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Abstract

Posttranslational modification by ubiquitination determines intracellular location and fate of
numerous proteins thus impacting a diverse array of physiologic functions. Past dogma has been
that ubiquitin was only coupled to substrates by isopeptide bonds to internal lysine residues or less
frequently peptide bonds to the N-terminus. Enigmatically, however, several proteins lacking
lysines had been reported to retain ubiquitin dependent fates. Resolution of this paradox was
afforded by recent observations that ubiquitination of substrates can also occur on cysteine or
serine and threonine residues by thio- or oxy-ester bond formation, respectively (collectively
called esterification). Although chemically possible, these bonds were considered too labile to be
of physiological relevance. In this review we discuss recent evidence for the ubiquitination of
protein substrates by esterification and speculate on its mechanism and its physiological
importance.

Keywords
ubiquitin; ubiquitination; esterification; thioester bond; oxyester bond; ubiquitin-dependent
degradation; ER-associated degradation; ubiquitin conjugating enzyme and ubiquitin protein
ligase

Ubiquitination is a process by which proteins are covalently modified by a 76aa ubiquitin
moiety (Ub). This process is carried out by the orchestrated action of three types of enzymes
—Ub activating enzyme (E1), Ub conjugating enzyme (E2) and Ub protein ligase (E3).
Initially, the C-terminal glycine (Gly76) of Ub is activated by E1 in an ATP dependent
manner. The activated Ub is then transferred to the active site cysteine (Cys) of an E2.
Finally, the E3 interacts with the E2 to facilitate the transfer of the Ub from the E2 to the
substrate. The attachment of Ub typically is achieved by formation of an amide bond

Correspondence to Ted H. Hansen: hansen@wustl.edu or Xiaoli Wang: xiwang@wustl.edu.

NIH Public Access
Author Manuscript
Traffic. Author manuscript; available in PMC 2014 April 02.

Published in final edited form as:
Traffic. 2012 January ; 13(1): 19–24. doi:10.1111/j.1600-0854.2011.01269.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



between the G76 of Ub and the ε-NH2 of an internal lysine (Lys) residue, or less frequently,
the free α-NH2 group of the N terminus of substrate (1) (Fig 1A, upper panel).
Unexpectedly, recent studies have shown that Ub can be linked to substrates via Cys
residues or serine (Ser)/threonine (Thr) residues by formation of thio- or oxy-ester bonds,
respectively (Fig 1A, lower panel). In addition, substrates can be modified by one Ub moiety
(mono-ubiquitination) or an Ub chain (poly-ubiquitination). Poly-Ub chains are typically
linked by amide bonds to one of the 7 Lys residues or the N-termini of Ub moieties.
Importantly the extent and linkage of the ubiquitination has a profound impact on the fate of
the modified proteins. Thus when substrates are ubiquitinated there are two decisions an E3/
E2 pair makes: which substrate residue to modify and which Ub linkage to use to build the
chain (if substrates are polyubiquitinated). The precise mechanism by which E3/E2 makes
these two decisions is incompletely understood (2–4). We speculate in this review article
that future studies of substrate ubiquitination by esterification will provide key insights into
the precise molecular and chemical mechanisms by which E3 and E2 enzymes combine to
ubiquitinate proteins with appropriate modifications to control their function.

The initial evidence for ubiquitination of internal non-Lys residues of proteins came from
studies of viral MARCH (membrane-associated RING-CH) E3 ligases. Viral MARCH
proteins are type III integral membrane proteins in which their N- and C-termini are
cytosolic. The RING-CH motif in their N-terminal domains confers E3 activity (5). Based
on the detection of highly conserved cellular homologs in man and mouse, viral MARCH
ligases are presumed to have been stolen from the host and evolved in the virus to function
in immune evasion (6–10). Since their discovery, viral MARCH ligases have turned out to
be potent probes of Ub-dependent degradation pathways due to their potency and their
limited number of substrates. For example, the viral ligase kK3 encoded by KSHV
specifically targets MHC class I molecules for endocytosis and lysosome degradation by
ubiquitinating the cytoplasmic tail of MHCI heavy chain (HC) (11,12). Surprisingly, an
engineered mutant of HC with a Lys-less tail was still ubiquitinated and downregulated by
kK3 (13). The ubiquitination of this Lys-less HC was dependent upon a Cys residue on the
tail and was sensitive to reducing reagent β-mercaptoethanol indicating a thioester linkage.
Although the active sites of E2s bind Ub via thioester bonds, these findings with kK3
provided the first evidence that substrates could also be coupled to Ub by thioester bonds.
Interestingly, mK3, a homolog of kK3 that is expressed by murine γherpesvirus 68 was
found to ubiquitinate Ser or Thr and not Cys residues on the tails of HC substrates (14).
Furthermore, it was demonstrated that an HC tail with only Ser residues as potential Ub sites
was resistant to denaturing with SDS but sensitive to mild alkaline treatment, thus
chemically confirming an ester bond linkage. What is perhaps more surprising is that mK3
preferentially promoted ubiquitination of Ser residues on wildtype HCs even when Lys
residues were in close proximity. More recently, using a semipermeabilized cell system,
Ube2j2 was identified as the cognate E2 interacting with mK3 to preferentially catalyze
conjugation of Ser residues (15). Thus viral ligase mK3 provided the first evidence that Ser/
Thr on substrates could be coupled with Ub by ester bonds.

Several recent papers have also implicated cellular ligases in ubiquitination by esterification
using common methods (Box1). Observations from representative papers will be briefly
summarized here because their similarities and differences with each other and the above
findings with viral ligases have intriguing mechanistic implications. These combined reports
also accentuate the diversity of fundamental cellular functions where thioester- and ester-
linked substrate ubiquitination has been implicated.
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Box1

Current methods to distinguish different type of ubiquitination

1. Genetic mutagenesis. Mutation of all Lys residues to Arg has been used to
implicate the ubiquitination of non-Lys residues on substrates (as used in most
studies reviewed here). Caveat: this approach provides only indirect evident for
non-Lys conjugation and substitutions of Lys to Arg can cause secondary
structural alterations potentially affecting required molecular interactions.

2. Chemical treatment. Unlike amide bonds, Ub moieties attached to the Cys
residues of substrates via a thioester bond are susceptible to reductant, whereas
Ub moieties attached by oxyester bonds to Ser or Thr residues are sensitive to
mild alkaline hydrolysis (60). Based on these properties, the linkage of Ub
conjugates can be distinguished by treating them with a reductant (dithiothreitol
or β-mercaptoethanol), or mild alkaline conditions (such as 1M hydrozylamine,
pH9.0 or 50–100mM NaOH). Typically, upon such treatment, the Ub
attachment on a substrate via Cys or Ser/Thr residues visualized by western blot
will disappear or be largely reduced. Caveat: resistance vs. sensitivity to the
chemical treatment is relative (e.g. if treated too long in alkaline conditions
even an amide bond can be affected). Thus a conclusion of non-Lys
ubiquitination drawn based on such treatment should be cautious and a known
Lys ubiquitination sample should be included as a control.

3. Mass spectrometry. This is the obvious gold standard to directly determine
which residues are Ub conjugated. This method has been used to identify
specific sites of ubiquitination via Lys residues based on the fact that trypsin
proteolysis of an ubiquitinated protein produces a signature peptide. This
signature peptide is characterized by a Gly-Gly remnant from the C-terminus of
Ub that attached to a Lys residue of the substrate, which can be identified by a
mass shift in the modified residue (61,62). Caveat: due to the labile nature of
thio-/oxy-ester bonds Mass spectrometry approaches to demonstrate non-Lys
ubiquitination have been a major challenge for us and others (33).

Apoptosis by Bid
In mammalian cells, induction of apoptosis by Bid requires cleavage in its unstructured loop,
and subsequent release of its C-terminal proapoptotic Bcl-2 homology 3 (BH3) domain that
in the absence of apoptotic stimuli is sequestered by the N-terminal region (tBid-N). It was
found that upon apoptotic stimulus-induced Bid cleavage, the tBid-N is directly
ubiquitinated and degraded, thus freeing the BH3-containing C-terminal fragment. tBid-N
has no Lys residues and N-terminal ubiquitination was ruled out. However, mutation of
multiple Cys, Ser and Thr residues within the N-terminal fragment in tBid-N abrogated
ubiquitination, suggesting linkage of Ub by both thio-and oxy-ester bonds was critical (16).
In support of this conclusion Ub conjugates on tBid-N were found to be susceptible to
alkaline hydrolysis and reducing conditions.

Endocytic trafficking by HIV protein Vpu
Surface expression of innate immune restriction factor BST-2/tetherin on the surface is
down-regulated by HIV-1 protein Vpu that presumably blocks recycling of endocytic BST-2
back to the surface. This blockage is partially mediated by interaction of Vpu with β-TrCP,
the substrate adaptor of an SCF (Skp-Cullin1-F box) E3 ligase complex which in turn
induces ubiquitination of BST-2. It was recently found that mutation of all potential
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ubiquitination sites in the cytoplasmic domain of BST-2, including Lys, Cys, Ser and Thr
residues, was necessary to abrogate Vpu-mediated ubiquitination, suggesting conventional
and non-conventional modes of ubiquitination may be carried out by the SCF complex (17).

Import of cargo proteins into peroxisomes by Pex5p
In yeast and mammals mono-ubiquitination of the peroxisome import receptor Pex5p on a
conserved Cys is required for its release from the peroxisome membrane to recycle for
another round of import (18–20). This conjugation is carried out by Pex4p as the E2 and
Pex10 and/or Pex12p as the E3 (21–25). Two ATPases, Pex1p and Pex6p associated with
the peroxisome membrane, function as dislocases for removal of mono-ubiquitinated Pex5p
from the membrane (26). When the release process is blocked, Pex5p is polyubiquitinated
on two conserved Lys residues by RING finger E3 ligase Pex2p paired with the E2 Ubc4,
which leads to ERAD of Pex5p (25). Thus, the fate of whether Pex5p undergoes recycling
vs. degradation is determined by distinct ubiquitination machineries using non-conventional
or conventional Ub conjugation, respectively.

ERAD of orphan TCRα
The T-cell antigen receptor α-chain requires assembly as a heterodimeric complex to be
expressed on the T cell surface for specific antigen recognition. Unassembled TCRα is
subjected to ERAD (27,28). However, its short tail lacks Lys residues and mutation of all
Lys residues in its extracellular domain to arginine (Arg) did not affect the degradation of
the protein, raising the question of the nature of the ubiquitination (29). Recently, the
Bonifacino laboratory reported that substitution of two evolutionarily conserved Ser residues
on the tail of TCRα to Ala residues remarkably reduced the extent of ubiquitination as well
as the rate of degradation of TCRα (30). Ubiquitination of TCRα, however, was not
impaired by replacement of 2 Ser residues with Cys, Thr or Lys residues. These findings
suggest that the two Ser residues on the tail of TCRα very likely function as the Ub acceptor
sites and Cys, Lys and Thr can serve as alternatives (30). In a similar story the Bonifacino
laboratory used a mutagenesis approach to show Ser/Thr as well as Lys residues on the tail
of CD4 contribute to its ERAD induced by the HIV-1 protein Vpu (31).

ERAD of non-secreted NS-1 Ig light chain
Partially oxidized NS-1 immunoglobulin expressed in mammalian cells is ubiquitinated on
its VL domain and rapidly degraded by ERAD (32). Using mutagenesis and biochemical
approaches, Shimizu et al. showed that ubiquitination on NS-1 was sensitive to high pH but
not affected by mutation of all Lys residues of the VL domain. These findings suggested that
ubiquitination of NS-1 preferentially occurs on Ser or Thr residues (33). However, when all
Ser and Thr residues were mutated, Ub was conjugated to Lys residues. Both types of
ubiquitination (Ser/Thr or Lys) resulted in ERAD (33). Significantly, HRD1 (a major
ERAD-associated E3 ligase in yeast and mammals (34–37)) was implicated in the
ubiquitination of NS-1 via either Ser/Thr or Lys residues. Shimizu et al. also found that Ub
conjugates of two other known HRD1 substrates, the mini-immunoglobulin heavy chain and
the MHK α1-anti-trypsin mutant, were partially sensitive to alkaline treatment, underscoring
the pervasiveness of Ser/Thr conjugation of ERAD substrates by HRD1. Of note, these
authors also reported their failure to detect ester bonds on substrates by mass spectrometry,
consistent with the labile nature of this linkage.

Based on the above reported examples of substrate ubiquitination by esterification, four
general mechanistic conclusions can be drawn. First, there is flexibility in whether Lys vs.
non-Lys residues on substrates are ubiquitinated implying common Ub components are
used. Non-Lys ubiquitination has been observed on both experimentally-derived Lys-less
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mutant substrates as well as native substrates lacking Lys residues. Interestingly, non-
conventional residues can be primary Ub acceptor sites even when Lys residues are
available. For example, Ser/Thr ubiquitination can be the preferred mechanism of
modification like ubiquitination of HC by mK3 or NS-1 by HRD1 (14,33). In both cases,
non-primary conjugation residues can serve as alternatives, suggesting that ubiquitination of
Lys vs. non-Lys residues may be carried out by the same Ub machinery. Indeed several lines
of evidence clearly support this notion. In all of the above examples where the E3 was
identified, it is the same E3 that facilitates both Lys and non-Lys conjugations. In addition,
in a semipermeabilized cell system, mK3 interacted with solubilized Ube2j2 to support Lys-
ubiquitination when Ser residues were not present. However, in live cells, Ube2j2 and mK3
preferentially ubiquitinated Ser/Thr and not Lys residues (15). Mechanistically the
implication of this finding is that Ube2j2 is not specialized for Ser/Thr conjugation. In other
words, the E2 is not the only determinant of non-Lys ubiquitination. Of note, studies of
Pex4p-dependent ubiquitination of a conserved Cys residue on Pex5p support the same
conclusion. In mammals, the functional homolog of Pex4p is Ube2d1/2/3 (38). Ube2d
members consist exclusively of the core catalytic domain (39). They have been shown to
have broad E3 interacting activity ranging from HECT type, RING type to U box type E3s
to promote Ub conjugation on Lys residues of substrates (40). Thus, Ube2d members are
also not specialized for non-Lys ubiquitination.

Second, the ability to conjugate Ub on non-Lys residues requires
efficacious E2 and appropriate E3/E2 pairs

Studies of viral ligases have demonstrated that specific sequences surrounding the Ub
acceptor residues (Lys or non-Lys) are not required for Ub conjugation of HC. For example,
viral ligase mK3 ubiquitinated engineered HC substrates with a poly-Gly tail containing
either two Lys or Ser/Thr residues (41). Similarly, viral ligase kK3 ubiquitinated engineered
HC tails with a single Cys residue and randomly arranged Gly and Ala residues (42).
Although surrounding sequence was not important, these viral ligases were found to be
highly selective in tail location of the Ub acceptor site; and this optimal location was the
same whether Lys or non-Lys residues were Ub conjugated. Thus selection of Ub sites in
these examples is likely based on their proximity to the active site of E2 positioned by E3, as
previously proposed in certain conventional ubiquitination models (43–45). In the specific
case of viral ligase mK3, binding to adaptor proteins TAP/tapasin confers mK3 specific
detection of HC (Fig. 1B). In this model, the binding to TAP/tapasin positions the mK3/
Ube2j2 complex in proximity to the C-terminus of the HC tail (Fig 1B). If similar proximity
models are generalizable to other situations where non-Lys ubiquitination has been
implicated, then juxtaposition of the substrate and catalytic site of the E2 by E3 is likely a
key factor in determining which substrate residue, Lys or non-Lys is ubiquitinated.
However, proximity is not the only determining factor since not all E3/E2 pairs can support
non-Lys ubiquitination. For instance, mK3/Ube2j2 facilitates both Ser/Thr- and Lys-
ubiquitination, whereas mK3/Ube2d1 only facilitates Lys ubuiquitination (15). Interestingly,
however, Ube2d1 also mediates Cys-ubiquitination on PEX5 (38). Thus non-Lys
ubiquitination requires a selective E2 and a specific E3/E2 interaction. In strong support of
this notion several recent studies have demonstrated that E3s can induce a conformational
change that activates E2s (46–48). To define the functional importance of E3/E2 interaction,
a recent in vitro study by Wenzel et al. used free Lys to discharge Ub from different human
E2s tested alone or with various E3s. This assay was designed to mimic the nucleophilic
attack of substrate Lys residues on the charged E2. As a positive control, free Cys was used
to disrupt the thioester-linked Ub from the E2. They found that UBE2K, UBC13 and
UBCH5C, E2s known to function with RING-type E3s, could react with both Cys and Lys,
whereas UBCH7 that has specificity for HECT-type E3s could only react with Cys, but not
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Lys to release the charged Ub in the absence of the E3 (49). Their findings suggest that E2s
have both intrinsic and E3-dependent properties that determine their capacity to Ub
conjugate different types of substrate residues. The success of the Wenzel et al. study
highlights the future possibility of using similar approaches to predict or define functional
E2/E3 pairs which facilitate non-Lys ubiquitination.

Third, ubiquitination of multiple closely located acceptor sites (Lys and/or
Ser/Thr) may be important for poly-Ub chain assembly

For most substrates listed above more than one residue, and sometimes more than one type
of residue may be initially conjugated. This is evidenced by the findings that when multiple
sites are available only mutation of all the potential sites can abrogate ubiquitination of the
substrate, e.g. as seen above in studies of tBid-N, NS-1 and Vpu. In mK3-induced HC
ubiquitination, more Ub moieties were found to be associated with the HCs when multiple
Ser residues were appropriately clustered on the tail (15). Furthermore, wild type HC tails
with multiple Ser residues were degraded more rapidly than engineered single Ser
containing tails, suggesting multi-mono Ub on substrate may assist in the building a poly-Ub
chain long enough for proteasome recognition (14). Multi-mono Ub could promote poly-Ub
chain assembly by providing multiple choices for where to build a chain or by increasing
affinity between the E3 ligase and substrate to improve processivity of chain assembly. It
should be noted that this multi-initial Ub conjugation phenomenon has also been observed in
conventional ubiquitination such as substrate ubiquitination mediated by multi-subunit E3
ligases, APC and SCF (48,50). This similarity implies that the mechanism involved in Ub
chain elongation may be the same no matter which residue is used for initial Ub conjugation.

Fourth, non-Lys ubiquitination occurs only on substrate and not on a poly-
Ub chain

To address how initial conjugation of Ub on non-Lys residues may influence chain
assembly, a semipermeabilized cell assay was used to probe HC ubiquitination by mK3-
Ube2j2 (i.e. an ERAD model system in which a specific E2/E3 pair was known to couple
Ub to Ser or Lys residues on HC substrates) (15). In these studies, mutants of each of the 7
Lys residues in Ub were tested for their ability to assemble a poly-Ub chain on the HCs with
either one Ser or one Lys acceptor site. These comparisons indicated that only a Lys48
linkage on the chain was utilized. Furthermore, to determine whether a non-Lys residue at
position 48 could function as an alternative acceptor site, a Lys48Ser Ub mutant was also
tested and found to lack the ability to form a poly-Ub chain (X.W. unpublished). These
findings demonstrate that an E3/E2 complex that has the potential to ubiquitinate either a
Ser or Lys residue on the substrate, then builds a poly-Ub chain with exclusively Lys
specific linkage. Furthermore, this conclusion is likely true for the other models where non-
Lys Ub conjugation has been implicated. For example, it is probably the case for HRD1-
induced non-conventional ubiquitinations because the two well-characterized cognate E2s of
HRD1, Ube2k (Ubc1) and Ube2g2 (Ubc7), identified in yeast and mammals are both Lys48
specific (51,52). The physiological significance of this disparity in ubiquitination of
substrate and formation of an Ub chain remains enigmatic. Recent findings show that
orientation of the acceptor Ub and the interaction between the residues surrounding the
acceptor Lys and the active site of E2 have a great impact on Lys selection of chain
assembly (53–55). Thus, it is tempting to speculate that the first Ub conjugated on the
substrate may create a new interaction face between Ub and Ube2j2 that specifically restricts
a nucleophilic attack from K48. It should also be noted that in other model systems, different
E2s may be sequentially recruited by E3 ligases to respectively conjugate the substrate and
build a poly-Ub chain (51,56–58).
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In summary, ubiquitination of substrates by esterification has clearly been conserved in
evolution and implicated in diverse cell biological pathways. Although, the physiological
significance has yet to be defined, evidence thus far suggests several possibilities. For
example, the ability to conjugate Ser, Thr and Cys residues in addition to Lys residues might
provide quality control and other Ub-dependent functions to proteins lacking Lys residues.
Alternatively, additional conjugation sites may promote poly-Ub chain assembly. The
chemically labile nature of non-Lys ubiquitination may also be required by certain cellular
process, as evidenced by the Pex5p model where the lability of thioester bonds presumably
leads to a more rapid recycling of peroxisomal import machinery. In addition, thio- and/or
oxy-ester bonds may have differential sensitivity to DUB mediated deubiquitination
facilitating its unique utility in biological processes. It is also possible that non-Lys Ub
conjugation may provide another layer of regulation between different post-posttranslational
pathways. For instance, Ser or Thr residues are also sites of phosphorylation and Cys
residues can be modified in various ways including oxidation, glutathionylation,
nitrosylation and acylation, all of which would alter the protein activity and/or localization.
And finally, ubiquitination by esterification may provide a means for the host to counteract
pathogen escape from degradation. For instance, several AB-toxins of bacteria subvert the
ERAD pathway to enter target cells and lack internal Lys residues for Lys-linked
ubiquitination (59). Regardless of its physiologic function, future studies of ubiquitination of
substrates by esterification will likely provide unique molecular and structural insights into
how E2s are selected by E3s, and how E3/E2 pairs combine to ubiquitinate specific sites on
substrates and form Ub poly-chains.
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Figure 1.
A. Schema c showing different chemical bonds between Ub and substrates. The upper panel
shows pep de and isopep de linkages between Ub (Pink balls) and protein substrates (Gray
ovals). Ub coupling on the N-terminus is shown on the le# and Ub coupling to an internal K
residue is shown on the right. The lower panel of A shows thio- and oxy-ester linkages of
Ub to C or S/T residues of substrates, respec vely. B. Schema c model showing how viral
ligase mK3 (blue) interacts with Ube2j2 (green) to ubiqui nate S residues on the cytosolic
tail of MHCI heavy chain (HC) (gray), then build a Lys48 (K48) linked chain. The adaptor
proteins TAP/tapasin that confer substrate specificity by orien ng mK3/Ube2j2 with the HC
tail are shown in yellow/tan.
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