
RESEARCH ARTICLE

Towards a molecular basis of ubiquitin

signaling: A dual-scale simulation study of

ubiquitin dimers

Andrej BergID
1, Oleksandra KukharenkoID

1, Martin ScheffnerID
2, Christine PeterID

1*

1 Department of Chemistry, University of Konstanz, Konstanz, Germany, 2 Department of Biology, University

of Konstanz, Konstanz, Germany

* christine.peter@uni-konstanz.de

Abstract

Covalent modification of proteins by ubiquitin or ubiquitin chains is one of the most prevalent

post-translational modifications in eukaryotes. Different types of ubiquitin chains are

assumed to selectively signal respectively modified proteins for different fates. In support of

this hypothesis, structural studies have shown that the eight possible ubiquitin dimers adopt

different conformations. However, at least in some cases, these structures cannot suffi-

ciently explain the molecular basis of the selective signaling mechanisms. This indicates

that the available structures represent only a few distinct conformations within the entire

conformational space adopted by a ubiquitin dimer. Here, molecular simulations on different

levels of resolution can complement the structural information. We have combined exhaus-

tive coarse grained and atomistic simulations of all eight possible ubiquitin dimers with a

suitable dimensionality reduction technique and a new method to characterize protein-pro-

tein interfaces and the conformational landscape of protein conjugates. We found that ubi-

quitin dimers exhibit characteristic linkage type-dependent properties in solution, such as

interface stability and the character of contacts between the subunits, which can be directly

correlated with experimentally observed linkage-specific properties.

Author summary

Post-translational modification of proteins by covalent attachment of ubiquitin is a key

cellular process, regulating for example the fate and recycling of proteins. We present a

new method to combine multiscale simulation with advanced analysis methods to charac-

terize the states of ubiquitin-ubiquitin conjugates. We found that the linkage position

affects the conformational space of ubiquitin dimers, determining the number and stabil-

ity of relevant states, the character of subunit contacts and the nature of the surface

exposed to possible binding partners.
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Introduction

Ubiquitylation is a selective process mediated by a complex enzymatic cascade and involved

in the regulation of many cellular processes [1]. Usually, ubiquitin (Ub) is covalently

attached to substrate proteins via isopeptide bond formation between its C-terminal carbox-

ylate group and the �-amino group of a substrate’s lysine residue. Since Ub itself contains

seven lysine residues and each of these as well as the N-terminal α-amino group can be ubi-

quitylated, substrate proteins can either be mono-ubiquitylated or modified by an in princi-

ple sheer unlimited number of different types of Ub polymers (Ub chains) [2]. Homotypic

Ub chains, i.e. within one chain Ub moieties are linked via the same lysine residue or via the

N-terminal methionine, are the best understood chain types with respect to structure and

function [3]. For example, in a simplified view, K48-linked Ub chains target proteins to the

26S proteasome for degradation, while K63-linked chains signal modified proteins for non-

proteolytic fates. The “Ub code”, i.e. the relation between the linkage type and the fate of the

modified protein, is presumably mediated by different conformations of differently linked

Ub chains [4]. The latter are in turn recognized by proteins harboring Ub binding domains

(UBDs) that show either relative or absolute selectivity for different linkage types and deter-

mine the eventual cellular signal [5].

Due to their functional and physiological relevance, Ub chains and, in particular, Ub dimers

have been a popular object for structural analysis by X-ray crystallography [6–9] and NMR

spectroscopy [10–16]. The data clearly indicate that Ub dimers adopt different stable confor-

mations that vary in their extent of inter-domain contacts. However, the structures available

represent a subset of the entire conformation space that can be occupied by individual Ub

dimers. The hydrophobic patch, as an example, that was reported to serve as an interaction hot

spot for K48-linked chains, is apparently not accessible in various structures that were deter-

mined for this linkage type [17]. Consequently, additional efforts are required to elucidate the

entire conformational ensemble of Ub dimers and, thus, the Ub code [18].

Molecular dynamics (MD) simulation is ideally suited to complement experimental data

and to provide novel insights into properties of Ub dimers, like the nature and thermodynamic

stability of distinct conformations in solution. Although Ub was in the focus of several compu-

tational studies, the full conformational space of Ub dimers has not been described by MD

simulations so far [19–21]. Due to the computational cost of atomistic sampling, the equilib-

rium between different conformations is hardly accessible by standard atomistic MD tech-

niques for a system of that size. A common method to overcome time and size limitations of

atomistic MD simulations is coarse graining (CG) [22–25]. By uniting several atoms into one

bead, the number of degrees of freedom can be drastically reduced (Fig 1A). Additional

speedup is gained from softer potentials which allow larger time-steps and faster effective

kinetics. On the downside, reduction of resolution inevitably limits the capability of a CG

model to correctly reproduce all properties of a system. Therefore, in the present study, we

pursued a dual-scale approach that takes advantage of CG and atomistic levels of resolution to

simulate all 8 natively linked Ub dimers [26, 27]. Thus, we managed to sample the conforma-

tional phase space of each dimer on the timescale of 120 μs. We introduce a new method to

characterize and compare conformational free-energy landscapes of protein conjugates. This

enabled us to systematically connect simulations on different resolution levels and to provide a

quantitative measure for the similarity of differently linked Ub dimers (diUbs). We obtained a

reliable atomistic description of their respective conformational characteristic which is in good

accordance to known experimental data and can serve as an explanation for linkage-specific

biological function.

Dual-scale simulations of ubiquitin dimers
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Results

Characterization of diUb structures

Key to the identification of conformational states is finding suitable collective variables (CVs)

that capture the characteristic features of a system. Since the number of CVs is often very

large, dimensionality reduction techniques are applied that allow the data to be projected into

a two or three dimensional representation for visualization and further interpretation [28]. For

the characterization and comparison of diUbs, we identified a high-dimensional (144D) set of

CVs that describe the multi-domain structure by internal coordinates between the two Ub

moieties and projected these data to a 2D representation to obtain estimates of the free-energy

landscape.

Collective variables. To qualify as suitable descriptors in this study, CVs had to meet the

following requirements: They (1) are capable of describing structures from both atomistic and

CG simulations, i.e. rely on coordinates which are present in both models, (2) contain infor-

mation about the relative positioning of the two subunits in diUb, and (3) allow a comparison

of differently-linked diUbs. We defined Residue-wise Minimum Distances (RMDs) which ful-

fill these criteria: A given diUb structure (consisting of two Ub moieties of 72 amino acid resi-

dues each; the highly flexible residues 73-76 of Ub were not considered) is described by a

vector of 144 minimum distances between the two subunits. More specifically, for each of the

72 Cα atoms in the distal moiety the minimum distance to the Cα atoms in the proximal moi-

ety is calculated and vice versa (see Fig 1B and S1 Text for a more detailed explanation). Note

that focusing on the Cα atoms, which correspond to backbone beads in the CG model, allows a

seamless linking between the CG and atomistic levels of representation. We found that this

RMD vector well embodies the relevant information about the distance and the relative orien-

tation between the domains and serves as an ideal basis for dimensionality reduction and con-

formational clustering.

Sketch-map. To obtain comprehensible low dimensional representations of the simulated

data, we used a multi-dimensional scaling (MDS) approach called sketch-map [28–30]. This

method is very well suited to project a highly nonlinear conformational space by iteratively

minimizing a nonlinear fit function and by focusing on the intermediate range of distances

between data points. Importantly, sketch-map can be very efficiently used for very large sets of

Fig 1. Ubiquitin dimers. (A) Proximal subunit linked via K48 to C terminus of distal subunit. Left: atomistic representation (gray: backbone atoms,

brown: side-chains atoms, blue: lysine residues, i.e. alternative linkage positions, on proximal chain). Middle: cartoon representation of secondary

structure. Right: coarse grained (CG) representation including supportive elastic network. (B) Residue-wise minimum distance (RMD in nm) for a

K48-linked diUb structure. Residues are colored according to RMD (nm) values shown in diagram. (C) Sketch-map projection of all CG simulation

structures (all linkage types). Coloring according to center of geometry distance between Ub subunits. Labels according to the linkage type illustrate

conformational characteristics of certain map regions.

https://doi.org/10.1371/journal.pcbi.1006589.g001
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simulated data: the main minimization procedure is applied to a subset of representative data

points (landmarks). All other points are projected based on their relative positions to those

landmarks.

To illustrate the effect of using sketch map on the RMD CVs of diUb, CG simulations of all

linkage types were projected into one graph (for further details on sketch-map algorithm and

projection see S1 Text). The resulting sketch-map (Fig 1C) has a circular shape and—quite

exceptionally for a nonlinear MDS procedure—allows a physical interpretation of the data-

point positions and an assignment of structural characteristics to certain regions: compact

structures (with a low center of geometry distance between the domains) are found in the cen-

ter of the map, while open structures lie in the outer region. Structures, where the two domains

are interacting via the β-sheets of the Ub monomers, appear on the left side, while those inter-

acting via the α-helices are on the right. Thus, we have obtained a physically interpretable land-

scape of diUb conformations based on which we can now not only cluster simulated structures

but even compare and classify the behavior of differently linked chains.

Conformational sampling

Coarse grained simulations. CG simulations were performed with a modified MARTINI

force field. They were started from two different open initial conformations for each diUb

linkage type (S2 Fig), which had been constructed by covalently linking two Ub monomers

(PDB-ID: 1UBQ). From each of those 16 initial conformations, six independent runs with dif-

ferent initial velocities were performed for 10 μs, resulting in a total CG simulation time of 960

μs (not accounting for the additional speed-up of CG kinetics by a factor of 4-8 compared to

atomistic simulations [24]). In contrast to comparable atomistic ones, the CG simulations

were able to visit repeatedly different conformations and escape local free-energy minima (S3

Fig). Thus, despite the fact that even this extensive CG sampling is not yet fully converged, the

Boltzmann inverted probability density (−kT ln(p)) in the 2D sketch map projection described

above can serve as a rough estimate for the free energy landscape of diUb conformations.

Fig 2 shows the space visited by the differently linked diUbs. All linkage types exhibit several

local minima in the conformational free-energy landscape in areas denoting compact struc-

tures (black points in Fig 2, insets show the values of the depths of the indicated minima). The

number, spatial extension and relative depth of the basins in the conformational landscape can

be used for a qualitative comparison with experimental ensemble data. These had shown that

most diUbs indeed constitute a highly dynamic ensemble of structures with transient non-

covalent contacts between the Ub subunits—with the notable exception of K48- and K6-linked

diUb [15]. This is in good qualitative agreement with the behavior found in the simulations, as

will be analysed in more detail below. A qualitative visual inspection of the visited areas of the

landscape yields—not unexpectedly—large similarities for linkage types that are located in

close proximity on the Ub surface, such as K6 and K11, K29 and K33, or K63 and M1. Notably,

K27-linked diUb stands out. In particular, it differs significantly from K29- and K33-linked

diUb—in spite of the sequence proximity—which is in good agreement with experimental

observations [16, 31]. A more quantitative comparison of the linkages is presented below.

Atomistic simulations. Atomistic simulations were performed with two types of initial

structures: (1) twelve simulations per linkage type were started from the same open conforma-

tions as the CG simulations (but with a runtime of 50 ns each) which results in a total simula-

tion time of 4.8 μs; (2) from CG conformations that were backmapped to the atomistic level

following ref. [32] (the backmapped structures are shown in S4 Fig). In the latter case, struc-

tures were extracted from the four lowest free energy minima of the CG landscapes of each

linkage type and simulated for 10 ns each, additionally 10 structures were selected randomly

Dual-scale simulations of ubiquitin dimers
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around each of those minima (simulated for 3 ns each) which sums up to *1.3 μs simulation

time for the backmapped structures. Note that the overall computational effort spent on the

atomistic simulations was comparable to that for the CG ones.

All atomistic simulations were projected into the respective CG free energy landscapes

(blue dots in outer panels in Fig 3 and S5 Fig). Naturally, the timescale limitations and the

local trapping in metastable states hinders the atomistic sampling which does not completely

cover the entire landscape found in the CG simulations. Nevertheless, the overall agreement

between the atomistic and the CG sampling is remarkable. The general outline of the areas

covered by the free atomistic and CG simulations is very similar. Often the free atomistic simu-

lations get arrested in metastable states before they reach the minima found by the CG models.

Validation of these stable structures was therefore done via backmapping. Insets in Fig 3 show

Fig 2. Conformational landscapes of diUb. Sketch-map projected RMD data. Black circular shapes: rim of combined

landscape of all linkage types (Fig 1C). Colored maps: Boltzmann-inverted probability distributions from CG simulations of

individual linkage types. Black points: five lowest free-energy minima (respective energies shown in insets).

https://doi.org/10.1371/journal.pcbi.1006589.g002

Fig 3. Comparison of atomistic and CG simulations. Colored heatmaps in center: CG energy landscapes of K48- and

K63-linked diUb (as in Fig 2). Outer panels: CG data in gray scale with data from atomistic simulations from open

initial conformations superimposed as blue dots. Red points: experimental PDB structures. Bottom insets: Zoom with

data from atomistic simulations started from back-mapped CG structures as blue dots (violet points: initial structures).

https://doi.org/10.1371/journal.pcbi.1006589.g003
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that atomistic simulations for K48- and K63-linked diUb, which had been started from back-

mapped CG structures, do not leave the low-free energy areas of the CG model. In some cases,

even the shape of the CG basins is reproduced. A similar agreement is found for the other link-

age types (S5 Fig). Further validation of the simulated conformational space is provided by

comparison with experimental diUb structures. For K48-linked diUb, CG simulations found a

low energy basin (see also S4 Fig) which is very close to the X-Ray structure (PDB-ID: 1AAR)

and two NMR structures (PDB-ID: 2BGF, 2PEA). Other experimental structures of K48- and

K63-linked diUb (determined under different experimental conditions) lie in regions that had

been visited by the CG model, albeit at the border of the simulated landscapes.

Interpretation of linkage-dependent properties

In the following, we present a more detailed analysis of the conformational space visited by the

diUb, with the aim to better understand the differences and similarities between the linkages,

identify linkage-dependent surface properties of the chains, and relate them to experimental

data.

Comparison of projections. As a first step, we aimed for a quantitative comparison of the

2D projections of the conformational landscapes. To this end, we tested several metrics that

have been developed to assess the similarity of distributions and found that the so-called Earth

Mover Distance (EMD) [33–36], widely used in the computer vision and image retrieval com-

munity, was particularly well suited for the 2D landscapes (for a detailed description, see S1

Text). The EMD values between all projections in Fig 2 are shown in Fig 4A. A low EMD value

indicates a particularly high degree of conformational similarity between two linkages, as is the

case for K6 and K11, or K63 and M1, while, in contrast, the conformational landscapes of

K11- and K27-linked diUb are very dissimilar (Fig 4B). The similarity/dissimilarity of all link-

age types was visualized by arranging them according to their respective pairwise EMDs (again

by employing a multi-dimensional scaling technique, see S1 Text). The result of this analysis

(Fig 4C) confirms what had already been proposed upon visual inspection of Fig 2. K27, K48,

and the K6/K11 pair are positioned in the outer regions of the graph, i.e. they stand out with

conformational landscapes that are quite dissimilar to each other. The remaining linkage types

(M1/K63 and K29/K33) are positioned more centrally, i.e. they share certain structural features

with other linkages. Interestingly, these similarities/dissimilarities correlate well with recent

proteomics studies. It was shown, for example, that K27-linked diUb binds to a set of proteins

that differs from that binding to K29- and K33-linked diUb [31]. Similarly, K27-and

K48-linked diUb bind to different proteins [37], although results obtained in vitro indicate

that they may also share common interaction partners [16].

The interdomain interface. Next, we used the simulation data to obtain a molecular view

on the the conformational (dis)similarities found in the mathematical analysis and relate them

to linkage type specificity. As shown in Fig 1C, the position on the sketch-map projection can

be connected to structural characteristics of the relative position of the two Ub subunits and

consequently the part of the surface through which they are interacting. Analysis of the solvent

accessible surface area (SASA) can provide insight into the nature of the contacts between the

Ub subunits. The interface surface area

SAinterface ¼ SASAdistal þ SASAproximal � SASAdiUb ð1Þ

can be separated into apolar (a-SA) and polar (p-SA) contributions. Fig 5A shows the diUb

landscape which was colored according to the polarity of the SAinterface of the respective struc-

tures. Areas, where the a-SA or p-SA values are high, e.g. where the interface between the distal

and proximal domain is dominated by either hydrophobic or polar contacts, are to some extent

Dual-scale simulations of ubiquitin dimers
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separated on the landscape. Comparison with landscapes of certain linkage types (Fig 2) shows

that the character of the interface in diUb depends on the linkage position. For example, the

landscape sampled by K48-linked diUb coincides with regions in Fig 5A with predominantly

apolar contacts between the subunits. In Fig 5B, the interface character is indicated for each

linkage type on the left hand side of the circles (which were positioned as in Fig 4C; the size of

blue and red areas corresponds to average a-SA and p-SA values; for details, see S1 Text).

Fig 4. Comparison of 2D projections. (A) Normalized earth mover distances (EMDs) between all projections in Fig 2

(i.e. all linker types). (B) Comparison of conformational landscapes to illustrate the EMD metric: all CG simulations

(black); K11- and K27-linked diUb (pink and violet; EMD of 1.0). (C) 2D arrangement of linkage types based on their

pairwise EMDs (i.e. according to (dis)similarity).

https://doi.org/10.1371/journal.pcbi.1006589.g004

Fig 5. Characteristics of contact interface between Ub subunits from CG simulations. (A) Mean interface surface area between distal and proximal

chain on sketch-map projection divided in polar and apolar parts. (B) Circles positioned as in Fig 4C. Left half of circles show interface character, e.g.

K27 has the most polar, K6 and K48 the most apolar interface. Right half of circles shows the accessibility of four known interaction patches on the

distal and proximal chain. (C) Interaction patches of Ub.

https://doi.org/10.1371/journal.pcbi.1006589.g005
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While K6- and K48-linked diUb form hydrophobic contacts, the inter-domain contacts are

mostly polar in K27-linked diUb. The other linkage types lie in between these extreme cases.

In the past, certain regions, so called patches, on the Ub surface were reported, which play

an important role in the recognition by proteins harboring ubiquitin-binding domains (UBDs)

and which eventually determine the fate of proteins modified by different types of Ub chains

[4]. Therefore, it was proposed that the linkage-dependent (in)accessibility of those areas may

be a reason for UBD specificity for certain Ub chains. We determined the accessibility of four

known Ub patches (Ile44-, Ile36-, Phe4-patch as well as the TEK box [4]) on the simulated

diUb structures by comparing their SASA with that in Ub monomers (for details see S1 Text).

The right hand side of the circles in Fig 5B shows the obtained patch accessibility estimates for

each Ub subunit in all diUbs. Patch accessibility on the distal Ub is comparable for all linkages

(except for the distal hydrophobic patches Ile44 and Ile36, which are covered slightly more in

K6-, K11- and K48-linked diUb). This limited linkage dependence is not surprising since the

distal Ub is connected via its C-terminus, and not a lysine residue. Patch accessibility on the

proximal Ub depends more strongly on the linkage position. For K48-linked diUb, the patch

coverage is very similar on the distal and proximal subunits, which agrees well with the highly

symmetric dimer found in the crystal structure [6]. The Phe4-patch and the TEK-Box are highly

covered on the K29- and K33-linked proximal Ub. In M1-, K63- and K27-linked diUb, all

patches are covered only moderately. Note that accessibility of individual patches is probably

not the only determinant in selective Ub chain recognition, the relative spatial arrangement of

several patches on different monomers may also be important. The simulated conformational

ensembles now offer the opportunity to search for structures (sub-ensembles) which present

the patches in certain arrangements for conformational selection and binding.

Residue-wise accessibility. Quantitated differences in chemical shifts (CSP) from NMR

experiments have been interpreted as an indicator how much a certain residue in one Ub sub-

unit is affected by the proximity of the second Ub in the dimer [15]. For comparison with

these data, we calculated from the MD simulations the mean loss of SASA for each residue in

one Ub subunit due to the presence of the second Ub (ΔSASA), as a measure which residues of

diUb are involved in inter-domain contacts. In Fig 6 the residue-wise ΔSASA values from the

CG simulations are presented alongside the CSP values from Castaneda et al. [15], displaying a

remarkable correlation for all differently-linked diUbs (though slightly less for K27)—in spite

of the methodological differences, by which these data sets were procured. Shaded areas in Fig

6 indicate regions were ΔSASA is low, i.e. which are accessible to solvent (or potential interac-

tion partners). As already seen for the patches (Fig 5B), the change in solvent accessibility of

the distal Ub is similar for all linkage types. This is different for the proximal Ub, where the

surface accessibility is significantly affected by the linkage type. The high correlation with the

experimental CSP data gives further credibility to the simulation ensemble.

Discussion

By the use of dual-scale MD simulations and a detailed mathematical analysis of the thus

obtained conformational ensembles, we obtained insights into the properties of differently

linked Ub dimers in solution.

Residue-wise minimum distances turned out to be suitable CVs to represent the conforma-

tional space of diUb, in particular with a sketch-map projection into a 2D free energy land-

scape. We showed that this allows an intuitive examination of the conformational space, as

well as qualitative and quantitative assessment of the (dis)similarities of different linkage types.

In the present case, we were able to validate data that were obtained from a CG force field with

atomistic simulations and compare all native diUb types. This newly developed approach for

Dual-scale simulations of ubiquitin dimers
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diUb should be more generally applicable to other problems where domains perform complex

movements relative to each other.

For diUb, we found that the character of inter-domain contacts depends strongly on the

linkage position. Thus, the surface of Ub, which is accessible for contacts with interaction

Fig 6. Residue-wise ΔSASA values (black bars, top) compared to NMR data (blue bars, bottom). ΔSASA calculated

from CG simulations show the mean loss of accessibility for each residue and therefore the extent of interaction inside

the dimer (error bars were estimated from the variance of ΔSASA for the 12 independent simulations for each linkage

type). Chemical shift differences (CSP) between the distal (left) or proximal (right) Ub units in the dimer and the

monomeric Ub from [15] made available by D. Fushman (no experimental data is available for M1-linked dimers).

Shaded areas show regions with low ΔSASA values indicating potential interaction faces for diUb recognition. Red

arrows indicate linkage position. Note that high CSP values can in part also originate from chemical modification of

the lysine side chain on the proximal subunit and the C-terminus on the distal subunit [15].

https://doi.org/10.1371/journal.pcbi.1006589.g006
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partners, is altered by ubiquitylation, particularly on the proximal monomer. However, some

diUb show very similar behaviour, e.g. K6 and K11 or K29 and K33, which is in agreement

with experimental results and confirms the redundant character of the ubiquitin code [15].

Coverage of distal residues is comparable for all linkage types. We therefore conclude that the

most distal Ub in a Ub chain makes the least contribution to specificity. Hence, the proximal

Ub, which is ubiquitylated itself, holds the major information about the actual function of the

respective chain type. This provides a hint why sometimes a certain minimum Ub chain length

is required for recognition by UBDs [38]. It may also indicate that deubiquitylating enzymes,

which perform distal trimming of Ub chains [39], have to bind to at least two of the very last

subunits of a chain to obtain linkage type specificity. In the future, it will be highly interesting

to study the behavior of Ub moieties, which are in the interior of a longer chain and conse-

quently should display a mixture of unspecific distal and specific proximal properties. This will

extend our knowledge about relevant patterns underlying the Ub code. Work provided here

opens up a whole realm of possible applications to questions related to protein-protein interac-

tions inside as well as outside of the Ub signaling system.

Materials and methods

MD simulations

All simulations were performed with the GROMACS simulation package v5 [40]. Temperature

and pressure were kept at 300 K and 1 bar using the velocity rescaling thermostat and the Par-

rinello-Rahman barostat, respectively. The Verlet cut-off scheme was applied. The LINKS

algorithm was used to constrain all bonds. The default md (leap-frog) integrator was used.

All open initial conformations of diUb were constructed from two Ub units (PDB-ID:

1UBQ) by placing the Ub moieties next to each other so that the C-terminal distal carboxyl

group and the proximal lysine side chain were closer than 0.3 nm. For each linkage type, a sec-

ond conformation was generated. For this, the relative orientation between the distal and prox-

imal Ub was altered. For all simulations, diUb was placed in a 10×10×10 nm dodecahedron

box to avoid interactions between periodic copies. All structures were relaxed by energy mini-

mization before and after solvation. Solvated systems were equilibrated in three short runs of

200 ps: (1) under constant temperature (NVT) with a position restrained backbone; (2) under

constant temperature and pressure (NPT) with a position restrained backbone; (3) NPT with-

out any position restrains.

Atomistic simulations

For atomistic MD simulations, the GROMOS96 54a7 force field [41] with the SPC/E water

model was used. The integration time step was 2 fs with a cut-off for short range van der

Waals interactions of 1.4 nm. Electrostatics were treated with the Particle Mesh Ewald scheme

with a 1.4 nm cut-off. Coarse grained diUb structures, which were used for atomistic simula-

tions, were back-mapped with BACKWARD [32].

The force field had to be complemented to enable the simulation of covalently linked

dimers via an isopeptide bond. The respective parameters were chosen in analogy to the regu-

lar peptide bond of the force field.

Coarse grained simulations

The MARTINI force field v2.2 [42, 43] was used as basis for all CG simulations. The MARTINI

non polarizable coarse grained water was used as solvent. A 10 fs time step could be used due

to the soft elastic network potentials. The cut-off distance for short range van der Waals
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interactions was set to 1.1 nm and electrostatics were treated by the reaction field method with

a cut-off distance of 1.1 nm and a dielectric constant of 15.

For nonbonded interactions a modified MARTINI parameter set where all protein-water

interactions are increased by 0.35 kJ
mol was used (kindly provided by D. H. de Jong, University of

Muenster, personal communication). Structure and topology input files for CG simulations

were created with the martinize script, v2.4 available at the MARTINI project website. For con-

struction of topologies of diUb, this script was modified and functionality for a formation of

an isopeptide bond was added. All coarse grained simulations were performed using the

ELNEDIN force field [44] for bonded interactions. The MARTINI ff was adapted to describe

the structural and dynamic properties of diUb as accurate as possible. This was achieved in

three steps. Firstly, by parametrization of an isopeptide linker, which is not available in MAR-

TINI. Secondly, by determination of a favorable secondary structure in solution for assign-

ment of the strength of non-bonded backbone interactions. For further details please see S1

Text. Finally, a supportive network was derived to reproduce the intrinsic dynamic properties

of Ub correctly. The Iteratively-refined Distance-based Elastic Network (IDEN) method [45]

was used to obtain a supportive network. This approach requires an ensemble of reference

conformations which was composed from atomistically simulated structures and already used

for secondary structure determination. Best results were achieved using a maximum bond dis-

tance of 1.0 nm and an initial force constant of 800 kJ
mol. Pseudobonds were excluded by a vari-

ance threshold of 0.015 nm and explicitly included by a covariance threshold of 0.7 nm.

Refinement against distance variance differences was achieved using 50 ns long reference sim-

ulations with a scaling factor of 4000 over 30 iteration steps. Pseudobonds with a final force

constant of 1 kJ
mol or lower were removed from the topology to prevent cut-off errors and thus

terminations in subsequent simulations.

Sketch-map

Sketch-map v3.0 was used. RMD values were computed every 100 ps and 10 ps from CG and

atomistic simulations, respectively. Based on the high-dimensional distance distribution of CG

data, the sigmoid function parameters σ = 5.9, A = 12, B = 4, a = 2, b = 4 were chosen. Land-

marks (N = 2000) were selected from CG simulations only (S1 Fig). This selection was done

randomly in combination with the minmax option with γ = 0.1. For further details please see

the Results section and S1 Text.

Supporting information

S1 Text. Supplementary information. This file contains further details about the coarse

grained simulation setup and data analysis which were performed to produce the figures.

(PDF)

S1 Fig. Sketch-map landmarks. Conformations (N = 2000) were selected from CG simula-

tions as landmarks for Sketch-map (red points), after 10 steps of optimization. Contour of

landscape of all Ub dimers as black line.

(TIF)

S2 Fig. Initial conformations of diUb used for CG and atomistic simulations. Open dimers

were constructed from two monomers and positioned in a way that an iso-peptide bond can

be formed.

(TIF)
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S3 Fig. Center of geometry distance of all CG simulations. Distance between Ub moieties

inside a dimer as a function of time, separated by linkage type. Tendency to form stable aggre-

gates is linkage dependent.

(TIF)

S4 Fig. Structures obtained from low energy areas of CG simulations. CG structures were

back-mapped as described in SI text to obtain an atomistic representation. The distal Ub sub-

unit is always at the bottom. Secondary structure motives are colored in yellow (β-sheet) and

purple (α-helix). Hydrophobic patch is shown as blue spheres on both subunits.

(TIF)

S5 Fig. Comparison of atomistic and CG simulations. Free-energy landscapes of diUb as col-

ored heatmaps in the middle. Same heatmaps are shown in gray scale on the outer part of the

figure. Data from atomistic simulations which were started from open conformations are

shown as blue points. Zoomed insets with atomistic simulations started from back-mapped

CG structures shown as blue points (start of simulations as violet points).

(TIF)

Acknowledgments

The authors thank Djurre de Jong-Bruinink for providing the modified MARTINI parameters

and David Fushman for making experimental CSP values available. We are grateful to Tatiana

Meshcheryakova for atomistic simulations and to Tobias Lemke for careful reading of the

manuscript.

Author Contributions

Conceptualization: Andrej Berg, Oleksandra Kukharenko, Christine Peter.

Data curation: Andrej Berg.

Formal analysis: Andrej Berg, Oleksandra Kukharenko.

Funding acquisition: Christine Peter.

Investigation: Andrej Berg.

Methodology: Andrej Berg, Oleksandra Kukharenko, Christine Peter.

Resources: Christine Peter.

Supervision: Christine Peter.

Validation: Martin Scheffner, Christine Peter.

Visualization: Andrej Berg, Oleksandra Kukharenko.

Writing – original draft: Andrej Berg, Oleksandra Kukharenko, Christine Peter.

Writing – review & editing: Martin Scheffner, Christine Peter.

References
1. Hershko A, Ciechanover A. The Ubiquitin System. Annu Rev Biochem. 1998; 67(1):425–479. https://

doi.org/10.1146/annurev.biochem.67.1.425 PMID: 9759494

2. Kravtsova-Ivantsiv Y, Sommer T, Ciechanover A. The Lysine48-Based Polyubiquitin Chain Proteaso-

mal Signal: Not a Single Child Anymore. Angew Chem Int Ed. 2012; 52(1):192–198. https://doi.org/10.

1002/anie.201205656

Dual-scale simulations of ubiquitin dimers

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006589 November 16, 2018 12 / 14

http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006589.s004
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006589.s005
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006589.s006
https://doi.org/10.1146/annurev.biochem.67.1.425
https://doi.org/10.1146/annurev.biochem.67.1.425
http://www.ncbi.nlm.nih.gov/pubmed/9759494
https://doi.org/10.1002/anie.201205656
https://doi.org/10.1002/anie.201205656
https://doi.org/10.1371/journal.pcbi.1006589


3. Swatek KN, Komander D. Ubiquitin Modifications. Cell Res. 2016; 26(4):399–422. https://doi.org/10.

1038/cr.2016.39 PMID: 27012465

4. Komander D, Rape M. The Ubiquitin Code. Annu Rev Biochem. 2012; 81(1):203–229. https://doi.org/

10.1146/annurev-biochem-060310-170328 PMID: 22524316

5. Dikic I, Wakatsuki S, Walters KJ. Ubiquitin-binding Domains—from Structures to Functions. Nat Rev

Mol Cell Biol. 2009; 10(10):659–671. https://doi.org/10.1038/nrm2767 PMID: 19773779

6. Cook WJ, Jeffrey LC, Carson M, Chen Z, Pickart CM. Structure of a diubiquitin conjugate and a model for

interaction with ubiquitin conjugating enzyme (E2). J Biol Chem. 1992; 267(23):16467–71. PMID: 1322903

7. Weeks SD, Grasty KC, Hernandez-Cuebas L, Loll PJ. Crystal structures of Lys-63-linked tri- and di-ubi-

quitin reveal a highly extended chain architecture. Proteins: Struct, Funct, Bioinf. 2009; 77(4):753–759.

https://doi.org/10.1002/prot.22568

8. Komander D, Reyes-Turcu F, Licchesi JDF, Odenwaelder P, Wilkinson KD, Barford D. Molecular dis-

crimination of structurally equivalent Lys 63-linked and linear polyubiquitin chains. EMBO reports. 2009;

10(5):466–473. https://doi.org/10.1038/embor.2009.55 PMID: 19373254

9. Lai MY, Zhang D, LaRonde-LeBlanc N, Fushman D. Structural and biochemical studies of the open

state of Lys48-linked diubiquitin. Biochim Biophys Acta. 2012; 1823(11):2046–2056. https://doi.org/10.

1016/j.bbamcr.2012.04.003 PMID: 22542781

10. Varadan R, Walker O, Pickart C, Fushman D. Structural Properties of Polyubiquitin Chains in Solution.

J Mol Biol. 2002; 324(4):637–647. https://doi.org/10.1016/S0022-2836(02)01198-1 PMID: 12460567

11. Varadan R, Assfalg M, Haririnia A, Raasi S, Pickart C, Fushman D. Solution Conformation of Lys63-

linked Di-ubiquitin Chain Provides Clues to Functional Diversity of Polyubiquitin Signaling. J Biol Chem.

2003; 279(8):7055–7063. https://doi.org/10.1074/jbc.M309184200 PMID: 14645257

12. van Dijk ADJ, Fushman D, Bonvin AMJJ. Various Strategies of Using Residual Dipolar Couplings in

NMR-driven Protein Docking: Application to Lys48-linked Di-ubiquitin and Validation against 15N-relax-

ation Data. Proteins: Struct, Funct, Bioinf. 2005; 60(3):367–381. https://doi.org/10.1002/prot.20476

13. Ryabov Y, Fushman D. Structural Assembly of Multidomain Proteins and Protein Complexes Guided by

the Overall Rotational Diffusion Tensor. J Am Chem Soc. 2007; 129(25):7894–7902. https://doi.org/10.

1021/ja071185d PMID: 17550252

14. Liu Z, Gong Z, Jiang WX, Yang J, Zhu WK, Guo DC, et al. Lys63-linked Ubiquitin Chain Adopts Multiple

Conformational States for Specific Target Recognition. eLife. 2015; 4:e05767. https://doi.org/10.7554/

eLife.05767

15. Castañeda C, Chaturvedi A, M Camara C, E Curtis J, Krueger S, Fushman D. Linkage-specific Confor-

mational Ensembles of Non-canonical Polyubiquitin Chains. Phys Chem Chem Phys. 2016; 18

(8):5771–5788. https://doi.org/10.1039/C5CP04601G

16. Castañeda CA, Dixon EK, Walker O, Chaturvedi A, Nakasone MA, Curtis JE, et al. Linkage Via K27

Bestows Ubiquitin Chains with Unique Properties among Polyubiquitins. Structure. 2016; 24(3):423–

436. https://doi.org/10.1016/j.str.2016.01.007

17. Varadan R, Assfalg M, Raasi S, Pickart C, Fushman D. Structural Determinants for Selective Recogni-

tion of a Lys48-Linked Polyubiquitin Chain by a UBA Domain. Mol Cell. 2005; 18(6):687–698. https://

doi.org/10.1016/j.molcel.2005.05.013 PMID: 15949443

18. Kniss A, Schuetz D, Kazemi S, Pluska L, Spindler PE, Rogov VV, et al. Chain Assembly and Disassem-

bly Processes Differently Affect the Conformational Space of Ubiquitin Chains. Structure. 2018; 26

(2):249–258.e4. https://doi.org/10.1016/j.str.2017.12.011 PMID: 29358025
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