: gp78RING-Ubc7 Fusion Cloning-Step 2. In the second step of cloning the
Fusion, the Ubc7 insert was isolated by excision from the pGEX-4T1 vector by a BamHI
and HindIII restriction digest. The pET-28a-TEV-gp78RING vector was digested with
BamHI and HindIII, and the digested Ubc7 insert was ligated into the vector. The end
product was pET-28a-TEV-gp78RING-Ubc7.
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C. PCR of Ubc7 mutants: PCR was used to generate Ubc7 mutants. PCR was
performed under the conditions described for the RING (Section A). Primers were
engineered to contain NdeI and HindIII restriction sites for sense and antisense,
respectively, in the case of full-length Ubc7 PCR product. For generating the distal loop
(P130 to S134) mutants, PCR began at the Ubc7 internal SphI site, thus the sense
primer encoded this restriction site. Mutants were cloned into either pT7 or pET-28aTEV vectors, that both encode an N-terminal poly-histidine tag. WT Ubc7 was cloned
into the pGEX-4T1 vector using BamHI and EcoRI as cloning sites (GST primers
indicated below). The primers were designed by Catherine Coleman and me. In
addition, PCR mutagenesis reactions described in the following section were carried out
by Catherine Coleman and me.
R8A Sense-5’ GGAATTCCATATGGCGGGGACCGCGCTCAAGGCGCTGATGGC
Antisense-5’ CGATGATAAGCTTTCACAGTCC
N81A Sense-5’ GATGTTTCATCCCGCCATCTACCCTGATGG
Antisense-5’ CCATCAGGGTAGATGGCGGGATGAAACATC
H94A Antisense-5’ GTAGCCCATGGGGTCATCGCCTGGCGCGGCGAGGATGG
D99A Antisense 5’ CTCTGAGCCCATGGGTGCATCGCCTGGCGC
E104A Sense-5’ GATGACCCCATGGGCTACGCGAGCAGCGCG
E108A Sense-5’ GATGACCCCATGGGCTACGAGAGCAGCGCGGCGCGGTGG
Common antisense-5’ CGATGATAAGCTTTCACAGTCC
V25R Sense-5’ CTGAATCCTCCGGAAGGAATTCGCGCAGGCCCCATG
Antisense-5’ CATGGGGCCTGCGCGAATTCCTTCCGGAGGATTCAG
P130 deletion Sense-5’ GTGAGCATGCTGGCAGAGAATGACGAAAGTGGAGCT
N131 deletion Sense-5’ GTGAGCATGCTGGCAGAGCCCGACGAAAGTGGAGCTAAC
P130A Sense-5’ GTGAGCATGCTGGCAGAGGCGAATGACGAAAGTGGAG
N131A Sense-5’ GTGAGCATGCTGGCAGAGCCCGCGGACGAAAGTGGAG
D132A Sense-5’ GTGAGCATGCTGGCAGAGCCCAATGCGGAAAGTGGAGC
E133A Sense-5’ GTGAGCATGCTGGCAGAGCCCAATGACGCCAGTGGAGCT
Common antisense for P130 to E133
5’ GGGAAGCTTGGTACCTCACAGTCCCAGAGACTTC
GST-Ubc7 Sense-5’ CGCGGATCCATGGCGGGGACCGCGCTCAAG
Antisense-5’ GCGGAATTCTCACAGTCCCAGAGACTTCTG
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H94A/E104A, R8A Fusion, and Triple Mutant Sandwich were generated by excising a
sequence of DNA with the desired mutation, and inserting it into a plasmid. For
example, the triple mutant Sandwich (Section D) was generated by excising the WT
Ubc7 sequence from the Sandwich, and inserting the triple mutant Ubc7 sequence from
another plasmid.
D. PCR for Sandwich constructs: PCR was used to generate ubiquitin with unique
restriction sites. PCR was performed under the conditions described for the RING
(Section A). Sandwich 1: primers for ubiquitin PCR were engineered to contain HindIII
and NotI restriction sites for sense and antisense, respectively. The ubiquitin PCR
product was cloned into the gp78-Ubc7 plasmid that had been digested with HindIII and
NotI (Figure 2-4). Sandwich 2: Sandwich 2 was created by ligating oligos to digested
vector DNA containing the Sandwich 1 DNA to extend the linker between Ubc7 and Ub.
Oligo to vector ratio was 10:1, with 0.0611 pmoles of oligo used. Oligos and vector were
incubated at 90 degrees Celsius for 5 minutes in Eppendorf tubes in a beaker of water.
The beaker was removed from the heat and allowed to cool gradually to room
temperature. Ligation buffer was added at a 1X final concentration along with T4 DNA
ligase (Roche Rapid Ligation Kit). The reaction was incubated at 16 degrees for 20
minutes, and 4 µl of the reaction was transformed into 30 µl of DH5α cells. The
transformation and screening of colonies was performed as described in Section E.
Sandwich 3: PCR was used to generate ubiquitin with the unique restriction sites
HindIII and SpeI. This ubiquitin was inserted into the gp78RING-Ubc7-Ub construct as
described for the Sandwich 1 construction, yielding gp78RING-Ubc7-Ub-Ub (the Nterminal ubiquitin was added in this case).
Primers: HindIII-ubiquitin-SpeI-linker
Sense-5’ GCGAAGCTTACGAGTGGAAGTGGAATGCAGATCTTCGTCAAG
Antisense-5’ ATAGTTTAGCGGCCGCTCAACCACCTCTTAGTCTTAAGACAAG
PCR primer for expandable linker between Ubc7 and Ub
Sense-5’ AGCTTGGCACCGGCGCTAGCGGCA
Antisense-5’ CTAGTGGCCGCTAGCGCCGGTGCCA
PCR Ub with SpeI site with no stop into Sandwich 2
Sense-5’ CTAGCTAGCGGAAGTGGAATGCAGATCTTCGTCAAG
Antisense-5’ GGACTAGTACCACCTCTTAGTCTTAAGACAAG
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Figure 2-4

Figure 2-4: Cloning of the Sandwich. The Sandwich (gp78RING-Ubc7-Ub) was
generated from the Fusion (gp78RING-Ubc7). Ubiquitin was amplified by PCR with the
unique restriction sites of HindIII and SpeI. The pET-28a-TEV-gp78RING-Ubc7 vector
and ubiquitin PCR product were digested with HindIII and SpeI, and ligated together.
The end product was the Sandwich: pET-28a-TEV-gp78RING-Ubc7-Ub.
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PCR Ub with HindIII site for Sandwich3
Sense-5’ GCGAAGCTTGGCACCGGCGCTAGCGGCATGCAGATCTTCGTCAAG
Antisense-5’ GGACTAGTACCACCTCTTAGTCTTAAGAC
PCR Ub SpeI to add 3 extra amino acids
Sense-5’ GGACTAGTGGAAGTGGAACCGGCGCGATGCAGATCTTCGTCAAG
Antisense-5’ ATAGTTTAGCGGCCGCTCAACGACCTCTTAGTCTTAAGAC
E. Quikchange® Mutagenesis to generate Ubc7 mutants: The Quikchange kit
(Stratagene) was used to perform site-directed DNA mutagenesis, changing native
amino acid codons into alanine. Primers for Quikchange were designed so that they had
a melting temperature higher than 78 degrees Celsius. This was calculated by using an
equation provided by Stratagene which uses primer length, %GC, and %mismatch as
variables. The Quikchange reaction required the following components: 5 µl of 10X
reaction buffer, 10 ng template, 125 ng of each primer, 1µl dNTP mix (supplied by the
kit), and sterile water to a final volume of 50 µl. 1 µl of Pfu Turbo was added
subsequently. The reaction was performed on a Peltier Thermal Cycler 200 (MJ
Research) under the following cycle conditions: 1. Initial denaturation 95oC, 30 seconds.
2. Denaturation 95oC, 30 seconds. 3. Annealing 55oC, 1 minute. 4. Extension 68oC, 6
minutes. 5. Go to steps 2-5, 16 cyles. 6. End. Following completion, the reaction was
cooled on ice for 2 minutes, and then 1 µl of DpnI restriction enzyme was added to
digest the template (WT) plasmid. The reaction was mixed and centrifuged for 1 minute
at 14,000 rpm (16,000xg), then incubated for 1 hour at 37 degrees Celsius. Since the
template DNA was isolated from bacteria, it was endogenously methylated. DpnI
digests methylated DNA, thus the template plasmid was digested, leaving the newlysynthesized mutant DNA plasmid. 2 µl of the digest were added to 40 µl of XL1-Blue
supercompetent cells for the purpose of transforming the plasmid into the bacteria and
allowing ligation of the nicked mutant DNA. The DNA and cells were incubated in
Falcon tubes on ice for 10 minutes with periodic gentle shaking. The cells were heatshocked at 42 degrees Celsius for 45 seconds, then incubated on ice for 2 minutes. 1
ml of SOC was added and the cells were incubated at 37 degrees Celsius, 350 rpm for 1
hour. 250 µl of the transformant was plated onto 3 plates of LB Agar + antibiotic and
incubated overnight at 37 degrees Celsius.
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For each mutagenesis, the DNA sequence was verified. This was accomplished
by picking a single colony from the agar plate and inoculating 2 ml of LB broth +
antibiotic and incubating it overnight at 37 degrees Celsius, 350 rpm. A Qiagen miniprep
kit was used to purify plasmid DNA, and the protocol was followed according to the
manufacturer’s instructions. Plasmid DNA was eluted in 50µl of sterile water and 0.6 µg
was sent to the Penn State Hershey Core Research Facility for DNA sequencing
analysis. Upon confirmation of the mutant sequence, a frozen stock of the XL-Blue cells
was made (Section F) and the purified plasmid DNA was transformed into BL21(DE3)
cells for the purpose of expressing the mutant gene under the T7 promoter.
Quikchange primers:
L40Y Sense- 5’ GAATGGGAGGCATATATCATGGGCCCAGAAGACACC
Antisense-5’ GGTGTCTTCTGGGCCCATGATATATGCCTCCCATTC
V53R Sense-5’ CCTGCTTTGAGTTTGGTCGTTTTCCTGCCATCCTG
Antisense-5’ CAGGATGGCAGGAAAACGACCAAACTCAAAGCAGG
L66A Sense- 5’ CCCACTTGATTACCCGGCGAGTCCCCCAAAGATGAG
Antisense- 5’ CTCATCTTTGGGGGACTCGCCGGGTAATCAAGTGGG
Y83A Sense-5’ GATGTTTCATCCCAACATCGCGCCTGATGGGAGAGTC
Antisense-5’ GACTCTCCCATCAGGCGCGATGTTGGGATGAAACATC
V113A Sense- 5’ GGTGGAGTCCTGCGCAGAGTGTGGAGAAGATC
Antisense-5’
GCCAGCATGCTCACCACCGACAGCAGATCTTCACCACACTCTGCGCAGGACTCCA
D132A/E133A Sense-5’ GCTGGCAGAGCCCAATGCGGCGAGTGGAGCTAACGTG
Antisense-5’ CACGTTAGCTCCACTCGCCGCATTGGGCTCTGCCAGC
S134A – Sense 5’ GCAGAGCCCAATGACGAAGCGGGAGCTAACGTGGATG
Antisense 5’ CATCCACGTTAGCTCCCGCTTCGTCATTGGGCTCTGC
gp78 W345A RING mutant Sense -5’
GACTGTGCCATGTGTGCGGACTCCATGCAGGCTG
Antisense-5’ CAGCCGGCATGGAGTCCGCACAGATGGCACAGTC
Abolish Ubc7 stop codon in AMRF-Ubc7 construct to add ubiquitin (Sandwich 1)
Sense-5’ GAAGTCTCTGGGACTGTTAAAGCTTGCGGCCGCAC
F. Cloning of the RING domains: A flowchart of this procedure is shown in Figure 2-5.
The PCR product of RING domain and flanking sequence were digested with BamHI
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and EcoRI restriction enzymes for 2 hours at 37 degrees Celsius. The digested DNA
was then precipitated with 1/3 volume of 10 M ammonium acetate and 2.5 volumes of
100% EtOH for 30 minutes at room temperature (RT). The precipitated DNA was
centrifuged at 14,000 rpm (16,000xg), RT for 15 minutes in an Eppendorf 5415C
microcentrifuge. The supernatant was removed. 150 µl of 70% EtOH was added to the
DNA pellet and centrifuged at 14,000 rpm (16,000xg), RT, 5 minutes to wash the DNA.
The wash was removed and the pellet air-dried for 5 minutes. The DNA was
resuspended in 20 µl sterile water.
The pGEX-4T1 plasmid was sequentially digested with BamHI and EcoRI with
enzyme buffers suggested by the manufacturer. After the second digest, the plasmid
was loaded onto a 0.8% agarose gel (0.28 g agarose + 35 ml 1X TAE + 0.035 mg
ethidium bromide) for the purpose of purifying the digested plasmid. The gel was run at
125 volts in a mini-submarine unit (Amersham Biosciences) with 1X TAE buffer. pGEX4T1 is approximately 4.9 kilobases, therefore this size band was excised from the
agarose gel and the DNA was purified from the agarose with a GenElute™ agarose spin
column (Sigma). The RING domain (and flanking sequence) was inserted into the
pGEX-4T1 plasmid using the BamHI and EcoRI sites present on the multiple cloning site
of the plasmid. The RING was added to the digested plasmid in a 5:1 stoichiometry.
DNA ligation was performed with the Roche Rapid Ligation Kit, according to the
manufacturer’s instructions. 5 µl of the ligated DNA was added to 30 µl of the DH5-α
strain of E. coli in a Falcon tube. The mixture was incubated on ice for 10 minutes with
periodic gentle shaking to adequately mix the DNA and bacterial cells. The cells were
heat-shocked at 42 degrees Celsius for 45 seconds. They were then incubated on ice
for 2 minutes. 1 ml of SOC was added to the cells, and they were incubated for 1 hour
at 37 degrees Celsius at 350 rpm. The pGEX-4T1 plasmid contains a selectable
ampicillin marker, therefore the transformed cells were then plated at 25 µl and 300 µl of
transformant onto LB-agar + ampicillin plates. The plates were incubated overnight at
37 degrees Celsius.
For each GST-RING domain, the DNA sequence was verified. For this reason, a
single colony was picked from each plate and incubated overnight in 2 ml of LB broth at
37 degrees Celsius, 350 rpm. Qiagen miniprep kits were used to purify plasmid DNA,
and the protocol was followed according to the manufacturer’s instructions. Restriction
digests were carried out with the enzymes BamHI and EcoRI to verify the insertion of the
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Figure 2-5

Figure 2-5: Verification of RING sequence and expression of GST-RING in E. coli.
The pGEX-4T1 plasmid containing the GST-RING fusion was transformed into DH5α, a
strain of E. coli. Verification of the RING insert was established by a restriction digest
and DNA sequence analysis. The GST-RING fusion was expressed by IPTG induction.
The cells were pelleted and lysed with Bugbuster. SDS-PAGE of -/+ IPTG protein
samples confirmed the presence of the overexpressed GST-RING. The +IPTG (soluble)
crude extract was used as the source of the GST-RING for Ub2 assays.
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RING sequence into the vector. Upon this confirmation, plasmid DNA of each GSTRING was eluted in 50 µl of sterile water and 0.6 µg was sent to the Penn State Hershey
Core Research Facility for DNA sequencing analysis.
For each GST-RING of correct DNA sequence, an SOB-glycerol frozen stock
was made. Preparation of a frozen stock entailed addition of 750 µl of culture and 750 µl
of SOB-glycerol to a Wheaton tube. The tube was flash frozen with liquid nitrogen and
stored at -80 degrees Celsius.
G. Cloning of gp78RING-Ubc7: The PCR product of the RING domain of gp78/AMFR
(including the 5-amino acid linker) was digested with the restriction enzymes NdeI and
BamHI and prepared for ligation with vector as described in Section F. The pET-28aTEV vector was digested with NdeI and BamHI. This digested product and the
NdeI/BamHI digested pET-28a-TEV vector were ligated with the Roche Rapid Ligation
Kit according to manufacturer’s instructions. The plasmid was transformed into the
DH5α strain of bacteria as previously described (refer to Section F). Colonies were
picked the following day and plasmid isolation was performed with a Qiagen miniprep kit.
The 5.5 kilobase pET-28a-TEV-gp78/AMFR(no stop codon) was digested sequentially
with BamHI/HindIII restriction enzymes, using enzyme buffers suggested by the
manufacturer. The digested plasmid was loaded onto a 0.8% agarose gel (0.28 g
agarose + 35 ml 1XTAE + 0.035 mg ethidium bromide) for the purpose of purifying the
digested plasmid. The gel was run at 125 volts in a mini-submarine unit (Amersham
Biosciences) with 1X TAE buffer. The gel band of 5.5 kilobases excised, and purified
with a GenElute™ agarose spin column (Sigma). The human Ubc7 gene was isolated
from the pGEX vector by digesting the plasmid with BamHI/HindIII. The digested
plasmid was loaded onto 0.8% agarose gel (0.28 g agarose + 35 ml 1XTAE + 0.035 mg
ethidium bromide) for the purpose of purifying the Ubc7 fragment. The gel was run at
125 volts in a mini-submarine unit (Amersham Biosciences) with 1X TAE buffer. The gel
band of 500 kilobases (Ubc7) was excised, and purified with a GenElute™ agarose spin
column (Sigma). The DNA was precipitated as described in Section F. The digested
pET-28a-TEV-gp78/AMFR plasmid and Ubc7 fragment were ligated using the Roche
Rapid Ligation Kit, as described earlier in this section. This ligation yielded: pET-28aHis6-TEV-gp78/AMFR-linker(GTGSH)-Ubc7. The ligated DNA was transformed by
heat-shock into the DH5α strain of E. coli as previously described in Section F. The
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transformants were plated on LB-Agar plates with kanamycin as a selectable marker. A
positive colony was picked and used to inoculate LB broth +kanamycin. The culture was
incubated overnight at 37 degrees Celsius, 350 rpm and the plasmid DNA isolated from
the bacteria with a Qiagen miniprep kit. A frozen stock of the positive colony was made.
The DNA sequence was verified by the Penn State Hershey Core Research Facility.
Upon receiving confirmation of a correct sequence, the plasmid was transformed into
BL21(DE3) cells to allow expression of the fusion protein under the T7 promoter.
H. Cloning of Sandwich Constructs: The Sandwich constructs were derived from
gp78RING-Ubc7. The pET-28a-TEV-gp78RING-Ubc7 vector was sequentially digested
with HindIII and NotI. The digested plasmid was purified as described (Section F). The
PCR product described above (HindIII-Ub-NotI) was ligated into the HindIII, NotI
digested plasmid and then transformed into the DH5α strain of E. coli as described
(Section F). After verification by DNA sequencing analysis, the plasmid was transformed
into BL21(DE3) cells.
I. Expression of GST-RINGs: The frozen stocks for each GST-RING were used to
start an overnight LB broth + ampicillin culture (Figure 2-5). The overnight culture was
diluted 1:50 the following day. The diluted cultures were incubated at 37 degrees
Celsius, 350 rpm until they reached an optical density of 0.5 at A600. A 2 ml sample of
the culture was removed to use later as a standard of the non-induced protein profile of
the bacteria. IPTG was added at a final concentration of 1 mM to induce expression of
the GST-RING. The culture was incubated for 3 hours at 37 degrees Celsius with
rotation, to allow aeration, in an Isotemp Incubator (Fisher Scientific). The bacteria were
pelleted by centrifugation at 14,000 rpm (16,000xg), 4 degrees Celsius. The pellets
were washed in 25 mm Tris-HCl pH 7.6 buffer and subsequently lysed by resuspension
in 100 µl Bugbuster reagent/0.5 µl benzonase (Novagen), then centrifuged at 14,000
rpm (~23,700xg), 4 degrees Celsius in an Eppendorf centrifuge. The supernatant was
removed and a 5 µl sample of non-induced and induced bacteria were analyzed by
separation of the proteins by SDS-PAGE (tricine gel). An example of GST-RING
expression is show in Figure 2-6. In this example, both the soluble (Bugbuster
supernatant) and insoluble (solubilized with 6 M urea) were analyzed. The soluble
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Figure 2-6
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Figure 2-6: GST-RNF111 expression in E. coli. This is a representative example of
GST-RING expression in E. coli. Samples of non-induced and induced bacterial
proteins were separated on an 8% tricine gel and stained with coomassie blue. Lane 1
is purified GST protein, used as a molecular weight marker (26 kDa). GST-RINGs are
expected to appear slightly higher on the gel, around 34 kDa. Lanes 2 and 3 are -/+
IPTG induction, respectively, from the soluble fraction (Bugbuster). Lanes 4 and 5 are /+ IPTG induction, respectively, from the insoluble fraction, solubilized by 6 M urea.
GST-RNF111 is indicated by the white arrow. Compared to the +IPTG insoluble fraction
(lane 5), it appears that mostly all GST-RNF111 is soluble.
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+IPTG supernatant was flash frozen with liquid nitrogen and stored at -80 degrees
Celsius until used.
J. Expression and Purification of gp78RING-Ubc7, Sandwich, WT Ubc7, and Ubc7
Mutants: Figure 2-7 displays a flowchart which summarizes this process and Figure 2-8
shows representative gels of protein purity at each step. The frozen stock of BL21(DE3)
cells containing the plasmid with either the Fusion, Sandwich, Ubc7, or Ubc7 Mutants
was used to inoculate an overnight culture (LB broth + kanamycin). The following day,
the culture was diluted 1:50 into 2 1-liter cultures (LB broth + kanamycin). The 2 liters
were incubated at 37 degrees Celsius, 350 rpm in a Series 25 Incubator Shaker (New
Brunswick Scientific Co., Inc.) until the bacterial density reached 0.5 at A600. A 2 ml –
IPTG sample was removed for later analysis. A final concentration of 1 mM IPTG was
added and cultures were incubated at 30 degrees Celsius, 350 rpm, for 3 hours.
Following incubation, the bacteria were pelleted by centrifugation at 6,000 rpm
(~2,900xg), 4 degrees Celsius using an Avanti J-25 Centrifuge (Beckman Coulter). The
pellet was washed by resuspension in 25 mM Tris-HCl, pH 7.6 and pelleted as described
above. Pellets were stored at -80 degrees Celsius until ready for protein purification.
Presence of the fusion protein was confirmed by comparing the samples with our without
addition of IPTG. The samples were separated by SDS-PAGE (8% tricine gel) and
stained with coomassie blue to visualize the protein. The fusion protein was determined
to be approximately 50% soluble and 50% insoluble.
Pellets were lysed with Bugbuster® (Novagen) reagent (5 ml reagent per 1 g
pellet) + 1.5 µl benzonase (Novagen). The lysis suspension was centrifuged at 23,000
rpm (~43,500xg), 4 degrees Celsius, for 30 minutes in the Avanti J-25 Centrifuge
(Beckman Coulter) to remove the cell debris. The supernatant was loaded onto a 5 ml
nickel affinity column (Sigma) equilibrated in 25 mM Tris-HCl, and the flow-through
collected. The column was washed with 10 volumes of 25 mM Tris-HCl, pH 7.6 buffer
(about 50 ml total). The His6-TEV-gp78/AMFR-linker-Ubc7 protein was eluted by
addition of 1 ml volumes of 200 mM imidazole/25 mM Tris-HCl pH 8.0 to the nickel
column. 8 fractions were collected. Proteins in the samples were separated by SDSPAGE (8% tricine gel) and stained with coomassie blue to view the proteins. According
to the gel, fractions containing the protein were pooled for further fractionation on a gel
filtration column (Superdex-75 FPLC, Pharmacia). Following this step, samples were
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separated on an 8% tricine gel and the gel stained with coomassie blue. Fractions with
fewest or no contaminants were pooled (Figure 2-8A-D), and the His6-TEV peptide was
cleaved by the tobacco etch virus (TEV) protease (The TEV protease was previously
purified in the lab). TEV protease cleavage proceeded at 35 degrees Celsius for 1 hour.
This cleavage leaves behind a GH in front of the fusion sequence. The TEV protease,
His6-TEV peptide, and cleaved fusion protein were loaded onto an anion exchange
column (Pharmacia) and separated via a NaCl gradient. Appropriate fractions were
assayed for purity and quantity by separation on an 8% tricine gel, and staining the gel
with coomassie blue. The main fractions of purified protein were combined and dialyzed
overnight against 25 mM Tris-HCl, pH 7.6 to remove NaCl. The protein was quantified
according to absorbance at 280 nm (phenylalanine, tryptophan, and tyrosine), using a
DU® 640 Spectrophotometer (Beckman Coulter). Generally, 10-20 mg of protein were
obtained per 2 liters of bacteria grown.
K. Concentration of purified proteins: Centricon tubes were utilized to concentrate
purified protein. The appropriate molecular weight cutoff (MWCO) tube was chosen
according to the size of the protein. The tubes were washed with 1 ml of filtered water
(3,500 rpm (~1,000xg), 4 degrees C, ~30 minutes to 60 minutes). The protein was
removed from dialysis, added to the washed tube and centrifuged at 3,500 rpm (~1,000
g), 4 degrees C, until a concentration of >15 mg/ml was reached. Protein concentrations
were determined as described in the preceding section.
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Figure 2-7

Figure 2-7: Protein Purification Flowchart. This flowchart summarizes the steps
involved in our protein purification protocol. See Figure 2-8 for examples of purity at
each step.
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Figure 2-8
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Figure 2-8: Coomassie stained gels of a representative protein purification
process. Each panel represents one tricine gel, and each tricine gel contains different
fractions of washes or elutions. A. The bacterial pellet is lysed by resuspension in
Bugbuster. The mixture is centrifuged to pellet the debris. The supernatant contains the
soluble proteins from bacteria, including the protein of interest. In this case, it is the
His6-TEV-Sandwich1. Lanes 1-10 are 3 µl samples as follows: supernatant, flowthrough, wash 1, wash 5, fractions 1-6. Washes were performed with 25 mM Tris-HCl,
and elution with 200 mM imidazole in 25 mM Tris-HCl. B. Fractions 1-6 were combined
and purified by a gel filtration column. Lanes 1-10 show a 3 µl sample of each fraction
eluted in a gradient of 25 mM Tris-HCl, NaCl. C. Fractions 3-8 were combined from the
gel filtration purification and the His6TEV tag was removed by incubating the protein with
the TEV protease for 1 hour at 35 degrees Celsius. Lane 1 shows uncleaved Sandwich
protein and Lane 3 shows cleaved protein (bottom band). The apparent doublet is due
to the TEV protease which runs slightly higher than the Sandwich. D. The cleaved
protein was purified from the His6TEV tag by an anion exchange column. Lanes 1-9
show elution of the protein with a 25 mM Tris-HCl, NaCl gradient. Fractions 4-6 were
pooled, flash frozen with liquid nitrogen, and stored at -80 degrees Celsius until needed.
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L. In vitro ubiquitination experiments:
i. Purified proteins: E1, E2, RING, and ubiquitin were purified according to the
protocol in Section J. Generation of the truncated ubiquitin (Ub74) used in single
turnover experiments was made by PCR mutagenesis, deleting the C-terminal codons
for G75 and G76. PCR conditions were performed as described in Section A. Ub74 was
cloned into the pT7 vector and sequence verified as described Section F. Ub74 cDNA
was expressed as a poly-histidine tagged protein under the T7 promoter when the pT7Ub74 plasmid was transformed into BL21(DE3) cells. The protein was purified as
described in Section J, except that the Ub74 construct does not have a TEV cleavage
site, therefore only the nickel affinity and gel filtration steps were necessary for
purification. Fluorescent-labeled ubiquitin: a sequence of MCHHHHHH was added to
the N-terminus of ubiquitin in order to allow conjugation of 2’, 7’-difluorofluorescein
(Oregon green) iodoacetamid (Molecular Probes). Ubiquitin lacks cysteine in its native
sequence, thus the addition of cysteine in the N-terminal tag was for the purpose of
allowing conjugation of the fluorescent label to the cysteine. The reaction to allow
conjugation of the tag was performed as follows: 0.8 mg Oregon green, 50 µl dimethyl
sulfoxide, and 2 mg of MCHHHHHH-Ub were added together to a final volume of 1 mL
(25 mM Tris-HCl pH 7.6 added to make up the volume). The reaction was incubated at
room temperature, without light exposure, for 4 hours. Purification of the fluorescentubiquitin from excess fluorescent label was achieved by the purification strategy
employed for all other purifications in the lab (Section J), with the exception that the
purification was performed in the dark, so as to prevent cross-linking of the fluorescent
label.
ii. GST-RING Screen
a. In vitro thiolester assays: The following components were added together:
50 mM Tris-HCl, 10 mM ATP, 2 mM MgCl2, 0.1 µM E1, 3 µM E2 (Ubc7, E2-25K, or
Cdc34), and 0.5 µl Oregon-green (Invitrogen) fluorescent-labeled ubiquitin. E1 was
added last to start the reaction. The reaction was incubated at 25 degrees Celsius for 5
minutes and was stopped by addition to 2X SDS sample buffer lacking reducing agents.
b. In vitro ubiquitin dimer assays: For assaying ubiquitin dimer (Ub2), single
turnover conditions were used, in that the pre-formed E2~Ub thiolester is the only source
of thiolester-linked Ub, and no additional Ub can cycle onto E2. Addition of free Ub will
allow transfer of the thiolester-linked Ub to K48 of a free Ub. E2~Ub is stable at room
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temperature for up to one hour. In order to carry this out, the thiolester reaction
described above was preformed and stopped at 5 minutes by chelation of Mg++ with 10
mM EDTA. The reaction was added in a 1:1 ratio to a mixture of 40 µM Ub74 and 4 µl of
GST-RING (crude soluble bacterial extract). The reaction was incubated at 25 degrees
Celsius for a pre-determined amount of time, and was stopped by addition of 2X SDS
sample buffer lacking reducing agents.
The resulting novel activating RINGs which were identified in this screen were retested. This entailed incubation of fresh bacterial cultures, IPTG induction, and use of
the resulting soluble fraction of the lysed, pelleted bacteria in experiments of identical
conditions (as described above). RING domains of interest were purified as described in
Section J and ensuing experiments demonstrated further that these RINGs activated
their cognate E2(s).
iii. Fusion and Ubc7 Mutant Experiments
a. In vitro thiolester assays: Performed as described in Section L. ii. a.,
except in the case of Ubc7 mutants, 1-5 µl of crude bacterial extract was used instead of
purified Ubc7.
b. In vitro ubiquitin dimer assays: For assaying ubiquitin dimer (Ub2), single
turnover conditions were used, as was described in the preceding section (Section L. ii.).
The only substitutions were: RING titration analyses required a range of 20 µM – 120
µM of gp78RING. Additionally, this reaction was performed at 4 degrees Celsius.
c. pH Dependence: The above thiolester and ubiquitin dimer reactions were
carried out as described (Section L. i.). In order to establish a pH range, buffer pH was
varied in the ubiquitin dimer reaction. Thus, addition of the pre-formed thiolester was
added into a tube already containing Ub74, RING, and a buffer of certain pH. The buffers
were present in 50 mM concentration which masked the physiological pH of the
thiolester reaction. Initial experiments were carried out with a set of three buffers to
cover the desired pH range: pH 6 to 6.5 sodium citrate-HCl, pH 7 to 8.5 Tris-HCl, pH 9
Boric acid/Borax. Further experiments with H94A, D99A, and E104A used the following
buffers and pH ranges: pH 4.0 to 6.5 sodium citrate-HCl and pH 8 to pH 10.0 bis-tris
propane-NaOH. Each reaction from this set of experiments was stopped with the
addition of 2XSDS sample buffer + BME. All prior experiments had not included BME.
d. Multiple Turnover Experiments, Fusion: Purified E1, gp78/AMFR-Ubc7
(0.1 to 1 µM purified or 1 to 5 µl crude bacterial extract), 2 µl Oregon-green labeled
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ubiquitin (fluorescent), 10 mM ATP, 2 mM MgCl2, and 100 µM WT ubiquitin were added
together (ATP was added last to start the reaction). The reaction was stopped at a
predetermined time point by addition of 2X SDS sample buffer + BME and separated by
SDS-PAGE (tricine gel). Sandwich: The reaction was carried out as described above
for the Fusion.
e. Analysis of in vitro assay: Both thiolester and Ub2 reactions were
separated by SDS-PAGE (8% tricine) under non-reducing conditions. The resulting
products were viewed using a Fluorimager 595 (Molecular Dynamics) with an emission
wavelength of 488 nm. Due to the fluorescent tag on Ub, the only species that can be
visualized are: E1~Ub, E2~Ub, Ub-Ub (Ub2), and free Ub. Figure 2-9 shows an
example of a gel. Quantification for single turnover assays. The Ub2 and free
ubiquitin band pixels were quantified using Image Quant application software. Ub2
product was normalized by the following calculation: (Ub2 pixels)/( Ub2 + free Ub). The
data were plotted as time in seconds (independent variable) and normalized Ub2 product
(dependent variable). This single turnover assay proceeds with first order rate kinetics in
that the rate of Ub2 formation over time is dependent on concentration of free ubiquitin
and RING. The equation y = P1*(1-exp(-P2*x)) + P3 was used to fit the data as a first
order exponential function, where P1 = maximal Ub2 according to the final timepoint, P2
= first order rate constant (0.693/t1/2), and P3 = background. For the pH data in Chapter
5, the data were plotted according to the equation y = P1*(1-(10-x)((10P2)/(1+10x*10P2))P3. Quantification for single turnover with a pH range. Data were normalized
according to the rate constant calculated for WT Ubc7 and the mutants (rate constants
were nearly identical for the mutants). The products were quantified by adding the pixel
intensity of Ub2 product + mono-ubiquitinated Ubc7 product (Image Quant application
software).
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Figure 2-9
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Figure 2-9: Activation of ubiquitin transfer in the gp78-Ubc7 fusion protein. A.
Under single turnover conditions, the gp78-Ubc7 is shown in a timecourse. The
ubiquitin dimer and free fluorescent ubiquitin were quantified to calculate the rate
constant shown in B (P2 value).
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M. Preparation of labeled proteins for NMR: Labeled proteins were grown in autoinduction media according to Studier’s protocol [291]. BL21(DE3) bacterial frozen stocks
containing the pET-28a-TEV expression vector with either WT Ubc7, mutant Ubc7, WT
gp78RING, mutant gp78RING, WT fusion, or mutant fusion were used to inoculate a 20
ml minimal media (P-0.5G) culture for overnight incubation at 37 degrees Celsius at 350
rpm. The minimal media cultures were diluted and transferred into wide-bottom flasks
equaling a total of 400 ml of media. The media was incubated for 18 hours or until the
OD at A600 reached 6. The bacteria were pelleted by centrifugation at 6,000 rpm
(~2900xg), 4 degrees Celsius using an Avanti J-25 Centrifuge (Beckman Coulter).
Expression of the cDNA of interest was assessed by running a sample of the fullyincubated culture and comparing the size of the major band with purified, unlabeled
Ubc7 or RING. The purification of the labeled protein was performed as described for
unlabeled protein in Section J. The purified protein was dialyzed overnight against 25
mM Tris-HCl, and concentrated as described before (Section K). The protein was given
to Dr. Ira Ropson for NMR Analysis at the Penn State College of Medicine.
N. Prediction of transmembrane domains: Entire RING E3 amino acid sequences
were entered into the online program TMPred. The program can be accessed by the
following address: http://www.ch.embnet.org/software/TMPRED_form.html
The program predicts transmembrane domains based on a database of known
transmembrane domains (K. Hofmann and W. Stoffel (1993) TMbase – A database of
membrane spanning protein segments Biol. Chem. Hoppe-Seyler 374, 166). Based on
the scoring of the program, candidate transmembrane passes with a score higher than
500 were considered as viable candidate sequences. TM predictions near or within the
RING domain or other known motifs were ruled out.
O. Molecular Modeling: Molecular graphics images were produced using the UCSF
Chimera package from the Resource for Biocomputing, Visualization, and Informatics at
the University of California, San Francisco (supported by NIH P41 RR-01081) [292].
P. RING-E2 Interface Analyses: Calculation of surface area contributions were made
by the tools for Structure Prediction and Analysis based on Complementarity with
Environment (SPACE) server. A reference for this program is listed in the bibliography.
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Chapter 3
A RING Domain Screen Identifies Novel Interactions with
Ubiquitin Conjugating Enzymes

A. Abstract
The ubiquitin conjugating enzymes (E2) Ubc7, E2-25K, and Cdc34/Ubc3 are able
to synthesize unanchored lysine 48 (K48)-specific polyubiquitin chains. A previous study
showed that the RING domains of the ubiquitin ligases (E3) Hrd1, gp78/AMFR,
TEB4/MARCH-VI, and Trc8/RNF139 are able to activate this activity in Ubc7. In the
same study, RING domains of MARCH-VII and gp78/AMFR were shown to activate E225K. In this chapter, I describe the study to identify additional RING domains that
activate these three E2 enzymes. From a library of 100 RING domains that are
expressed individually as GST fusion proteins in bacteria, I was able to identify eleven
and seven RING domains that activate Ubc7 and E2-25K, respectively. Two of these
RING domains, RNF38 and RNF126.2, activate both Ubc7 and E2-25K. I have
analyzed the sequences of the activating RINGs both for conserved residues and
putative transmembrane domains. From these analyses, I have found that about half of
the activating RINGs have putative transmembrane domains. In addition, several
residues appear to be conserved, including a tryptophan and arginine/lysine. Of the
RINGs that have the conserved tryptophan, a subset also have a preceding proline,
which may alter its three-dimensional structure. These results indicate that the
activation of an E2 by a RING domain involves conserved residues within the RING
domain, and likely a conserved arginine/lysine C-terminal to the RING domain.
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B. Introduction
The sequencing of the human genome has allowed the identification of novel
ubiquitination enzymes based on sequence similarity. In addition, a parallel enzymatic
pathway that conjugates ubiquitin-like proteins (UbLs) to substrates has been identified
based largely on sequence similarity with ubiquitination enzymes [171]. The
heterodimeric UbL E1s share sequence similarity with the ubiquitin E1 (Ube1).
Recently, this sequence homology enabled the identification of a second ubiquitin E1 in
humans that is still being characterized [55, 56]. Some UbL E2s have been identified
based on the conserved 150 amino acid core domain and conserved three-dimensional
fold possessed by all known E2s.
E3s can be distinguished due to the presence of a catalytic domain that recruits
an E2 partner. Predominantly, E3s can be classified into three major classes based on
this catalytic domain: ubiquitin-fusion degradation box (U-box), homologous to E6-AP Cterminus (HECT), and really interesting new gene (RING) [105]. The largest of the three
E3 classes contains a RING domain, a sequence of eight conserved cysteines and/or
histidines (CX2CXnCX1-3C/HX2-3C/HX2CXnC) (Figure 3-1B) that coordinate two zinc ions
in a three-dimensional cross-brace structure (Figure 3-1C) [105, 107]. There are ~300
RING domains identified currently in the NCBI database [103]. Approximately 250 of
these RINGs contain the “RNF” designation, while the rest are identified by other names.
Figure 3-1A shows how I have classified the known RING domains based on their zinc
coordinating residues, and will be addressed later in the discussion section. The U-box
domain E3s contain a conserved sequence (U-box) of about 70 amino acids that adopts
a three-dimensional conformation like the RING domain, but lacks zinc-coordinating
sites [125]. HECT domain E3s contain a sequence that is homologous to the E6associated protein (E6-AP). The name E6-AP originates from the E6 protein, a gene
product of some papilloma viruses [293]. HECT domain E3s are distinct from the other
two E3 classes in that they form a thiolester intermediate with ubiquitin prior to
attachment of ubiquitin onto the substrate [85]. The apparent function of the RING, Ubox, and HECT domains is to recruit a cognate E2 and subsequently catalyze the
transfer of ubiquitin from the active site cysteine of the E2 onto the substrate. These
domains are functional in that they can be removed from their full E3 sequence, and
retain the ability to bind their cognate E2s.
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Figure 3-1

Figure 3-1: Classification and Structure of RING Domains. A. RING domains can be
classified into four Types based on cysteine and histidine zinc-coordinating residues.
The first column shows the order of Cys and His. The next two columns show how the
Cys and His residues coordinate zinc. Histidine residues are highlighted in red. B.
Linear schematic of RING domain sequence showing how zinc coordination occurs at
the three-dimensional level. C. The three-dimensional “cross brace” structure of RING
domains is represented (modified from Genome Biology2002, 3(4):research0016.10016.12).
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Prior to this study, our laboratory showed that the RING domains of Hrd1,
gp78/AMFR, TEB4, and Trc8 were all able to activate the in vitro formation of K48-linked
ubiquitin dimer (Ub2) with the E2 Ubc7 [253, 267, 294]. It was also demonstrated that
gp78/AMFR and MARCH-VII (also designated RNF177 and Axotrophin [295, 296]) could
activate K48-linked Ub2 formation by E2-25K [278]. These preliminary findings were
important in that the specific K48 linkage mimics the formation of K48-linked
polyubiquitin chains in vivo. Indeed, in ER-associated degradation (ERAD), the ERresident HMG CoA reductase degradation 1 protein (Hrd1p) and degradation of alpha 10
(Doa10) (TEB4 in humans) RING E3s were shown to pair with Ubc7p and mediate K48linked polyubiquitination of substrates, targeting them for degradation [253, 267].
In principle, the selection of a specific E2 by an E3 is specified by protein-protein
interactions. It is reasonable to assume that between protein partners, such interactions
are dictated by the presence of specific amino acid residues on each protein. Thus, as a
first step toward understanding E2-E3 selection, our lab sought to identify new RING
partners of the E2s Ubc7, E2-25K, and Cdc34/Ubc3. I report here novel RING-E2
pairings.
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C. Results
i. RING-E3 Library. Our laboratory contains a collection of approximately 100
human RING domains. We obtained either RING-domain containing E3s through the
American Type Culture Collection (ATCC) as Mammalian Gene Collection (MGC) clones
or as Integrated Molecular Analysis of Genomes and their Expression (IMAGE)
Expressed Sequence Tags (EST) putative clones. These clones were used as
polymerase chain reaction (PCR) templates to clone the RING domain from each E3.
We included flanking sequences on both sides of the RING for two reasons. First, we
suspect that some amino acid sequence flanking the RING domain are likely to be
involved in E2 interaction, and secondly, the flanking sequence may also be required to
allow the RING domain to adopt its three-dimensional “cross brace” structure (Figure 31C). Thus, each RING domain construct included 12-20 amino acids of N- and Cterminal flanking sequence. This concept is illustrated in Figure 3-2A with the amino
acid sequence of selected RINGs and in Figure 3-2B with a diagram showing how they
were expressed as fusion proteins. In some instances, the RING domain is close to the
very N- or C-terminus of the E3, and had fewer than 12 amino acids outside of the RING
domain (Figure 3-3). For this reason, some of the RINGs contained fewer than 12
amino acids at one terminus. All the RING constructs were cloned into a vector
containing an N-terminal glutathione S-transferase (GST)-tag, thus the RINGs were
expressed in bacteria as GST-RING fusions. We also constructed selected RINGs with
a poly-histidine (His6) tag instead of the GST tag. The GST-RINGs and His6-RINGs
were tested directly from bacterial crude extract using the in vitro Ub2 assay (Figure 34B).
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Figure 3-2
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Figure 3-2: RING domains of multiple transmembrane E3s located in the ER. A.
Sequence alignment of the RING domain and flanking sequences of: Hrd1, gp78,
TRC8, and TEB4. These 4 RINGs have been shown previously to activate Ubc7. gp78
has been shown to activate E2-25K. B. Schematic of the RING domain construction
showing the GST or His6 tag, followed by flanking sequence (15-20 amino acids), then
the RING domain (38-56 amino acids), and more flanking sequence (15-20 amino
acids). Most RINGs were expressed with N-terminal GST tags, and a selected few were
expressed with a poly-histidine tag, in E. coli.
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ii. E2 Library. Our E2 library in the RING screen consisted of: human Ubc7,
bovine E2-25K, and human Cdc34/Ubc3. Ubc7, E2-25K, and Cdc34 were expressed as
His6 tag fusions. While the GST- or His6-tagged RINGs were assayed from crude
bacterial extract, the E2s were assayed in purified form. These E2s are able to
synthesize unanchored polyubiquitin conjugates which allows the in vitro assay to be
performed without a genuine substrate [96, 297]. Instead, a synthetic substrate of
truncated ubiquitin (Ub74) can be used, which is described in the next section. Not all
E2s have the ability to synthesize unanchored polyubiquitin conjugates, and the
biological significance of those that can (i.e. Ubc7, E2-25K, Cdc34) may be a result of
differences in polyubiquitination rates of genuine substrates in vivo.
iii. The Ubiquitin Dimer (Ub2) Assay. The Ub2 assay compares thiolester bond
decay and likewise Ub2 formation at the E2 basal rate (minus RING) or the E2
accelerated rate (plus RING) (see Figure 3-4). Previous work in our lab and others’ data
[253, 267] showed that the RING domain alone is sufficient to mediate transfer of
ubiquitin from the E2 to form a Ub2 product. Consequently, the full-length E3 is not
needed for the in vitro reaction (Figure 3-4A). The first part of the assay yields preformed E2 linked to Oregon green fluorescent-tagged ubiquitin (F-Ub) by a thiolester
bond (hereafter referred to as E2~Ub). Chapter 2 describes the synthesis of fluorescenttagged ubiquitin. In order to prevent further formation of E2~Ub, the reaction is
quenched. Then the second part of the assay begins with the addition of the E2~Ub to
an excess of truncated ubiquitin (Ub74), along with the RING domain. In its native form,
ubiquitin is 76 amino acids. Thus, truncation of glycines 75 and 76 renders Ub74 unable
to form a G76 to K48 linkage, and Ub2 is the only reaction product formed (Figure 3-4B).
It is easy to detect whether the reaction included an activating RING, as these reactions
will produce a dark band of unanchored Ub2 product, which can be compared to a
positive control activating RING. In using this method, ubiquitination can be simplified to
the basic reaction: ubiquitin being attached to ubiquitin. Figure 3-4C shows a Ub2 assay
that was carried out using Ubc7, with and without gp78RING. Clearly, the reaction with
the gp78RING greatly accelerates the thiolester decay and consequent Ub2 formation.
In order to identify new activating RINGs, I used known activating RINGs as
positive controls for comparison. For example, it had already been demonstrated that
Hrd1 could activate Ubc7, therefore I used this RING as a positive control and a minus
RING condition (basal rate of E2) as a negative control. I use the term activator to mean
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Figure 3-3

Figure 3-3: RING Domain Location within an E3. The green rectangles and the black
lines represent the RING domain and extra-RING sequence, respectively. In general,
RING domains tend to be located at the N- (left) or C- (right) terminus of the E3.
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Figure 3-4

Figure 3-4: Polyubiquitination can be simplified. A. Left, The complex of E2~Ub, a
substrate-Ub, and E3 can be simplified for an in vitro assay by (Right) expressing the
RING domain separate from the rest of the E3 sequence as an independent protein, and
replacing the substrate with a truncated ubiquitin. B. The truncated ubiquitin’s (blue)
lysine 48 side chain will attack the E2~Ub thiolester bond, releasing the fluorescentubiquitin (orange), and forming a Ub2 product. C. Top: An SDS-PAGE gel shows a
single turnover timecourse experiment with gp78RING and Ubc7, showing that the
presence of the RING domain dramatically accelerates thiolester bond (Ubc7~Ub)
decay, and Ub2 product (Ub-Ub) formation. Bottom: The gels can be quantified to
determine the half-life of the reaction. The circles represent the thiolester decay and Ub2
formation without RING present (half-life≈60 minutes), and the squares represent
thiolester decay and Ub2 formation with gp78RING present (half-life≈2 minutes).
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a RING domain that is able to accelerate Ub2 formation, and likewise accelerate the
disappearance of the pre-formed Ubc7~Ub thiolester bond, compared to the minus
RING condition.
iv. Ubc7 Screen. Initial studies used Ubc7 to screen our RING library. Ubc7 is
designated as UBE2G2 in humans, but will be referred to in this thesis by the yeast
name of Ubc7. Ubc7 belongs to the class I ubiquitin conjugating enzyme family. Class I
E2s contain a core of approximately 150 amino acids and are devoid of N- or C-terminal
extensions found in other classes. Ubc7 is known to function with the ERAD E3s Hrd1p
(Hrd1), gp78/AMFR, and Doa10 (TEB4) and is generally located in the cytosol. I was
curious to learn whether new potential activators had predicted transmembrane domains
(TMs) and if so, if their subcellular location had been identified. The completion of the
Ubc7 screen identified 11 additional RINGs: RNFx2, RNF13, RNF26, RNF38, RNF111,
RNF126.2, RNF128, RNF133, RNF148, MARCH-I/RNF171, and MARCH-VIII/RNF178
that are able to activate Ub2 formation with Ubc7. Figure 3-5 shows the accelerated Ub2
formation in vitro that was mediated by these RINGs. Hrd1 served as the positive
control, while a minus RING condition served as the negative control or basal rate of
Ubc7 catalyzed Ub2 formation. TM domain analysis of the full-length E3 sequence found
that about half of them (RNF26, RNF128, RNF133, RNF148, MARCH-I, and MARCHVIII) did contain putative TMs. Interestingly, none of these E3s have been identified yet
as being resident in the ER. In vivo experiments using a tagged full-length E3 and
staining with immunofluorescence can be used to identify the subcellular location of the
E3s with putative transmembrane domains. In addition, the ER-resident protein calnexin
can be used to confirm ER-localization. Figure 3-9 shows two representative TM
predictions and will be discussed later in another section. In addition, I will elaborate on
each RING in the discussion section.
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Figure 3-5

Figure 3-5: Novel RING domains activate unanchored Ub2 formation with Ubc7.
The in vitro Ub2 assay was carried out by formation of Ubc7~fUb (fluorescent Ub), then
addition of pre-formed Ubc7~fUb to conditions of 40 µM Ub74 and 4 μl of crude bacterial
extract containing the specified RING. Each lane represents a 20 minute timepoint in
which the Ub2 reaction was stopped by addition to 2X SDS sample buffer. The proteins
were separated by SDS-PAGE and visualized with fluorescence. Hrd1 served as the
positive control and minus RING served as the negative control, or basal rate of Ubc7
catalyzed Ub2 formation. These 11 novel RING domains show activation of Ubc7, as Ub2
is formed at a faster rate as thiolester bond decreases.
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v. E2-25K Screen. It was intriguing to find that none of the new RING Ubc7
activators had been established yet as participants in ERAD. Therefore E2-25K, a
proposed mammalian homolog of yeast Ubc1p that has been implicated in ERAD, might
also have activating RINGs not involved in ERAD. In this screen, bovine E2-25K purified
protein was used, which is identical in amino acid sequence to human E2-25K. E2-25K
differs from Ubc7 in that it contains a C-terminal tail of about 50 amino acids which may
facilitate E2 dimerization for optimal function [79]. Importantly, E2-25K is capable of
forming K48-linked Ub2 and polyubiquitin chains [297, 298], suggesting that this E2
functions in the targeting of substrates for degradation. The results from the second
screen indicated that E2-25K had seven activating RINGs: RNF6, RNF12, RNF38,
RNF81/TRIM21 RNF126.2, RNF146/Dactylidin, and RNF182. Figure 3-6 shows the
accelerated Ub2 formation in vitro that was mediated by these RINGs. MARCH-VII
served as the positive control, while a minus RING condition served as the negative
control or basal rate of E2-25K catalyzed formation of Ub2. The number of new E2-25K
activating RINGs identified in this screen was fewer than for Ubc7, but interestingly both
E2s have three activating RINGs in common: gp78/AMFR, RNF38, and RNF126.2. TM
domain analysis of the full-length E3 sequence found that only RNF182 had putative
TMs. No reports on RNF182 have been published to date therefore further evidence is
needed to confirm this prediction.
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Figure 3-6

Figure 3-6: Novel RING domains activate unanchored Ub2 formation with E2-25K.
The in vitro Ub2 assay was carried out by formation of Ubc7~fUb (fluorescent Ub), then
addition of E2-25K~fUb to conditions of 40 µM Ub74 and 4 μl of crude bacterial extract
containing the specified RING. Each lane represents a 20 minute timepoint in which the
Ub2 reaction was stopped by addition to 2X SDS sample buffer. The proteins were
separated by SDS-PAGE and visualized with fluorescence. MARCH-VII served as the
positive control and minus RING served as the negative control, or basal rate of E2-25K
catalyzed Ub2 formation. These 7 novel RING domains show activation of E2-25K, as
Ub2 is formed at a faster rate as thiolester bond decreases. The doublet band at E225K~Ub is the result of incomplete purification of the E2.
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vi. Cdc34/Ubc3 Screen. Contrary to Ubc7 and E2-25K, which participate in
ERAD, Cdc34 ubiquitinates a different subset of proteins in vivo. Studies in yeast have
demonstrated that Cdc34/Ubc3 is a highly conserved E2 [93] that is involved in
regulating proteins of the cell cycle checkpoint [78, 299]. The Cdc34 amino acid
sequence can be accessed by the accession code AAP36715 in the NCBI Database.
Cdc34 has a large C-terminal extension that is proposed to allow homodimerization of
the E2 and thus dramatically enhancing ubiquitin ligation [95, 96]. Additionally, Cdc34 is
able to autoubiquitinate itself with K48-linked polyubiquitin chains, which presumably
targets it for degradation by the 26S proteasome [97]. A multiprotein RING E3 complex
pairs with Cdc34. This complex is termed Skp/Cullin/F-box (SCF), and contains the
adapter protein Skp1, Cullin 1 (which binds the RING and recruits Cdc34), and the F-box
protein that determines substrate specificity. It is known that the small RING called
Rbx1 (Roc1/Hrt1) assembles into a SCF complex to recruit Cdc34 [300]. I reasoned that
the Skp, Cullin, and F-box should not be necessary in this assay, since I am not
concerned with ubiquitination of a genuine substrate. Since Rbx1 is short in sequence it
is possible that other potential RING partners for Cdc34 may also be small in sequence.
Rbx1 alone is insoluble (personal communication with V. Chau), therefore the positive
control, which would normally be an activator, was a timepoint of basal Cdc34 activity at
30 minutes. This seemed to be a sufficient positive control, since the Ub2 product at this
timepoint is robust, mimicking a condition with an activator. Although our RING
collection contains some small RINGs, such as RNF5 and RNF7, no novel activators
were identified in this screen. I anticipate that there are other RING partners for Cdc34,
but the current method and library were not able to identify any at this time. In order to
compile the results of the three screens, I constructed a Venn diagram that is shown in
Figure 3-10.
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Figure 3-7

Figure 3-7: No novel RING domains were found that activate unanchored Ub2
formation with Cdc34. The in vitro Ub2 assay was carried out by formation of
Cdc34~fUb (fluorescent Ub), then addition of Cdc34~fUb to conditions of 4 μl of crude
bacterial extract containing the specified RING. Each lane represents a 20 minute
timepoint in which the Ub2 reaction was stopped by addition to 2X SDS sample buffer.
The proteins were separated by SDS-PAGE and visualized with fluorescence. Since the
known RING partner of Cdc34, Rbx1, is insoluble as a single polypeptide, a 30 minute
time point was used as a positive control. This condition shows a robust Ub2 formation
that mimics that seen with an activating RING. As a negative control, a 5 minute time
point was used. No RINGs from our library were found to activate Cdc34.
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vii. Lysine-48 Linkage of the Ub2. It is well-known that a polyubiquitin chain
linked at K48 of ubiquitin targets a protein to the 26S proteasome for destruction [17,
18]. I verified that Ub2 product formed in these assays was K48-linked by using a
mutant ubiquitin in which K48 was replaced with an arginine (UbK48R). UbK48R is
unable to attack the thiolester-linked ubiquitin if K48 is the type of linkage that the E2-E3
pair will make. When UbK48R was added to the reaction in place of Ub74, no Ub2
product was formed (Figure 3-8) indicating that the thiolester bond is stable. This
demonstrates that these E2-RING pairs are activating K48-specific Ub2 linkage, a finding
that is consistent with previous work.
viii. Predictions of activating RING-E3s with putative transmembrane
domains. I assessed the putative topology of the full-length E3 sequence. The
activators Hrd1, gp78/AMFR, TEB4, and Trc8 have all been characterized as
membrane-bound E3s (the former three being localized in the ER), so I wanted to learn
whether any of the newly-identified activating RINGs had predicted TMs. This was
accomplished by using the online program TMPred
(http://www.ch.embnet.org/software/TMPRED_form.html). The program predicts TMs
based on a database of known TMs. A stretch of sequence with a score of 500 or above
is considered a valid TM, although these predictions must be considered with careful
thought. Many of the scores for each putative TM were above 2,000. Figure 3-9
displays two TM predictions, showing a representative putative TM E3 (RNF128) and
non-TM E3 (RNF111). Initially, a quick assessment using this method found that most of
the new activators were predicted to have TMs. Later, I reassessed these predictions by
comparing the TM sequence to the E3 sequence. If a TM was predicted to be in or near
the RING domain or other known motif, the sequence was ruled out as a putative TM. In
addition, some of the RING-E3s have a reported subcellular location which also helped
to affirm or rule out a TM prediction. However, most E3s do not have an assigned
subcellular location, therefore the TM prediction will have to be confirmed in vivo.
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Figure 3-8

Figure 3-8: Verification of Ub2 lysine 48 linkage. Ubiquitin with lysine 48 mutated to
arginine (UbK48R) was substituted for Ub74 to assess Ub2 formation. Thiolester formation
between fluorescent ubiquitin (F-Ub) and the E2 occurred, but transfer of the F-Ub onto
UbK48R was not observed due to the dependence of K48-linkage for the formation of
Ub2 product.
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Figure 3-9
A.

B.

Figure 3-9: Transmembrane Predictions. The TMPred online program was used to
predict whether the activating RINGs might have transmembrane domains (TMs). A.
RNF128/GRAIL is an example of an E3 with putative TMs, showing three strong TMs
with the N-terminus outside and C-terminus inside: (1) residues 7-28 (2) residues 104129 (3) residues 208-228 with a combined total score of 4582. B. RNF111/Arkadia is
an example of an E3 that lacks TMs.
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Figure 3-10
A.

B.
Type IA
gp78/AMFR*
Trc8*
Hrd1*
RNF38*
RNF111*
RNF6*
RNF12*
Type IB
RNF126.2*
RNF133*
RNF148*
RNF128*
RNFx2*
RNF13*
Type II
MARCH1*
MARCH6/TEB4*
MARCH7/Axo*
MARCH8
Type III
RNF26*
RNF81*
RNF182*
RNF146*

CAICWDS---MQA-ARKLPCGHL-----FHNSCLRSWLEQD----------TSCPTCR
CAICYHEFTT-SA--RITPCNHY-----FHALCLRKWLYIQ----------DTCPMCH
CIICREE---MVTGAKRLPCNHI-----FHTSCLRSWFQRQ----------QTCPTCR
CVVCMCDF-ESRQLLRVLPCNHE-----FHAKCVDKWLKAN----------RTCPICR
CTICLSIL-EEGEDVRRLPCMHL-----FHQVCVDQWLITN----------KKCPICR
CSVCISDY-VTGNKLRQLPCMHE-----FHIHCIDRWLSEN----------CTCPICR
CSVCITEY-TEGNKLRKLPCSHE-----YHVHCIDRWLSEN----------STCPICR

38
39
39
41
41
41
41

CPVCKDDY-ALGERVRQLPCNHL-----FHDGCIVPWLEQH----------DSCPVCR
CVICFERY-KPNDIVRILTCKHF-----FHKNCIDPWILPH----------GTCPICK
CVVCFDTY-KPQDVVRILTCKHF-----FHKACIDPWLLAH----------RTCPMCK
CAVCIELY-KPNDLVRILTCNHI-----FHKTCVDPWLLEH----------RTCPMCK
CAICLDEY-EEGDQLKILPCSHT-----YHCKCIDPWFSQAPR--------RSCPVCK
CAICLDEY-EDGDKLRILPCSHA-----YHCKCVDPWLTKT-K--------KTCPVCK

41
41
41
41
43
42

CRICHCEGDEES--PLITPCRCTGTLRFVHQSCLHQWIKSSDT--------RCCELCK
CRVCRSEGTPEK--PLYHPCVCTGSIKFIHQECLVQWLKHSRK--------EYCELCK
CRICQMAAASSSN-LLIEPCKCTGSLQYVHQDCMKKWLQAKINSGSSLEAVTTCELCK
CRICHCEGDDES--PLITPCHCTGSLHFVHQACLQQWIKSSDT--------RCCELCK

47
47
56
48

CVICQDQSK----TVLLLPCRHL----CLCQACTEILMRHPVYH-------RNCPLCR
CPICLDPF----VEPVSIECGHS-----FCQECISQVGKGGG---------SVCPVCR
CKICYNRYNLKQRKPKVLECCHR-----VCAKCLYKIIDFGDSPQGV----IVCPFCR
CAICLQTC----VHPVSLPCKHV-----FCYLCVKGASWLG----------KRCALCR

42
39
48
38

Figure 3-10: Activating RINGs. A. The Venn diagram summarizes the results of the
screen, showing the activating RINGs of Ubc7, E2-25K, and Cdc34. B. An amino acid
sequence alignment shows the activating RINGs of Ubc7 and E2-25K. The activating
RINGs of Ubc7, E2-25K, and both are indicated with a green, a blue, and a pink star,
respectively. The conserved eight cysteine and histidine residues are colored in yellow.
Type IB RINGs contain a proline (in cyan) before the conserved tryptophan (in cyan),
which indicates these RINGs may lack a helix in their three-dimensional structures.
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D. Discussion
i. Significance of E2-E3 Pairing. I have reported a group of activating RING
domains for two mammalian E2s: Ubc7 and E2-25K. The results are summarized in the
Venn diagram in Figure 3-10A. The results of this RING screen and previous in vitro
work indicate that, in total, Ubc7 has 15 activating RINGs and E2-25K has 9 activating
RINGs, 3 of which they have in common (gp78, RNF38, and RNF126.2). The results
from this RING screen show that about 20% of the RINGs in our library are able to
activate Ubc7 and E2-25K to mediate the formation of a specific product, K48-linked
Ub2. Although one could argue that in vitro pairing may not necessarily occur in vivo, it
is important to remember that this ubiquitination assay showed that Hrd1 activated Ubc7
to form K48-linked Ub2, and consequently Hrd1 pairs with Ubc7 in vivo to produce K48linked polyubiquitin chains [253]. This lends support to my claim that this in vitro system
is a good predictor of E2-E3 pairs in vivo.
The physiological significance of the pairing redundancy of Ubc7 and E2-25K is
not known. However, it likely means that in the absence of one E2, the other one could
potentially serve to ubiquitinate a substrate recognized by a cognate E3. This is
reminiscent of a study of overlapping E3 function demonstrated in yeast. In yeast
ERAD, the E3 Hrd1p pairs with Ubc7p when mediating K48-linked polyubiquitin chain
synthesis on a substrate. When a ΔUBC7 strain was used, ERAD of Hrd1p substrates
commenced, although not as robustly, due to the presence of Ubc1p. A double deletion
showed that these Hrd1p substrates accumulated, indicating that Hrd1p can use either
E2 [237]. Interestingly, gp78 is considered to be a second human homolog of yeast
Hrd1p, and since it can pair in vitro with both Ubc7 and E2-25K, this indicates it may
function this way in human ERAD.
I was not able to identify any new RING-Cdc34 pairs in this screen. Cdc34 is
known to pair with Rbx1, a small RING domain E3 that associates with Skp, cullin, and
F-box proteins to form a multi-component E3 called SCF [114]. Rbx1 is insoluble when
not associated with the SCF complex, thus I was unable to use this RING as a positive
control in this screen (refer to Results section for further explanation). With the multicomponent SCF, the F-box is responsible for selecting a substrate for ubiquitination
[117]. This is unlike the RING E3s, which interact with Ubc7 and E2-25K, as these are
single polypeptide E3s that contain both the catalytic domain (RING) and the substrate
binding domain. There are predicted to be 61 F-box proteins in humans [103], thus the
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same RING, Rbx1, can recruit Cdc34 to the SCF complex for 61 different substrate
recognition sites. Additionally, one F-box can select more than one substrate [114].
This observation leads to the possibility that perhaps Rbx1 may be sufficient to recruit
Cdc34 for all its substrates and no other RINGs are needed.
Since we do not have the entire collection of human RING E3s in our laboratory,
it should be noted that the new RING partners I have found is not an exhaustive list.
Additionally, there have been some examples published in which RING E3s function in
vivo as heterodimers [301], thus this screen does not take this concept into account.
Therefore, RINGs I have identified as “nonactivating” may in fact activate any of the E2s
I screened in vivo when the correct RING or other protein partner is available.
Based on the arrangement of the cysteines and histidine(s) in RING domains, I
have classified known RINGs into four types, as shown in Figure 3-1A. It is common to
see RING domains classified as RING-H2 and RING-CH based on the position of the
histidine, however my classification method allows further distinction of the zinccoordinating residues [302]. Figure 3-10B shows an amino acid alignment of the
activating RINGs by Type in which the zinc-coordinating residues are highlighted in
yellow, a conserved tryptophan in turquoise, and other conserved residues in gray. I
found it interesting that the Type III activating RINGs did not have the conserved
tryptophan like the Type I and II RINGs, but instead had hydrophobic residues at this
position. I have subclassified the Type I RING sequences into A and B according to the
absence and presence, respectively, of a proline (turquoise – Figure 3-10) immediately
preceding the invariant tryptophan. A solution structure of RNF38, a Type IA RING, is
available in the Protein Data Bank (PDB) under code 1X4J. An interesting observation
is that the Type IB RING proline would be located within the helix sequence of RNF38,
indicating that the three-dimensional structure of a Type IB may lack the helix (Figure 311, black star indicates where a proline would be located). The solution structure of
another RING activator, Type II MARCH-VIII, can be found under code 2D8S. Figure 311 shows that although RNF38 and MARCH-VIII vary in their structure, they both contain
a helix, which could be important in E2 selection. If the proline indeed disrupts the helix,
then this would lead to a novel RING-E2 interaction. Solving a Type IB structure would
address the question of whether or not the proline disrupts the helix and furthermore
provide some insight as to what regions of the RING are important in the E2-E3 interface
and how one RING can activate more than one E2.
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Figure 3-11

Figure 3-11: Comparison of RING domain structures. Magenta: RNF38 (type IA),
PDB code 1X4J and Red: MARCH VIII (type II) PDB code 2D8S. The white and yellow
spheres represent zinc coordinated by RNF38 and MARCH VIII, respectively. The black
star on the RNF38 magenta-colored structure indicates where the conserved proline is
located in Type IB RING sequences, which may disrupt the three-dimensional helix
structure seen in Type IA and other RINGs. The structures were modeled using the
program UCSF Chimera [292].
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The amino acid following the C-terminal cysteine in each activating RING
sequence is either arginine or lysine, except for Trc8 in which it is histidine. In our RING
library, ~70% of the RING sequences contain either an arginine or lysine at this position,
while the remaining ~30% contain a different amino acid. It is interesting to speculate
whether this residue is important in the selection of an E2. I illustrate this hypothesis
with an observation: in this screen and in previous work [278], it has been demonstrated
that Ubc7 is activated by TEB4/MARCH-VI, MARCH-I, and MARCH-VIII, while E2-25K is
activated by MARCH-VII only. Each of these activating MARCH RING domains has a
lysine residue after the C-terminal cysteine. However, all the non-activating MARCH
RINGs contain a divergent amino acid at this position.
ii. Biological Significance of the Activating RINGs. In this section, I will
discuss any known physiological significance of the activating RINGs that have been
identified. I refer readers to Table 1 at the end of this chapter that summarizes this
information and also lists additional details of each activating RING.
iii. Ubc7 Activating RINGs. It is well-documented in the literature that Hrd1,
gp78, TEB4, and TRC8 are localized in the ER. The former three are involved in ERAD.
Hrd1 is the human homolog of yeast Hrd1p/Der3p [240, 242]. Both Hrd1 and Hrd1p are
located in the ER [244, 253], with the N-terminus and the C-terminal RING domain
facing the cytosol [241, 253]. Accessory ER protein binding partners of yeast Hrd1p
have been identified which aid in E3 stabilization and substrate recognition [243, 248,
251]. ERAD involves the regulation of both misfolded and short-lived proteins.
Accordingly, Hrd1p (Hrd1) is known to target itself [237], misfolded insulin [247],
polyglutamine-expanded huntingtin [246] Hmg2p (HMGR in humans) [237], CD3-delta
[253], Sec61-2p and CPY* [242] and other substrates for degradation. Additionally,
deregulation of Hrd1 can lead to overproliferation of human synovial cells which may be
a cause of rheumatoid arthritis [245]. Clearly, Hrd1 plays important roles in both yeast
and humans.
Hrd1 and gp78/AMFR share significant homology in their RING domains, yet
Hrd1 is only able to activate Ubc7. Previous work in this laboratory has shown that
gp78/AMFR (also designated RNF45) is a potent activator of Ubc7 and E2-25K in in vitro
Ub2 formation, and others have also reported in vitro ubiquitination activity by gp78 [256].
gp78 (78 kDa glycoprotein), also identified as the autocrine motility factor receptor
(AMFR) [255], is widely expressed in human tissues and has been implicated in tumor
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metastasis [256]. The gp78 sequence contains a leucine zipper that has been proposed
to allow gp78 dimerization and may enhance its ability to function [255]. The seven TM
gp78 is localized in the ER [255] and participates in ERAD of substrates, including itself
[256]. To date, hydroxymethylglutaryl-CoA reductase [303], CD3-δ [256], the Z variant
of α-1-antitrypsin [304], Insig-1 [305], and KAI1 [306] have been identified as gp78
substrates. Additionally, gp78 was recently shown to exhibit E4-like activity by assisting
the E3 RMA1 downstream to ubiquitinate the mutated chloride channel CFTRΔ508
found in patients with the disease cystic fibrosis [128]. gp78 is a likely E4 candidate, as
it contains a CUE domain which can bind to the polyubiquitin chain on a substrate.
Surprisingly, gp78 does not require the RING domain in vivo to recruit Ubc7 [256, 307].
Rather, gp78 contains a sequence outside the RING which recruits Ubc7. Mutation of
either the CUE or Ubc7 binding sequence results in accumulation of ERAD substrates
[307]. In yeast ERAD, an ER-bound protein called Cue1p recruits Ubc7p to the ER
membrane [82]. Ubc7p partners with Ubc6p, a membrane-bound E2, and this
heterodimer targets the mutant Sec61p translocon for degradation [83]. No equivalent
protein to Cue1p has been described in humans. This finding suggests that human
gp78 evolved from Hrd1p and Cue1p, possibly to make ERAD more efficient [256].
Doa10 is a yeast RING E3 that is implicated in ERAD of both soluble and
membrane-bound substrates [259]. TEB4, an activator of Ubc7, is the proposed human
homolog of Doa10 [267]. TEB4 belongs to the MARCH family of E3s, thus it is
designated as MARCH-VI and also RNF176. TEB4 and Doa10 share similar RING
sequences, but also share a region of homology identified as the TEB4-Doa10 (TD)
domain, which contains three TMs and a cytosolic loop [260]. The importance of the TD
domain is unknown. Doa10 and Hrd1p are the only yeast RING E3s to date that have
been implicated in ERAD [233]. Hrd1 selects different substrates than Doa10 for
degradation, but both RING E3s overlap in some of their substrate recognition [259].
Doa10 is unique from Hrd1 in that it can localize either in the ER membrane or in the
inner nuclear membrane (INM), which likely affects which substrates can be selected
[263]. Not surprisingly, TEB4 is located in the ER, and like Doa10 activates K48-specific
Ub2 formation linkage with the E2 Ubc7 [267]. The topology of Doa10 and TEB4 has
been investigated and it appears that both the C-terminus and N-terminal RING are
located in the cytosol [260].
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Trc8 is a RING E3 that bears resemblance to the Drosophila gene patched [308].
This widely-expressed gene can be disrupted in a well-described 3;8 chromosomal
translocation that is present in a family with hereditary renal cell carcinoma (RCC) [309]
and has been proposed to function as a tumor suppressor [310, 311]. Intracellularly,
Trc8 is localized in the ER, and is expected to have a topology of 10 TMs and a
presumed sterol sensing domain [312]. Additionally, Trc8 has shown ubiquitination
activity with the UbcH5 family members of E2s although the reactions were not very
robust and it was not confirmed that the ubiquitin linkage was via K48 [313].
Thus far, three of the four RING E3s I have described participate in ERAD and all
four are located in the ER. Ubc7 and E2-25K have been generally described as ERAD
E2s. A literature search on the new activating RINGs found that the RINGs with known
function have not been implicated in ERAD, suggesting that Ubc7 and E2-25K are more
versatile than previously thought.
Since both E2s were known to interact with membrane-bound E3s, I was
intrigued to learn that RNF111, an activator of Ubc7, is a cytosolic and nuclear E3 that
has been named Arkadia in Mus musculus [314]. Arkadia plays an important role in the
formation of the mammalian node, as studied in mouse [315, 316]. Presumably,
Arkadia’s role at the molecular level to carry out this function is through propagating the
TGF-β signaling pathway by ubiquitinating negative regulators Smad7, phosphoSmad2/3, SnoN, and c-Ski [314, 317, 318] with the help of the scaffolding protein Axin
[319]. Our finding that Arkadia activates Ubc7 K48-linked Ub2 formation in vitro indicates
that Ubc7 is a potential E2 partner of Arkadia in vivo. We are currently working in a
collaborative effort to establish that Ubc7 is an in vivo E2 pair of Arkadia. We will pursue
knock-down of Ubc7 and observe whether levels of Smad7 are stabilized. Additionally,
we will perform an in vitro polyubiquitin assay in which we will test whether Ubc7 will
partner with Arkadia to induce polyubiquitination of Smad7.
Two of the activating RINGs of Ubc7 that we identified play a role in the immune
system. MARCH-I/RNF171 is predicted to be membrane-bound to endosome vesicles
and reside in B cells in lymph and spleen tissue [320, 321]. MARCH-I shares
approximately 90% identity of its RING domain with MARCH-VIII [320], another Ubc7
activator in the screen. MARCH-VIII (also called c-MIR) and MARCH-I regulate cellular
levels of the transferrin receptor, B7.2, and Fas [320], [322], [323]. They also control
antigen presentation by regulating the B cell surface expression of MHC-II [321, 324].
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The other Ubc7 activator that plays a role in the immune system is RNF128.
This E3 is more commonly known as gene-related to anergy in lymphocytes (GRAIL).
GRAIL is expressed in kidney, liver, and T-cells. It is expressed highly during early T
cell anergy [325, 326] and regulates differentiation of T cells [327]. Not surprisingly,
GRAIL was found to have in vitro E3 activity, mediating the formation of polyubiquitin
chains with the E2s: UbcH2, UbcH5a, and UbcH6 [326]. GRAIL is located subcellularly
as membrane-bound to endosomes and its sequence contains a protease-associated
(PA) domain [326, 328]. The PA domain is thought to be involved in substrate
recognition [329].
I found that other activating RINGs have been noted in the NCBI protein
database as containing the PA domain: RNFx2 (also designated ZNRF4/RNF204),
RNF13, RNF133 and RNF148 [330], [331]. The functions and locations of RNF13,
RNF133, and RNF148 are unknown, but the presence of a PA domain suggests they
may have related functions. Interestingly, in Mus musculus, RNFx2 is identified as
sperizin [332] and is regulated by the retinoid transcription factor [333]. Studies with
mice found that sperizin is expressed only in testis tissue, and only during certain stages
of spermatid development [332]. Localization studies of sperizin found GFP-sperizin in
the cytoplasm [332], ruling out my initial prediction that RNFx2 contains TMs.
The remaining activating RINGs are not well-characterized. RNF26 is expressed
widely in human tissues and is proposed to be a tumor suppressor gene in the human
11q chromosomal region as this region has proven to have nonrandom loss of alleles in
cervical and other cancers [334], [335]. Transcription of RNF126.2, another Ubc7
activator, can apparently be regulated by retinoic acid, and little else is known about this
E3 [336]. RNF38 is another RING E3 that is widely expressed in human tissues, but has
no documented function although it is proposed to be a tumor suppressor [337]. In
addition, the NMR structure of the RNF38 RING has been deposited into the PDB
database with the code 1X4J.
iv. E2-25K Activating RINGs. RNF182 RING was identified in this screen as
an E2-25K activator. This RING has no known biological function, and is only cited for
its identification from the human genome project [338]. Most RINGs in the NCBI
database are like RNF182, in that they have not yet been characterized, and only their
sequence is deposited, suggesting that they might have E3 ligase activity due to the

96
presence of the RING domain. Fortunately, the rest of the E2-25K activators identified
here have all been characterized to some degree.
RNF146 has been named dactylidin and has been implicated in Alzheimer’s
disease (AD) [339]. Hybridization studies with mouse brains found dactylidin is
expressed in the cytoplasm of neurons. It was confirmed through quantitative PCR that
upregulation of dactylidin exists in AD patients suggesting that dactylidin may be a good
drug target in preventing neurodegeneration [339].
RNF6 is located on human chromosome 13 [340], in a region that has been
implicated in human esophageal squamous cell carcinoma (ESCC) [341]. Mutations in
the coding region of RNF6 have been identified in tumors from patients with ESCC,
indicating that RNF6 may have a role as a tumor suppressor [341]. Another study found
that RNF6 regulates levels of Lin11/Isl-1/Mec-3 kinase 1 (LIMK1) by ubiquitination,
targeting polyubiquitinated LIMK1 for degradation by the proteasome [342]. LIM kinases
are responsible for regulating the cytoskeleton of the cell and thus they control cellular
functions such as motility, division, apoptosis, and others [343]. Interestingly, the E225K activator RNF12 is also involved in regulating LIM proteins that are involved in many
cellular processes [344]. RNF12 competes with cofactors of LIM-domain proteins
(CLIM) to bind proteins with the LIM domain. For this function, it was termed RLIM
(RING finger LIM domain-binding protein). RLIM and CLIM are expressed in
synchronization during mouse neural tube development and then in other tissues postembryogenesis [345]. RNF12 has demonstrated autoubiquitination activity in vitro [346],
and polyubiquitinates CLIM in human cells and Xenopus embryos [346, 347], indicating
that it functions as an E3.
RNF81 is unique from all the activating RING-E3s I have identified in that it
contains a tripartite motif (TRIM) in its sequence [110], and it is also designated as
TRIM21. However, it is not uncommon for a RING-E3 to contain a TRIM sequence, as
indicated in my examination of the NCBI Database. Elevated levels of TRIM21
antibodies (TRIM21-abs) have been identified in patients with ESCC (no TRIM21-abs
seen in healthy controls), suggesting this RING protein may be an indicator of tumor
formation [348]. Additionally, in the autoimmune disorders Sjogren syndrome and
systemic lupus erythematosus (SLE), accumulation of TRIM21 autoantibodies occurs,
indicating that TRIM21 has an important function in immunity [349].
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v. General Discussion. Evidently, the activating RINGs I have identified in this
screen are found in various subcellular locations and have been implicated in many
human diseases. Whereas some of these RING E3s are widely expressed, and others
are restricted to a certain tissue or tissues, it is interesting to note that Ubc7 is
ubiquitously expressed in human tissues [350]. This suggests that Ubc7 has a very
important function.
Overall, the majority of the RING E3s remain to have their functions elucidated.
Some RING E3s, such as Trc8, RNF6, RNF26, and RNF38 may function as tumor
suppressors. A well-known RING-E3 ovarian and breast cancer tumor suppressor is
BRCA1, and mutations in this gene can cause cancer in women, since the ligase activity
no longer is present [351]. Additionally, the reports of autoimmune and degeneration
diseases involving RNF81/TRIM21 and RNF146/dactylidin illustrates the consequences
of E3 deregulation. Therefore, learning E3 cellular function and the E2-E3 pairing rule
would likely lead to the potential for drug development.
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Chimera package from the Resource for Biocomputing, Visualization, and Informatics at
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Table 1
RING

Tissue expression

Function

Other

References

& cellular location
Hrd1

- ER

- ERAD & quality control of
short-lived proteins

gp78/AMFR/
RNF45

- Widely expressed
- ER

- ERAD

TRC8/RNF139

- Widely expressed
- ER

- Possible tumor
suppressor

MARCH-VI /
TEB4

- Widely expressed
- ER

- ERAD

MARCH-I /
RNF171

- Lymph & spleen
tissue
- Endosomal vesicles

- Regulates surface
expression of MHC-II in Bcells

RNF111 /
Arkadia

- Cytoplasm &
nucleus

RNF128/GRAIL

- Kidney, liver, & Tcells
- Endosomes
- Testis
- Cytoplasm

- Regulates degradation of
negative TGF-β pathway
regulators
- Immune function –
regulates differentiation of T
cells

RNFx2/ZNRF4/
RNF204/sperizin
RNF13
RNF133
RNF148
RNF126

- Homolog of yeast Hrd1p/ Der3p
- Has many binding partners to regulate
substrate selection
- Homolog of yeast Hrd1p/Der3p
- Contains leucine zipper, 7 TMs, Cue domain
- Located on human chromosome 16
- Located on human chromosome 8, where a
translocation occurs in RCC
- Shown to pair in vitro with UbcH5 E2s
- Homolog of yeast Doa10
- 14 TMs
- Located on human chromosome 5
-In vitro ub’n activity seen with UbcH3 and
UbcH5a
- Contains a Tyrosine-based motif involved in
B7.2 downregulation
- Requires Axin as a scaffolding protein
- Located on chromosome X
- Contains a protease-associated (PA) domain
- Pairs in vitro with UbcH2, UbcH5a, UbcH6
- Contains a PA domain
- Intronless gene
- No predicted TMs
- Contains a PA domain
- Contains a PA domain
- Contains a PA domain
- Upregulated in response to retinoic acid

[237, 240, 242-244, 245,
247, 248, 251, 253]
[255] [256] [304] [307]
[308, 310, 311, 312, 352]
[260, 267]
[320-324]

[314, 319]
[325-328]
[332]

[330] [331]
[330] [331]
[336]
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RNF26

- Widely expressed

RNF38

- Widely expressed

RNF182
RNF146/
dactylidin

RNF81/
TRIM21/Ro52

- Intronless gene
- Located on human chromosome 11
- SNPs in 5’UTR
- Located on human chromosome 9, an area
implicated in diseases
- NMR structure available 1X4J

[334, 335]

- Upregulated in Alzheimer’s Disease

[338, 339]

- Possible tumor
suppressor
- Regulates levels of LIM
kinase1
- Binds polyUb’s CLIM

- Located on human chromosome 13
- SNPs in ESCC

[340-342]

- Located on human chromosome X

[344-347]

- Tumor formation marker
- Functions in immunity

- Elevated levels of TRIM21 antibodies in ESCC
- Autoantibodies of TRIM21 in Sjogren
syndrome & SLE

[348, 349]

- Mouse brain
neurons
- Cytoplasm

RNF6

RNF12/
RLIM

- Possible tumor
suppressor

- Neural tissue during
embryogenesis, then
widely expressed

[337]

Chapter 4
Analysis of the Interface of gp78RING-Ubc7,
a RING Domain and its Cognate E2

A. Abstract
In the previous chapter, I discussed the identification of E2-activating RING
domains for Ubc7 and E2-25K. As a first step to address how specific sequences in
these RING domains are utilized to provide specificity in E2 interaction and activation, I
have focused my study on deciphering how the gp78 RING domain interacts with Ubc7.
Because RING domains interact with E2 enzymes with only moderate affinity, I have
developed a general strategy that utilizes engineered RING-E2 fusions to facilitate
structural analysis of RING domain:E2 complexes. The validity of this strategy was
supported by kinetic analyses and by NMR measurements. Moreover, Dr. Maria Bewley
was able to solve the crystal structure of the gp78RING-Ub7 fusion protein and
generously provided the atomic coordinates ahead of publication. This structure is
consistent with a fully complexed RING:E2 complex. Using the coordinates of the
crystal structure, I have carried out mutational analysis on the surface contacts between
Ubc7 and the gp78 RING domain. My analysis reveals that interactions at the Nterminal helix of Ubc7 contribute importantly to RING-E2 interactions, a conclusion that
differs importantly from current understanding. Mutational analyses have also been
extended to a region in Ubc7 (residues 131-134) that may have undergone a
conformational transition upon RING binding. My analysis indicates that sequence
integrity in this region of the protein is indeed necessary for the unanchored polyUb
chain synthesis activity in Ubc7. Taken together, the results described in this chapter
support the hypothesis that a molecular understanding on the interaction between E2
enzymes and RING domains can be gained by using the RING-E2 fusion strategy.
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B. Introduction
The hierarchical nature of the ubiquitination pathways requires selective pairings
of E2 and E3 enzymes. What dictates the specificity of this pairing process is not wellunderstood. Although a general model on how an E2 is docked to an E3 enzyme can be
inferred from the crystal structure of two separate E2-E3 complexes, the molecular code
that underlies the specificity of this pairing remains elusive, chiefly due to limited
structural and accompanying thermodynamic information. The previous chapter
described the identification of RING domain sequences that specifically bind and
activate Ubc7, E2-25K or both. To utilize these sequences to understand selective
interactions between E2-E3 pairs would require structural as well as thermodynamic
information. In this chapter I describe an approach of using RING domain E2 fusions as
a tool to facilitate the acquisition of structural information.
As a backdrop to the work presented here, I have provided first an analysis,
using the deposited atomic coordinates in the Protein Data Bank (PDB), on two current
structure-based models of E2 and RING domain pairing. For this analysis, I used the
crystal structure reported for the UbcH7-c-Cbl complex (PDB:1FBV) and an NMR-based
docking model of the E2 UbcH5 to the RING domain from the putative E3 CNOT4
(PDB:1UR6). I used the web-based server SPACE (tools for Structure Prediction and
Analysis based on Complementarity with Environment, http://ligin.weizmann.ac.il/space/)
to calculate accessible surface area as one measure of the contribution of individual
atoms/residues in binding. In the absence of thermodynamic information, this approach
provides one measure, albeit a poor one, by which the importance of specific structural
determinants in different E2-E3 structures can be compared. This chapter will describe
a similar analysis on the gp78RING-Ubc7 crystal structure, which was solved
independently by Maria Bewley. Lastly, I describe structure-based mutational analyses
that complement the crystal structure information that has been obtained for gp78
interaction with Ubc7.
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C. Results
i. c-Cbl-UbcH7. c-Cbl is a RING E3 that functions in many cellular processes,
but notably as a negative regulator of protein tyrosine kinase signaling [353]. Like many
E3s, c-Cbl contains other functional domains in addition to its RING, including the
tyrosine kinase binding (TKB) domain. The TKB and RING domains are connected
through a “linker” of approximately 40 amino acids. In vitro ubiquitination assays have
shown that c-Cbl can partner with the E2 UbcH7 [354]. A structure obtained by cocrystallization of c-Cbl in complex with UbcH7 and a substrate can be found under the
PDB code 1FBV. In this structure, c-Cbl protein includes the RING domain, a tyrosine
kinase binding (TKB) domain, and the native linker peptide. In addition, an 11-residue
peptide of its substrate ZAP70 (a protein kinase) is included in the complex [86]. Figure
4-1 shows the crystal structure of the c-Cbl(RING):UbcH7 complex in ribbon and surface
representation. For clarity, only the RING domain of the c-Cbl polypeptide is shown. To
establish the identity of the residues that participate in the c-Cbl:UbcH7 binding
interface, accessible surface area was calculated using the web-based server SPACE
(http://ligin.weizmann.ac.il/space/) for each residue in the c-Cbl RING domain and in
UbcH7. Contact residues are assigned for those residues that are made less accessible
by the presence of the interacting protein partner. The identity of these interface contact
to solvent residues is shown in Figure 4-1, and changes in the accessible surface area
of UbcH7 residues are reported in Figure 4-2. This analysis indicates that the largest
surface contacts are made with Loop 2 in UbcH7, with seven residues contributing to
~42% of the total interface surface area. Although residues at the N-terminal helix and
Loop 1 contribute less, ~28% and 30% respectively, to the interface, these two regions
have fewer participating residues than Loop 2, suggesting that residues in these two
regions may be more critical to the overall binding interface. For example, only two
residues contribute significantly in Loop 1, with F63 in this region contributing to ~23% of
the total surface area. Similarly, R5 in the N-terminal helix is a major residue
contributing to the interface.
ii. cNOT4-UbcH5B. The RING E2 cNOT4 is part of a large protein complex
involved in repressing gene expression and known to interact with the E2s Ubc4p and
Ubc5p in yeast [355]. Structural models of the human E2 UbcH5B and the RING
domain of human cNOT4 have been derived with NMR-based measurements and were
used to create a docking model of this RING-E2 pair [88]. This structural model may be
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problematic in that an invariant proline in E2s that exists typically in a cis conformation in
all E2 structures is switched to a trans conformation in the cNOT4:UbcH5B complex
docking model. This proline remains in the cis conformation in the c-Cbl-UbcH7
structure. Nonetheless, there are similarities between cNOT4:UbcH5B and c-Cbl:UbcH7
in how the E2 interacts with the RING domain.
The identification and accessible surface area of residues of the cNOT4-UbcH5B
binding interface were calculated as described in the preceding section. The identity of
the interface residues are shown in Figure 4-3, and changes in the accessible surface
area of UbcH7 residues are reported in Figure 4-4. This analysis indicates that the
largest surface contacts are made with the N-terminal helix in UbcH5B, with six residues
contributing to 38% of the total interface surface area. Notably, R5 of the N-terminal
helix contributes to about one-third of the surface area of this region. Loops 1 and 2
contribute 29% and 33%, respectively, with residues F62 (Loop 1) and A96 (Loop 2)
each contributing to at least one-half of the surface area of each region.
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Figure 4-1

Figure 4-1: The crystal structure and interface of c-Cbl-UbcH7. Left: The structure
was retrieved under PDB code 1FBV, and the c-Cbl E3 was truncated to show only the
RING domain. UbcH7 and c-Cbl RING are colored in red and green, respectively and
displayed in ribbon and surface representation. The two zinc atoms coordinated by the
RING domain are colored in yellow. The N-terminal helix, Loop 1, and Loop 2 of UbcH7
and Zn1, Zn2, and the helix of c-Cbl RING are labeled as regions of the interface.
Right: A contact map of the three-part interface is shown for c-Cbl RING-UbcH7, with
UbcH7 residues on the vertical axis and c-Cbl RING residues on the horizontal axis.
Each blue square represents a contact between two residues. The percent contribution
of the three-part UbcH7 interface is listed separately in Figure 4-2. The structure of
1FBV was modeled using the program UCSF Chimera [292]. The contact map was
generated by the program SPACE [356].

105
Figure 4-2

Figure 4-2: Surface area contributions of residues (Ǻ2) in the c-Cbl-UbcH7
interface. Calculations in Ǻ2 were produced by the SPACE server for the interface of
the c-Cbl-UbcH7 (PDB code: 1FBV). Residues making significant contributions in
surface area of the interface are highlighted in yellow, and the location of the residues
are indicated by the brackets on the left-hand side. The values were generated by the
program SPACE [356].
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Figure 4-3

Figure 4-3: The crystal structure and interface of cNOT4-UbcH5B. Left: The
structure was retrieved under PDB code 1UR6. UbcH5B and cNOT4 are colored in purple
and turquoise, respectively and displayed in ribbon and surface representation. The two
zinc atoms coordinated by the RING domain are colored in yellow. The N-terminal helix,
Loop 1, and Loop 2 of UbcH5B and Zn1, Zn2, and the helix of cNOT4 are labeled as
regions interface. Right: A contact map of the three-part interface is shown for cNOT4UbcH5B, with UbcH5B residues on the vertical axis and cNOT4 residues on the horizontal
axis. Each blue square represents a contact between two residues. The percent
contribution of the three-part UbcH5B interface is listed.
The structure of 1UR6 was
modeled using the program UCSF Chimera [292]. The contact map was generated
by the program SPACE [356].
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Figure 4-4

Figure 4-4: Surface area contributions of residues (Ǻ2) in the cNOT4-UbcH5B
interface. Calculations in Ǻ2 were produced by the SPACE server for the interface of
the cNOT4-UbcH5B (PDB code: 1UR6). Residues making significant contributions in
surface area of the interface are highlighted in yellow, and the location of the residues
are indicated by the brackets on the left-hand side. The values were generated by the
program SPACE [356].
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iii. E2 binds to RING domains with modest affinity. The affinity of RING
domains for E2s is expected to be low to modest, but nonetheless highly selective such
that E2s are non-interchangeable in function. This weak affinity places a constraint on
methods that can be used to investigate protein-protein interactions. For example,
immunoprecipitation, which is often used to establish protein-protein interactions, has
not been useful in establishing E2-E3 pairings.
The affinity of Ubc7 for Ubc7-activating RING domains identified in the previous
chapter can be estimated, in principle, by examining the Ubc7 activity dependence on
the concentration of RING domains. Treating a RING domain as an allosteric activator,
the velocity, v, dependence on RING concentration is given by:
V=kb[E] + kcat[R.E]
Etotal=[E] + [R.E]
V=kbEtotal + (kcat-kb).[R.E]
Kd=([R][E])/[RE]
V= (kb - kb([R]/(KD+[R]) + kcat([R]/(KD + [R]))Etotal
For kcat >> kb
V= (kb + kcat([R]/(KD + [R]))Etotal
where V is the velocity of the reaction, kb is the basal rate constant, E is the ubiquitin
conjugating enzyme (E2), R is the RING, and kcat is the activated rate constant.
Catherine Coleman in the laboratory has carried out such an analysis for
selected Ubc7-activating RING domains, and the conclusion of this analysis places the
KD of the RING domain to be >> 20 µM (private communication). Figure 4-5 shows a
linear rate dependence at 0 (basal Ubc7), 2, 10, and 20 µM gp78 RING, which I carried
out. The result is consistent with the above conclusion since at [R] >> KD, equation
V= [kb + kcat([R]/(KD + [R])]Etotal
is reduced to:
V= (kb + kcat[R])Etotal
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Figure 4-5

Figure 4-5: Kinetic Analysis of gp78RING. Ub2 formation timecourses were carried
out in the presence of 20 µM Ub74 and 2, 10, or 20 µM gp78RING. The rate constant
from each of the reactions is plotted against the RING concentration to show that the
rate constant increase is linear and is not easily saturated. The rate constant (kobs is
expressed in min-1.
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iv. Hypothesis and Rationale on RING-E2 fusion Constructs. The structural
models for cbl:UbcH7 and cNOT4:UbcH5B complexes suggested that RING domains
interact with E2 at a contiguous surface that is comprised of residues at the N-terminal
helix and at two loops of the conserved E2 tertiary fold. I reasoned that fusing a RING
sequence to the N-terminus of an E2, spaced by an appropriately long linker, may
produce a fusion protein in which the RING domain and the E2 may still be able to
interact with each other. Because the tethered RING domain and the E2 will be spatially
constricted from moving away from each other in such fusions, the net effect can be
viewed either as reducing the molecular volume or increasing the local concentration of
the two protein components, and I expect that complex formation of the RING domain
and the E2 will be more favorable in such fusion constructs. Therefore, at RING domain
and E2 concentrations that would be unfavorable for complex formation, i.e.,

RING + E2

RING:E2

the complex state may be the more thermodynamically favored species in the fusion
protein, i.e.,

RING-E2non-interacting

RING-E2complex

If this is the case, RING-E2 fusions may facilitate the determination of the structure of
RING:E2 complexes by NMR measurements or by crystallography.
v. The gp78RING-Ubc7 fusion construct strategy. A schematic of fusing the
RING domain sequence in gp78 to the N-terminus of Ubc7 is shown in Figure 4-6.
According to the c-Cbl:UbcH7 structure, the c-Cbl RING binds a three-part interface that
is near the N-terminus of UbcH7. Based on this information, it seemed that fusing
gp78RING to the N-terminus of Ubc7 would allow optimal access of the RING domain to
this binding surface if indeed, this binding surface is conserved among all RING-E2
pairs. Because the c-Cbl:UbcH7 structure shows the native linker, which is N-terminal to
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the RING, and makes contacts with the UbcH7 N-terminal helix, I reasoned that the
gp78RING flanking sequence might also harbor residues of importance in E2 selection.
For this reason, in the fusion construct, 18 N-terminal and 15 C-terminal flanking
residues of the RING were retained (Figure 4-6A).
The fusion was generated by polymerase chain reaction (PCR) of the gp78RING,
with an antisense primer designed to add codons for a linker. The purpose of the linker
was to allow enough flexibility for the RING to bind Ubc7 since it was not known what
kind of a three-dimensional structure the flanking sequence would adopt, and whether
this would permit flexibility. I chose a linker of “GTGSH,” which was encoded by the
enzyme restriction sites KpnI and BamHI. It was important to engineer a linker that
would maintain the solubility of the fusion, as it is nearly impossible to refold a RING
protein after it has been solubilized by reagents such as urea. Even if denatured RING
is dialyzed with zinc, our laboratory has observed that only a 50% recovery, at best, can
occur.
The full-length Ubc7 cDNA was isolated with unique restriction sites from the
pGEX vector. Both the gp78RING PCR product and Ubc7 were cloned into the pET28a-TEV vector in a two-step process, and DNA sequence was verified. Details of the
cloning procedure are discussed in Chapter 2. The fusion was expressed in BL21(DE3)
bacterial cells, under the T7 promoter of the vector, generating the protein product: His6TEV-gp78RING-linker-Ubc7 (Figure 4-6B). Separation of induced and noninduced E.
coli protein profiles by SDS-PAGE, followed by staining with coomassie blue, showed an
overexpressed protein that was ~34 kDa (in comparison with the purified Ubc7 marker in
Lane 1 which is ~18 kDa) (Figure 4-7A). This molecular weight was accurate, according
to prior analysis of the sequence by the program Vector NTI, predicting a similar
molecular weight. The IPTG induction in Figure 4-7A, performed at 37 degrees Celsius,
shows a 50% soluble and 50% insoluble fusion distribution in E. coli. Incubation of the
bacteria at the lower temperature of 30 degrees Celsius during IPTG induction increased
the soluble protein to about 70% of the total (data not shown).
vi. Purification of the Fusion. The purification process is described in detail in
Chapter 2. An example of the purification process is shown in Figure 4-7B with
coomassie stained gels showing the purity of the protein at each step. The fusion
protein contains an N-terminal poly-histidine tag which enables an initial purification on a
nickel affinity column. After further purification through a gel filtration column, I used the
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tobacco etch virus (TEV) protease to cleave off the poly-histidine tag and the TEV
consensus site (TEV site is C-terminal to the histidine tag). This cleavage reaction left
just two residues, GH, at the N-terminus of the RING domain sequence. Following the
last purification step using an anion exchange column, I concentrated the protein to
about 15 mg/ml for crystallization.
vii. Activity of the gp78RING-Ubc7 Fusion. Ubiquitination assays were
performed to assess the activity of the fusion. E1, Fusion, Mg-ATP, fluorescent
ubiquitin, and unlabeled ubiquitin were supplied in the reaction, and the proteins were
separated by SDS-PAGE and visualized by a fluorimager. The fusion of gp78RING to
Ubc7 overcomes the modest affinity of RING-E2 pairs, allowing robust formation of
polyubiquitin conjugates, as shown in Figure 4-8B (compare to Figure 4-8A, Ubc7 alone
or Ubc7 + free gp78RING).
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Figure 4-6

A.
gp78RING domain
EARFAVATPEELAVNNDDCAICWDSMQAARKLPCGHLFHNSCLRSWLEQDTSCPTCRMSLNIADNNRVREE

B.

Figure 4-6: The gp78RING-Ubc7 Fusion. A. The sequence of the gp78RING domain
is shown with flanking sequence (underlined) that was cloned with the RING in order to
ensure correct folding of the RING and to include any extra-RING amino acids that may
be involved in interacting with the E2. B. Schematic of the fusion: A poly-histidine tag
(His6) was incorporated for purification purposes. In addition, a tobacco etch virus (TEV)
cleavage site was present between the poly-histidine tag and the RING domain to allow
cleavage of the tag, leaving just a glycine-histidine sequence in front of the RING. The
RING domain was included with flanking sequence (shown in part A), followed by an
expandable linker of GTGSH which included a KpnI restriction site for the purpose of
adding extra amino acids if the linker was not long enough. The Ubc7 sequence is
present last. The RING was fused to the N-terminus of Ubc7 due to the previous
structural studies (see Figure 4-1) indicating that the RING contacts the N-terminus of
the E2.
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Figure 4-7

A.

Lane

1

2

3

4

5

B.

Figure 4-7: Expression and purification of the gp78RING-Ubc7 fusion.
A. A
coomassie stained gel shows the bacterial expression of the fusion in the pET-28a-TEV
vector. Lane 1 is TEV-cleaved purified Ubc7 marker (~18 kDa), Lanes 2 and 4 are –
IPTG induced soluble and insoluble extracts, respectively. Lanes 3 and 5 are +IPTG
induced soluble and insoluble extracts, respectively. The black arrow points to the
fusion, which is ~34 kDa. Approximately 50% of the fusion expressed in the insoluble
fraction, although induction at a lower temperature can reduce this to ~30%. B.
Bacteria induced with IPTG were pelleted, washed, and lysed with Bugbuster reagent.
The fusion protein was purified by sequential steps: a nickel affinity column followed by
a gel filtration column. The fractions shown in the coomassie stained gel were pooled
for cleavage of the N-terminal poly-histidine tag by the TEV protease. Finally, the fusion
was purified by an anion exchange column to separate it from the cleaved peptide.
Typically, a 2-liter culture of bacteria generated a total of ~20 mg protein.
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Figure 4-8

Figure 4-8: The fusion accelerates formation of polyubiquitin conjugates. A.
Unanchored polyubiquitin chain synthesis was monitored under the conditions of 0.1 µM
Ubc7 (Lanes 1-4) with the addition of 20 µM gp78RING (Lanes 5-8). B. The
unanchored polyubiquitin chain synthesis activity of 0.1 µM gp78RING-Ubc7 fusion is
shown. Proteins in the reaction were separated by SDS-PAGE and visualized with a
fluorimager.
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viii. The structure and interface of gp78/AMFR-Ubc7. The gp78RING-Ubc7
fusion structure was solved independently of this thesis work at 2.2 Angstroms (Å). The
crystal structure is shown in Figure 4-9A, with Ubc7 on the left and gp78RING on the
right. The active cysteine (C89) of Ubc7 is labeled to show that the RING binds far from
the active site, participating as an allosteric activator. It is apparent that Ubc7 and
gp78RING are folded independently, in their expected E2 and RING domain tertiary
structures, respectively. This observation is important, since fusing the proteins could
have disrupted their abilities to fold individually. The artificial linker GTGSH is absent in
the structure, indicating that it may be flexible, allowing the RING-E2 complex to form.
Figure 4-9B highlights the Ubc7 residues (red) and gp78RING residues (green) at the
interface, demonstrating that although they are folded into two distinct proteins, there is
a clear interface. The buried surface area of the interface was calculated to be
approximately 570 Ǻ2 which falls within the range expected of protein-protein complex
interactions.
The interface residues of both Ubc7 and gp78RING are displayed in Figure 410A). Not surprisingly, residues in the N-terminal helix, Loop 1 and Loop 2 of Ubc7 are
the three regions mediating RING binding. The residues of the helix contribute to 40%
of the interface, while Loop 1 residues account for 33% and Loop 2 residues for 27%
(Figure 4-10B). gp78RING mediates interaction with Ubc7 by its two zinc-coordination
site residues and a central helix (Figure 4-10B). Note that the numbering of the
gp78RING is according to the cloned RING, and not the native numbering. Importantly,
R8 (N-terminal helix) contributes about 10% of the overall contact surface area and L66
(Loop 1), and V113 (Loop 2) each contribute about 15% of the overall contact surface
area with gp78RING (Figure 4-11). W24 of gp78RING contributes 25% of the overall
contact surface area with Ubc7. It is evident that the W24 sidechain protrudes from the
zinc 1 coordinating site and becomes buried in the N-terminus of Ubc7 (Figure 4-10B),
suggesting that it has an important role in discriminating E2 interaction.
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Figure 4-9

A.

B.

Figure 4-9: The crystal structure of gp78RING-Ubc7 reveals an interface. A. The
crystal structure of gp78RING-Ubc7 was solved at 2.2 Å and is shown in ribbon
representation. The active cysteine (C89) of Ubc7 is labeled to show the distance
between the RING binding site and the Ubc7 active site. B. The residues of Ubc7 (red)
and gp78RING (green) are shown in stick representation and highlighted in their
respective colors. This demonstrates that both Ubc7 and gp78RING have folded into
their respective three-dimensional conformations, but form a distinct interface as shown
by the interaction of the residue side chains. The structure of gp78RING-Ubc7 was
modeled using the program UCSF Chimera [292].
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Figure 4-10

A.

B.

Figure 4-10: The interface of gp78RING-Ubc7. A. The crystal structure shown in
Figure 4-9B has been rotated 90o to face the viewer so that the interface is revealed.
Ubc7 is on the left and gp78RING is on the right, with residues of the interface
highlighted in red and green, respectively. B. A contact map displays residues of
gp78RING and Ubc7 that interact with each other, indicated by a blue square. The
residues on the vertical and horizontal axes represent Ubc7 and gp78RING,
respectively. Each part of the interface (i.e. Ubc7 Helix, L1, L2) are indicated, including
contribution of each part of the Ubc7 interface.
The structure of gp78RING-Ubc7
was modeled using the program UCSF Chimera [292]. The contact map was
generated by the program SPACE [356].

119
Figure 4-11

Figure 4-11: Surface area contributions of residues in the gp78RING-Ubc7
interface. Calculations in Ǻ2 were produced by the SPACE server for the interface of
the gp78RING-Ubc7 structure. Residues making significant contributions in surface
area of the interface are highlighted in yellow, and the location of the residues are
indicated by the brackets on the left-hand side. The contact map was generated by
the SPACE contact map analysis server [356].
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ix. Mutational Analysis of the Interface. I assessed the contribution of the
Ubc7 and gp78RING interface by performing mutational analysis. I made single mutants
of R8 (N-terminus), L66 (Loop 1), and V113 (Loop 2) to alanine. Additionally, I mutated
W24 (Zn1) of gp78RING to alanine.
The activity of the mutants was analyzed by in vitro single turnover Ub2 formation
assays. These experiments were performed with mutant Ubc7 and gp78RING as
separate proteins (not fused together), so that the RING concentration could be varied
relative to the mutant Ubc7. Shown in Figure 4-12A is the dependence of this activity in
the L66A and V113A Ubc7 mutants on the concentration of gp78RING. The results
indicate that this activity is attenuated in both mutants, with the substitution at L66
exerting a moderately more severe effect. Compared to the wild type activity in Figure
4-5, the L66A and the V113A mutants appear to retain approximately 8 and 12%,
respectively, of the wild type enzymatic activity. If decreases in the mutant activity can
be attributed solely to diminution in binding affinity, these results would suggest a
decrease of approximately one order of magnitude (10-fold).
In contrast, substituting R8 in Ubc7 by an alanine produced a mutant that
seemingly cannot be activated by gp78RING at the concentrations tested (Figure 4-12B
and C-left panel). This mutation, however, did not perturb the basal, RING independent
activity, in Ubc7 (Figure 4-12C-right panel). Therefore, this mutation does not perturb
the intrinsic ability of Ubc7 to catalyze ubiquitin to ubiquitin linkage. Similarly, in a
gp78RING-Ubc7 fusion construct harboring the R8A mutation, only the RINGindependent ubiquitin to ubiquitin linkage activity was detected (unpublished data by
Catherine Coleman). Thus, alanine substitution at R8 appears to exert a more severe
effect than those found at L66 and V113. The more severe mutational effect may result
from a larger reduction in RING domain binding affinity. Alternatively, R8 may be
required to transduce the allosteric effect of the RING domain. Although these
alternatives have not been tested in this work, independent NMR-based measurements
(private communication from V. Chau) indicated that while the wild type Ubc7 binds to
gp78RING with an affinity of ~150 µM, binding cannot be detected with the R8A mutant
even at 1 mM gp78RING. This suggests that R8 integrity is indeed critical for RING
domain binding affinity.
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Figure 4-12

A.

B.

C.

Figure 4-12: Mutational Analysis of Ubc7. A. An in vitro Ub2 assay was carried out as has
been described elsewhere. In this experiment, a 0 to 120 µM gp78RING titration shows the
decreased affinity of WT RING for L66A and V113A mutant Ubc7 can be overcome as the
amount of gp78RING is increased. 20 µM Ub74 was used for each RING condition, and the
reaction was stopped after 30 minutes with 2X SDS sample buffer. The proteins were
separated by SDS-PAGE and visualized with fluorescence. B. The R8A Ubc7 mutant without
(basal) and with 20 µM gp78RING in a timecourse experiment. The basal and +RING
conditions show indistinguishable formation of Ub2. C. Left: the x-axis shows a titration of
gp78RING from 0 to 120 µM does not increase the rate constant. Right: R8A Ubc7 has the
same basal rate (minus RING) as WT Ubc7, according to a Ub74 rate constant.
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To analyze the RING binding surface residues, W24 of the gp78RING was
mutated to alanine. Mutations of the zinc-coordinating residues (cysteines and
histidines) were not pursued, as this would disrupt the zinc binding and the RING would
not be able to fold. Since the W24 side chain is quite buried and contacts a majority of
the Ubc7 N-terminal interface residues, I predicted that this mutation would be very
severe. Not surprisingly, I found that this mutant form of gp78RING is essentially
nonfunctional (Figure 4-13A, compare –RING to W24A). In testing for the ability of an
excess W24A RING to compete with 10 µM WT RING for Ubc7 binding, I found that the
mutant RING did not compete for binding since the amount of Ub2 product formed in
each of the timecourses are indistinguishable (Figure 4-13B). This result implies that
W24 RING does not have a detectable affinity for Ubc7.
x. Distal Loop. An important revelation of our structure is the observation that
a loop (residues 130-137) of Ubc7 distal to the gp78RING binding site but proximal to
the active cysteine (C89) (Figure 4-14A) changed in conformation in our structure,
compared to Ubc7 alone (PDB code 2CYX) (Figure 4-14B,C,D). Our lab has termed this
the “distal loop.” We wondered whether this observed shift was an artifact from the
crystallization process. To address this, we made alanine mutations of the distal loop
residues N131, D132, E133, and S134 to assess how these mutations affected ubiquitin
transfer in Ub2 assays. From this analysis, we found that the N131A and S134A mutants
were severe (Figure 4-15, bottom panel) while the D132A and E133A mutants behaved
similarly to WT. Moreover, a double mutant D132A/E133A also behaved like WT, which
ruled out the possibility that these residues were redundant in function (data not shown).
This data confirmed that the distal loop conformational change was not an artifact and
thus the gp78RING is causing a slight conformational change in Ubc7.
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Figure 4-13

Figure 4-13: gp78RING Mutant. A. An in vitro Ub2 assay was carried out as previously
described. In this case, a time point of 5 minutes demonstrated that the W24A mutant of
gp78RING was not able to activate accelerated Ub2 formation by Ubc7. The –RING
condition is showed as a negative control. B. An experiment with 10 µM WT RING and
10 µM WT + 235 µM W24A RING showed that the mutant RING is not a competitive
inhibitor of the WT, since the same amount of Ub2 was formed in both conditions. This
indicates that the W24A gp78RING mutant does not have a detectable affinity for Ubc7.
40 µM of Ub74 was present for both conditions.
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Figure 4-14

Figure 4-14: A distal loop changes conformation. A. A ribbon representation of
Ubc7 highlights in stick representation the three-part gp78RING binding surface in red
(N-terminal helix, Loop 1 and Loop 2), the active cysteine (C89) in yellow, and the distal
loop in blue. B. The distal loop conformation in the Ubc7 alone structure (PDB code
2CYX) is shown with other residues near the active site. Elements nitrogen and oxygen
are highlighted in blue and red, respectively. C. The distal loop conformation in the
gp78RING-Ubc7 structure. D. Superimposition of the distal loop (from B and C) shows
that it changes conformation upon RING binding. The structures of gp78RING-Ubc7
and 2CYX (Ubc7) were modeled using the program UCSF Chimera [292].
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Figure 4-15

Figure 4-15: Mutations of the distal loop affect ubiquitin transfer. A single turnover
in vitro Ub2 timecourse assay was carried out as previously described. Top, WT Ubc7 is
more efficient in ubiquitin transfer from its active site with gp78RING present, as
indicated by the robust Ub2 formation. Note the difference in time points. Bottom,
N131A Ubc7 is not able to efficiently mediate the transfer of ubiquitin from the active site
in the presence of gp78RING.
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D. Discussion
In this study, I have demonstrated that fusing the RING domain of gp78 to the E2
Ubc7 is a novel method to study RING-E2 pairings. Like the crystal structure of the cCbl:UbcH7 complex and the docking model of the cNOT4:UbcH5B complex, I have
shown that three regions of Ubc7 work together to mediate gp78RING binding: the Nterminal helix, Loop 1, and Loop 2. Furthermore, R8 appears to be the switch that
allows Ubc7 to be converted into the active state and W24 of the gp78RING is
necessary for Ubc7 affinity.
The loop, which is distal to the gp78RING binding site but proximal to the Ubc7
active site cysteine, changed in conformation upon RING binding. Mutational analysis
found that N131 and S134 of this loop were important in mediating ubiquitin transfer
from the active site of Ubc7. This finding is interesting, since no other reports of a
function for this loop have yet been made. Since the E2 three-dimensional fold is
conserved and the RING binding surface also appears to be conserved, it is likely that
the function of this loop is conserved in other E2s.
Although the E2 binding site of each interface appears to be conserved, in that it
involves three parts, analysis of the surface areas of the contacting residues show that
the contributions are not the same. The cNOT4:UbcH5B complex is the most similar to
the gp78RING:Ubc7 complex structure in that the percent contribution of the N-terminal
helix and Loops are approximately the same. This model is based on a docking
approach, although NMR chemical shifts give further evidence of contacted residues,
therefore this model must be interpreted carefully. The c-Cbl:UbcH7 interface
contributions are quite different. Analysis of the RING domain residues found that Loop
2 contributes to the greatest percentage of surface area. However, residues of the
native linker, which is N-terminal to the RING domain, make contacts with the N-terminal
helix of UbcH7. It seems that sequence outside the RING domain may be crucial for
identification of an E2 by a RING E3 in some cases.
In comparing the gp78RING:Ubc7 and c-Cbl:UbcH7 complex structures, there
appear to be conserved residues. For example, in the N-terminal helix, R8 was
necessary for RING activation of Ubc7. R5 of UbcH5B and R6 of UbcH7 are the
analogous residues to R8, shown in the sequence alignment in Figure 4-18. For the
most part, this arginine is conserved in E2s. A385 of c-Cbl immediately succeeds the
second cysteine of the RING sequence, which corresponds to W24 in gp78RING. Both

127
A385 and W24 make contacts with their respective E2s at the conserved arginine
(Figure 4-16A). Upon analyzing this interface further, it is possible that W24 provides a
mechanism of E2 discrimination for gp78, since this bulky side chain would likely not fit
in the binding pocket created by R5 and surrounding residues in UbcH7. The W24A
gp78RING mutant did not have a detectable affinity for Ubc7. It would be interesting to
mutate the c-Cbl A385 to W385 and assess whether this allows the c-Cbl to bind Ubc7.
In addition, F62 and F63 of UbcH5B and UbcH7, respectively, contributed a
significant amount of the contact surface area of Loop 1. In Ubc7 the analogous residue
of L66 was an important contributor of RING affinity for Ubc7. Figure 4-16B shows the
Loop 1 region of the interface, with RING residues making contacts with L66 (Ubc7) or
F63 (UbcH7) shown in stick representation, and L66 and F63 in sphere representation.
This figure demonstrates that the F63 binding pocket in c-Cbl is larger to accommodate
the bulky side chain. The F63 side chain would likely not fit in the L66 binding pocket in
gp78RING, therefore F63 and L66 may be important in RING discrimination. In addition,
the E2 alignment (Figure 4-17) shows that a tyrosine is in the same position in other
E2s. It is likely that a tyrosine would be excluded from both the F63 and L66 binding
pockets, due to its bulky side chain, which further illustrates this residue as a key to
RING discrimination.
Figure 4-18 shows that the three-part interface of E2s is conserved in three
RING-E2 pairs. This interface may to be conserved in the HECT domain E3s, as
reported by the structure of E6-AP-UbcH7. It is interesting that the E2 UbcH7 is able to
bind both c-Cbl and E6-AP that represent two different classes of E3. Additional
structures of HECT domains with their partner E2s will distinguish discriminating
residues.
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Figure 4-16

A.

B.

Figure 4-16: E2-RING interface. A. The c-Cbl-UbcH7 (red) and gp78-Ubc7 (gray)
structures have been superimposed and are zoomed in to the N-terminal helix region of
the E2-RING interface. R5 and A385 of UbcH7 and c-Cbl, respectively, are labeled in
red. R8 and W24 of Ubc7 and gp78, respectively, are labeled in gray. B. The Loop 1
region of the gp78RING-Ubc7 (gray) and c-Cbl-UbcH7 (red) interfaces are shown. L66
and F63, both key residues in Loop 1 of their respective E2s, are labeled and shown in
sphere representation. Their respective RING interacting residues are shown in stick
representation. This figure demonstrates that F63 may not fit into the L66 binding
pocket, allowing discrimination in E2-E3 pairing.
The structures of 1FBV and
gp78RING-Ubc7 were modeled using the program UCSF Chimera [292].
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Figure 4-17

Loop 1

Figure 4-17: Alignment of E2s. The sequences of selected E2s are aligned, beginning
with the end of the N-terminal helix and concluding at the end of Loop 1. Conserved
residues of Loop 1 are highlighted in gray. Residue L66 of Ubc7 (turquoise) contributed
the most contact surface area in Loop 1. The residues at this position in other E2s
varied, however phenylalanine (red) and tyrosine (pink) are highlighted to reveal a
potential key discriminatory residues. For example, F63 of UbcH7 may not fit in the
binding pocket of a cognate RING of Ubc7, as the binding pocket would accommodate
L66 of Ubc7, which has a smaller side chain than phenylalanine. In addition, the
hydroxyl group on the tyrosine may preclude a certain E2 from a putative binding pocket
that accommodates a phenylalanine.
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Figure 4-18

E2 Sequences
Ubc7
UbcH5B
UbcH7

MAGTALKRLMAEYKQLTLNPPEGIVAGPMNEENFFEWEALIMGPEDTCFEFGVFPAILSF 60
---MALKRIHKELNDLARDPPAQCSAGPVG-DDMFHWQATIMGPNDSPYQGGVFFLTIHF 56
--MAASRRLMKELEEIRKCGMKNFRNIQVDEANLLTWQGLIV-PDNPPYDKGAFRIEINF 57

Ubc7
UbcH5B
UbcH7

PLDYPLSPPKMRFTCEMFHPNIYPDGRVCISILHAPGDDPMGYESSAERWSPVQSVEKIL 120
PTDYPFKPPKVAFTTRIYHPNINSNGSICLDILRS-------------QWSPALTISKVL 103
PAEYPFKPPKITFKTKIYHPNIDEKGQVCLPVISAEN------------WKPATKTDQVI 105

Ubc7
UbcH5B
UbcH7

LSVVSMLAEPNDESGANVDASKMWRDDREQFYKIAKQIVQKSLGL---- 165
LSICSLLCDPNPDDPLVPEIARIYKTDREKYNRIAREWTQKYAM----- 147
QSLIALVNDPQPEHPLRADLAEEYSKDRKKFCKNAEEFTKKYGEKRPVD 154

RING Sequences

*
gp78
cNOT
c-Cbl

21
13
377

CAICWDS---MQA-ARKLPCGHL--FHNSCLRSWLEQD-TSCPTCR 58
DAKEDPVECPLCMEPL--EIDDINFFPCTCGYQICRFCWHRIRTDENGLCPACR 57
TQEQYELYCEMGSFQLCKICAE----NDKDVKIEPCGHL--MCTSCLTSWQESEGQGCPFCR 420

Figure 4-18: E2-E3 pairs have interface residues in common. An alignment of the
E2s Ubc7, UbcH5B, and UbcH7 and the RINGs gp78, cNOT4, and c-Cbl are shown. E2
sequences: pink highlights identify residues involved in binding each E2’s cognate
RING domain, the yellow cysteine identifies the active site cysteine which makes a
thiolester bond with ubiquitin, the green residue is the invariant asparagine found in all
E2s, and conserved residues are highlighted in gray. Note that certain conserved
residues may be “masked” by the pink highlight. RING sequences: pink highlights
identify residues involved in binding each RING’s cognate E2, the yellow residues
identify the zinc coordinating residues, and the gray residues are conserved. Again,
note that certain conserved residues may be “masked” by the pink highlight. The
conserved tryptophan (see Chapter 3) in gp78 and c-Cbl is marked by a red asterisk.
The RING domains of c-Cbl and cNOT4 were extended N-terminally to highlight
interacting residues that are not within the RING domain. The interacting cNOT4 and
UbcH5B residues are based on the docking model. Prior NMR analyses found chemical
shifts in these residues, as well as others that are not highlighted.
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Figure 4-19

Figure 4-19: Overlay of 2D [15N, 1H]-HSQC spectra acquired for solutions of 200 µM
15
N-gp78RING-Ubc7 fusion (red), and 200 µM 15N-Ubc7 in the absence (black) or the
presence of 200 µM gp78RING (blue). Residues of interest have been labeled,
specifically residues at the Ubc7-RING interface. These data were generated by Dr.
Ira Ropson of the Department of Biochemistry and Molecular Biology.
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The strategy of fusing the RING domain to an E2 is a novel way to study RINGE2 pairing. Preliminary NMR data have shown that the gp78RING-Ubc7 fusion
overcomes the weak to modest affinity of the interaction. Figure 4-19 shows NMR data
to illustrate this point: the black peaks represent Ubc7 alone, and the blue peaks
represent addition of 200 µM gp78RING. Each peak represents an amino acid. The
addition of the RING shows that certain peaks shift and correspond to residues of Ubc7
in the N-terminal helix, Loop 1 and Loop 2. The red peaks represent the gp78RINGUbc7 fusion. Clearly, the Ubc7 peaks shift in greater magnitude in the fusion indicating
that more of the RING-E2 is in complex. These results further demonstrate that fusing
RING to an E2 is a novel and reasonable approach to studying RING-E2 interactions.
An adequate linker must be present in order to allow formation of the RING-E2
complex without interference by the linker. This was observed this in the gp78RINGUbc7 fusion, since residues of the linker were not seen in the structure. This indicates
that the linker likely takes on a flexible conformation, which is ideal to allow the RING-E2
complex formation.
The fusion strategy is being employed by our laboratory at this time to solve the
crystal structures of RNF126.2-Ubc7 and Doa10-Ubc7. RNF126.2, a type IB RING, was
discovered as a RING partner of Ubc7 in the preceding chapter. There is of great
interest in solving this structure, as the sequence contains a proline immediately
preceding a conserved tryptophan (Figure 3-10B, in cyan). The location of this proline is
in a region of the RING that folds into a helix. It is known that prolines generally disrupt
the helical structure by forming kinks, thus the three-dimensional structure of RNF126.2
is likely to be quite different from gp78RING. In addition, Doa10 is a yeast RING-E3 that
participates in ERAD and is known to pair with Ubc7. The human homolog of Doa10 is
TEB4, which is also a partner of Ubc7. Since Doa10 is a type II RING, we are interested
in solving its structure to compare with another known type II RING structure, MARCHVIII (discussed in the preceding chapter). The structure of MARCH-VIII is similar to
gp78 in that it contains a central helix although the MARCH RINGs have a significantly
longer sequence than other RINGs. It would therefore be interesting to learn if this extra
sequence plays a role in E2 discrimination. Our laboratory has obtained crystals of both
RNF126.2-Ubc7 and Doa10-Ubc7 fusions and collected preliminary diffraction data.
The gp78RING-Ubc7 structure has allowed the clear distinction of residues at the
interface which are necessary for RING to bind to and activate Ubc7. While this
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structure has greatly enhanced our understanding of gp78RING and Ubc7 interactions,
further work must be done to identify discriminating residues or binding pockets are
present in RING and E2 three-dimensional structures that facilitate formation of an active
RING-E2 complex. It is through additional RING-E2 crystal structures that the selective
interaction will be better understood.
Acknowledgements: I thank Dr. Maria Bewley for providing me with the atomic
coordinates of the gp78RING-Ubc7 crystal structure ahead of publication. I thank Dr. Ira
Ropson for providing me with the NMR data shown in Figure 4-19. Molecular graphics
images were produced using the UCSF Chimera package from the Resource for
Biocomputing, Visualization, and Informatics at the University of California, San
Francisco (supported by NIH P41 RR-01081). Calculation of surface area contributions
were made by the tools for Structure Prediction and Analysis based on Complementarity
with Environment (SPACE) server. References for these programs are listed in the
bibliography.
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Chapter 5
Lysine Activation Function in Ubc7 Maps to
Histidine 94 and Glutamic Acid 104
A. Abstract
gp78/AMFR is a RING domain ubiquitin ligase (E3) that pairs with Ubc7, a
ubiquitin conjugating enzyme (E2). Chapter 3 described an in vitro experiment in which
the RING domain alone is sufficient to mediate transfer of ubiquitin from the active site of
Ubc7 onto the lysine 48 side chain of another ubiquitin. It has been suggested that the
transfer of ubiquitin from the active site of an E2 to a substrate requires deprotonation of
the substrate’s acceptor lysine side chain. In order to investigate whether Ubc7 has this
catalytic ability, I have used an in vitro model of lysine deprotonation. Histidine 94 (H94)
and glutamic acid 104 (E104) have been identified as the residues near the active site
cysteine in Ubc7 that can deprotonate a substrate lysine. At least two reports have
demonstrated a non-covalent ubiquitin binding site on the beta-sheet region of E2s that
may function to position a substrate lysine side chain for deprotonation. Our lab has
observed an analogous non-covalent ubiquitin binding site in Ubc7 in preliminary NMR
studies, and have created a novel fusion model in which ubiquitin is fused to the Cterminus of Ubc7 to study this interaction.
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B. Introduction
The ternary complex of a ubiquitin conjugating enzyme (E2), ubiquitin ligase (E3)
and ubiquitin is transient so that ubiquitin can be quickly transferred from the E2 onto the
substrate. The transient nature of this reaction allows cycling to occur, thus making
polyubiquitination processive. Biochemical studies of E1, UbcH7 (E2), and E6-AP (E3)
have demonstrated that E1 and E3 do not bind E2 simultaneously [84]. Additionally, it
does not appear that E2s change greatly in conformation upon binding either E1 or E3
[85-87, 164, 357].
About 30 human E2s have been identified based on homology of a 150 amino
acid conserved core catalytic domain [80]. These enzymes can be further categorized
into four classes depending on the absence or presence of extensions from the core.
Class I E2s contain only the core while classes II and III contain the core plus an
extension at the C-terminus or N-terminus (respectively), and class IV E2s have the core
plus extensions at both termini [77]. The extension can vary from 50 [79] to 125 amino
acids [78] and has a specific structure and function. For example, the crystal structure of
the yeast Ubc1, which is a class II E2, showed that the C-terminal extension takes on
the three-dimensional structure of a free-form linker peptide followed by an organized
alpha-helix domain [358]. This domain has been termed a ubiquitin-associated (UBA)
domain since it can bind polyubiquitin chains [359].
Our lab has made extensive studies of Ubc7 (UBE2G2), a class I E2 that has
been implicated in ER-associated degradation (ERAD) [234, 235, 256, 263, 265, 360363] and has recently been shown to target itself for degradation via a non-lysine
residue [364]. Ubc7 is widely expressed in human tissues [350, 365], suggesting that it
plays an important role in cells. Ubc7 is a unique E2 in that it has a 13-amino acid
insertion loop (hereafter referred to as the acidic loop) that may be involved in RINGbinding or in mediating transfer of ubiquitin from the active site cysteine onto the
substrate. The yeast Ubc7p, which is a homolog of human Ubc7, also contains this loop
[366]. Interestingly, yeast and human Cdc34 (Class II E2s) are the only other E2s
known to have this acidic loop.

Figure 5-1A shows an alignment of E2s with the

insertion loop (Ubc7 (UBE2G2), Ubc7p, and human Cdc34), compared with E2s without
the insertion (E2-25K, UBE2T, Ubc9, and UbcH7). The C-terminal extensions of Cdc34,
UBE2T, and E2-25K are also shown. Conserved residues are highlighted in gray and
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the active site cysteine is highlighted in yellow. It is worth noting that most of the
conserved residues are near the E2 active site cysteine.
Crystal structures of human Ubc7 and Cdc34 have been previously solved, and
can be retrieved under the Protein Data Bank (PDB) codes 2CYX and 2OB4,
respectively [366]. The acidic loops in human and yeast Ubc7 are indicated by red
arrows in Figure 5-1B. This loop is absent in the Cdc34 structure (PDB code: 2OB4).
The structure of E2-25K is shown as comparison of an E2 without this loop (PDB code:
2BEP). In the previous chapter, I discussed the interface of the E2 Ubc7 and the RING
domain of gp78. The RING domain, a conserved catalytic sequence within an E3, is
composed of eight cysteines and histidines which coordinate two zinc atoms, and can
recruit a cognate E2 [105]. From the gp78RING-Ubc7 structure, it was elucidated that
the gp78RING binding site on Ubc7 to be a three-part interface: the N-terminal helix,
Loop 1, and Loop 2. Unlike the 2CYX Ubc7 structure, the acidic loop was not present in
the gp78RING-Ubc7 fusion. In the Cdc34 structure, the electron density of the acidic
loop does not allow it to be visualized, suggesting that the loop is very flexible and has
an important function. In addition, I found that another loop in Ubc7 (our lab terms it the
distal loop), which is distal to the RING binding site, but proximal to the active site
cysteine (Figure 5-5A, dark blue), is shifted in comparison with the 2CYX structure. After
performing mutational analysis, we found that certain mutations in the distal loop
affected ubiquitin transfer, and thus the distal loop may be involved in mediating ubiquitin
transfer from the active site cysteine onto the substrate lysine.
Many models explaining polyubiquitin chain synthesis have been proposed. A
recent report demonstrated that Ubc7 and the cytosolic domain (which includes the
RING) of gp78 preassemble polyubiquitin chains on the active site cysteine in Ubc7,
then the chain is transferred onto a substrate [294]. This differs from the proposed
scheme of sequential addition of ubiquitin onto a substrate. Mutational analysis of the
Ubc7 acidic loop found that it was required for this polyubiquitination function of Ubc7
and interestingly only Ubc7 and Cdc34 have this conserved loop. It has been proposed
that the substrate lysine which acquires ubiquitin must be deprotonated in order for it to
attack the thiolester bond of the E2~Ub (hereafter, ~ denotes a thiolester bond), and for
ubiquitin to be released (depicted in Figure 5-5A). It would seem that an E2 side chain
near the active site cysteine could potentially perform the deprotonating function, as has
been reported recently [89].
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In fact, in this chapter I report that two amino acid side chains near the Ubc7
cysteine active site, namely histidine 94 (H94) and glutamic acid 104 (E104), appear to
have this proposed deprotonation function. From prior NMR analysis of Ubc7 and
ubiquitin by our lab, it appears that Ubc7 has a non-covalent ubiquitin binding site, and
this site may help position the K48 side chain for substrate ubiquitination [99]. Amino
acid side chains around the active site cysteine of Ubc7 may deprotonate a substrate
lysine to activate it for attack of the E2 thiolester bond, releasing ubiquitin. In principle,
mutations destroying this catalytic activity would render the mutant E2 reliant on
conditions of higher pH, for which the lysine would be present in an increasingly
deprotonated form. This chapter describes the pH dependence of two Ubc7 mutants on
ubiquitin dimer (Ub2) formation, as well as insight into two Ubc7 loops whose function is
unknown, and the significance of a non-covalent ubiquitin binding site on Ubc7.
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Figure 5-1: A. Alignment of class I and class II E2s. UBE2G2 is the human homolog
of Ubc7p (yeast), and is referred to as Ubc7 in this thesis. Residues highlighted in gray
are conserved residues, and the yellow-highlighted cysteine is the active site cysteine in
each E2 that forms a thiolester bond with ubiquitin. The underlined sequences represent
loops of unknown function in E2s. B. Three-dimensional crystal structures of
selected E2s, illustrating the conserved fold of the core domain. The active cysteine is
highlighted in yellow. From left (PDB codes listed in parentheses): UBE2G2 (2CYX),
Ubc7p (2UCZ), Cdc34 (2OB4), and E2-25K (2BEP). C-terminal extension of Cdc34 and
E2-25K are not present in these structures. The red arrows indicate the acidic loop that is
present in UBE2G2 (Ubc7) and yeast Ubc7p. Cdc34 also contains this acidic loop,
although it is not present in this structure. The structures shown in this figure were
modeled using the program UCSF Chimera [292].
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C. Results
i. Non-covalent Ubiquitin Binding Site on Ubc7. The concept of ubiquitin
non-covalent association with other proteins has been well-established, as many
ubiquitin-binding domains have been characterized in various proteins due to their ability
to bind mono or polyubiquitin chains of different lysine linkage [197]. Additionally, NMR
analyses by two groups have also distinguished a ubiquitin binding site in the β-sheet
region in the E2s UbcH5c and Ubc2b [99, 100]. In collaborative NMR studies, our
laboratory observed that titration of unlabeled ubiquitin into 15N-Ubc7 showed chemical
shifts in Ubc7 residues of the β-sheet region. To eliminate this non-covalent binding site,
we used the chemical shift information to generate a triple mutant Ubc7 (V25R, L40Y,
V53R). It was predicted that mutation of these residues would prevent the non-covalent
association of ubiquitin with the β-sheet region of Ubc7. Interestingly, this mutant
functioned with comparable activity to WT Ubc7 in single turnover Ub2 assays
(unpublished data by Catherine Coleman).
In light of these findings, I wanted to further study the proposed non-covalent
ubiquitin binding site on Ubc7. Since the affinity of ubiquitin non-covalent interactions
with ubiquitin binding domains is weak [197], I reasoned that fusing ubiquitin to the Cterminus of our gp78RING-Ubc7 construct would overcome this problem. This new
construct was named the “Sandwich.” Figure 5-2A shows the schematic of the
Sandwich construct, which includes an expandable linker for purposes of optimizing
ubiquitin interaction with the β-sheet region of Ubc7. The Sandwich expressed well in E.
coli and was purified using the same purification method that was used to obtain the
gp78RING-Ubc7 protein (Chapter 2). While the gp78RING-Ubc7 fusion protein
synthesizes unanchored polyubiquitin chains in vitro, I hypothesized that fusing a
ubiquitin onto the construct would enable formation of an anchored polyubiquitin chain,
using the fused ubiquitin as the initial acceptor. I tested the Sandwich for this ability
using an in vitro multiple turnover ubiquitination assay. In this assay, the thiolester
reaction may cycle multiple times in the presence of an excess of WT ubiquitin, forming
ubiquitin conjugates greater than two.
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Figure 5-2

A.

B.

C.

Figure 5-2: The Sandwich Fusion Protein. A. A schematic of the Sandwich shows
that it is based on the gp78RING-Ubc7 fusion with a ubiquitin attached at the Cterminus. B. A multiple turnover ubiquitination assay was performed with gp78RINGUbc7 fusion and Sandwich 1. The fusion produced unanchored polyubiquitin chains,
while the Sandwich produced chains anchored to the ubiquitin fused to Ubc7 as
indicated by the high molecular weight smear seen at the top of the gel. C. The same
ubiquitination assay was repeated in the absence and presence of the reducing agent
BME. This experiment demonstrates that the polyubiquitin chains are not attached via a
thiolester bond to Ubc7 C89, as BME would break the thiolester bond.
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I predicted that the fused ubiquitin would become the preferred acceptor. This
would allow the lysine 48 side chain of fused ubiquitin to attack thiolester-bound ubiquitin
(donor ubiquitin), and an anchored polyubiquitin chain would by synthesized (Figure 54). This reaction would be occurring as cis because the reaction is occurring
intramolecularly (within one Sandwich protein). When these experiments were
performed, higher molecular weight species were formed, indicating polyubiquitin chain
formation on the Sandwich (Figure 5-2B, compare to gp78RING-Ubc7 experiment). To
verify that the polyubiquitin chain was not attached by a thiolester bond to the Sandwich
Ubc7, the assay was performed in the absence and presence of the reducing agent
BME in the SDS sample buffer, and a similar pattern of ubiquitin conjugates were
present (Figure 5-2C), indicating that the polyubiquitin chain was being attached to the
fused ubiquitin.
It was surprising to observe a large amount of Ub2 formed at the first time point
(10 minutes) (Figure 5-2B). This indicated that the reaction was occurring in a trans
fashion (between two Sandwich proteins), and switching over to cis after all the free
ubiquitin has been conjugated (Figure 5-4). Thus, the reaction goes as follows: Ub2 is
formed first, then is taken up and incorporated into the polyubiquitin chain, since the Ub2
disappears after 30 minutes (Figure 5-2B). Consequently, the Sandwich’s fused
ubiquitin is not the initial preferred acceptor and gp78RING-Ubc7-Ubn is formed later. It
is probable that Ubc7 is better able to conjugate Ub2 that is attached at C89 versus a
single ubiquitin, since the Ub2 adds some flexibility and could potentially reach the
tethered ubiquitin more easily. Moreover, it has been reported that Ub2 makes thiolester
linkage with E1 and E2 as efficiently as a single ubiquitin [297], lending support to this
theory.
I explored the possibility that the current ubiquitin linker to Ubc7 was not flexible
or long enough by making “Sandwich 2,” a construct which contains six extra amino
acids in the linker between Ubc7 and ubiquitin (new linker sequence:
KLGTGASGTSGSG). When the multiple turnover experiments were repeated, I found
that the extended linker did not significantly change the way that the Sandwich behaved
(Figure 5-3A). If the linker had solved the flexibility problem, then perhaps the fused
ubiquitin was now too flexible, allowing it to become associated with the non-covalent
ubiquitin binding site of Ubc7, preventing it from accepting the thiolester-linked ubiquitin.
To address this problem, a Ubc7 triple mutant (V25R, L40Y, V53R) version of Sandwich
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Figure 5-3
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C.

Figure 5-3: Multiturnover in vitro ubiquitination assays with the Sandwich. A.
Sandwich 1, Sandwich 2, and Sandwich 3 showed a high Ub2 to anchored Ubn ratio. B.
A coomassie stained gel of Sandwich 1 and Sandwich 3 assays with UbK48R. In this
reaction, only one ubiquitin can be added to the Sandwich, since K48-linked chains
cannot be synthesized. Sandwich 3 is able to transfer the free ubiquitin more quickly
than Sandwich 1. C. Ubc7-Ub and Ubc7-Ub-Ub had lower Ub2 to anchored Ubn ratio.
The asterisk (*) denotes Ubc7-Ub~Ub.
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2 was made, as this would presumably eliminate the Ubc7 non-covalent ubiquitin binding
site. However, I found that the Sandwich 2 Triple Mutant behaved in the same manner
as its predecessors (data not shown) since large amounts of Ub2 were still being formed.
As a solution, I fused a second ubiquitin to the Sandwich, which could potentially allow a
certain flexibility that could be inherent in polyubiquitin chains. This construct was
named Sandwich 3 (gp78RING-Ubc7-Ub-Ub). Once again, experiments under
multiturnover conditions demonstrated that Sandwich 3, as both a WT and triple mutant
Ubc7, still exhibited robust formation of Ub2 (Figure 5-3A).
At this time, it is not clear why the fused ubiquitin is not the preferred acceptor.
In a further experiment, however, I found that Sandwich 3 is more efficient than
Sandwich 1 at transferring one free ubiquitin to the fused ubiquitin. In this experiment, I
used ubiquitin in which K48 has been mutated into arginine (UbK48R). It has been
established that Ubc7 and gp78RING work together to synthesize K48-linked chains.
Therefore, in this reaction, only one UbK48R can be added to the fused ubiquitin of the
Sandwich and no subsequent ubiquitins could be added, due to the lack of K48. The
results are shown in Figure 5-3B as a coomassie stained gel, demonstrating that more of
the free ubiquitin is transferred onto the Sandwich 3 at each time point, compared to
Sandwich 1. In addition, constructs with the gp78RING absent (Ubc7-Ub and Ubc7-UbUb) were also tested in multiple turnover ubiquitination assays. Without RING present,
the reaction was much slower, as expected. However, the ratio of Ub2 to the higher
molecular weight species was considerably lower than in the Sandwich models, thus the
reaction may proceed in a different manner without RING present (Figure 5-3C).
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Figure 5-4

Figure 5-4: The Sandwich synthesizes anchored and unanchored polyubiquitin
chains. Under multiple turnover conditions, the Sandwich proteins could either
synthesize unanchored Ub2 by using the free ubiquitin added in the reaction (trans), or
transfer the thiolester-bound ubiquitin from the active cysteine of Ubc7 onto the fused
ubiquitin (cis).
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ii. Distal Loop. The distal loop (residues 130-137, dark blue in Figure 5-5A)
changes in conformation upon gp78RING domain binding, by comparing the crystal
structures gp78RING-Ubc7 (unpublished) to Ubc7 alone (PDB code 2CYX, human
sequence, hereafter referred to as 2CYX) [366]. This loop is proximal to the active site
cysteine (C89), but distal to the gp78RING binding site. The preceding chapter
discussed mutants of this loop that were used to assess whether it has a function in
mediating ubiquitin transfer or if this conformational change was an artifact. The single
mutants D132A and E133A and the double mutant D132A/E133A behaved like wild type
Ubc7 in Ub2 assays. In contrast, the N131A and S134A mutants showed a significantly
reduced rate of ubiquitin transfer from the thiolester bond to form Ub2 product (see
Figure 4-15 from the previous chapter). We concluded from this mutational analysis that
since N131A and S134A showed a decreased rate in ubiquitin transfer, that the distal
loop appears to have a function in mediating ubiquitin transfer.
iii. Acidic Loop. As mentioned, Ubc7 and Cdc34 are the only E2s known to
have the acidic amino acid insertion loop. The 2CYX structure of Ubc7 shows this loop,
but in the unpublished gp78RING-Ubc7 crystal structure, this loop is not visible. This
suggests that the loop may be quite flexible. Furthermore, superimposition of the human
and yeast Ubc7 structures demonstrates that the loops are in different conformations
[367].
In order to understand the function of the acidic loop, our laboratory mutated the
acidic residues of this loop to alanine (D99A, E104A, and E108A). H94 was also
mutated to alanine as it is a weak acidic residue near the active site and precedes the
acidic loop. When we tested these mutants in in vitro Ub2 assays, we found that RINGactivated ubiquitin transfer from H94A, D99A, E104A, and E108A was reduced, as
compared to WT Ubc7 (Figure 5-5B, compare Ub2 formation at pH 7.0). This suggests
that the acidic loop is either involved in ubiquitin transfer at the active site (deprotonating
the acceptor ubiquitin), or it is somehow involved with the RING binding interface. As
stated earlier, the acidic loop is not visible in the gp78RING-Ubc7 structure but is
present in the 2CYX Ubc7 structure. If one were to superimpose 2CYX and the fusion
and calculate the approximate distance between the acidic loop and the nearest RING
residues, it is ~15Å, which is likely too far for an interaction. However, if the loop is
constantly changing position, it could adopt a conformation much closer to the RING
domain and make contacts. If the acidic loop is involved in RING binding to Ubc7, then
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this would further support the uniqueness of the RING-E2 interface, as Ubc7 is only one
of two E2s with this loop.
iv. pH Dependence of Mutant Ubc7 on synthesis of Ub2. It has been
established that E2s make a thiolester bond with ubiquitin and then subsequently
transfer that ubiquitin onto a substrate lysine. For this to occur, it has been suggested
that the substrate lysine side chain is deprotonated by a residue side chain on the E2
(Figure 5-5A) that produces a lysine nucleophile. The nucleophile can then attack the
thiolester bond leading to efficient transfer of the ubiquitin. I reasoned that the distal
loop, acidic loop, or residues around the active site cysteine (C89) may harbor side
chains that would deprotonate the lysine.
A study by Yunus and Lima found that Ubc9, which conjugates the small
ubiquitin-like modifier (SUMO) onto Ran GTPase-activating protein [173], utilizes three
conserved E2 residues near the active cysteine to suppress the substrate lysine pKa
[89]. Using computational and experimental techniques, they concluded that Ubc9 N85,
Y87, and D127 promoted the conjugation of SUMO to a substrate by optimally placing
the substrate lysine and subsequently deprotonating it. They propose that since most
E2s have these conserved residues, and all E2s have a conserved core threedimensional structure, that perhaps this mechanism is conserved as well.
Given these findings, I wanted to explore the possibility that Ubc7 also had this
mechanism. All E2s contain the invariant asparagine [81] which is found at position 85
in Ubc9 and position 81 in Ubc7. Additionally, many E2s contain tyrosine at an
analogous position to Y87 of Ubc9 and either aspartic acid or serine analogous to Ubc9
D127. Indeed, Ubc7 contains a tyrosine (Y83) and serine (S134) at these positions. As
mentioned above, the distal loop (containing S134) changed in conformation in the
gp78RING-Ubc7 structure in comparison with 2CYX. It is not known how/if RING
contributes to positioning the substrate lysine, but since the distal loop had shifted in the
presence of RING, the analogous S134 or other residues in the distal loop may
participate in the mechanism described for Ubc9.
At low to physiological pH (~7), the substrate lysine side chain is fully protonated
and carries a positive charge (Figure 5-5A). As the pH rises, the deprotonated form of
the lysine side chain will be present in increasing quantities. The deprotonated species
can attack the E2~Ub thiolester bond, leading to the transfer of ubiquitin onto the
substrate lysine. Therefore, a mutant Ubc7 that lacks the deprotonating side chain
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would inefficiently mediate the transfer ubiquitin at a low pH, due to the presence of a
fully-protonated lysine species. However, as the pH is increased, the presence of the
deprotonated species would also increase, enabling Ubc7 to function more efficiently,
despite its mutant status (Figure 5-5A).
I used a similar approach as Yunus and Lima in order to test this theory. As
Yunus and Lima demonstrated, the thiolester formation between mutant E2 and ubiquitin
is not affected (Figure 5-5B: E2~Ub, compare WT and mutants). Therefore, the second
step, which is the transfer of ubiquitin from the active site onto the substrate lysine, is
what is hindered. Since Ubc9 D127 corresponds to Ubc7 S134, I mutated this residue to
alanine, and also mutated other residues in the loop (N131A, D132A, and E133A). I
then examined their pH dependence in an in vitro Ub2 assay: the first step involved the
formation of thiolester-linked fluorescent ubiquitin to Ubc7 (Ubc7~Ub). The reaction was
stopped by chelation of Mg++. Then, the pre-formed Ubc7~Ub was subjected to a range
of pH conditions with 20 µM gp78RING and 20 µM Ub74. Ub74 is a truncated form of
ubiquitin that is unable to continue the lysine to glycine linkage, thus the only product
formed is Ub2. In this case, Ub74 serves as the substrate in the reaction, since Ubc7 is
able to synthesize unanchored ubiquitin conjugates. After this reaction proceeded for 30
minutes, it was stopped by addition to SDS sample buffer, and the samples were
separated on a tricine gel, followed by visualization with a fluorimager.
Figure 5-5B shows that the Ub2 product does not increase across the range of
pH conditions, indicating that the distal loop mutants did not have pH dependence. In
other words, the distal loop does not harbor side chains responsible for positioning and
deprotonating the ubiquitin lysine. This finding was surprising, given that many E2s
share the conserved residues in the distal loop region, therefore, it would not be
unreasonable to hypothesize that E2s would use the same conserved residues to
perform a catalytic function.
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Figure 5-5: Investigation of residues near the Ubc7 active site having a
deprotonation function. A. 2CYX structure of Ubc7 highlights C89 in yellow, and
residues around the active site that were mutated in the pH dependence investigation
(left). Ubc7 could harbor a residue that would deprotonate a substrate (Ub74) lysine,
converting it into the active form (right). B. WT Ubc7 + gp78RING showed pH
dependence, as synthesis of Ub2 was decreased at low pH (5.5 to 6.0). H94A, D99A,
and E104A showed pH dependence, as Ub2 product increased as the pH increased.
Experiments with mutants were performed in the presence of 20 μM gp78RING. The
structure of 2CYX was modeled using the program UCSF Chimera [292].
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Since the distal loop of Ubc7 did not appear to contain the deprotonating side
chain, I investigated mutants of the acidic loop and residues around C89, using the
same experimental method described above. Results from these sets of assays showed
that H94A, D99A, and E104A mutants displayed pH dependence (Figure 5-5B). These
mutants appeared to be rescued by the high pH buffer conditions, since an increased
amount of deprotonated Ub74 K48 of existed in the reaction. Therefore, the mutant Ubc7
becomes more efficient at ubiquitin transfer than when subjected to the lower pH and is
able to produce more Ub2. It is important to note that although the transfer of ubiquitin
from mutant Ubc7 was slower than WT Ubc7, the formation of the thiolester bond in
mutant or WT conditions did not appear to be different. In addition, high pH did not fully
rescue these mutants to the WT activity (compare H94A, D99A, and E104A Ub2
formation with WT).
These results were surprising, in that the Ubc7 mutants with pH dependence
were not the analogous residues to Ubc9. However, I was curious to further
characterize these mutants. These initial assays were performed under non-reducing
conditions (non-reducing tricine gels and no reducing reagents in the sample buffer). In
this manner, the thiolester bond between Ubc7 and ubiquitin is not reduced. This
enables confirmation that the thiolester formation between mutant Ubc7 and ubiquitin
has not been compromised, but that in fact the ubiquitin transfer from the active site is
hindered as demonstrated by the Ub2 formation. However, I chose to use reducing
conditions in our next set of assays, since it diminishes background and makes
quantification more accurate.
Unexpectedly, I found that under reducing conditions, a species that migrated at
the same place as Ubc7~Ub appeared. The addition of beta-mercaptoethanol (BME)
or dithiothreitol (DTT) and boiling the samples prior to separation on tricine gels did not
cause this species to disappear. Interestingly, it increased as the pH increased (Figure
5-6). To ensure that this phenomenon was not due to a buffer effect, I performed this
assay with another buffer at the same pH range. Again, I found the species appeared
and increased with increasing pH (data not shown). Although this species is present in
all three mutant reactions, H94A and E104A still form increased Ub2 as the pH
increases. However, in the D99A reaction, the Ub2 is faint and stays constant as the pH
increases. Likewise, the unknown species increases with higher pH as is observed with
the other mutants, but the fluorescent signal is stronger, since the major product in this
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reaction is not Ub2 (Figure 5-6). Since the acceptor ubiquitin does not have the two
terminal glycines, and thus the reaction cannot form a ubiquitin chain longer than two
moieties, I hypothesize that this unknown species is Ubc7 with ubiquitin attached at
some lysine on the E2. In one case, an E2 has been shown to monoubiquitinate itself
on K91 as a regulation mechanism in vivo [368]. In Ubc7, E2-25K, and Cdc34, this
residue corresponds to H94, K97, and H98, respectively. It is not likely that H94 is the
place of ubiquitin attachment in Ubc7, yet some other lysine is available for ubiquitination
and may or may not have significance in vivo. With the monoubiquitinated D99A Ubc7
mutant being the major product of the assay (and Ub2 did not increase), I could not
establish that D99A had pH dependence in Ub2 formation, and we did not pursue
additional experiments with this mutant.
Yunus and Lima found that WT Ubc9 is able to suppress the substrate lysine pKa
by about 3 pH units, as compared to the Ubc9 mutants [89]. In my analysis of the H94A
and E104A, I found that these Ubc7 mutants are able to suppress the Ub74 lysine pKa by
about 3 pH units (Figure 5-7A). I wondered whether a double mutant would have an
additive effect. When I assessed the H94A/E104A mutant, I found the pKa of the double
and single mutants was approximately the same (Figure 5-7A). Additionally, the rate
constants of H94A, E104A and H94A/E104A were approximately the same, indicating
that H94 and E104 could be redundant in function (Figure 5-7B).
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Figure 5-6

Figure 5-6: H94A, D99A, and E104A Ubc7 mutants are pH dependent in the
synthesis of Ub2. In vitro Ub2 assays were performed in the presence of 20 μM
gp78RING to assess pH dependence of H94A, D99A, and E104A mutants on their
ability to synthesize Ub2. The top panel shows a timecourse at pH 9.0 of H94A and
E104A demonstrating that in the presence of reducing agent BME, a band appears
where the thiolester species normally migrates on a PAGE gel, indicating ubiquitin
attachment at some lysine on Ubc7. The bottom panel shows a pH titration of the D99A
mutant, demonstrating that as the pH increases, the Ub-D99A species increases as well.
Ub2 formation does not increase at all, ruling D99A out for further analysis. The “0
minutes” or “thiolester” lane was run without BME, showing where the E2~Ub species
migrates, demonstrating that E2-Ub and E2~Ub are the same molecular weight.
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Figure 5-7

A.

B.

Figure 5-7: Characterization of WT and mutant Ubc7. A. The pH profiles of WT
compared to H94A, E104A, and H94A/E104A in the synthesis of Ub2 are shown. While
the WT reaction reflects the pKa of a histidine (pKa ~6), the mutants reflect the pKa of a
lysine side chain (pKa ~9-10). The rates were normalized to WT activity. Reactions
were performed in the presence of 20 μM gp78RING B. The values generated from
fitting each of the profiles to a least-fitting squares routine in part A are shown. The P2
value represents the pKa of the reaction.

153

Figure 5-8

A.

B.

Figure 5-8: A. In a single turnover Ub2 assay, the rate constants of H94A, E104A, and
H94A/E104A are the same, indicating that the double mutant does not severely inhibit its
ability to transfer ubiquitin, compared to the single mutant. Reactions were performed in
the presence of 20 μM gp78RING B. The values generated from fitting each of the
timecourses to a least fitting squares routine in part A are shown. The P2 value
represents the rate constant of the mutant Ubc7.
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D. Discussion
In the present study, I have examined the mechanism of transfer of a donor
ubiquitin, linked by a thiolester bond to Ubc7 C89, to an acceptor ubiquitin (substrate).
We have also reported the presence of a non-covalent ubiquitin binding site on the βsheet region of Ubc7.
E2s all have a characteristic three-dimensional fold, which includes a β-sheet
region that has been identified as the non-covalent ubiquitin binding site in UbcH5c
(Figure 5-8A). NMR studies of UbcH5c demonstrated that residues of the E2 β-sheet
region shifted upon addition of ubiquitin [99]. Among the list of residues reported to have
shifted in UbcH5c upon addition of ubiquitin, two of them, V26 and V49, are analogous
to V25 and V53 of Ubc7 (Figure 5-8A). Interestingly, the report suggested that UbcH5c
is better able to become non-covalently associated with ubiquitin when a ubiquitin is
linked to the E2 via a thiolester bond. A model was proposed in which a ubiquitin,
thiolester-linked to UbcH5c, becomes non-covalently associated with another UbcH5c,
which is also thiolester-linked to a ubiquitin. Figure 5-8B depicts this phenomenon
(reproduced from [99]). Additionally, ubiquitin bound weakly to the β-sheet region of
Ubc2b, as demonstrated by NMR chemical shifts of G26, F41, and T52 [100]. Genetic
studies in yeast showed that yeast mutants of Cdc34 (cdc34-1 (P71 to S) and cdc34-2
(G58 to R)) also has an analogous E2 ubiquitin binding surface [369].
With the expanding number of E2s reported to have affinity for ubiquitin at a
region far from the active site cysteine (β-sheet region), I decided to further study this
phenomenon by fusing a ubiquitin onto the gp78RING-Ubc7 construct. When using the
Sandwich in ubiquitination assays, the major product of the reaction was Ub2, indicating
a trans reaction. This was puzzling in that the fused ubiquitin on the Sandwich should
have become the preferred acceptor, due to its proximity to the active site cysteine,
compared with free ubiquitin added into the reaction. I had expected to see a higher
molecular weight species, indicating Sandwich-anchored polyubiquitin chains, at early
time points of the reaction. As stated in the results section, adjustments made to the
length of the linker between Ubc7 and ubiquitin did not ameliorate this problem. In order
to understand this phenomenon, it seems that collaborating to crystallize and solve the
crystal structure would be a logical step to understanding how the Sandwich functions.
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Figure 5-9

A.

B.

Figure 5-9: The E2 non-covalent ubiquitin binding site. A. Top: The structure of
Ubc7 (pink: 2CYX) and UbcH5, Ub (blue and gray, respectively: 2FUH) are
superimposed and shown in ribbon representation. Residues of the E2 β-sheet (V26,
V49 of UbcH5c and V25, V53 of Ubc7) and the ubiquitin hydrophobic patch (L8, I44,
V70) involved in non-covalent binding of ubiquitin are highlighted in green and shown in
stick representation. Bottom: The structure on the top is shown with the interacting
residues labeled and shown in sphere representation. B. The non-covalent binding site
of E2 is depicted in cartoon form, and was reproduced from Brzovic et al. 2006
(Molecular Cell). E2 is shown in pink, with ubiquitin and E3 binding sites shown in
magenta and green, respectively. Ubiquitin is linked to the E2 through a thiolester bond.
This illustrates that E2~Ub has a greater affinity for the ubiquitin binding site of E2 rather
than free ubiquitin. The structures of 2CYX and 2FUH were modeled using the
program UCSF Chimera [292].
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The trans reaction I have suggested is a result of the homodimerization of Ubc7.
This association has been reported for other E2s [94]. E2s have also been
reported to function as heterodimers to form polyubiquitin chains, with Ubc13-Mms2
being an example [370, 371]. In this case, Ubc13 is a canonical E2, while Mms2 is a
ubiquitin E2 variant (UEV); Mms2 has the predicted E2 three-dimensional fold, but lacks
a catalytic cysteine, rendering it unable to form a thiolester bond with ubiquitin [98]. The
crystal structure of human Mms2-Ubc13 showed that the heterodimer interface involves
hydrophobic residues in Ubc13 that are not conserved in other E2s and allows Mms2 to
distinguish Ubc13 from other E2s [372]. In general, UEVs help Ubc13 to synthesize
K63-linked polyubiquitin chains by non-covalently associating with ubiquitin in the
analogous β-sheet region of Ubc7 [373]. One report has suggested that D81 of human
Ubc13 positions the ubiquitin K63 side chain for the synthesis of K63-linked chains [374].
This finding is very important, as Yunus and Lima [89] point out that D81 of Ubc13 is
analogous to Y87 of Ubc9, thus supporting the theory that E2s share the mechanism of
positioning the substrate lysine and suppressing the lysine pKa. A recent study showed
that the heterodimer is also able to form unanchored chains [375] and adds to the list of
E2s having this capability.
By performing in vitro studies over a pH range and comparing WT and Ubc7
mutants, I have identified H94 and E104 as Ubc7 residues that can function to
deprotonate a substrate lysine. As the pH increases, the deprotonated form of the lysine
side chain will be increased, thus a Ubc7 mutant lacking the necessary deprotonating
residue will be able to function more like WT in mediating ubiquitin transfer. Even
though the mutants were “rescued” in the higher pH conditions, the amount of Ub2
formation was not equal to that of WT Ubc7. The residue E104, which is part of the
acidic loop of Ubc7, is not visible in the gp78RING-Ubc7 crystal structure, suggesting it
is flexible. Its presence in only select E2s indicates that the loop may perform a very
specific function, with two possibilities being the mediation of ubiquitin transfer or RING
binding. The analysis of 2CYX and the gp78RING-Ubc7 structure indicates that the
acidic loop is probably 15 Å away from the gp78RING, which would be too far for an
interaction, although the loop might be able to change to a conformation that is closer to
the RING, potentially contacting it which would form a unique RING binding site.
The finding that H94 and E104 are candidate residues that can deprotonate a
substrate lysine was surprising. A recent study on the SUMO E2 Ubc9 found that D127
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on Ubc9, which is analogous to S134 in the Ubc7 distal loop, had this deprotonating
ability. I found that in Ubc7, the distal loop did not have pH dependence, although
assays performed at physiological pH showed that the N131A and S134A mutants had
reduced activity compared to WT Ubc7. It is possible that the distal loop changes
conformation in order to allow another residue near C89, such as N81, to be uncovered.
It has been proposed that an invariant asparagine in E2s functions to stabilize the
oxyanion hole during the transfer of ubiquitin from the thiolester bond to the substrate
lysine [81]. In Ubc7, N81 corresponds to the invariant asparagine. Yunus and Lima [89]
found that in Ubc9, N85, which corresponds to N81 in Ubc7, affected the ability of the
loop (containing D127) to make contacts with the substrate lysine, although it did not
cause the lysine side chain to be disordered, as had been seen in D127A and Y87A
crystal structures [89]. This revelation is important, as work in this chapter demonstrated
that the Ubc7 mutant N81A did not have pH dependence in synthesis of Ub2. This
indicates that N81 does not have the catalytic function of deprotonating the
ubiquitin/substrate lysine side chain. However, previous work in our laboratory has
shown that the N81A mutant is defective in mediating ubiquitin transfer from the active
site cysteine of Ubc7. It is possible that the purpose of N81 is to stabilize the
intermediate negative charge that results at the active site cysteine of Ubc7 (C89).
I observed that at high pH (>8), Ubc7 mutants undergo auto-monoubiquitination.
It is unclear which residue of Ubc7 is being monoubiquitinated or whether there is an in
vivo significance. One possibility is that Ubc7 auto-monoubiquitinates itself on a lysine.
It is known that the E2 UBE2T auto monoubiquitinates itself on K91 as an autoregulation
mechanism [368]. The Ubc7 residue analogous to K91 is H94. Since H94 appears to
be a catalytic residue of Ubc7, performing a deprotonating function, it is unlikely that
ubiquitin is added to this residue. Interestingly, a recent report demonstrated that Ubc7
can be degraded as a lysineless E2, by building a polyubiquitin chain on C89 [364].
Taking this finding into consideration, it is possible to rule out C89 as the site of automonoubiquitination, since BME in the sample buffer reduces all thiolester bonds.
In summary, the mechanism of transfer of ubiquitin and ubiquitin-like proteins is
still being investigated. I have presented data in this chapter to suggest that two Ubc7
residues (H94 and E104) are involved in deprotonating a substrate lysine. I also
reported that Ubc7 has a non-covalent ubiquitin binding site as has been identified in
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other E2s (UbcH5, Ubc2b, Cdc34 and Mms2). Further studies will reveal whether the
mechanism of ubiquitin transfer is conserved in all E2s.
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Chapter 6
Overall Summary and Final Considerations

Work in this thesis has identified novel E2-RING pairs, examined the interface of
the gp78RING-Ubc7 fusion, and identified residues near the Ubc7 active site cysteine
which function in deprotonating the ubiquitin K48 side chain. Although this work has
contributed much knowledge to the understanding of E2-RING pairing, there are still
many questions that remain.
The ubiquitination of substrates in vivo requires at least three enzymes (E1, E2,
and E3) and possibly a fourth enzyme (E4). Accessory proteins have been described
that can complex with an E3, potentially expanding the repertoire of substrate
recognition. Accessory proteins can also serve to recruit ubiquitination enzymes to a
cellular location. Since there are at least 30 E2s and 500 E3s identified in the human
genome, it is apparent that many E2-E3 combinations could occur. However, very few
of these pairs have been elucidated in vivo. Performing in vitro assays to determine
novel E2-E3 pairs is one method to identify pairs using a simplified system. Indeed, this
method has been demonstrated in previous work with the E2 Ubc7 and RING domain of
the E3 Hrd1. In vitro, the RING domain of Hrd1 catalyzes the K48-linked unanchored
polyubiquitin chain synthesis by Ubc7 (both yeast and human enzymes). Using yeast
gene deletion strains, it was revealed that Ubc7 and Hrd1 pair in vivo and ubiquitinate a
list of substrates [253] (listed in Chapter 3). This work is important, in that it validates the
in vitro method of utilizing only the RING domain of an E3 to predict potential E2 and
RING E3 pairs in vivo. Using this simplified in vitro method, I was able to identify novel
RING binding partners for the E2s Ubc7 and E2-25K (listed in Figure 3-10). Although
these novel pairs have not been verified in vivo, certain RINGs I identified in this screen
have documented biological functions. For example, Ubc7 was activated by the RING
domain of RNF128/GRAIL, which has been reported to localize as membrane-bound to
endosomes and function in the immune response. This is quite interesting, since Ubc7
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has been reported thus far as an ERAD E2. It is possible that Ubc7 is a very diverse E2,
in that it can ubiquitinate a wide variety of substrates for varying cellular fates.
Analysis of the primary sequence of the novel activating RING domains does not
readily reveal a certain residue or sequence that all the RINGs have in common to
explain why they are able to activate Ubc7 or E2-25K. It would be ideal to examine a
RING domain sequence and predict which E2 is can pair with. In an effort to further the
understanding of the RING-E2 molecular code of pairing, the gp78RING-Ubc7 pair was
investigated.
Chapter 4 discussed a novel method of studying RING-E2 pairing: fusion of the
RING to the N-terminus of an E2. The gp78RING-Ubc7 fusion was generated and
tested for activity and ability to preserve the individual folding of each protein, allowing a
formation of an interface. Since RINGs and E2s have an intrinsically low affinity for each
other, fusing these two proteins overcomes the low affinity and increases the local
concentration of each protein. The crystal structure of gp78RING-Ubc7 demonstrated
that the gp78RING binding site on Ubc7 encompasses three regions: the N-terminal
helix, Loop 1, and Loop 2. This finding is in agreement with the structure of the RINGE2 pair c-Cbl-UbcH7 (obtained by co-crystallization). However, the contributions of
these three regions varied between the two pairings.
Interestingly, an analysis of each RING-E2 interface demonstrated that certain
residues of each of the three E2 regions contributed significantly to the overall contact
surface area of the interface and may determine RING-E2 selectivity. For example, F63
of UbcH7 and L66 of Ubc7 are analogous residues which are located in Loop 1 of the
E2. Each of these residues contributed a majority of the contact surface area with their
respective RING domain binding partners. It appears that the gp78RING binding pocket
for L66 of Ubc7 may not be able to accommodate F63 of UbcH7. In my analysis of other
E2 sequences, I found that many E2s harbor a phenylalanine at this position (like
UbcH7), however some have a tyrosine. It is likely that a binding pocket for a
phenylalanine or leucine would not accommodate a tyrosine, further illustrating the
potential importance of this residue in RING selection by an E2. It is important that the
binding pockets in the RING for all three regions of the E2 (N-terminal helix, Loop 1 and
Loop 2) accommodate the E2 to allow positive selection, forming an activated RING-E2
complex (Figure 6-1A). If any of the three regions do not fit together, due to a bulky
residue side chain (such as tyrosine in Loop 1), then negative selection occurs (Figure 6-
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1B). Work in Chapter 4 demonstrated that mutation of L66 in Ubc7 to alanine resulted in
a mutant Ubc7 that bound to gp78RING with a lesser affinity. This result would be
neither positive nor negative selection, but could be described as incomplete selection.
The c-Cbl-UbcH7 and gp78-Ubc7 structures have greatly enhanced the
understanding of RING-E2 pairing, however additional structures are necessary to gain
a better understanding of the RING-E2 selection process. As described in Chapter 3,
the RING domain is a conserved sequence of eight cysteines and/or histidines.
Histidine residue side chains coordinate zinc differently than cysteine residue side
chains, thus RING domains with differing numbers of histidines or positions of histidine
will coordinate zinc differently, thus resulting in different three-dimensional structure. In
addition, it is possible that a conserved proline in type IB RINGs, located in a region of
the RING that folds into a helix, could result in disruption of the helix, generating a very
different three-dimensional structure. Analysis of the c-Cbl-UbcH7 and gp78RING-Ubc7
interfaces found that this helix contributes to the RING affinity for the E2, therefore it
would be of great advantage to learn how this proline may alter the structure of this
region and how this affects RING affinity. An important future project is to obtain a
crystal structure of a type IB RING-E2 fusion. This project is currently underway in that
our laboratory has crystals of the type IB RING RNF126.2 fused to Ubc7. Diffraction
data have been poor, but the conditions are being refined. In addition, the group of
RING activators have all been fused to their respective E2 and will be crystallized in the
near future.
Once a RING domain binds to an E2, it is likely that a conformational change
occurs, although work completed thus far has indicated that this change is subtle. Both
the yeast and human Ubc7 harbor a 13-amino acid loop with several acidic residues.
This loop is found only in yeast Ubc7, human Ubc7, yeast Cdc34, and human Cdc34
(Ubc3). Although this loop is only in these select E2s, the residues within the loop are
highly conserved. It is possible that this loop contributes to RING affinity or in the
mediation of ubiquitin transfer from the active site cysteine of the E2. Crystal structures
of these E2s have shown poor electron density for this loop region, suggesting that the
loop is quite flexible. Another loop near the active site cysteine of an E2 (termed distal
loop in Chapters 4 and 5) is conserved in all E2s. This loop does not have a defined
function, although it is likely that it must change in conformation to expose certain
residues near the active site cysteine of an E2. In particular, an invariant
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Figure 6-1

A.

B.

Figure 6-1: Positive and Negative Selection in E2-RING Pairing. Binding pockets in
E2 and RING exist which allow the two proteins to form an active complex which leads
to positive selection (A). If one of the parts in the E2, for example, does not fit in a RING
binding pocket, as shown by a bulky tyrosine side chain, then the complex cannot form
and negative selection occurs (B).
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asparagine, proposed to be the oxyanion hole by stabilizing the negative charge present
in the transient state of ubiquitin transfer from the active site cysteine, is covered by this
loop. Future studies will define the functions of these two E2 loops and likely provide
much insight into the regulation of ubiquitin transfer from the E2 active site cysteine.
Other catalytic residues of E2s are likely present around the active site cysteine
and could function to deprotonate a substrate lysine, allowing the lysine side chain to
attack the thiolester bond of the E2~Ub, releasing ubiquitin and allowing isopeptide bond
formation between the substrate lysine and the carboxyl terminus of ubiquitin. Chapter 5
described an experimental strategy to assess whether Ubc7 mutants were dependent on
higher pH for synthesis of Ub2. By increasing the pH of the in vitro reaction, the
substrate (ubiquitin) lysine would be present in an increasingly deprotonated form.
Thus, the high pH condition would be “rescuing” the mutant Ubc7 lacking the
deprotonating catalytic residue. Results from this study indicated that at least two
residues, H94 and E104 (Figure 6-2A), could deprotonate the substrate lysine side chain
of Ub74. These findings were somewhat surprising, in that a similar study with Ubc9, the
SUMO conjugating enzyme, harbors the deprotonating residues N85, Y87, and D127
(Figure 6-2A). All three of these residues are conserved in E2s (Figure 6-2B), therefore
it is interesting that I found Ubc7 does not use these same conserved residues for
deprotonation. It is apparent that further studies are needed with other E2s to establish
whether the residues involved in deprotonating a substrate lysine side chain are
conserved among E2s.
Although the deprotonating residues which I identified for Ubc7 differ from the
ones reported for Ubc9, the Ubc7 residues are reminiscent of the catalytic triad found in
serine proteases. For example, the catalytic activity of a serine protease follows as
such: the aspartic acid deprotonates the histidine that deprotonates the serine, allowing
serine to mediate hydrolysis of a peptide bond. Analogously in Ubc7, E104
deprotonates H94 that deprotonates K48 of ubiquitin, that allows the deprotonated K48
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Figure 6-2

A.

B.

Figure 6-2: E2 Catalytic Residues. A. The sequence alignment of human Ubc7 and
yeast Ubc9 is shown, with conserved residues highlighted in gray, the active site cysteine
highlighted in yellow, and a conserved loop underlined. Residues of Ubc9 (highlighted in
turquoise) were identified as functioning in the deprotonation of the substrate lysine
(K524) in RanGAP1. Work in this chapter identified H94 and E104 of Ubc7 (highlighted
in turquoise) as performing this same function. B. The three-dimensional structures of
Ubc7 and Ubc9 are shown in ribbon representation, with the deprotonating residues
indicated in stick representation. In addition, each active site cysteine (C89 in Ubc7 and
C93 in Ubc9) are shown in stick representation.

165
side chain to attack the thiolester bond of Ubc7~Ub, mediating attachment of ubiquitin
onto a substrate lysine. I found that the Ubc7 double mutant H94A/E104A was not more
severe than either of the single mutants, indicating that other residues near the active
site likely participate in this charge relay.
Finally, I have generated a construct of gp78RING-Ubc7-Ub (the “Sandwich”) to
examine the proposed non-covalent ubiquitin binding site on Ubc7. Previous NMR data
from a collaborative effort had revealed Ubc7 residues on the β-sheet region were
involved in the non-covalent binding of ubiquitin. This result was not surprising, as it has
been reported that UbcH5 and Ubc2b have a non-covalent binding site in this region [99,
100]. Curiously, the Sandwich structure showed a preference for a trans reaction, which
produced unanchored ubiquitin conjugates during early time points of a timecourse
experiment. Furthermore, I noticed that in the later timepoints, anchored ubiquitin chains
were observed as indicated by the high molecular weight species, which were not
formed by the gp78RING-Ubc7 fusion. Attempts at crystallizing the Sandwich have not
been successful so far, but I am confident that future efforts will produce crystals for
diffraction, and a structure will reveal if the fused ubiquitin associates with the beta-sheet
region.
In conclusion, this thesis has contributed novel RING-E2 pairings, analysis of the
interface of gp78RING-Ubc7, and the identification of Ubc7 residues involved in
deprotonation of a substrate lysine. We are beginning to understand the molecular
function in E2-E3 interaction and work in this thesis has laid ground work for further
studies of E2-E3 pairing and catalytic residues of the E2.
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