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Abstract

Post-translational modification of proteins by covalent attachment of a small protein ubiquitin or a
polymeric chain of ubiquitin molecules (called polyubiquitin) is involved in controlling a vast variety
of processes in eukaryotic cells. The question of how different polyubiquitin signals are recognized
is central to understanding the specificity of various types of polyubiquitination. In polyubiquitin,
the monomers are linked to each other via an isopeptide bond between the C-terminal glycine of one
ubiquitin and a lysine of the other. The functional outcome of polyubiquitination depends on the
particular lysine involved in the chain formation and appears to rely on linkage-dependent
conformation of polyubiquitin. Thus, K48-linked chains, a universal signal for proteasomal
degradation, under physiological conditions adopt a closed conformation where functionally
important residues L8, 144, and V70 are sequestered at the interface between the two adjacent
ubiquitin monomers. By contrast, K63-linked chains, which act as a non-proteolytic, regulatory
signal, adopt an extended conformation that lacks the hydrophobic inter-ubiquitin contact. Little is
known about functional roles of the so-called “non-canonical” chains, linked via K6, K11, K27, K29,
K33, or head-to-tail; and no structural information on these chains is available, except for the crystal
structure of the head-to-tail linked diubiquitin. In this study, we use molecular modeling to examine
whether any of the non-canonical chains can adopt a closed conformation similar to that in K48-
linked polyubiquitin. Our results show that the eight possible di-ubiquitin chains can be divided into
two groups: K6-, K11-, K27-, and K48-linked chains are predicted to form a closed conformation,
whereas chains linked via K29, K33, K63, or head-to-tail are unable to form such a contact due to
steric occlusion. These predictions are validated by the known structures of K48-, K63-, and head-
to-tail linked chains. Our study also predicts structural models for di-ubiquitins linked via K6, K11,
3 and K27. Implications of these findings for linkage-selective recognition of the non-canonical
polyubiquitin signals by various receptors are discussed.
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Introduction

Ubiquitin (Ub) is a highly conserved 76 amino-acid protein found throughout the eukaryotic
cells. A vast number of cellular processes, including targeted protein degradation, cell cycle
progression, DNA repair, protein trafficking, inflammatory response, virus budding, and
receptor endocytosis1:2, are regulated by Ub-mediated signaling, where the target protein is
tagged by a monomeric Ub or a polymeric chain of Ubs. This post-translational modification
is tightly controlled by several enzymes (E1, E2, and E3) and occurs through an isopeptide
bond between the C-terminal G76 of Ub and a specific lysine residue in the ubiquitinated
protein. Ubiquitin polymers (polyUb) are formed in a similar manner, in which consecutive
Ub monomers are linked through an isopeptide bond via one of the seven Ub’s lysines.
Remarkably, the outcome of polyubiquitination depends on the particular lysine involved in
the chain formation and appears to rely on linkage-dependent differences in the conformation/
topology of polyUb chains3. For instance, Lys48-linked polyUb, a universal signal for
proteasomal degradation, adopts a closed conformation wherein functionally important
residues L8, 144, and V70, forming the so-called hydrophobic patch on Ub surface4, are
sequestered at the interface between the two adjacent ubiquitin moieties5—8. By contrast,
Lys63-linked chains, which act as a regulatory rather than degradative signal in different
signaling pathways, adopt an extended conformation in solution, with no direct contact between
the hydrophobic patches®10. Similar conformations of K63-linked chains were recently
observed in crystals}1:12, As a consequence of these conformational differences, the
recognition signals presented by the two types of chains are quite distinct, as illustrated by the
different modes in which K48- or K63-linked di-ubiquitin (Ub,) chains bind the UBA-2 domain
of hHR23a%13,

One of the fundamental questions in Ub biology is how the amazing diversity in Ub signaling
is achieved. The uniqueness of polyUb as a molecular signal is due to the fact that it is not just
asimple chemical group (like e.g. the methylation of phosphorylation signal) or a single protein
(e.g. SH2 or SH3 domain, or Ub itself) but a polymeric chain. This not only enhances (via the
local concentration effect) the signal carried by each individual Ub monomer but — due to the
chain’s conformational flexibility — provides an additional level of structural adaptability which
could lead to a greater variety of specific recognition events involving polyUb. Importantly,
many known Ub-receptor proteins contain multiple Ub-binding domains, and their avid
binding to different Ub units could provide a mechanism for chain-linkage or length
selectivity14+15. Thus, knowledge of the conformational properties of polyUb chains holds the
key to our understanding of their ability to act as diverse molecular signals. The importance to
understand the structural and signaling properties of polyUb has been strengthened further
recently by the finding of Ub chains linked via the other five lysines16:17 or even branched
(forked) chains!®:19. Yet very little is known about the functional roles of these ‘non-canonical’
chains and their structural and recognition properties20. None of these chains has been isolated
so far for in vitro studies. Moreover, their structural analysis is hindered by the current
unavailability of the E2/E3 enzymes that would allow precise assembly of such chains in
vitro. Thus, although structures of K48- and K63-linked as well as linear chains are already
available,57+8,11,12,21=24 the |ack of functional and structural information on the non-canonical
linkages limits our understanding of the full scope of Ub signaling and leaves many important
questions unanswered. For instance, what are the molecular requirements for specific
recognition of the various polyubiquitin signals? What are the structural and recognition
properties of the non-canonical chains? Is the linkage via K48 unique or do other linkages also
allow close non-covalent contacts between the adjacent Ub units in the chain? Is the extended
conformation of K63-linked Ub, due, as hypothesized in®, to the steric occlusion that prevents
direct contact between the hydrophobic patches on the two Ub units?
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In this study, we address some of these questions by means of molecular modeling/docking.
Specifically, we investigate which of the seven possible isopeptide-linked di-ubiquitin chains
can form a closed conformation via direct contact between the hydrophobic patches on the
adjacent Ub monomers. Additionally, we perform similar analysis of linear chains where Ub
monomers are connected head-to-tail (via their C and N-termini). It was suggested? that the
conformational properties of head-to-tail chains are similar to those of K63-linked chains. Our
approach makes use of the HADDOCK software25 and its documented ability8 to account for
both ambiguous and unambiguous distance constraints to model the structure of Ub, chains.
Our results show that the eight possible Ub, chains can be divided into two groups: K6-, K11-,
K48-linked chains, and to a somewhat lesser extent the K27-linked one, are predicted to form
a closed conformation, whereas the chains with K33-, K63-, K29-linkages as well as head-to-
tail are unable to form such a close contact. Our study also provided, for the first time, structural
models of di-ubiquitin chains linked via K6, K11, and K27.

Our approach to modeling polyUb chains is based on the following concept. The two main
features of Ub as a monomer (forming a polyUb chain) are the hydrophobic patch (L8-144-
V70) on the B-sheet face of Ub surface and the flexible C terminus (residues R72-G76). All
the experimental data available to date indicate that the hydrophobic patch is the “binding hot
spot” in Ub: it is directly involved in Ub’s interactions with most of Ub-binding domains2®:
27. Moreover, this hydrophobic patch is directly involved in Ub/Ub interaction and forms the
Ub/Ub interface in K48-linked Ub, and Ub,°~’. Importantly, the recent structure of K48-
Uby, based both on X-ray and NMR data’, shows that the Ub,’s structure is a dimer of Ub,s
formed by pair-wise contacts between the neighboring Ub monomers. Therefore we
hypothesize that a similar mechanism is applicable to other polyUb chains, in that the
hydrophobic patch acts as a molecular “velcro” that forms Ub/Ub contacts. Therefore, if a
polyUb chain can have a definitive structure, it has to be formed by the hydrophobic contacts
between Ub monomers mediated by their hydrophobic patches. In this study we focus only on
di-ubiquitins, as the shortest possible polyUb chain. The question we set to address here is
whether any of the possible chain linkages could allow the hydrophobic patch-to-patch contact
between the two adjacent Ub monomers.

Chain modeling

Ub,, chains of all seven possible isopeptide linkages as well as head-to-tail linked chains were
generated as described in Materials and Methods. Briefly, to account for the possible close
contact between the hydrophobic patches (residues L8, 144, V70) on both Ubs in the chain, we
incorporated ambiguous restraints where active and passive residues on each Ub were defined
using the procedure described previously2°. The covalent Ub-Ub linkage was introduced using
unambiguous distance restraints based on typical interatomic distances for a peptide bond in
crystal structures, as described8. For each linkage, the resulting 200 structures were subjected
to clustering. The clusters were ranked according to their HADDOCK score (Hscore) and the
ten best structures in each cluster were retained and analyzed in terms of Hygore (Table 1). In
all cases, cluster 1 has the lowest average value of Hgqore and also contains the lowest
intermolecular energy structure. For all the clusters, the electrostatic energy Egjec Was the major
energy contribution to the intermolecular energy Ejnter, Whereas the energy associated with
unambiguous restraints made the major contribution to E,gt. Here Eest quantifies the ability
of each chain to satisfy both the unambiguous distance restraints associated with the isopeptide
bond and the ambiguous restraints representing the hydrophobic interdomain contacts. Average
values of the buried surface area (BSA) for the various clusters range from 736 A2 to 1458
A2, For chains linked via K48, K6, K29, K27, and K11, the BSA values are consistent with
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the typical buried surface area found in protein complexes28. For chains linked via K6 and
K33, only one cluster was found, whereas for K48- and K27-linked chains, the average RMSD
values to the lowest energy structure are relatively close for both clusters, indicating that the
conformations of the two clusters are not dramatically different. For the sake of comparison,
the ten best structures of the best cluster in terms of the HADDOCK score were extracted for
each chain and will be used in the following discussion. Their respective characteristics are
presented in Table 2 whereas the best structure for the best cluster for each generated chain is
shown in Figure 1 and Figure 2.

Validation of the approach

To validate our approach, we performed two different calculations for the K48-linked Ub,.
The first one included both the distance restraints associated with the linker (isopeptide bond)
and the restraints responsible for the intermolecular contact between the hydrophobic patches
on the two Ub moieties. In the second calculation (here referred to as K48*-Ub,, see Fig. 2),
the hydrophobic contact restraints were not included, while the linker-related restraints were
still present. Differences between the two sets of generated clusters are remarkable, as evident
from Table 1, and clearly reflect the conformational difference between the two generated
structures (see Fig. 3). The predicted K48-linked Ub, chain superimposes well with the
corresponding crystal structure (Fig. 3a,b): the backbone RMSD is 0.93A (unstructured C-
terminal residues 72—76 were excluded), as well as with the two Ub, modules from the Ub,
structure’ (RMSDs are 1.18 A and 1.25A). By contrast, the predicted K48*-Ub, structure,
where no patch-to-patch interdomain constraints have been included, differs from the crystal
structure by a 45° twist of one of the Ub units, resulting in the total backbone RMSD of 5.0 A
to the crystal structure (Fig. 3c,d). It is worth mentioning here that including only a small
number of ambiguous interdomain restraints (three active and two passive residues on each
Ub unit, Table 3) resulted in the K48-linked Ub, structure that is similar to the HADDOCK-
generated structure based on a complete set of experimentally-derived ambiguous constraints
from chemical shift perturbation mapping®. Thus, the inclusion in HADDOCK2.0 of both
linker-related restraints and ambiguous restraints representing hydrophobic patch-to-patch
interdomain contacts was both necessary and sufficient for predicting the closed conformation
of K48-linked Ub, with good accuracy.

As a separate validation of the method used here, the generated structure of K63-linked Ub,
(Fig. 2) shows no close contacts between the hydrophobic patches L8-144-V70, in complete
agreement with experimental NMR and SAXS data in solution®:19. The absence of a patch-to-
patch contact between adjacent Ub monomers predicted here also agrees well with the recent
crystal structures of K63-linked Ub,11 and Ub,12. It is worth emphasizing in this regard that
in the absence of a direct Ub:Ub contact, the flexibility of the Ub-Ub linker2® would allow Ub
monomers to undergo rotations that could change their relative orientation. This makes the
conformations of such chains somewhat random and affected by external forces originating
from crystal packing or ligand interactions. In fact, the presence of such motions is clearly
demonstrated by the recent SAXS studies of K63-linked Ub, in solution12 which showed that
additional conformations, distinct from that observed in the crystals, are necessary in order to
fit the scattering data measured in solution. These results indicate that K63-linked chains do
not form a single well-defined conformation in solution, whereas in the crystals the chain is
locked in one particular conformation due to crystal packing (see ref.12). Importantly, in
agreement with our predictions, none of these additional conformations presented in12 shows
a hydrophobic patch-to-patch contact between Ub monomers.

Thus the generated structures of both K48- and K63-linked chains serve as an indication that
our HADDOCK-based approach is suitable for addressing the question raised in this study,
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i.e. whether a particular Ub-Ub linkage can result in a chain conformation that allows close
hydrophobic-patch contacts between adjacent Ub units.

Classification of the resulting structures

Rigorous comparison and classification of the generated Ub, structures of different Ub-Ub
linkages is not trivial and requires taking into account multiple parameters reflecting various
aspects of interdomain contacts. For this purpose we chose twelve different descriptors,
summarized in Table 2 and briefly detailed below. Note that we make no a priori assumption
which of these variables are more and which are less important.

One of the descriptors, the intermolecular energy (Ejnter), Was in the range from —115 to —280
kcal/mol except for K33-linked Ub, which showed a higher Ejner Value of =77 kcal/mol. As
evident from Table 2, the main contribution to the intermolecular energy arises from
electrostatic interactions. This is not unexpected given that the hydrophobic patch on Ub
surface is surrounded by polar and charged (mostly basic) side chains, which would contribute
to interactions at the Ub/UDb interface.

Direct interactions at the interface, like hydrogen bonds and hydrophobic contacts, are also
important factors for the stability of intermolecular complexes. Due to their predominantly
polar character and energies of 3—7 kcal/mol, hydrogen bonds are often held to confer
specificity on protein-protein interactions. Several studies attempted to rely the number of
hydrogen bonds to the buried surface area. The number of hydrogen bonds varies widely from
one interface to another depending on its size and its hydrophabicity. The average humber of
hydrogen bonds per 100 A2 spans values between 0.35 and 0.59 for homo- as well as
heterodimers3%—32, Our analysis shows that K48- and K27-linked Ub,s exhibit the highest
number of average hydrogen bonds, ranging from 0.5 to 0.57 per 100 A2. Moreover, K48-,
K6-, and K11-linked chains have the highest number of average hydrophobic contacts (from
14.4 to 10.9) between residues L8, 144, and V70 of the two Ub units (a detailed account for
each best structure can be found in Supplementary Material). Conversely, head-to-tail, K29-,
K33-, and K63-linked chains do not show any hydrophobic contacts between Ub monomers.
Note that, in addition, K63- and K33-linked Ub, have the lowest average number of hydrogen
bonds. This combination of unfavorable criteria decreases the stability of the interface and
hence, makes a closed conformation of these chains unfavorable33:34. As mentioned above,
the result for K63-Ub; is in good agreement with solution NMR data for this chain® that
detected no close contacts between the two Ub units and, a fortiori, between the hydrophobic
patches. Note that an extended conformation of K63-linked chains (Ub,, Ub,) compared to the
K48-linked chains is also supported by small angle X-ray scattering datal®. As for K29-linked
Uby, it has 0.44 hydrogen bonds per 100 A2 of buried area and no intermolecular hydrophobic
contacts between the L8-144-V70 patches.

As mentioned above, the restraint energy (Est) accounts for the (unambiguous) distance
restraints for the linker as well as for the (ambiguous) distance restraints between the residues
that are expected to form the interdomain interface. For all the generated structures, the
unambiguous constraints tend to be well satisfied, whereas violations of the ambiguous
constraints show substantial dispersion (Table 2). While K48-, K11-, and even K6-linked
Ub,s display low violations of ambiguous constraints, other chains: K63-, K33-, K29-, and
particularly head-to-tail-linked Ub,, have the highest values of the ambiguous energy. This
further supports the conclusion that the latter four Ub, chains cannot allow neighboring Ub
units to contact each other via their hydrophobic patches.

Another factor controlling intermolecular contacts is their shape complementarity, usually
accounted for by means of BSA. On average, the formation of homo- or heterodimers buries
12% of the accessible surface area, although variations are large and could span a range from

J Mol Biol. Author manuscript; available in PMC 2011 January 29.



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

1duasnuey Joyiny vd-HIN

Fushman and Walker

Page 6

6% to 29% of their accessible surface area3®. For the Ub, chains generated in this study the
average BSA varied from 780 to 1458 A2, with K33-, K63-, and K29-linked Ub,s burying only
9, 10, and 11%, respectively, of their accessible surface area, compared to 15% in the case of
K48-linked Ub, (Supplementary Material, Table S1).

To complement the ambiguous energy, which accounts for the proximity of the hydrophobic
patches of the two Ubs, we also calculated the all-atoms accessible surface area for residues
L8, 144, and V70 (further referred to as ASAyp) of the two Ub units in each chain (Table 2, see
also Supplementary Material). This information provides an additional means to assess the
degree of (desirable) intermolecular contact, as the latter residues would become buried (hence
lower ASAy) when the two Ub moieties enter a close contact. Consistent with the
abovementioned results, K48- and K6-linked Ub,s have the lowest ASAy,, whereas K29-,
K63-, K33-, and head-to-tail-linked chains exhibit the highest ASAp, values. Moreover, it is
worth mentioning that ASAp, of 269.8 A2 (273.8 A2 for the best K48* structure) obtained for
the unconstrained, K48*-Ub, chain is one of the highest among all predicted structures. This
indicates that constraints between the hydrophobic patches have to be included in order to form
a close contact between the two Ub units.

Principal Component Analysis and clustering

Because the descriptors chosen in this study represent various (sometimes partially
overlapping) aspects of the multifaceted nature of protein-protein interactions, it is difficult (if
possible at all) to choose a single one of them to draw rigorous conclusions regarding the ability
of some chains to form close contacts between the hydrophobic patches. Therefore we turned
to Principal Component Analysis (PCA)36~38, which is a classical technique to reduce the
dimensionality of a data set by transforming it to a new set of variables (the principal
components, PCs) that summarize the essential features of the data. Briefly, the PCA works
by decomposing the matrix of data into a product of two matrices called the loading and
score matrices. The loading matrix contains the principal component coefficients whereas the
score matrix contains the original data in a rotated coordinate system. The traditional PCA
approach is to use the first few (i.e. the largest) PCs for the analysis because they usually
account for most of the variation in the original data set. In contrast, the last few (the smallest)
PCs are often assumed to represent only the residual “noise” in the data. A common rule of
thumb here is to choose the smallest number of PCs such that they account for a given
percentage of the total variance.

The PCA analysis was performed by using the average data over the 10 best structures of the
best cluster for each chain. In our case, the first two PCs (PC1 and PC2) explain 44.1% and
34.8%, respectively, of the variance in the data set. Thus, the principal plane built by PC1 and
PC2 contains 78.9% of the total variance. Adding a third PC (PC3) results in 90.6% coverage
of the total variance (Supplementary Material, Table S3). Hence, the structure of the original
data is well preserved in the first three PCs. Except for the unambiguous energy, all variables
are well represented already in the PC1-PC2 principal plane, as can be seen from the loading
plots (Fig. 4a and 4c),. The buried surface area (BSA), the accessible surface area for
hydrophobic residues (ASApp), the number of hydrophobic contacts (Hygro), and the free
energy of binding (Eping) are the variables that contribute the most to PC1, whereas the
intermolecular (Ejnter), restraint (Eest), and ambiguous (Eamp) energies contribute mainly to
PC2 (see Supplementary Material). In addition, unambiguous energy (Eynamb) is the main
contributor of PC3. The binding free energy (Eping) and ASAp, are close to each other in the
loading plots (Fig. 4a,c), indicating that they have a positive correlation. On the other hand,
these variables (ASAnp and Epjng) are negatively correlated with the number of hydrophobic
contacts (Hyqro) and the buried surface area (BSA). Thus, the separation of the generated
structures into two different groups is a consequence of an opposite variation of these variables.
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Indeed, high solvent accessibility of hydrophobic residues is concomitant with a relatively
small number of hydrophobic contacts between these residues. In the same way, a small buried
surface area is concomitant with a higher energy of binding. The representation of the generated
structures in the PC1-PC2-PC3 principal axes system (Fig. 4b,d) shows a clear separation of
these structures into two groups along the PC1 axis. One of them comprises K48-, K6-, K11-,
and K27-linked chains, which are able to form close contacts between the neighboring Ub
units. The other group includes head-to-tail, K29-, K33-, and K63-linked chains, which do not
allow such a contact. It should be mentioned here that score plots of the rest of the PCs (not
shown) did not reveal any additional separation. To verify the robustness of our method, the
principal component analysis has been applied to two other data sets. The first data set takes
into account an ensemble including the ten best structures of the best cluster for each generated
chain whereas the second data set uses the best structure of the best cluster for each generated
chain. Both cases yield the same conclusion i.e the separation of the structures into two sub-
groups including K48-, K6-, K11- and K27-linked chains from one side and head-to-tail, K29-,
K33- and K63-linked chains from the other side. The complete analysis can be found in
Supplementary Material.

Discussion

All polyUb chains are composed of the same monomer, and yet they are recognized as specific
signals in a vast variety of distinct pathways. This ought to do with the structure and
conformational adaptability of the chains as well as of the receptor molecules that recognize
them. Although experimental studies of K48- and K63-linked polyUb chains have provided
important insights into linkage-dependence of the conformational and ligand-binding
properties of polyUb, our understanding of the molecular/structural basis of the amazing ability
of polyUb to act as a versatile signal in a variety of cellular events is still very limited. The
issue of linkage specificity of polyUb signal recognition has become particularly important
with the discovery of the non-canonical chains, linked via other lysines (K6, K11, K27, K29,
and K33) or head-to-tail. Understanding the structural properties of these chains is the
necessary first step in addressing this issue. Since the experimental studies of such chains are
currently hindered by the unavailability of unanchored chains containing non-canonical
linkages, here we used computer-based protein docking to model the conformations of such
chains, as well as of K48- and K63-linked chains, as controls. Specifically, we asked the
question, whether polyUb chains of various linkages could allow a close contact between the
hydrophobic patch surfaces on the neighboring Ub units: these surfaces mediate Ub’s
interactions with most of Ub-binding proteins, including Ub/Ub interactions.

The results of our modeling show a clear separation of all possible Ub, chains into two groups:
the chains that can form such contacts (K6, K11, K27, and K48) and those where steric
occlusion prevents the adjacent Ub units from forming a hydrophobic patch-to-patch contact
(K29, K33, K63 and head-to-tail). Our approach is validated by the good agreement with the
known structures of K48-linked chains (Ub, and Ub,)7:21 and with experimental data for K63-
linked chains. In the latter case, both solution NMR datal%:24 and the recent crystal structures
of K63-linked Ub,11 and Ubs12, as well as SAXS datal? all show no hydrophobic-patch
contacts between Ub monomers in K63-linked chains. Also our prediction that in linear (head-
to-tail) chains the adjacent Ubs are not able to make a patch-to-patch contact agrees with the
recent crystal structure of such chains!®. Furthermore, our study provides, for the first time,
structural models for K6-, K11-, and K27-linked Ubs chains, and thus sets the stage for
experimental verification of these predictions.

Extrapolated to longer chains, our results suggest that in solution polyUb chains linked via K6,
K11, and K27 could exist in a closed conformation in which adjacent Ub units contact each
other via their hydrophobic patches. Because the L8-144-V/70 hydrophobic patch is involved
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in Ub’s interactions with most of the known Ub-binding molecules, burying these patches at
the Ub/Ub interface has several functionally important implications. First, ligand binding to
these chains would require domain motions that open the interdomain interface, like in the case
of K48-linked polyUb13:3%, Second, the analogy with K48-linked Ub, suggests that these
chains might be able to bind ligands in a sandwich-like fashion, like in the case of hHHR23a
UBA-2/Ub, interaction13. Third, we expect the conformation of these chains to be pH
dependent, like in the case of K48-linked polyUb6:40:41. While the closed conformation
(predicted in this study) is expected to dominate at neutral and basic pH, lowering the pH should
cause these chains to open, as the protonation of H68 (located near the center of the hydrophobic
patch) on each Ub will cause strong electrostatic repulsion of the two Ub monomers that could
overcome their hydrophobic attraction.

By contrast, Ub, chains linked via K29, K33, and K63, as well as head-to-tail, are predicted
to always be in an open conformation, and thus have their hydrophobic patches readily available
to interact with Ub-binding molecules. These conformational properties combined with the
linker flexibility could be the determining factors for selective (possibly avid) binding of such
chains to various receptor molecules containing multiple Ub-binding units, like e.g. Rap80#2.
It should be pointed out that in this study we examined the possibility of direct hydrophaobic
patch-to-patch contacts between the adjacent Ubs in polyUb. Conformational flexibility of the
Ub-Ub linker could promote contacts between non-adjacent Ub units (e.g. i and i+2, i+3 etc.)
in longer chains, which could further enhance linkage-specific structural and receptor
recognition properties of the polyUb signal.

Materials and Methods

The docking calculations were performed using the standard protocols implemented in
HADDOCK?2.043. For each run, 2000 rigid-body docking solutions were first generated by
energy minimization. The 200 best solutions according to the AIR restraint energy (defined
in25) were subjected to semi-flexible simulated annealing with flexibility introduced first on
side chains and then on the backbone, followed by a final refinement in explicit water. Non-
bonded energies were calculated with an 8.5 A distance cut-off using the OPLS non-bonded
parameters44. The overall score was calculated as a weighted sum of different terms, using the
default HADDOCK2.0 values for the weights. After the final step, the resulting 200 structures
were subjected to clustering with a 2.5 A cutoff using the backbone RMSD of both Ub units
calculated after positional least-square fitting on the first Ub only.

Starting structures

Asthe starting structure of Ub monomer we used the atom coordinates from the crystal structure
of K48-linked Ub, (Protein Data Bank entry 1AAR)®. This is justified by (i) the close structural
similarity among both Ub units in this structure and the crystal structure of monomeric Ub
(PDB entry 1UBQ) (the backbone RMSD is 0.65-0.66 A for residues 2-70) and (ii) the fact
that solution NMR spectra and residual dipolar couplings indicate no substantial structural
difference between Ub in the isolated form and in the context of Ub, (K48- or K63-linked) or
K48-linked tetra-ubiquitin (Ub,)8:°. To avoid any bias that could result from the actual
positioning of Ub monomers in the crystal structure of Ub,, the two Ubs were translated 150
A away from each other and randomly rotated.

Definition of Restraints

The restraints that were used in this study are listed in Table 3. The Ub monomers, which are
linked to one another via a G76-KX (X=6, 11, 27, 29, 33, 48, or 63) isopeptide bond, are
designated “distal’ (containing G76) and ‘proximal’ (containing the bonded KX as well as the
free C-terminus), respectively. The same restraints were used to build the G76(distal)-M1
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(proximal) linkage in the case of a linear, head-to-tail chain. To account for the possible close
contact between the hydrophobic patches (residues L8, 144, \V70) on both Ubs in the chain, we
incorporated ambiguous restraints where active and passive residues on each Ub were defined
using the procedure described previously2®. The G76-KX isopeptide bond was modeled by
including a set of distance restraints based on typical interatomic distances for a peptide bond
in crystal structures, as described8. Backbone and side chain flexibility was also included to
account for possible conformational rearrangement that could occur at the interface between
the two Ub moieties (see Table 3). The interface amino acids that constitute the flexible
segments were defined as the hydrophobic residues L8, 144, V70 plus two sequential neighbors
on each side.

Analysis of Intermolecular Contacts

Intermolecular contacts (hydrogen bonds and non-bonded interactions) were analyzed with
DIMPLOT, part of the LIGPLOT software?>, using the default settings: 3.9 A heavy-atom
distance cutoff for non-bonded contacts; 2.7 and 3.35 A proton-acceptor and donor-acceptor
distance cutoffs, respectively, with minimum 90° angles (D-H-A, H-A-AA, D-A-AA) for
hydrogen bonds. A contact is defined to be present in the solution structure if it is found in at
least four out of the ten best structures.

The binding free energy was computed using the DCOMPLEX web server#6. The principal
component analysis (PCA) was performed using an in-house program implemented in Matlab
and available from the authors upon request. Complete details of the analysis can be found in
Supplementary Material.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Cartoon representations of the best structures of the best cluster for di-ubiquitin chains which
are able to form close contacts between the neighboring Ub units. In all these structures, the
distal domain is colored blue, the proximal domain is red, the G76-KX linkage between the
two Ubs is colored gray. The hydrophobic patch residues L8, 144, and V70 are shown in ball-
and-stick, colored yellow.
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Figure 2.

Cartoon representations of the best structures of the best cluster for di-ubiquitin chains which
are not able to form close contacts between the neighboring Ub units. The K48* structure was
generated without any interdomain constraints between the hydrophobic patches. In all these
structures, the distal domain is colored blue, the proximal domain is red, the G76-KX or G76-
M1 linkage between the two Ubs is colored gray. The hydrophobic patch residues L8, 144, and
V70 are shown in ball-and-stick, colored yellow. HT indicates the head-to-tail linked chain.
Note that these are merely computer-generated models under specific set of restraints, not bona
fide structures.

J Mol Biol. Author manuscript; available in PMC 2011 January 29.



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

1duosnuely Joyiny vd-HIN

Fushman and Walker Page 14

K48
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Figure 3.

Experimental validation of the HADDOCK-based approach to generate Ub, structures used
in this study. Shown is the overlay of the crystal structure of K48-linked Ub, (red, PDB code
1AAR) with the structures (blue) of this chain generated with (a, b) and without (c, d)
constraints that mimic the hydrophobic contact between the L8-144-V/70 patches of the two
Ub units. All these structures were aligned by the distal Ub only. Panels b and d show the
structures from panels a and c, respectively, rotated by 90° about the vertical axis, to facilitate
their comparison. Both the relative position and orientation of the two Ub units in the generated
Ub, chain in panels a, b are in good agreement with the crystal structure. By contrast, in the
K48*-Ub chain (c, d) the interdomain orientation is twisted by 45° compared to the
experimental structure.
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Principal component analysis of the generated structures. Shown are the loading plots (a, ¢)
and the score plots (b, d). Analysis has been applied to the 12 descriptors (Table 2) averaged
over the 10 best structures of the best cluster for each generated chains. The loading plots
represent coordinates of each descriptor in the principal axes system of the selected PC
components, whereas the score plots represent coordinates of the original data in the PC
principal axes system (see Supplementary Material). The score plots clearly show a separation
of the data along the PC1 axis, allowing the clustering of Ubs chains into two groups. The
meaning of the different labels is as follows: Ejner: intermolecular energy; E,py: van der Waals
energy; Eglec: electrostatic energy; BSA: buried surface area; Eqqt: total restraints energy;
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Eunamb: Unambiguous-restraints energy; Eamp: ambiguous-restraints energy; Hypongs: Number
of interdomain hydrogen bonds at the interface; Hyqro: number of hydrophobic contacts
involving residues V8, 144, VV70; Eping: binding free energy; Hycore: HADDOCK score;
ASApp: accessible surface area of residues L8, 144, and V70. HT indicates the head-to-tail
linked chain. The solid circle (radius = 1) in panels a and ¢ encompasses the area that includes
all the data, while the dashed circle includes 70% of the data. In the geometric sense, the
circumferences of these two circles represent projections of a vector that is in-plane or tilted
30° away from the projection plane, respectively. It is usually assumed that variables lying
between the two circles are well represented in the corresponding plane.
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Table 3
Details of the restraints included in the HADDOCK simulations

Distal Ub2
Active residues? L8, 144, V70
Passive residues? G10, L71

Flexible segments® K6-T12 ; R42-A46 ; H66-AT72

Fully flexible segment® R72-G76
Proximal Ub&

Active residuesP L8, 144, V70

Passive residues? G10, L71

Flexible segments® K6-T12 ; R42-A46 ; H66-AT72
R72-G76 ; K6 or K11 or K27 or K29 or K33

Fully flexible segment®
or K48 or K63

Isopeptide Bond (G76 of the distal Ub to the Unambiguous Restraint Distance (A)
lysine X of the proximal Ub)d

O-Nz 2.25+0.05
C-NZ 1.35+0.05
C-CE 2.45+0.05
CA-NZ 2.45+0.05

aThe Ub monomers, which are linked to one another viaa G76-KX (X=6,11,27,29,33,48,63) isopeptide bond or G76-M1 (head-to-tail), are designated
as the distal (containing G76) and proximal (containing KX or M1 and the free C-terminus), respectively.

The docking protocol uses active residues (V8, L44, and 170, forming the hydrophobic patch on each Ub unit) and passive residues (see ref.25).
Ambiguous interaction restraints are defined from each active residue of one Ub unit to all active and passive residues of the other Ub, using a 2 A
upper distance bound.

c . . . .
Fully flexible segments are the parts of the molecules that are free to move during all stages of simulated annealing.

dThe distal and proximal Ubs are connected via an isopeptide bond between the carbonyl C of G76 and the NZ atom of KX (see Materials and
Methods).
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