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Abstract

The configuration of the active site of E2 ligases, central enzymes in the ubiquitin/ubiquitin-like
protein (Ub/Ubl) conjugation systems, has long puzzled researchers. Taking advantage of the wealth
of newly available structures and sequences of E2s from diverse organisms, we performed a large-
scale comparative analysis of these proteins. As a result we identified a previously under-appreciated
diversity in the active site of these enzymes, in particular, the spatial location of the catalytic cysteine
and a constellation of associated conserved residues that potentially contributes to catalysis. We
observed structural innovations of differing magnitudes occurring in various families across the E2
fold that might correlate in part with differences in target interaction. A key finding was the
independent emergence on multiple occasions of a polar residue, often a histidine, in the vicinity of
the catalytic cysteine in different E2 families. We propose that these convergently emerging polar
residues have a common function, such as in the stabilization of oxyanion holes during Ub/Ubl
transfer and spatial localization of the Ub/Ubl tails in the active site. Thus, the E2 ligases represent
a rare example in enzyme evolution of high structural diversity of the active site and position of the
catalytic residue despite all characterized members catalyzing a similar reaction. Our studies also
indicated certain evolutionarily conserved features in all active members of the E2 superfamily that
stabilize the unusual flap-like structure in the fold. These features are likely to form a critical
mechanical element of the fold required for catalysis. The results presented here could aid in new
experiments to understand E2 catalysis.

INTRODUCTION

The E2 enzyme is the central component in the transfer of ubiquitin (Ub) and ubiquitin-like
(Ubl) proteins to targets in diverse conjugation pathways. During the ubiquitination of proteins,
an Ub/Ubl is first adenylated by the E1 enzyme, and then transferred to a conserved cysteine
residue on the E1 protein through a thioester linkage formed with the terminal carboxyl group
of the Ub/Ubl. A subsequent trans-thiolation reaction transfers the Ub/Ubl to a conserved
cysteine residue on the E2 enzyme. In the final step of the cascade the Ub/Ubl is transferred
from the E2 to the e-amino group of lysine residues on protein substrates or the amine group
of phosphatidylethanolamine in the case of the autophagy pathway (Ciechanover et al., 2000;
Ichimura et al., 2000). This final step is usually mediated by E3 ligases that may function in
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one of two distinct ways: The HECT-like E3 ligases transfer the Ub/Ubl from E2 to an internal
cysteine through a further trans-thiolation step before transferring it to the target, whereas the
RING (U-Box) and A20 finger-type E3 ligases appear to only bridge the E2 enzyme and the
substrate with the target lysine residues (Aravind et al., 2003; Ardley and Robinson, 2005;
Wertz et al., 2004). The role of the E2 enzymes in the Ub/Ubl conjugation cascade, and the
importance of the conserved cysteine shared by all catalytically active E2 enzymes in the trans-
thiolation reaction are well-established (Berleth and Pickart, 1996; Dye and Schulman, 2007,
Hershko et al., 1983; Pickart, 2001). The transfer of Ub/Ubl from E1 to E2 involves a
nucleophilic attack by the conserved E2 cysteine on the carbonyl group of the Ub/Ubl-E1
thioester linkage (Pickart, 2001). Experiments have suggested that this reaction is primarily
catalyzed by residues on the E1 protein in addition to the E2 cysteine (Wu et al., 2003).

Likewise, the conserved cysteine in the E2 protein is the only residue shown to be essential for
the transfer of Ub/Ubl from E2 to the HECT ligases (Dye and Schulman, 2007; Wu et al.,
2003). However, all other terminal Ub/Ubl transfer reactions involving E2 enzymes suggest a
critical role for the target lysine. Studies on the ubiquitinating and sumoylating E2 enzymes,
Ubc13 and Ubc9, indicate that the target lysine makes a nucleophilic attack on the carbonyl
group of the Ub/UbI-E2 thioester linkage upon deprotonation. Together, these studies also
implicate three other residues (namely an asparagine, tyrosine and aspartate) in E2 function,
which are proposed to mediate localization of the target lysine, and act to lower the effective
pKa of the active site to allow the lysine’s deprotonation (Capili and Lima, 2007; Wu et al.,
2003; Yunus and Lima, 2006). The asparagine is also proposed to stabilize an oxyanion formed
in the reaction intermediate during the nucleophilic attack (Wu et al., 2003). These additional
residues implicated in E2 action appear to be only required in the transfer of Ub/Ubl from E2
to the £ amino groups of target lysine residues in conjugations mediated by non-covalently
interacting E3, like the RING superfamily (Knipscheer and Sixma, 2006; Melchior et al.,
2003; Wu et al., 2003; Yunus and Lima, 2006; Zheng et al., 2000). However, the generality of
this proposal for E2 function, and other aspects of the biochemical mechanism by which Ub
transfer is effected, including the role of the E2s in target specificity, is poorly understood.

All eukaryotes possess several E2s ranging from about 8-11 in certain apicomplexans and
Giardiato a little over 50 in certain multicellular plants and animals (Supplementary material).
Most of them, barring those in the autophagy pathway (Apg3 and Apg10), are relatively close
to each other in sequence. The entire diversity of eukaryotic E2s has not been systematically
explored through the application of evolutionary principles to identify key functional residues.
The extreme divergence of Apg3 and Apg10 families also did not allow for a direct comparison
with the classical E2s (Ichimura et al., 2000; Yamada et al., 2007). More recently, we
discovered the first prokaryotic homologs of the E2 enzymes proposed to function analogous
to their eukaryotic counterparts in predicted Ub-conjugation like systems in bacteria (lyer et
al., 2006). A comparison of their conservation profiles with the eukaryotic E2s revealed that
while the E2 catalytic cysteine is strictly conserved, they include representatives which are
highly divergent in sequence. Importantly, comparisons of the prokaryotic and eukaryotic
sequences suggested that the residues besides the catalytic cysteine proposed to be involved
in E2 function might not be generally conserved. Concomitantly, several new crystal structures
of E2 enzymes have been solved, including that of Apg3, which was also shown to lack the
other residues involved in E2 function, despite conserving the catalytic cysteine (Arai et al.,
2006; Mizushimaetal., 2007; Yamadaetal., 2007). Structures of catalytically inactive versions
of the E2 fold such as the UEV1 proteins and the RWD domain have also been solved, providing
structural information regarding the non-enzymatic adaptations of the fold (Eddins et al.,
2006; Hau et al., 2006; Nameki et al., 2004).

These pieces of new data presented us with an opportunity to use the evolutionary information
from bacterial E2 homologs in conjunction with the new crystal structures to explore previously
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unknown aspects of E2 catalysis and biochemical function. To this end, we performed a
comprehensive comparative analysis of the E2 superfamily, identifying all structural and
sequence variations. As a result we were able to uncover an unusually high and previously
under-appreciated diversity in the sequence and structural features of the active sites of the E2
superfamily. In particular, it appears that the E2s might represent an infrequent example in
enzyme evolution, where despite retention of the key catalytic residue and general biochemical
function there is high active site diversity. We present evidence that the structural features
identified here might provide new insights into the action of these enzymes, especially in terms
of residues other than the catalytic cysteine.

RESULTS AND DISCUSSION

Comprehensive identification and classification of members of the E2 superfamily

A multi-pronged search strategy utilizing sequence and structure similarity searches was used
to comprehensively identify all members of the E2 fold. For structural searches we began with
a non-redundant set of representatives of the E2 fold from the SCOP database ((Murzin et al.,
1995); http://scop.mrc-Imb.cam.ac.uk/scop/) and iteratively searched the current version of the
PDB database using the DALILITE program (Holm and Sander, 1995). In addition to
previously described E2 proteins, these searches retrieved several E2 homologs (Z score > 9),
such as Ubcl (PDB: 2f4w) and Ufcl (PDB: 2inl), crystallized as part of structural genomics
initiatives. Sequences of all distinct structural representatives were then used as queries for
sequence profile searches with the PSI-BLAST program (see Material and Methods for search
strategy and threshold for significance). Alignments of all true positives were used for further
HMM searches with the HMMER program (Eddy, 1998). The complete set of true positive
sequences detected in these searches were clustered and classified into families based on
uniquely shared sequence conservation patterns and distinct structural features (supplementary
material). A structural multiple alignment of all available E2 fold structures was constructed
using the MUSTANG program (Konagurthu et al., 2006). A sequence alignment including
representatives of all detected families of the E2 domain was constructed using the MUSCLE
and KALIGN programs and adjusted based on the above-mentioned structural alignment (Fig.
1; See Materials and Methods for details). As a result of our analysis, we identified 16 distinct
families of E2 domains, 11 eukaryotic and 5 prokaryotic. Of these three families in eukaryotes
and one family in prokaryotes were either predicted or have been experimentally shown to be
inactive, and lacked the catalytic cysteine.

Among the eukaryotic E2 families, Ub ligase activity has been demonstrated in representatives
across their entire spectrum of structural diversity (Fig. 1), ranging from the highly divergent
families such as Apg3/Apg10 to the forms like Ubcl and UBE2W:-like families, which are
closer to the classical E2 family (Bartke et al., 2004;Chen et al., 1993;Christensen et al.,
2007;Hershko et al., 1983;Ichimura et al., 2000;Komatsu et al., 2004;Melner et al., 2006).
Thus, the entire structure and sequence diversity of the eukaryotic members of the superfamily
is bracketed by versions with Ub ligase activity, suggesting that this activity is a reasonable
assumption for all representatives of the group that bear a conserved cysteine. The bacterial
versions lack experimental evidence regarding catalytic activity. However, they show
contextual associations in the form of domain fusions and conserved gene neighborhoods with
homologs of other core components of the ubiquitin signaling system, such as E1, Ub and the
JAB metalloprotease. Further, none of the contextual connections of the prokaryotic E2
proteins reveal associations suggesting participation in alternate enzymatic pathways. Hence
itis highly probable that the prokaryotic E2s show similar enzymatic activity as their eukaryotic
counterparts (lyer et al., 2006).

A preliminary comparison of the residue conservation across the 12 catalytically active families
revealed that other than the cysteine none of the other residues implicated in Ub/Ubl transfer
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based on the studies on UBC9 and UBC13 (Wu et al., 2003; Yunus and Lima, 2006) are widely
conserved. The asparagine residue implicated in positioning the lysine and stabilizing the
oxyanion (Wuetal., 2003) was conserved in 4 families (Fig. 1). Of the other residues implicated
in providing the environment to reduce the pKa in the active site, the tyrosine residue was only
detected in 3 eukaryotic families (although it is often a hydrophobic in others), whereas the
aspartate residue was only detected in certain members of the classical E2 family (Fig. 1, Table
1). This immediately suggested that the proposed additional residues of the E2 active site are
unlikely to be a general feature of E2 catalysis, and that there is a striking diversity in the active
sites of the E2 superfamily. In order to understand better the role of this diversity in E2 function
we used the above multiple sequence alignment, and the corresponding structural alignment
for an exploration of the evolution of the active site of the superfamily. To do this we first
identified the structure and sequence features conserved across the fold and used this as a
baseline to systematically explore the innovations occurring in each distinctive family.

Core structure, active site configuration and surface features conserved in the E2 fold

As previously described the core of the E2 fold is based on a four-stranded B-meander
(henceforth labeled strands 1-4) that resembles a single “blade” of the B-propeller structures
(Aravind etal., 2006). Beyond this basic core, the E2 fold displays certain distinctive structural
accretions that distinguish it from all other comparable 4-stranded -meanders. These include:
1) a C-terminal flap-like structure that contains within it two small elements in extended
conformation forming a B-hairpin (hereinafter termed the “flap”; Fig. 2). 2) Flanking the
meander and the flap, there is a helix at the N-terminus (helix 1) and 1-2 helices at the C-
terminus (henceforth helix 2a and 2b, Fig. 2). The catalytic cysteine is usually located at the
C-terminus of the flap, and in every available structure is in an exposed location (Capili and
Lima, 2007; Mizushima et al., 2007; Moraes et al., 2001; Tong et al., 1997; Yamada et al.,
2007). This flap appears to be an important feature for E2 catalysis—comparisons of structures
with and without the Ub/UDbl substrate (Capili and Lima, 2007; Reverter and Lima, 2005;
Yunus and Lima, 2006) show that the C-terminal extended segment of the flap undergoes a
shift to an alternative conformation. It moves away from the N-terminal extended segment and
pairs with the extended tail of the Ub/Ubl through hydrogen-bonding (Fig.2, see Supplementary
material). This is critical for appropriate positioning the Ub/Ubl tail for attack by the target
lysine (Reverter and Lima, 2005; Yunus and Lima, 2006).

The only conserved residue that is seen in a number of families in close proximity to the cysteine
is the asparagine that was previously implicated in stabilizing the oxyanion hole ((Wu et al.,
2003); hereafter termed “flap asparagine™). In structures with the co-crystallized substrates the
terminal residue of the Ub/Ubl (glycine) is sandwiched between this asparagine and the
cysteine (Reverter and Lima, 2005). In several families, including the classical E2 of Ub in
eukaryotes and certain bacterial families the side-chain of the flap asparagine is flanked, on
the side opposite to the catalytic cysteine and substrate Ub/Ubl, by a conserved histidine
(termed flap histidine) that is present two residues upstream in the sequence (HxN signature,
Fig. 1 and Fig. 2). As mentioned above, the tyrosine or an equivalent hydrophobic residue
implicated in forming a part of the active site in studies on UBC9 is only conserved in a small
number of families, and the co-crystal structures show it forming a part of the interface with
the target peptide (Reverter and Lima, 2005; Yunus and Lima, 2006). Hence, its poor
conservation is likely to be a consequence of the differences in target peptide recognized by
different E2s, as well and alterations in the architecture of the active site seen in various families
of the E2 fold (see below).

Examination of the sequence and structure alignments reveal several residues, besides the
catalytic cysteine, that are highly conserved across most members of the fold, including the
divergent Apg3/10 and bacterial families (Fig. 1). Amongst these are a proline N-terminal to
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strand 4 and its hydrophobic interacting partner (usually tryptophan or methionine) located
between the flap and helix-2a (Fig. 1 and Fig. 2). This pair of residues is also conserved in
inactive versions indicating a central role for them in stabilizing the E2 fold by tethering the
flap to the core sheet of the B-meander (Fig. 1 and Fig. 2). Another well-conserved residue
present in both active and inactive versions is a hydrophobic (mostly aromatic) residue in the
loop between strand-2 and strand-3 (Fig. 1 and Fig. 2). This residue is part of a “chain” of
interacting residues that, in some form, is seen in most members of the fold, and might play
an important role both in connecting the flap to the core B-sheet as well as potentially allowing
conformational changes during catalysis (see below for details).

In order to determine if the different versions of the E2 fold might share a general mode of
target interaction, we compared their protein surfaces and conservation of surface residues.
We observed that all catalytically active versions including the divergent Apg3/Apg10 and the
inactive UEV1 families shared the presence of two distinct surface grooves. These grooves are
located on either face of the central -sheet and are predominantly lined by hydrophobic
residues that are conserved within individual families (Fig. 3, see supplementary material).
Prior structural studies suggest that the groove on the face of the sheet which packs with the
helices interacts with the C-terminal tail of Ub/Ubl (Reverter and Lima, 2005). The catalytic
cysteine of the Ubc6 and APG3/APG10 families is located towards the center of the groove,
while that of the other E2 families is closer to the end of the groove (Fig. 3). However, the
invariant association of the catalytic cysteine with the groove suggests that, despite the
differences in residues lining it in the various families, its role in binding the Ub/Ubl tail is an
ancestral feature of the E2 superfamily. The role of the groove on the exposed face is less clear,
but certain structures suggest that it might accommodate a part of the E1 during trans-thiolation
(Wang et al., 2007). Its conservation across diverse E2 families suggests that an E1 interaction
via this groove is a potentially ancestral feature of the E2 fold.

Major structural variations in members of the E2 fold

Although the core E2 topology is retained across the fold, and the catalytic cysteine shared by
all active members, we observed rather dramatic structural variations in certain members that
entirely altered the local architecture of the active site. The most striking of these was seen in
the APG3 and APG10 families involved in direct E3-independent transfer of Ubls to protein
or lipid substrates in autophagy (Ichimura et al., 2000; Yamada et al., 2007). In these two
families there is a unique helix inserted into the N-terminal portion of the flap region, and the
flap is also much longer than all other E2 families. Furthermore, instead of forming the usual
B-hairpin that points away from the core B-meander, its extended regions stack as additional
strands to the core B-meander (Fig. 2 and Fig. 4, PDB: 2dyt). Consequently, the catalytic
cysteine is no longer in an equivalent location as that of the other E2 fold members, and is
displaced further downstream. This unusual displacement precludes interactions with the
position equivalent to the above-mentioned asparagine. Not surprisingly, members of the
Apg3/Apgl0 families lack the flap histidine and asparagine, instead possessing a strictly
conserved histidine residue two residues N-terminal to the catalytic cysteine (Table 1).
Strikingly, the spatial proximity of the side-chain of this conserved histidine vis-a-vis the
catalytic cysteine is highly reminiscent of that of the flap asparagine vis-a-vis the cysteine of
the classical E2 (Fig. 2 and Fig. 4, PDB: 2dyt). In addition, members of the Apg3/Apgl10
families also contain large inserts between the 2nd and 3rd strands of the core f-meander.

A comparable structural variation is furnished by the Ubc6 family (PDB: 2F4W), which is
unified by a distinctive three-residue insert in the flap after the catalytic cysteine (Fig. 1 and
Fig. 2). The flap B-hairpin is reorganized due to hydrogen-bonding interaction between the
first extended region and a neomorphic extended region between helices 2a and 2b (a loop in
most other E2 families). This frees the second extended region of the -hairpin that instead

J Struct Biol. Author manuscript; available in PMC 2009 June 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Burroughs et al.

Page 6

appears to hydrogen bond with the core B-meander with a consequent spatial displacement of
the catalytic cysteine from its usual structural neighborhood. Consistent with this feature, the
Ubc6 family lacks the flap histidine and asparagine, and the equivalent residues are not spatially
positioned to interact with the active cysteine (Fig. 2 and Fig. 4). However, we uncovered a
histidine, seven residues downstream of the catalytic cysteine in the family-specific insert,
which is universally conserved in the Ubc6 family (Fig. 1 and Table 1). Although this region
is not resolved in the available crystal structure, the location of the histidine suggests that it is
likely to come close to the catalytic cysteine and flank it similar to the flap asparagine in the
classical E2s, or the above-mentioned histidine of the Agp3/Apg10 families (Fig. 2 and Fig.
4). The third major structural variation is the Ubcl family (PDB: 1ZUO) in which a constellation
of interconnected modifications are observed. The N-terminal region of the flap upstream to
the B-hairpin forms an extended region that packs with a neomorphic extended region between
helices 2a and 2b (usually a loop in most other E2s). This not only appears to have displaced
the flap hairpin with the catalytic cysteine “upwards” (Fig. 2 and Fig. 4), but also appears to
have displaced helix 2b to pack against the flap hairpin. Keeping with these rearrangements,
this family lacks the equivalent of the flap histidine and asparagine, instead bearing a family-
specific conserved histidine at the C-terminus of helix 2b (Fig. 1 and Fig. 2, Table 1). This
histidine occupies a spatial position equivalent to the flap asparagine or its structural analogs
in the other variants discussed above (Fig. 4). An acidic residue (usually glutamate), universally
conserved in this family and located two residues C-terminal to the catalytic cysteine, appears
to tether the histidine in this position by forming a salt bridge.

The catalytically inactive RWD domain is the most structurally divergent version of the E2
fold. Here the flap appears to have assumed an entirely helical conformation. The retention of
the hydrophobic residue, normally present between the flap and helix 2a, and its interacting
partner, the conserved proline N-terminal to strand 4, suggests that the family-specific helix is
derived from the flap and the structural transition may have been favored by the loss of catalytic
activity.

Subtle sequence variations in E2 families affecting active site properties

Beyond the major structural variations in the fold and the corresponding changes in active site
architecture, we detected several sequence variations specific to particular families that could
alter the configuration of the active site. The most striking variation is seen in the Ufcl family
in which both the flap asparagine and histidine are absent (Table 1). In place of the former
there is a family-specific conserved lysine whose backbone carbonyl is juxtaposed close to the
catalytic cysteine rather than the side-chain. Additionally, this family contains a universally
conserved tryptophan in the middle of helix 2A whose indole nitrogen also comes in close
vicinity to the catalytic cysteine and backbone carbonyl of the lysine (Fig. 1 and Fig. 4). These
together appear to form a constellation highly reminiscent of the flap asparagine side-chain of
the classical E2s. Subtler changes are seen in the Bruce-like E2 family, which lack independent
E3 ligases, and in which the E2 domain is always part of a larger multi-domain polypeptide
((Bartke etal., 2004) and AMB, LMI and LA unpublished observations). Here the flap histidine
is substituted by an asparagine. Likewise, throughout the UBE2W family, the flap asparagine
residue is replaced by a conserved histidine (Fig. 1 and Fig. 4), but its side chain occupies a
position similar to the flap asparagine of the classical forms.

Four of the bacterial families (A-D) are predicted to be catalytically competent forms due to
conservation of the active cysteine, with members of the family E likely to be inactive versions
analogous to the eukaryotic UEV1 family. Though members of the bacterial families exhibit
a high level of divergence amongst themselves, most members of families A, B and D conserve
either an asparagine or a histidine in position equivalent to the flap asparagine of the classical
E2s (Fig. 1). Family C currently has too few members to derive a meaningful conservation
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profile. Family A displays the same active site configuration as the classical E2 family with
both a histidine and asparagine residue in the flap (i.e. with a HXN signature). All members
of family B have a conserved histidine as the cognate of the flap asparagine and lack any other
conserved polar residue that is likely to be in close proximity to the catalytic cysteine. Members
of family D, which have a conventional flap asparagine, lack the flap histidine. Interestingly,
they possess a highly conserved histidine between helices 2a and 2b. Based on alignments with
known E2 structures this residue is predicted to occupy a spatial position equivalent to the flap
histidine of the conventional forms ((lyer et al., 2006); Fig. 1).

Members of the UEV1 family occasionally preserve the flap histidine and rarely the flap
asparagine (Fig. 1, Table 1). The structure of the UEV1 protein suggests that the general
architecture of the active site is retained despite lacking the active cysteine, and has been shown
to function as a subunit of a heterodimeric E2 complex involved in polyubiquitination (Eddins
et al., 2006). All members of the other inactive eukaryotic E2 family, namely the enigmatic
AKTIP family, retain the flap histidine (Fig. 1, Table 1). Hence, these too might preserve the
general active site architecture, and potentially function as an Ub-binding protein comparable
to like UEV1.

Identification of a chain of interacting residues connecting the active site to the core -

meander

To understand better the role of the highly conserved hydrophobic (mostly aromatic) residue
in the loop between strand-2 and strand-3 (Fig. 1) we systematically examined its interacting
partners and their conservation. We found that this hydrophobic residue always interacted with
the flap histidine when it was present. As the flap histidine (or cognate asparagine in the
BRUCE family) in turn interacts with the flap asparagine, and that residue in turn with the
catalytic cysteine, these residues formed an interacting chain connecting the active site to the
core B-meander (Fig. 4). In four families (Fig. 1 and Fig. 4, Table 1), an alcoholic residue, also
from the loop between strand-2 and strand-3 and two positions upstream of the highly
conserved hydrophobic residue, is part of this interacting chain. The hydrophobic residue
between strand-2 and strand-3 is also nearly absolutely conserved in families that have
undergone major structural alterations, or those lacking the flap histidine and/or asparagine.
An examination of these families suggested that even in these cases a comparable chain is
constituted by the conserved hydrophobic residue along with other interacting residues
conserved in family-specific manner (Table 1). For example, in the Ubcl-like proteins the
interaction chain has been elongated to include more residues, concomitant with the
displacement of the active cysteine due to emergence of an additional extended region in the
flap. The additional residues include conserved hydrophobic residues from strand-3, the
neomorphic extended region in the flap and a couple from the first extended segment of the
flap hairpin (Table 1).

In the Ubc6p family this chain, rather than directly leading to the cysteine, connects with the
loop between helix-2a and helix-2b. This loop in turn furnishes a residue, which is usually
hydrophaobic, that appears to directly interact with the catalytic cysteine. Furthermore, the
afore-stated residue might also convergently provide a hydrophobic environment for the
cysteine as suggested for the tyrosine in experiments on Ubc9 (Fig. 1 and Fig. 4, Table 1). In
line with the major structural modification seen in the APG3/APG10 families the interaction
chain is longer and more diffuse than any other representatives of the fold. Here the conserved
hydrophaobic residue between strand -2 and strand-3 initiates the chain via a contact with a
highly conserved methionine from the family-specific helix in the flap. This in turn interacts
with a conserved hydrophobic residue and the Apg3/Apg10-specific ThTb motif (h:
hydrophobic and b: big residues) respectively from the two extended regions of the exaggerated
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B-hairpin seen in these families. The ThTh motif then provides the link to the HPC motif at
the active site (Fig. 1 and Fig. 4, Table 1).

Implications of the conserved and diversified features for catalytic mechanisms of the E2

fold

From the earliest studies on E2 mechanism it has been remarked that the “catalytic landscape
of the E2 active site is remarkably sterile”(Johnson, 2004; Pickart, 2001; Wu et al., 2003).
While subsequent studies have uncovered potentially important details regarding the E2
mechanism (Wu et al., 2003; Yunus and Lima, 2006), there has been no systematic attempt to
unite these structure and mutagenesis studies with evolutionary conservation across the E2 fold
and within individual families. The above observations emerging from our analysis based on
a natural classification of the E2 domains and the wealth of new structures provides several
new insights into E2 catalytic function:

1.

In terms of mechanical properties of the E2 domain the presence of a conserved
surface groove suggests a similar mode of Ub/Ubl-interaction throughout the fold
(Fig. 3). Furthermore, conservation of the flap structure despite the variety in active
site architecture suggests an important generalized role for it in E2 action (Fig.2 and
Fig. 4). The opening and pairing of the second extended segment of the flap hairpin
with the Ub/Ubl-tail suggests that this part of the flap is central to interaction with the
Ub/Ubl tail and specific recognition of the cognate Ub/Ubl.

The conserved proline-hydrophobic side chain interaction at the “top” of the flap and
the chain of interacting residues at the “bottom” of the flap may also be interpreted
as contributing to the mechanical features of the E2-Ub/Ubl interaction (Fig. 2). These
tether the C-terminal end of the flap and the first extended segment to the rest of the
B-meander scaffold. Hence, they probably stabilize the rest of the structure while
allowing the second segment of the hairpin to alternatively form hydrogen-bonds with
the first segment (when there is no Ub/Ubl) or with the Ub/Ubl-tail (upon and after
trans-thiolation) (See supplementary material; (Reverter and Lima, 2005;Yunus and
Lima, 2006)).

In terms of reaction mechanism, the cysteine being the only universally conserved
residue in all active forms is consistent with experimental evidence that it is the only
required residue for most reactions involving E2s, except for the E3-dependent final
transfer of Ub/Ubl to a target lysine. Our comparisons also show that the E2 fold
represents an exceptional case in terms of enzyme evolution: While always being on
the second extended segment of the flap and lying in an exposed position in a groove,
the active cysteine occupies a remarkable diversity of spatial positions in different
families with respect to the core scaffold of the fold (Fig. 4). This is no more strikingly
illustrated than in a comparison of the Apg3 structure with that of a member of the
classical E2 family (Fig. 4)(Yamada et al., 2007). This observation is again consistent
with there being few constraints on the specific environment of the cysteine. It also
means that there are no specific conserved residues across the E2 fold for creating the
right environment for lowering the pKa of the attacking target lysine (Yunus and
Lima, 2006). Instead this is likely to be achieved in a generic fashion due to the
interface formed by target-E2 packing.

While the flap asparagine implicated in oxyanion hole stabilization (Wu et al.,
2003; Yunus and Lima, 2006) is conserved only in certain families, we found that it
is always substituted by a histidine from the cognate position, or other polar side
chains from entirely different locations (Fig. 1 and Fig. 4, Table 1). In most instances,
these alternative polar side chains are histidine, and in one case (Ufc1) appears to be
replaced by a combination of a backbone carbonyl and the nitrogen of the tryptophan
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indole group. Thus, a polar group appears to have convergently emerged in an
equivalent spatial location in the vicinity of the active cysteine in different families
of the fold. The available structures suggest that this polar group is likely to interact
with the C-terminus of the Ub/Ubl. Further, this residue being almost always an
asparagine or a histidine is reminiscent of the fact that these two residues appear
frequently in peptidase catalytic triads to stabilize oxyanion holes (Berg et al., 2002;
Johnston et al., 1999; Rawlings and Barrett, 1994). Hence, it is possible that each of
these represent independent innovations to stabilize the oxyanion hole and localize
the Ub/Ubl tail for attack by lysine. However, in some cases like Apg3/Apg10 the
conserved histidine could additionally provide a general base for activating the lysine.
In a more general sense, this convergent evolution of a polar group in the vicinity of
the cysteine in the E2s is reminiscent of the convergent evolution of the third (the
cysteine and histidine being usually invariant and in their ancestral positions) residue
of the catalytic triad in peptidases of the papain-like fold (Balakirev et al., 2003; lyer
et al., 2004).

The flap histidine which interacts with the flap asparagine and is part of the above-
described interacting residue chain is fairly widespread. Moreover, in the bacterial
family D, where it is absent it seems to have a functional analog in the form of another
histidine from the loop between helices 2a and 2b. This suggests a potentially
important role for this histidine with respect to the flap asparagine, by interacting with
the oxo-group of the asparagine side-chain as suggested by some substrate-complexed
structures (e.g. PDB: 1z5s; (Reverter and Lima, 2005)). Mutagenesis of the histidine
in Ubc13 affected protein solubility/stability (Wu et al., 2003); hence, it is not clear
if the experiments that failed to uncover a role for it in catalysis have objectively
evaluated its function. Given the nature of the histidine imidazole ring it is possible
that itacts as a switch that transiently regulates the asparagine, by alternately assuming
acidic and basic states. As the substitutes for the flap asparagine are usually histidines,
it is possible that in these cases the histidine directly shows such switch-like
properties. The only multi-domain E2s are the BRUCE-like family, and these have
an asparagine in place of the flap histidine (Fig. 1, Table 1). Here, the other globular
domains fused to the E2 domain might help in providing an E3 like function. This
raises the question as to whether the role of the flap histidine is mainly important in
the context of E2s functioning with independent E3s of the non-HECT variety.

A corollary to the observation that there is a whole range of family-specific
innovations in the region around the active cysteine is that these could play a role in
target specificity. Extrapolating on the basis of the target-E2 complexes (e.g. PDB:
1z5s; (Reverter and Lima, 2005)), we propose that the neomorphic helices or strands
in the flap region (for example in Agp3/Apg10, Ubcl and Ubc6) and the region
between helix2a and helix 2b and additional C-terminal helices would provide family-
specific interfaces for target specificity. In other cases, apparently drastic changes in
substrate specificity might also be achieved via relatively subtle changes. While Apg3
and Apg10 differ in respectively operating on a protein and lipid target they are closer
to each other than any other E2 family. Autophagy or related processes are apparently
universal to eukaryotes, but some eukaryotes lack Apg10, while possessing Apg3
(Supplementary material). This suggests that Apg3 might perform both roles in these
organisms without any major changes in its active site. Nevertheless, we identified a
few positions that might contribute towards the differences in target specificities of
the two enzymes. Through systematic comparison of relative entropy the cognate
alignment positions of the two families we identified one strongly differentially
conserved position two residues upstream of the catalytic cysteine (Fig. 1). It is
respectively a highly conserved threonine in Apg10 and a histidine in Apg3. The
structure of Apg3 (Yamada et al., 2007) suggests that it is likely to line the groove
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containing the catalytic cysteine and control access to it. Taken together, these
observations suggest that the residue at this position might play a role in target
specificity of the two families.

Evolutionary history of E2 enzymes

The availability of complete genome sequences of early-branching eukaryotes like
Trichomonas and Giardia, and ancient branches like the kinetoplastid-heterolobosan clade
allows an objective reconstruction of the E2 superfamily in eukaryotes. Phyletic patterns of
different E2 families suggest that the Last Eukaryotic Common Ancestor (LECA) possessed
members of the large classical E2 family, along with other catalytically active families such
as Ubc6p, APG10, APG3 and Ubcl, and catalytically inactive versions such as UEV1 and
AKTIP. Thus, the major structural variants in the E2 family seen in extant eukaryotes were
already present in LECA (Anantharaman et al., 2007) and adapted to diverse niches such as
degradation of proteins in the cytosol and endoplasmic reticulum (classical E2 and Ubc6p
families), autophagy that involves transfer of Ubls to proteins (APG10) and lipids (APG3),
and transfer of polyubiquitin to proteins (UEV1 family) (Fig. 2). The Ufcl and the inactive
RWD families are apparently absent in the basal eukaryotic branches and appear to have
emerged slightly later, prior to the diversification of the heterolobosea-kinetoplastid clade (Fig.
2, Supplementary material). The UBE2W and Bruce-like E2 families emerged in the common
ancestor of the crown-group eukaryotes (plants, slime molds, fungi and animals) and the
chromalveolate clades. These diversifications involved 4 independent innovations of polar
residues in the vicinity of the catalytic cysteine and loss of catalytic activity on at least 3
different occasions. This evolutionary reconstruction of the E2 families is consistent with the
corresponding reconstructions of the cognate Ub/Ubl (Burroughs et al., 2007) and E1 families
(MB, LMI, LA manuscript in preparation) that interact with the different E2 proteins. Thus,
there appears to have been a major concomitant radiation of these three components resulting
in multiple parallel Ub-conjugation systems prior to LECA itself, which were recruited to
diverse physiological processes. In contrast, the E3-ligases show major lineage-specific
expansions in different eukaryotic lineages (Lespinet et al., 2002) suggesting that they were
the main players in recruiting the ancient core of the conjugation systems to various new targets.

In our earlier studies we had reported that the bacterial members of the E2 superfamily are
encoded by predicted mobile operons that also code for E1-like, Ub-like and Jab-peptidase
components (lyer et al., 2006). Based on this we proposed that they constitute potential
modification systems that were likely to have been precursors of the eukaryotic E2s. Of the 5
distinct bacterial E2 families, family A most closely resembles the large classical E2 family of
eukaryotes with a flap histidine and flap asparagine. We suggest this is likely to represent the
family from which the eukaryotic ancestral version emerged, most probably during the primary
endosymbiotic event that spawned the eukaryotes.

GENERAL CONCLUSIONS

The catalytic mechanism of the E2 enzymes has been an enduring problem of interest in the
enzymology of ubiquitin conjugation. Taking advantage of the wealth of recent structural data,
sensitive sequence comparisons and an objective natural classification of the E2 superfamily
we identify many under-appreciated features of the E2 fold. We present hypotheses for the
roles of these features in mechanical and biochemical aspects of E2 catalysis. Crucially, we
identify the major unifying themes of E2 catalysis ranging from the bacterial versions, to the
divergent Agp3/Apg10 and the classical eukaryotic E2 proteins and their variants. Our studies
show that the E2 superfamily has undergone considerable sequence and structure
diversification in the region of its active site since the time of its emergence in the bacteria.
Our analysis suggests that the sequence and structural diversity in the E2 active sites was not
driven to a major extent by changes in the mode of E1 or Ub/Ubl binding. Instead, it is appears
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that the E2 diversification reflects the presence of relatively few constraints on the catalytic
cysteine, and adaptations that facilitate target peptide (i.e. context of the target lysine) or lipid
choice. A common theme is presence of a polar residue (mostly histidine or asparagine) that
has convergently emerged in various families in the vicinity of the catalytic cysteine. This is
likely to both position the Ub-tail as well as possibly stabilize the oxyanion hole during transfer
of Ub/UDbl to lysine. We hope that the analysis presented here spurs further experiments in the
form of site directed mutagenesis and structure determination to elucidate E2 catalysis.

MATERIAL AND METHODS

The non-redundant (NR) database of protein sequences (National Center for Biotechnology
Information, NIH, Bethesda, MD) was searched with the BLASTP program (Altschul et al.,
1997). Profile searches were conducted using the PSI-BLAST program (Altschul et al.,
1997) with either single sequences or multiple alignments as queries, with a profile inclusion
expectation (e) value threshold of 0.01; searched were iterated until convergence. Hidden
Markov models (HMMs) built from alignments using the hmmbuild program were also
employed in searches carried out using the hmmsearch program from the HMMER package
(Eddy, 1998). For queries and searches containing compositionally biased segments, the
statistical correction option built into the BLAST program was used (Schaffer et al., 2001).
Multiple alignments were constructed using the MUSCLE (Edgar, 2004) and/or KALIGN
programs (Lassmann and Sonnhammer, 2005), followed by manual adjustment based on PSI-
BLAST hsps and information provided by solved three-dimensional structures. Protein
structures were visualized using the Swiss-PDB viewer (Guex and Peitsch, 1997) and cartoons
were constructed with the PyMOL program (http://www.pymol.org). Protein secondary
structure predictions were made with the JPRED program, which computes a consensus
predicted structure using the information from the conservation profile, a PSI-BLAST position-
specific score matrix and a hidden Markov model (Cuff and Barton, 2000).

Structure similarity searches were conducted using the standalone version of the DALI program
with the query structures scanned against a local current version of the PDB that has all chains
as separate entries (Holm and Sander, 1995). The structural hits for each query were collected,
even if the DALI Z-score for the match was less than 2.0 and then parsed for topological
congruence to the E2 structural template (Fig. 2) using a custom PERL script. To assess
topological congruence, coordinates of the matching regions detected by DAL searches using
known E2 domains as queries were extracted and analyzed for secondary structure using the
DSSP program (Kabsch and Sander, 1983). These secondary structure elements were then
represented as a string (corresponding to a row in table 1) along with the polarity of the
secondary structure element determined from the DALI match to the query structure. These
strings were then matched with the equivalent secondary structure pattern strings constructed
of bona fide E2 domains. If a complete match was obtained these structures were tagged as
congruent, while those which were not were ranked in descending order of elements that did
not match. This discrimination of the potential candidates was further confirmed by visual
examination of each structure. Structural multiple alignments were carried out using the
MUSTANG program (Konagurthu et al., 2006). The interacting residues in various members
of the E2 fold were deduced using a PERL scripts from the TASS package (V. Anantharaman,
S. Balaji and LA, unpublished). The scripts encode interacting distance cut-off values of 5.0
A and 3.5 A between appropriate atoms in 3-D for deducing the hydrophobic and polar
interactions respectively. These inferred interactions were confirmed via manually
examination using Swiss-PDB viewer (Guex and Peitsch, 1997).

Preliminary clustering of the E2 superfamily was performed using the BLASTCLUST program
(ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html) with a range of BLAST bit score
density cutoffs (1-0.4) and length ratios for the alignments (0.8-0.6) in order to establish the
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core of potential families. These were further extended using reciprocal BLAST hits. The
phyletic profiles of individual families were determined using scripts of the TASS package
that query into the NCBI taxonomy database. Higher order relationship between families was
inferred using shared conserved motifs in structure (when available) and sequence.
Phylogenetic analysis within families was carried out using a variety of methods including
maximume-likelihood, neighbor-joining, and minimum evolution (least squares) methods with
the MEGA, PHYLIP and MOLPHY packages (Adachi and Hasegawa, 1992; Felsenstein,
1996; Kumar et al., 2004). All large-scale sequence and structure analysis procedures were
carried out with the TASS software package, a successor to the SEALS package (Walker and
Koonin, 1997).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AFUA_6614210 nium 7c°97593 4  SARRRLMRDFKRMQTDPP  AGVSASPVAD PTYDVAAILTSIQSLL“D’NTSSPA 122/
BIRC6_Hsap_61744456 4545 ARARRLAQEAVTLSTSLP 4 SSVFVRCDEE 9 QTSSFLCVLVSMQ 4680\BRUCE-
Gs 0008424001_Ptet_124406526 3372 DKIVRLAQEFADMSTSLP 4 NATFVRAD] 9 LLQVLVSTOA: 3507 |like
PHO2/UBC24_Atha_30685832 662 SWVKKVQQEWSNLEANLP  NTIYVRVCEE 9 GSS&ILQLLL&FQRLVL 790
AC116957_2_Ddis_28830048 1975 SRTIRIAQEQGSMMKSLP 4 SSIFVRVDEK 9 LQVFISIQSLIL! 2110
CNL05830_Cneo_58261412 644 KRSLAIAKELAILTTSLP 4 SSVFLRVDEA 6 GOSTLLQVLISIQS: 776
€G10254_Dmel_24649371 1121 QYQRAVOREYLMLKSSLP KREPYONALFFFDFQFGRDYPKSPRVCE 8 PSSTMLQVLVSIQGLI 1249/
sap_47933385 |[(2ENA) 3 SMOKRLQKELLALQNDPP PGILYEGEKFQLLFKFSSRYPFDSBQVM PALSVOSVCLSIISMLSSCKEKRRP 125\UBE2W
6 PSKRRLOKELTSLIREPP KGILYEGEQFQLOFRFSSKYPFDSPEVTFI NIPT! PALSVQSICLSIVSMLSSCKEKKRP 128
B 134 NANYRIQKELNNFLKNPP VOYVGL ENEIYANEVYKIKIIFPDNYPLKPPIVYFLKPPK PSLSISGLILSIISMLSSAKEKKLE 253
DDBDRAFT_0202295_Ddis_66827055 4 RYAKRLOKELLDLKTNPP NLDKWVIAVDGT EGSI¥QGEHFKLOFKFSSGYPLDSPEVIFI TPPI PALTVSSVCLS 3 1221
GSPATT00030369001_Ptet 124394210 4 RMAKRLOKDLEQMOKSYV ~ DQFNVRMPNN  DIKHWIVAFEGA SPLYOGEKFELQFKFSNEYPIESPEVIFI KP! BALTVSSVCLS 1231
UBC16_Atha_18410856 15 IATNRLOKELVEWQMNPP NLQRWIIEVIGA 133/
E202_Hsap_37577124 |(2E4WA) 12  TATQRLKQDYLRIKKDPV J EMIPYEGGYYHGKLIFPREFPFKPBSIYMI - 131\Ubc6
GLP_68_18546_19520 29250521 3 VVYRRISHELKLISMAGE SDSPESKGLYHGI THLPQDYPHKPPEIVFL - 122
TVAG_066800_Tvag_121911847 8 TTIKRLLSEMRKLQSEPD PDSPEQGGI YHGKIVFPHNYPITPEDIYFF =T 128
UBC33_Atha_15240671 5 ACIKRLOKEYRAL( EGEPEAGGFYYGKTKFPPEYPYKPRGITMT — 124
UBC6_Scer_6320947 5 QRHKRLTKEYKLMVENPP ADEPYKGGQYHGTLTFPSDYPYKPPATRMI — 2 124
ubc-26_Cele_32563946 8 VALORLKKDYQRLLKEPV  PFMKAAPLET PKIPYEGGI YMGKLLFPKDFPFKPPATLML --TPNGREQ S 127/
Ubci_Hsap_71042509 [(HEZHGE) 204 QASDRLMKELRDIYRSQS 3 GIYSVELIND PDSPLH:EYELLNFSFKDNFPFDPREVRVV PVESGGYVE A F / 21 THE 359\Ubcl
€G4502_Dmel_19920874 137 IRTRRLMKEYREMERLQA 3 AVFTVELVND PDSPLA::PATLLHLSFPDNFPFAPPEMRVV PHIEKGYVM SAYTVEAVIMQFAASVVKGQGRIAR \ 22 THE 294
TVAG_043860_Tvag_121908958 66 AGELRLIQDLKSIKSMPA 2 LGFSAEPYQG PSYDVSSCFSNIFAEIFSONPQIDF / 20 EHG 221
©G2924_Dmel 24639327 222 QATDRLMKELRDIYRSDA 3 NMYSIELVN PDSPLH::DSILLNILFKETYPFEPBFVRVV PTISGGYVE SAYTVEAVIMQTAATLVKGK \ 25 THE 381
0t06g01340_Otau_116058204 2 AESRVLYREFKALKRREG 1 LFDNLTMC: PGA-TG: VEGSFRLN WV MKHY TGHUT SNYRIEAVIQALVISAVHCPALVIS / 42 HER 192
AFUA_4G13940_Afum_70993182 951  PATKVLQQHLQATLKVOA 6 LGW 1 PKLPEA KSYVLELR T PTASIESVLLQ \ 24 AHG 1115/
Ufcl Hsap_118138463 [(2EAEE) 27  LWVORLKEEYQSLIRYVE 7 L 1 154\Ufc
Ufcl Mmus 13384768 7 LWVQRLKEEYQSLIRYVE 7 154
€G8386_Dmel_19922352 7 VWVORLKEEYQALIKYVE 7 ~VEFDIPVTYPTTAPEIALP LDG 154
LmjF15.1250_Lmaj_68125492 26 RLKEEYASLITYVE 7 DTPVTYPQAPPETALP L 153
TA20810_Tann_65305321 28 DWETRLNEEFAALIQYVE 7 155
ufcl_Ddis_90970505 26 KWIDRLKEEYQALIKYVE 7 T 153/

Scer 126030345 |(2a5E) 30 ITPEEFVQAGDYLCHMFP 9 ~RVBKMYTV SADYRTKTA 309\aPG3
LmjF33.0295_Lmaj_68128829 33 LTPKEFVEAGDELVOKNP 7 ~QTPRMYLV YRSNYGKT 270
Tb927.2.1890_Tbru_84043456 31 LTPMEFIQAGDELLHKMP 7 ~QTPRIFLI YPVNRERTV THMALFLFLKFTSSAVPST 288
At5g61500_Atha_110740691 33 LSVSEFVLAGDNLVSKCP 8 14 VDKYLFLFLKFMASVIPTI 304
AA051200_Ddis_28828597 35 LTPEEFGQAGDLLTDKCQ 8 14 3341
ATG3_Hsap_119600075 34 ITPEEFVAAGDHLVHHCP 8 14 VHMYPSLYVRLVAKWLLTIFFLRN 310/
TVAG_457890_Tvag_123446557 5 TKIKNFVKTFSKD 5 GIDFMNAWIGVYGPLFLYRLPT 145\APG10
AT3G07525_Atha_30680332 19  VASRAFADKWKIHNQSFP 12 SWFSVVGQVVGLRIPLEML 224
DDBDRAFT_0190076_Ddis_60475073 9 DOAINLIKKWNNIIDEI-  PWQWNQIN! SWLSIIGPMVNIKIPFDLL 225
SPAC227.04_Spom_19113870 21 EWHTELLDK- VLSPLTQPIIK 171
RH23185p_Dmel_73853344 51 SQAKQFLEISQKLGD: NWILEQKDS- 5 LONAYG 206
ATG10_Hsap_119616289 14 CAEFTKHSQQIGD---  SWEWRPSKDC 5 1 NLI 209/
Mdeg02000735_Mdeg_48864353 15 TRWLDETRSVAGIQT 2 SSDDGVVVAT 3 HSSGIEAVFGAMTHWLNNAASGELL 145\bacterial
RmetDRAFT_0537_Rmet_68559822 6 ADALHQLORHRGLIRVGE 2 TTGASTEIEV 3 HRFGLDAVVDOLIDWLHKARA( 136|family A

DRAFT_3270_Maqu_77955723 19 TQMLVAAILQHQRSEDHQ 2 ERENELVLDV 3  FQEGISGVLRSLOAWLDRAAQ! 150
Xaxo_21110358 23 GRMQALLRACNAHADINV 2 LRRIEDPFIA NDAGIHRI-ERMAL-LYRT-GARFPFE-AR PKALI 3 152
DRAFT_3597_Maqu_77955313 102 LPEPLSDLADACNDNSDF 2 VEFRRISKDS NPVGIRRI-ERLAF-VLNP-NLGFBWE-VR BV’ 3 231
PnapDRAFT_0071_Pnap_84717800 25 AKTLFDVVSRORDYAVVQ 2 3 RTWTPQSFLRRIQWWLEKSARGELH 154
GOX2518_Goxy_58038271 9 SRLARSVIEYVCDSVEHP 2 T: 3 RNLTGOALVERIRWWFAGMADGSLH 140/
p1B75_ASp._56315656 66 RSARPVFLEPNVLSQGPG  WLVWWMKPQT 6 ~PSAGLOADPSGI 186\bacteria
AD096_Bcer_44004435 52 NTHYSSGVLPKGCIKHEV 7 QAVWIEVPKA 3 - PEFRTLKDLETFHV! 181 family D

RAFT_0623_Psp. 67910471 72  QRPQMEWQDHCILAKGMG ~ KMIWWTPPMN 11 ~PDDSAKGNPQAWERF' 197
PHG308_Reut_38637969 69 SLPNGEFLTPNVLSISPT  AVTWWCPAAQ 6 PALVEQASQSGFRV-FALR-GDERBV! ~PKQIDVAS TAGHEAG! 189
Bcep1808DRAFT_6253_Bvie 67543573 69 VAPRAEFLPATVLGVSPE  AVTWWCPPAM 6 PGLVEQALNQGFRV-FAVA-CSDRBVR ~PKRVDVAS I DGHEAG! 189
PproDRAFT_0257_Ppro_71839550 66  NVSIGGYLPPNILSVGFD K 8 G - -PKSVAVTETGKWEECFFSS 189/
y4qC_Rsp._2496738 17 PAGRRRLAELQKLHSAAG  ESLLVDEEAA ANMSLAELLDENLAHVLDGTGAI 136\bacterial
BAE79142_Cper_86475968 1 -MVILILDLFNSLNSFEN 3 VKEIKKNNDN QKONEDII-MCI- 2 LNGIATESIERLNKVLYEGLNL 125 family B
GuraDRAFT_0469_Gura_88937743 5 DESLLKEALE”CLLVKSV 3 HPKRLAEPWA VPVDEYFG-VKK— Y 3 VAGIAQEALSRAIQVVVDGISGI 131
Psyc_1372_Parc_71038912 1 3 SEGTENVA-LVF---GDDL-YTTLBRAQV! 2 NLNALYRAVDEQVONTL] 127
ORF23_Ecol_37927532 1 3 DAGNENVA-LVI---HPDP-FTELBTAFT 2 DLEATYKEVDAQTH 128
VC0180_Vcho_9654584 1 -MKQELHATLLGCGFRYT 3 QMPKGILLDT 2 DLKSTYQDVDEQIQI 127
PB2503_00627_Pber_ 84701417 5 GVISEARTALADRLGAYL 3 FDAQPFSASD 3 PEKVATALITDARDI : 129/
Uev_Hsap_93279366 |(2EOEE) 30 KYRDLTVRETVNVITLY-  KDLKPVLDSY 6 HPQSDLLGLIQVMIVVFGDEPPVE 157\UEV.
TA06765_Tann_65305040 14 SNYEMLMCDINGLEGKY-  HNFSCSMSTS 1 HTS-KLVQAVDHL T 135
CNC02240_Cneo_58264686 19  PARETITQEVLYVLQQR- F 6 PSGRVREEVVEG- 2 WEVKNLDMLLK 1481
ATELC-LIKE/ELC-L Atha_15240732 32 6 ~IPVVIWLLESYPQYPBCVYVN T PSGLVSLPYLON----WI YPSSNLVDLAS 160
296.t00005_Ehis_6 19 NNFDSVEQDIRS 3 ~IPLLIGFPYDYPLSPRETICN IVKKHPEVD ENGVI-RKVGDE LANSFGRYPPVRQ 142
DDEDRAET 0718845 Ddis 668076 42  RDPLRISKDLKETFHLE- 2 ~LPITVWVPLNYPQEFBTMVLD IVKNHHHVN LQGLVYHPYIS SNS-TMETRVS PQPPONNISP 165/
AKTIP_Hsap_61743933 74  YLEYSLLAEFTLVVKOKL ~HGLYQDGVFKFTVYIPDNYP=DCBRLVFD IPVFHPLVD 1 TSGELDVKRAFA— NHNHIWQVLMYARRVEYKIDTASPL 194\AKTIP
TVAG_476010_Tvag_154421289 5 ASERLLLODFRACLQQVR  KGVLVQPSVA GI¥K-DQILTYLITFDNFPASVPKIVFQPGIVHPLIY 1 QTRVFDTSEMFK- g 123
GSPATT00026577001_Ptet_124429462 30 NNITIKFEYKLLSVYAHKF  -SIILLPKTE {GLYAKGKFKFVLNFPKTFPESTPKIRFL CPLLEPLID EYNNVDVDTLIP- QDCMVYNLLNKLYEMFIDVSYYDCV 148
DDBDRAFT_0204404_Ddis_66816191 29 SPNYRLLFEYKKLSDLMI ~ RGLYVIPSEN ~NRI¥RSAIIRFNVVIPDDFPESCES IKFL TPTF) PEGETDLSHQFP- EKYMIAHVLCYTKSTF] YDFP 147

e1-17933723 20 QOEYKILAEYKMIESEKL ~ SGIYVIPSYA -QGLYAESVFRFTILLPDRFPoos LBSIIFQQDVT 1 YTHSLDVSHAFP- GEDHLWQLLKYLQVIFSDPLDSIRG 141/

Fig. 1. Multiple alignment of selected E2 domains, representing active site variants

Sequences are shown with their gene name, species abbreviations, and genbank ID (gi)
numbers separated by underscores given to the left of the alignment. PDB ids of sequences
with solved X-ray crystal structures are highlighted in orange. The top line of the alignment
labels the major conserved features of the fold and the line below the alignment shows the
consensus secondary structure; E and H denote B-strand and a-helix, respectively. Family
names are listed to the right of the alignment. The bacterial families A-E correspond to
representatives of rows 6A—6E in Table 2 of (lyer et al., 2006). Columns in the alignment are
colored based on the functional role of the residue: the catalytic cysteine is colored in yellow
and shaded in red, flap histidine and asparagine residues and other residues predicted to perform
analogous roles are colored in red and shaded in yellow, the proline and hydrophobic residue
forming a conserved stabilizing contact are shaded in green, and the conserved aromatic residue
and other residues predicted to form a chain of interacting residues are colored in gray. Species
abbreviations are as follows: Afum, Aspergillus fumigatus; Amel, Apis mellifera; Asp.,
Azoarcus sp.; Atha, Arabidopsis thaliana; Bcer, Bacillus cereus; Bvie, Burkholderia
vietnamiensis; Cele, Caenorhabditis elegans; Cneo, Cryptococcus neoformans; Cper,
Clostridium perfringens; Ddis, Dictyostelium discoideum; Dmel, Drosophila melanogaster;
Ecol, Escherichia coli; Ehis, Entamoeba histolytica; Glam, Giardia lamblia; Goxy,
Gluconobacter oxydans; Gura, Geobacter uraniumreducens; Hsap, Homo sapiens; Lmaj,
Leishmania major; Maqu, Marinobacter aquaeolei; Mdeg, Microbulbifer degradans; Mmus,
Mus musculus; Otau, Ostreococcus tauri; Parc, Psychrobacter arcticus; Pber, Parvularcula
bermudensis; Pfal, Plasmodium falciparum; Pnap, Polaromonas naphthalenivorans; Ppro,
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Pelobacter propionicus; Psp., Polaromonas sp.; Ptet, Paramecium tetraurelia; Reut, Ralstonia
eutropha; Rmet, Ralstonia metallidurans; Rsp., Rhizobium sp.; Scer, Saccharomyces
cerevisiae; Spom, Schizosaccharomyces pombe; Tann, Theileria annulata; Tbru,
Trypanosoma brucei; Tcru, Trypanosoma cruzi; Tvag, Trichomonas vaginalis; VVcho, Vibrio
cholerae; Xaxo, Xanthomonas axonopodis.
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Fig. 2. Topology diagram of generalized E2 domain and tree depicting general relationships

between E2 domain families

(A) Cartoon representation showing conserved elements of the E2 fold. The extended elements
of the flap are colored in gray. Labels for all elements in the figure correspond to those in the
text. Locations of the flap histidine and flap asparagine in the classic E2 active site are shown
as circles colored in yellow, while other conserved residues mentioned in the text are depicted
as line drawings. The C-terminal Ub/Ubl tail that forms hydrogen-bonding interactions with

the C-terminal extended element is depicted as a brown colored arrow. The red lines represent
hydrogen bonding occurring before attack by the target lysine. (B) Reconstructed evolutionary
history of the E2 protein fold. Lineages in the fold are listed to the right, with inferred
evolutionary depth traced by solid horizontal lines across the relative temporal epochs
representing key evolutionary transition periods shown as vertical lines. Horizontal lines are
color-coded according to observed phyletic distribution in a given lineage, red applied to
bacteria-specific lineages and green applied to eukaryote-specific lineages. Dashed lines
indicate uncertainty regarding the origins of a lineage. Yellow circles placed on a horizontal

line indicate a lineage has lost catalytic activity.
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Fig. 3. Surface diagrams displaying conserved binding grooves

Molecular surfaces are shown for the two conserved binding grooves in selected members of
the E2 fold. The different grooves are labeled at the top of the figure, the ubiquitin-binding
groove is on the left and the putative E1-binding groove is on the right. Two surface depictions
in the same orientation are provided for each groove, the left surface provides an opaque view
of the surface with the catalytic cysteine and flap asparagine/histidine residues colored in
yellow, with family-specific conserved residues associated with the groove colored blue. The
right surface provides cartoon depictions of the secondary structure of the domain colored in
yellow framed by the transparent outline of the molecular surface. The catalytic cysteine and
flap asparagine/histidine (or equivalent residues) are rendered as ball-and-sticks and colored
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in red. The surfaces of other conserved residues in a family are colored blue. Family names
and PDB codes are given at the left.
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Fig. 4. Cartoon structural diagrams showing E2 domain active site variants

Cartoon representations of X-ray structures are shown with PDB codes and family names
provided at the left. Strands are colored in blue and helices in red. The catalytic cysteine and
the flap asparagine/histidine or predicted equivalent residues are labeled and rendered as ball-
and-sticks colored in yellow. The molecular surfaces of these residues, as well as residues
predicted to form the conserved interacting chain are rendered using their van der Waal radii.
The histidine residue predicted to be important in the Ubc6 family, but not observed in the
crystal structure due to structure disorder is placed in its approximate predicted spatial location
and colored pink. The proline and hydrophobic resides forming a conserved hydrophobic
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contact are rendered as ball-and-sticks and are colored orange. The active versions of the
domain are boxed in orange and the inactive UEV1 family boxed in purple.
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