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Abstract

Ubiquitination relies on a subtle balance between selectivity and promiscuity achieved through specific interactions
between ubiquitin-conjugating enzymes (E2s) and ubiquitin ligases (E3s). Here, we report how a single aspartic to glutamic
acid substitution acts as a dynamic switch to tip the selectivity balance of human E2s for interaction toward E3 RING-finger
domains. By combining molecular dynamic simulations, experimental yeast-two-hybrid screen of E2-E3 (RING) interactions
and mutagenesis, we reveal how the dynamics of an internal salt-bridge network at the rim of the E2-E3 interaction surface
controls the balance between an “open”, binding competent, and a “closed”, binding incompetent state. The molecular
dynamic simulations shed light on the fine mechanism of this molecular switch and allowed us to identify its components,
namely an aspartate/glutamate pair, a lysine acting as the central switch and a remote aspartate. Perturbations of single
residues in this network, both inside and outside the interaction surface, are sufficient to switch the global E2 interaction
selectivity as demonstrated experimentally. Taken together, our results indicate a new mechanism to control E2-E3
interaction selectivity at an atomic level, highlighting how minimal changes in amino acid side-chain affecting the dynamics
of intramolecular salt-bridges can be crucial for protein-protein interactions. These findings indicate that the widely
accepted sequence-structure-function paradigm should be extended to sequence-structure-dynamics-function relationship
and open new possibilities for control and fine-tuning of protein interaction selectivity.
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The molecular basis for this selectivity is provided by surface
residues of E2 enzymes and by ‘“cross-braced”, zinc-binding
domains of the Really Interesting New Gene (RING) sub-family
of E3 ligases [2]. These RING finger domains generally mediate
binding with E2s through their highly conserved UBC-fold,
although exceptions have been described [8,10]. This fold is a
strictly conserved structure surrounding the active site cysteine that
covalently accommodates the activated Ub [8,11,12]. Regarding
the E2 enzymes, the major structural determinants for E3 binding
have been identified in residues located in helix 1 (H1), loop 1 (L1)

Introduction

Biological systems critically rely on selective and specific protein
Interactions, creating building blocks that cooperatively form the
basis of functional complexity [1]. In particular, regulatory and
signaling pathways, such as conjugation of ubiquitin (Ub) or
similar ubiquitin-like modifiers (UBLs), depend on specific
recognition of binding partners whilst discriminating against
non-specific interactions [2,3]. Ub becomes conjugated to
substrates through the action of the E1-E2-E3 enzymatic system.

This cascade follows a pyramidal hierarchy wherein two human
Ub-activating enzymes (Els) and over 30 human Ub-conjugating
(E2) enzymes and hundreds of E3 Ub protein ligases cooperate to
catalyze subsequent substrate modification [4,5]. Whereas the Ub-
E1l enzymes have different selectivity [6,7], it is mainly the selective
associations between E2 and E3 enzymes among thousands of
possible interactions that are primarily responsible for effective Ub
conjugation [2,3,8,9].

PLOS Computational Biology | www.ploscompbiol.org

and loop 2 (L2) within the classical E2-E3 interaction interface [10].

Efficient ubiquitin-conjugation depends on specific interactions
between E2 and E3 enzymes. The high degree of sequence and
structure conservation in E2s and, to some extent, among the E3
RING-finger domains and their reported E2-E3 interfaces,
remains compatible with a highly selective binding for their
cognate E2 or E3 partners [9,13]. Conserved sub-families of E2
enzymes, such as those belonging to the UbcHb branch, have been
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Author Summary

During their life, proteins undergo various modifications
ranging from structural marking or signaling to degrada-
tion. One major biochemical process involves ubiquitin, a
small and evolutionary conserved protein. This regulatory
protein serves as a tag that, when attached to a protein
substrate, alters its function, cellular sub-location or
commits the labeled protein to destruction in the
proteasome. The high specificity of the ubiquitination
pathway is achieved through interactions between two
large protein families, E2 and E3, that ensure the efficient
covalent conjugation of ubiquitin. By comparing two
“almost identical” E2 enzymes, we identified a single
minute substitution that, operated by a dynamic network
of salt-bridges, functions as a subtle switch that controls
interaction selectivity toward E3 proteins. Using a combi-
nation of bioinformatics and modeling techniques, com-
plemented by mutagenesis and experimental screening of
E2-E3 interactions, we unraveled an equilibrium between
an “open”, binding-competent and a “closed”, binding-
incompetent state. Subtle modifications in this network
are sufficient to switch the selectivity profile. These
findings should serves as a cautionary tale and raises
new challenges for bioinformatics analysis, modeling and
experimental engineering of protein-protein interactions.
The dynamic nature of the identified regulatory switch
suggests that the widely accepted sequence-structure-
function paradigm should be extended to sequence-
structure-dynamics-function.

shown to cooperate with similar sub-sets of E3 ligases [13]. At the
other side, structurally more divergent E2s display interactions
with more specialized E3 enzymes, such as for example the APC/
C-UbcHI10 pair [14]. Furthermore, several studies have indicated
that the ability of E2-E3 pairs to mediate biochemical Ub- or
UBL-conjugation is directly dependent on the ability of physical
E2-E3 imteractions [15,16].

Based on this, physical E2-E3 interactions can be regarded as
primary determinants for efficient conjugation reactions. We
demonstrate here that a subtle and minute change — an aspartic to
glutamic acid substitution (one methylene group difference) — is
sufficient to completely change the selectivity profile of an E2
enzyme toward E3 RING-finger domains. Using molecular
modeling and molecular dynamics simulations, a network of
intra-molecular salt-bridges was identified that controls the
balance between a binding-competent and a binding-incompetent
state. Perturbation of network components located both in and
outside the classical interaction surface resulted in a switch in the
E3 interaction binding profile. These results suggest a new and
delicate mechanism of how protein-protein interaction selectivity
1s achieved within the promiscuous ubiquitination system.

Results

In previous studies, global E2-E3 (RING) interactions have been
mapped by high-throughput yeast two-hybrid screening (Y2H),
revealing that E2 enzymes that show high conservation within
their E3 interface region interact with similar cohorts of E3
domains [9,13]. Although these studies primarily detected physical
E2-E3 interactions, careful comparison between these physical
interactions with literature-curated biochemically-functional ubig-
uitin-conjugating E2-E3 pairs revealed a good degree of overlap
[13]. Surprisingly, in our previous study [13], two highly
homologous E2 enzymes, UbcH6 (UBE2E1) and UbcH8
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(UBE2E2) were identified to show remarkable different E3
interaction patterns. The astonishing difference in the E3 (RING)
interaction profiles of those two enzymes, despite their high
similarity, is supported by biochemical and functional evidences
that suggest a minor role for UbcH8 in ubiquitin-conjugation
while UbcHBG6 is reported as a major ubiquitin-conjugating enzyme
[17]. While UbcH6 was shown to interact with approximately 24
RING-finger domains, UbcH8 only contacts two RING E3s [13].
Both E2 enzymes differ within their classical E3 recognition
interface in only three residues (D58/E66 in H1 and T103/S111
and E105/D113 in L1) and in a lesser-conserved N-terminal
extension of approximately 60 amino acids to the conserved UBC-
fold (Figure 1A). The observed differences in E3 interaction
patterns are therefore in striking contrast with the high levels of
sequence identity between these two E2s.

To understand how these minimal variations in amino acids
composition can cause divergent E3 interaction patterns, residues
in UbcH8 were substituted with their counterparts from UbcH6
and experimentally tested by yeast two-hybrid screening for
interaction against 250 human isolated E3-RING domains. In
agreement with our previous study [13], wild type (WT) UbcH6
binds 24 E3s while UbcH8 weakly interacts with two RING-finger
domains. Interestingly, the UbcH8 E66D and UbcHS8 DI113E
mutations allow interactions in a similar rich profile as UbcHS6,
even though the sequence alterations were minimal and did not
induce any major changes in physicochemical side-chain proper-
ties (Figure 1B and Supplemental figure S1A4). In contrast,
UbcH8 S111T did not display an interaction profile similar to
UbcH6, indicating that the amino acid at this position is less
crucial in determining E2-E3 selectivity (Supplemental figure
S$1A). Intriguingly, the reverse substitutions, UbcH6 D58E and
UbcH6 E105D, did not affect the selectivity profile of UbcH6
(Supplemental figure S1B). Thus, minimal differences in side-
chain characteristics (the presence of a single methylene moiety)
can profoundly change the E3 binding profiles of strictly conserved
E2 enzymes.

To investigate the underlying molecular mechanisms at the origin
of these differences, the structural environment of the differentiating
residues in the unbound structures of both E2 enzymes was
evaluated in more detail. Structural analysis of the respective PDB
files (UbcH6: PDBid 3BZH; UbcH8; PDBid 1Y6L) revealed that
the side-chains of H1 D58/E66 are remote from and not pointing
toward the E3 interaction interface. Because of this, we decided to
concentrate on the L1 D-to-E substitution. Inspection of UbcH6/
UbcHS8 E105 and D113 revealed that both amino acids are surface-
exposed with their side-chains pointing toward the predicted E2-E3
interaction surface.

To dissect potential effects of the D-to-E substitution at the E2-
E3 interface, E2 structures were studied in complex with the E3
RING domain. The RING-finger domain of the ubiquitin ligase
TOPORS, previously reported to interact with UbcH6 but not
with UbcHS, was used. Since at present, there are no experimental
structures of UbcH6 or UbcH8 in complex with a RING domain,
we used existing E2-E3 structures as templates, combining three-
dimensional alignments, protein threading and refinement in
explicit solvent using HADDOCK [18,19], to generate models of
UbcH6-TOPORS and UbcH8-TOPORS that were free of steric
clashes or any specific problems within the interface. They both
look very similar at the macromolecular level (Supplemental
Sigure $2). Interestingly, both E2-E3 structures vary only in their
intermolecular electrostatic contributions (UbcH6-TOPORS:
—249+28 kcal/mol vs. UbcH8-TOPORS: —195*40 kcal/mol).
The model of UbcH6-TOPORS reveals that E105 directly
interacts with a positively charged patch on TOPORS, forming
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Figure 1. The highly similar UbcH6 and UbcH8 E2 enzymes interact with different RING E3 domains cohorts. A. Sequence alignment of
human UbcH6 (UBE2E1) and UbcH8 (UBE2E2). Secondary structures and E3-interface regions (H1, L1 and L2) are indicated. Arrows indicate E2-specific
residues; asterisks indicate conserved residues involved in bridging. N-terminal extensions are indicated as shaded. B. E3-interaction profiles of wt
UbcH6, UbcH8 and UbcH8 D113E (see Materials and Methods section for details).

doi:10.1371/journal.pcbi.1002754.g001
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Figure 2. Study of electrostatic potentials and conformational stability of UbcH6 and UbcH8 enzymes. A. MD simulation cross profiles
of UbcH6 and UbcH8 depicting cross-RMSDs calculated over all E2s Cas and Cfs in the same trajectory. B. Electrostatic potentials mapped onto the
solvent accessible surface of UbcH6 and UbcH8. Two views of each protein are shown (low electron density: blue; high electron density: red; neutral:
white). The electrostatic potential surfaces were determined using the Adaptive Poisson-Boltzmann Solver package (APBS) [37] within PyMOL [38].

doi:10.1371/journal.pcbi.1002754.g002

an intermolecular salt-bridge with K33 that may stabilize the
interaction (Supplemental figure S$2A4). In contrast, the
interface between UbcH8 and TOPORS lacks this intermolecular
salt-bridge, since the shorter side-chain of D113 in UbcHS8 seems
unable to interact with K33 in TOPORS (Supplemental figure
$2B). Further analysis of the intermolecular electroscatic energy
component of each amino acid at the interface reveals that the
E105/D113 difference is indeed one of the major contributions to
the difference in electrostatic energy in the HADDOCK models.

To further study the impact of the D-to-E substitution, extended
molecular dynamics (MD) simulations of the free forms UbcH6
and Ubch8 were performed. Cross-RMSD values indicated no
significant conformational changes (Figure 2A). Similarly, elec-
trostatic potential maps of UbcH6 and UbcHS8 did not reveal any
differences, neither for the original structures nor for snapshots
extracted from the MD trajectories (Figure 2B). These results
indicate that the observed changes in E3 interaction patterns upon
the D-to-E substitution cannot be explained by simple alterations
in electrostatic potentials or major conformational rearrangements
of the E2 enzymes. The lack of apparent energetic and/or
conformational differences between those E2 enzymes made us
look into the internal dynamics within and around their
interaction surface. We therefore studied the potential role of
neighboring residues on the side-chain conformations of E105/
D113. Throughout the molecular dynamics simulations, the
distances between surrounding residues and the central E105/
D113 were monitored, focusing in particular on a salt-bridge
network involving E105/D113 and a number of residues outside
the interface. This analysis revealed a subtle equilibrium between
two conformations in Ll carrying the E105/DI113 residues
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(Figure 3A). First, an “open” or binding-compelent conformation
was observed that enables access of the E105/D113 residue for
RING-interaction. Second, a “bridged” or binding-impaired state could
be found, in which the side-chain of E105/D113 is hijacked by the
adjacent residue K109/K117. As a direct consequence, E105/
D113 cannot interact with the RING and points away from the
interaction surface. In both UbcH6 and UbcHS8, the side-chain of
K109/K117, respectively, plays a central role in controlling the
equilibrium by forming an intramolecular salt-bridge with E105/
D113, respectively. Interestingly, the lysine at this position is
highly conserved among other members of the E2 superfamily and
has previously been implicated in establishing E2-E3 specificity
[10]. K109/K117 plays thus a crucial role in this equilibrium by
shuttling between two intra-molecular salt-bridges: one between
K109/K117 and E105/D113, resulting in the “bridged” binding-
impaired conformation, and the second between K109/K117 and
D137/D145, releasing thereby E105/D113 to adopt the “open”
binding-competent conformation (Figure 3A4). Apart from K109/
K117, residues D137/D145 are also highly conserved among
members of the E2 superfamily. Interestingly, residues D137/
D145 and K109/K 117 are all remote from the interaction surface,
emphasizing that non-interface residues can also be involved in
controlling E2-E3 interactions.

The dynamics of this salt-bridge network was further studied for
both E2 enzymes by monitoring the distances between E105-K109
and K109-D137 in UbcH6 and D113-K117 and K117-D145 in
UbcHS8. We observed a slightly higher population of the binding-
impaired conformation (D113-K117 salt-bridge formed) in UbcH8
WT than UbcH6 WT. Furthermore, the exchange toward the open
form seems to be more frequent in UbcH6 W'T' (Figure 3B). More
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importantly, this analysis revealed that the distances are anti-
correlated: the central K109/K117 is bound either to E105/D113
or to D137/D145 (Figure 3B). This was confirmed by calculating
the normalized correlation coefficient between the distances E105-
K109 (respectively D113-K117) and KI109-D137 (respectively
K117-D145) as Cyy=<{x;y:> / /{x:*>{y:*>. This analysis gives
correlation coefficients of —0.82 and —0.89 for UbcH6 and
UbcHS, respectively, confirming numerically this anticorrelation of
the distances.

The observed differences between the two E2 enzymes are clearly
not sufficient to explain the experimental differences in selectivity
profile. Still the MD simulations were key in identifying the network
components. From these observations, we hypothesized that
differences in side-chain length introduced by the D-to-E mutation
are able to gently shift the balance of the labile conformational
equilibrium between the open (binding-competent) and the bridged
(binding-impaired) conformations. Accordingly, the key in control-
ling E3 interaction profiles between UbcH6 and UbcHS should
reside in the subtle intra-molecular dynamics of residues in LI,
which, in turn, are influenced by residues remotely located from the
interaction surface that are part of the identified salt-bridge network.
If this hypothesis is true, then mutating residues in this network
should also have impact on the selectivity profile of these E2s,
something that can be experimentally tested.

Validation of network components

The hypothesis of a side-chain equilibrium controlling UbcH8
and UbcH6 E2 interactions with E3 RING-finger domains was
tested experimentally by perturbing key residues involved in the
intra-molecular salt-bridge network.

First, the significance of K117 was assessed in UbcHS8, since
K117 was predicted to play a central role in alternatively
contacting D113 and D145, thereby, preventing D113 of
interacting with the RING domain. By substituting UbcH8
K117 with a histidine, the E3 interaction pattern of UbcHS8 was
reverted to that of UbcH6 (Figure 4A). Histidine was chosen in
order to maintain the total charge of the system. Note that, since
the intracellular pH of yeast has been found to be around 5.5 in
most growth phases, it can be expected that the solvent-exposed
histidine side-chains are protonated [20]. The result of this
substitution is that the positively charged K117 side-chain is
replaced by the shorter imidazole side-chain of histidine. This
conservative mutation, K117H, does no longer allow a favorable
salt-bridge formation with D113 due to the more rigid histidine
side-chain, leaving the latter free to interact with the RING
domain. This indeed yielded an interaction pattern that resembles
that of UbcH6. In contrast, UbcH8 K117R preserves the UbcH8
interaction profile because arginine, which resembles lysine in
terms of length and charge, is still able to bridge D113, shielding it
away from interacting with the E3 (Figure 4A4). These experi-
mentally validated observations confirm the central role of K117
of UbcHS as a regulator of the orientation of D113 and D145 and
thereby as a regulator of RING interactions.

We next investigated the role of D145, the most remote (as seen
from the E3 interaction site) component of the network. Interaction
screening of an UbcH8 D145K mutant demonstrates that D145K
interacts in a similar manner as UbcH8 WT (Figure 4A). The
introduced charge repulsion between D145K and K113 reinforces
the bridging between K117 and D113, locking the latter into a
“closed” salt-bridged conformation preventing RING-contacts.

In contrast, the introduction of D145E in UbcHS8 alters the
interaction profile of UbcH8 WT to that of UbcH6 WT. Here, the
longer glutamine side-chain can more effectively contact K117,
forming a stable salt-bridge, and consequently freeing D113 for
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forming contacts with RING. To ascertain that this indeed
involves D113, the double mutant UbcH8 D113A/D145E was
also characterized, showing the loss of the previously gained E3
interactions (Figure 4A). These results also indicate that both ASP
and GLU at position 113 are binding competent, provided they are not
stabilized in their closed conformation by intra-molecular salt-bridge formation,
highlighting again the key role of this salt-bridge network.

Taken together, these results point toward a delicate network of
intra-molecular salt-bridges that dynamically control the positioning
of a crucial E3-interacting residue (schematically represented in
Figure 4B). Residues located in the classical E2-E3 interface, as well
as those that are more distantly located dynamically control the
positioning of K117 that acts as a gatekeeper for the negatively
charged hot-spot residue capable of mediating E3 interactions. While
pH-dependent [21] or phosphorylation [22] regulatory mechanisms
have been described previously, the subtle equilibrium identified here
does not involve any change in net charge, but originates from a
minimal difference of a single methylene group along a side-chain.

Discussion

Although the catalytic UBC-fold of E2 enzymes is characterized
by high levels of sequence and structural similarities, it is adapted to
selectively recognize RING-finger domains to allow transfer of Ub
to substrates [2,23]. By comparing sequence and structure of two
highly similar E2 enzymes with their global RING-finger
interaction patterns, in combination with molecular dynamics
simulations, we were able to identify an intra-molecular network of
salt-bridges that actively control RING interactions. Perturbation
of components of this dynamic network in combination with Y2H
screening of interactions subsequently confirmed its crucial role in
controlling the interaction specificity. Residue K109/K117 was
identified to play a crucial role within this network. It binds in an
exclusive manner either E105/D113 or D137/D145. This lysine
appears to be strictly conserved among E2 enzymes. In UbcH5B,
for example, the corresponding lysine residue at this position is the
central K63, which has been intimately linked to UbcH5B
selectivity within  the UbcH5B-CNOT4 RING-interaction
[15,24]. Interestingly, UbcH5B K63E failed to interact with the
WT CNOT4 RING-finger domain, but this could be fully restored
by incorporating the charge-swapping D48K/E49K substitutions
in CNOTH4 [15]. Although K63 interacts directly with D48/E49,
this is not the case for K109/K117, indicating that even among
conserved residues there are different ways of involvement in
generating selectivity and E2-E3 pairing. Additionally, the most
remote component of the identified salt-bridge network, D137/
D145 is also conserved in the E2 superfamily, but it is not directly
involved in RING interactions. The demonstration in this work
that mutations at this position can switch selectivity emphasizes that
E2-E3 interaction specificity can be a consequence of a subtle,
dynamic interplay between interface and non-interface residues.

In the majority of E2 enzymes, residues involved in establishing
E3 interaction specificity are not concentrated in a single hotspot,
but dispersed over the N-terminal helix one and two relatively
flexible and divergent loop regions (L1 and L2) [2,11]. Mutagen-
esis of these residues can abolish or modulate E2-E3 specificity
[10,11,15]. Apart from sequence information, additional structural
characteristics are affecting RING selectivity, like the length of H1,
the flexibility of LI and L2 and the triangular distances between
these elements [12,24,25]. Comparing the sequences of UbcH6
and UbcHS8 reveals additional amino acid differences at several
key positions in these regions. One of them, D58/E66, lies within
H1 and it is not orientated toward the E2-E3 interface. D58/E66
is in close proximity to T144/152 and S146/154, which are
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Figure 3. Properties of the E2 intra-molecular salt-bridge network. A. Atomic view of the UbcH6/UbcH8 intra-molecular salt-bridge network
that controls E105/D113 positioning and E3 binding. Images were generated with the PyMOL Molecular Graphics System, Version 1.3 [38]. B.
Dynamics of the intra-molecular salt-bridge network. Depicted are E2-specific distances between the indicated side-chains during a 20 ns MD
trajectory. Curves were smoothened using a 100 ps running average window.

doi:10.1371/journal.pcbi.1002754.g003

solvent exposed and directly interacting with RING domains.
Therefore, D58/E66 might affect E3 interactions either indirectly
through T144/152 and S146/154 or via a repositioning of helix
H1. Indeed, the linker region that connects H1 with the rest of the
E2 enzyme is found to be flexible [26] and D58/E66 might be
involved in a hinge-like mechanism that might allow some
conformational freedom of HI, which influences the distances
between the three triangle points and thereby RING-interactions.

Finally, the N-terminal extension of the tested E2 enzymes, not
present in the crystal structures, might also affect their E3 binding
preference. This could explain why reverse mutations in UbcH6 that
mimic UbcH8 did not restore the E3 interaction profile of UbcHS8.

PLOS Computational Biology | www.ploscompbiol.org

The presence of another intermolecular salt-bridge in the UbcH6-
TOPORS complex generated by HADDOCK, involving the residues
LYS43 (UbcH6) and GLU28 (TOPORS) (data not shown), could
explain why UbcH6 E105D did not affect the selectivity profile of
UbcH6. This salt-bridge cannot be formed with UbcH8, where
LYS43 is replaced by ALAS5I in the sequence. Comparing the
sequences of UbcH6 and UbcHS8 indeed reveals amino acid
differences at several key positions in this N-terminal extension known
to be primarily involved in the interaction with the El ubiquitin-
activating enzyme, but also to play a role in E3 interaction selectivity.

We should note that Y2H screening of physical protein-protein
mteractions between E2 enzymes and E3 RING-finger domains does
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Figure 4. Validation of the dynamic salt-bridge network that controls RING E3 interaction selectivity. A. Perturbation of critical network
components displaces E105/D113 and controls E3 binding. Mutagenesis of strictly conserved residues that mediate the bridging status of D113 in
UbcH8 were mutated to challenge the MD predictions (see main text and Material and Methods section for details). B. Schematic representation of
the “open” and “bridged” conformations of the intra-molecular network controlling E3 interactions. Indicated are E2-specific residues as well as the

conserved network residues that mediate E3 binding.
doi:10.1371/journal.pcbi.1002754.g004

not directly address biological functionality, e.g. the ability to transfer
the activated Ub. However, we previously demonstrated that E2-
RING E3 interactions found by LexA-B42 yeast two-hybrid assays are
good predictors for enzymatic functionality [13] and therefore believe
that the results presented here are also relevant in a functional context.
It is unlikely that minor alterations in side-chain characteristics
described in this work would affect protein stability # viwo (and our n
sthico results are supporting this). In addition, a recent systematic
analysis of interaction dynamics across different technologies reported
that high-throughput yeast two-hybrid is the only available technology
for detecting transient interactions on a large scale [27], which support
the recourse to this technique to unravel labile E2-E3 interactions.

Despite their high percentage of identity, it has been reported that
UbcHS6 plays a major role in ubiquitin-conjugation while UbcH8 has
only a minor role in ubiquitination but rather is the key conjugating
enzyme of the ISGylation pathway [17]. This functional difference is
in line with our observations [13] and supports the importance of an
E3 selectivity mechanism that must differenciate not only among Ub-
E3 ligases but also between Ub and UbL E3 ligases. Finally, this
unreported dynamic intra-molecular salt-bridges network constitutes
a new fundamental principle to understand the structural and
evolutionary determinants of multispecific recognition.

PLOS Computational Biology | www.ploscompbiol.org

In conclusion, a dynamic equilibrium of conserved residues in
two highly homologous E2 enzymes was identified, that mediate
RING interactions. Amino acids located both within the classical
interaction surface as well as residues that are remote from this
surface are actively involved in modulating side-chain conforma-
tions and thus availability for binding of crucial residues. The subtle
and dynamic nature of the identified regulatory switch suggests new
ways how protein interactions can be controlled. Furthermore, the
observation that minimal sequence differences between two highly
similar proteins can control protein interaction networks serves as a
cautionary tale and raises new challenges for bioinformatics analysis
and modeling of protein interactions. Finally, these findings indicate
that the widely accepted sequence-structure-function paradigm
should be extended to sequence-structure-dynamics-function relationship.

Materials and Methods

Plasmids and mutagenesis

High-copy yeast-two hybrid (Y2H) shuttle plasmids expressing
human UbcH6 (UBE2EI) and UbcH8(UBE2E2) and RING-
finger domains of 250 human RING-type E3 ubiquitin protein
ligases as fusions with the E. coli LexA binding domain (BD) or

November 2012 | Volume 8 | Issue 11 | e1002754



with the B42 acidic activator domain (AD), respectively are
described in [13]. All amino acid substitutions were introduced
using QuickChange II' Site-Directed mutagenesis (Stratagene),
according to the manufacturers’ instructions. Appropriate muta-
genesis was validated using DNA sequencing.

Molecular modeling

Both wild-type and mutant UbcH6 and UbcHS8 were used as
starting structures. Wild-type UbcH6 and UbcHS8 structures were
taken from the Protein Data Bank (PDB) (PDB-ID 3bzh and 1y6l,
respectively). Selective mutations were introduced with CNS
(Crystallographic and NMR System) [28], keeping the Ca and the
Cb atoms fixed to preserve the side-chain rotamer. Each system
was simulated in duplicate for 200 ns using the GROMOS G53a6
force field [29] and GROMACS 4.5.5 package [30]. The starting
structures were solvated in a dodecahedral box with a minimal
14 A distance between solute and box, resulting in systems of
about 11500 SPC water molecules, 34 Na* and 36 Cl~ ions (1,
depending on the system). Simulations were performed under
periodic boundary conditions at 300 K and constant pressure (1
bar), using either Berendsen [31] or v-rescale [32] coupling
algorithms for temperature control and Berendsen [31] coupling
algorithm for pressure control (with coupling constants of 0.1 and
1.0 ps, respectively). Bond lengths were constrained with the
Linear Constraint Solver (LINCS) algorithm [33] and the time
step for the integration was 2 fs. Electrostatic interactions were
calculated using either the reaction-field method [34] with a 14 A
cut-off distance or Particle Mesh Ewald (PME) [85,36] with a 10 A
cut-oftf distance. Non-bonded interactions were updated every
10 fs (with a 10 A cut-off’ distance for the short-range neighbor
list). MD analysis was performed excluding the first 1 ns of the
trajectories. All various simulation settings resulted in similar
trajectories and only the results obtained with PME and v-rescale
temperature control are discussed here.

Structural alignment and refinement of E2-E3 complexes
with HADDOCK

Structural models of UbcH6 and UbcHS8 in complex with the
RING-finger domain of TOPORS were generated by structural
alignment of single components onto the bound structures of
existing E2-E3 complexes (PDB: Ifbv, 1ur6, 3eb6, 2¢2v and 2oxg).
The resulting models were subjected to a short refinement in

explicit water using HADDOCK [18,19].

Electrostatic potentials of E2 enzymes

Electrostatic potential surfaces were determined using the
Adaptive Poisson-Boltzmann Solver package (APBS) [37] within
Pymol (version 1.3) [38].
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Supporting Information

Figure S1 Effects of reverse substitutions for UbcH8 and
UbcH6 determined on global patterns of E3 interactions.
A. E3-interaction profiles of UbcH8 E66D and S111T. B. E3-
interaction profiles of UbcH6 D58E and E105D.

(TIF)

Figure $2 Models of UbcH6 and UbcHS8 bound to the E3
RING-finger TOPORS domain. A. Cartoon representation of
the UbcH6-TOPORS model (UbcH6: cyan; TOPORS: magen-
ta). B. Cartoon representation of the UbcH8-TOPORS model
(UbcHS8: green; TOPORS: magenta). Images were generated
using the PyMOL Molecular Graphics System, Version 1.3 [38].
(TIF)

Acknowledgments

The authors thank Prof. Rolf Boelens (University Utrecht) for helpful
discussions.

Author Contributions

Conceived and designed the experiments: SJLvW ASJM SJdV HTMT
AM]JB. Performed the experiments: SJLvW ASJM. Analyzed the data:
SJLvW ASJM SJdV HTMT AM]JB. Contributed reagents/materials/
analysis tools: HTMT AM]JJB. Wrote the paper: SJLvW ASJM SJdV
HTMT AM]JJB.

9. Markson G, Kiel C, Hyde R, Brown S, Charalabous P, et al. (2009) Analysis of the
human E2 ubiquitin conjugating enzyme protein interaction network. Genome Res
19: 1905-1911.

10. van Wijk SJ, Timmers HT (2010) The family of ubiquitin-conjugating enzymes
(E2s): deciding between life and death of proteins. Faseb J 24: 981-
993.

11. Wenzel DM, Stoll KE, Klevit RE (2011) E2s: structurally economical and
functionally replete. Biochem J 433: 31-42.

12. Burroughs AM, Jaffee M, Iyer LM, Aravind L (2008) Anatomy of the E2 ligase
fold: implications for enzymology and evolution of ubiquitin/Ub-like protein
conjugation. J Struct Biol 162: 205-218.

13. van Wik 8], de Vries SJ, Kemmeren P, Huang A, Boelens R, et al. (2009) A
comprehensive framework of E2-RING E3 interactions of the human ubiquitin-
proteasome system. Mol Syst Biol 5: 295.

14. Wickliffe KE, Lorenz S, Wemmer DE, Kuriyan ], Rape M (2011) The
mechanism of linkage-specific ubiquitin chain elongation by a single-subunit E2.
Cell 144: 769-781.

November 2012 | Volume 8 | Issue 11 | e1002754



20.

21.

23.

24.

. Winkler GS, Albert TK, Dominguez C, Legtenberg YI, Boelens R, et al. (2004)

An altered-specificity ubiquitin-conjugating enzyme/ubiquitin-protein ligase
pair. J] Mol Biol 337: 157-165.

. Huang DT, Zhuang M, Ayrault O, Schulman BA (2008) Identification of

conjugation specificity determinants unmasks vestigial preference for ubiquitin

within the NEDD8 E2. Nat Struct Mol Biol 15: 280-287.

. Durfee LA, Kelley ML, Huibregtse JM (2008) The basis for selective E1-E2

interactions in the ISG15 conjugation system. J Biol Chem 283: 23895-23902.

. de Vries §J, van Dijk M, Bonvin AM (2010) The HADDOCK web server for

data-driven biomolecular docking. Nat Protoc 5: 883-897.

. de Vries SJ, van Dijk AD, Krzeminski M, van Dijk M, Thureau A, et al. (2007)

HADDOCK versus HADDOCK: new features and performance of HAD-
DOCK2.0 on the CAPRI targets. Proteins 69: 726-733.

Imai T, Ohno T (1995) Measurement of yeast intracellular pH by image
processing and the change it undergoes during growth phase. J Biotechnol 38:
165-172.

DiGiammarino EL, Lee AS, Cadwell C, Zhang W, Bothner B, et al. (2002) A
novel mechanism of tumorigenesis involving pH-dependent destabilization of a
mutant p53 tetramer. Nat Struct Biol 9: 12-16.

. Ferreon JC, Lee CW, Arai M, Martinez-Yamout MA, Dyson HJ, et al. (2009)

Clooperative regulation of p53 by modulation of ternary complex formation with
CBP/p300 and HDM2. Proc Natl Acad Sci U S A 106: 6591-6596.

Joazeiro CA, Wing SS, Huang H, Leverson JD, Hunter T, et al. (1999) The
tyrosine kinase negative regulator c-Cbl as a RING-type, E2-dependent
ubiquitin-protein ligase. Science 286: 309-312.

Dominguez C, Bonvin AM, Winkler GS, van Schaik FM, Timmers HT, et al.
(2004) Structural model of the UbcH5B/CNOT4 complex revealed by
combining NMR, mutagenesis, and docking approaches. Structure 12: 633-644.

. Winn PJ, Religa TL, Battey JN, Banerjee A, Wade RC (2004) Determinants of

functionality in the ubiquitin conjugating enzyme family. Structure 12: 1563-1574.

PLOS Computational Biology | www.ploscompbiol.org

28.

29.

30.

31.

37.

38.

E2-E3 Regulation by a Dynamic Salt-Bridge Network

5. Houben K, Dominguez C, van Schaik FM, Timmers HT, Bonvin AM, et al.

(2004) Solution structure of the ubiquitin-conjugating enzyme UbcH5B. J Mol
Biol 344: 513-526.

. Das J, Mohammed J, Yu H (2012) Genome scale analysis of interaction

dynamics reveals organization of biological networks. Bioinformatics 28: 1873~
8.

Brunger AT (2007) Version 1.2 of the Crystallography and NMR system. Nat
Protoc 2: 2728-2733.

Oostenbrink C, Soares TA, van der Vegt NF, van Gunsteren WF (2005)
Validation of the 53A6 GROMOS force field. Eur Biophys J 34: 273-284.
Van Der Spoel D, Lindahl E, Hess B, Groenhof G, Mark AE, et al. (2005)
GROMACS: fast, flexible, and free. J Comput Chem 26: 1701-1718.
Berendsen HJ, Postma JPM, Van Gunsteren WF, DiNola A, Haak JR (1984)
Molecular dynamics with coupling to an external bath. J] Chem Phys 81: 3684—
3690.

. Bussi G, Donadio D, Parrinello M (2007) Canonical sampling through velocity

rescaling. ] Chem Phys 126: 014101.

. Hess B, Bekker H, Berendsen HJ, Fraaije JGEM (1997) LINCS: A linear

constraint solver for molecular simulations. J] Comput Chem 18: 1463-1472.

. Tironi IG, Sperb R, Smith PE, van Gunsteren WF (1995) A generalized reaction

field method for molecular dynamics simulations. J Chem Phys 102: 5451-5459.

. Darden T, York D, Pedersen L (1993) Particle mesh Ewald: An N [center-dot]

log(N) method for Ewald sums in large systems. ] Chem Phys 98: 10089-10092.

. Essmann U, Perera L, Berkowitz ML, Darden T, Lee H, et al. (1995) A smooth

particle mesh Ewald method. J Chem Phys 103: 8577-8593.

Baker NA, Sept D, Joseph S, Holst MJ, McCammon JA (2001) Electrostatics of
nanosystems: application to microtubules and the ribosome. Proc Natl Acad
Sci U S A 98: 10037-10041.

Schrédinger LLC (2010) The PyMOL Molecular Graphics System, Version 1.3.

November 2012 | Volume 8 | Issue 11 | e1002754



