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ABSTRACT Electron microscopy (EM) is experiencing a revolution with the advent of a new generation of Direct Electron
Detectors, enabling a broad range of large and flexible structures to be resolved well below 1 nm resolution. Although EM tech-
niques are evolving to the point of directly obtaining structural data at near-atomic resolution, for many molecules the attainable
resolution might not be enough to propose high-resolution structural models. However, accessing information on atomic coordi-
nates is a necessary step toward a deeper understanding of the molecular mechanisms that allow proteins to perform specific
tasks. For that reason, methods for the integration of EM three-dimensional maps with x-ray and NMR structural data are being
developed, amodeling task that is normally referred to as fitting, resulting in the so called hybridmodels. In this work, we present a
novel application—3DIANA—specially targeted to those cases in which the EM map resolution is medium or low and additional
experimental structural information is scarce or even lacking. In this way, 3DIANA statistically evaluates proposed/potential
contacts between protein domains, presents a complete catalog of both structurally resolved and predicted interacting
regions involving these domains and, finally, suggests structural templates tomodel the interaction between them. The evaluation
of the proposed interactions is computed with DIMERO, a newmethod that scores physical binding sites based on the topology of
protein interaction networks, which has recently shown the capability to increase by 200% the number of domain-domain inter-
actions predicted in interactomes as compared to previous approaches. The new application displays the information at a
sequence and structural level and is accessible through a web browser or as a Chimera plugin at http://3diana.cnb.csic.es.
INTRODUCTION
Electron microscopy (EM) is experiencing a revolution
with the advent of a new generation of Direct Electron
Detectors (1) and the improvement of image processing
algorithms, enabling a broad range of large and flexible
structures to be resolved well below 1 nm resolution
(2–4). Although EM approaches are evolving to a near-
atomic resolution, for many macromolecular complexes
the attainable resolution might not be enough to directly
determine their structure at atomic level. The latter may
be the case of either small or very flexible complexes
studied by single particle analysis methods, or structures
coming from subtomogram averaging. These medium res-
olution cases, above 5 Å resolution, are the target of this
work. Still, in all cases, the link between EM maps and
defined chemical entities is a necessary step toward a
deeper understanding of the molecular mechanisms that
allow proteins to perform specific tasks. For this reason,
in those cases in which EM data do not lead themselves
to near-atomic resolution structures, an effort is made to
generate pseudoatomic models combining EM maps with
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high-resolution structures obtained with other techniques,
generating the so called hybrid models. Many methods
for the integration of medium resolution EM three-dimen-
sional (3D) maps with high-resolution structures have been
proposed, including determination of secondary structure
elements and sequence assignment (5,6), modeling of
missing backbone segments with experimental data (7,8)
and fitting of x-ray or NMR structures into EM density
maps (9–11). The case of EM maps with a resolution better
than ~5 Å may be approached in a rather direct manner, in
many cases leading to atomic-accuracy models (12,13). In
this work the term fitting will be used to appoint the pro-
cess of allocating atomic models into a density map,
whereas the term docking will be used to describe the
structural modeling of protein interactions.

Many medium resolution EM fitting approaches perform
a six-dimensional search to localize the positions where the
atomic structures maximize a certain scoring function with
respect to the density map. The cross correlation between
the atomic density and the EM map has been shown to be
a good prediction score (14). However, other functions,
including difference least squares, envelope scoring, or Lap-
lacian-filtered correlation can be useful at different resolu-
tion levels (15). Many times, EM fitting involves multiple
subunits and thus, protein-protein contacts need to be
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considered to optimize the atomic interactions among the
fitted structures. To satisfy biophysical restraints between
the atomic contacts of the proteins, EM fitting is combined
with protein docking methods. For example, ATTRACT-EM
(16) combines a Gaussian overlap model to fit the subunits
within an EMmap with the atomic force field of the docking
method ATTRACT (17) to refine the resulting poses.
Another example is Multi-Fit (18). This latter approach con-
sists of two steps. First, a segmentation of the density map so
that the cross correlation between the segmented regions
and the atomic structures is computed to determine their po-
sitions within the volume. Second, the docking method
PatchDock (19), based on geometric complementarity, is
used to refine the atomic contacts between the different pro-
teins. Furthermore, EMfit (20) is a method that can perform
global and local fitting by means of the sum of densities at
atomic sites, the lack of atoms in low density regions, and
the consideration of atomic clashes. Finally, some general
docking methods can also include EM maps as additional
restraints, improving the conformational search of solutions
and adding additional terms to their scoring functions. A
good example of the latter is the HADDOCK-EM (21) pro-
tocol, which incorporates a local cross correlation term to
the energy-like scoring function of HADDOCK (22), a
high accurate docking approach based on energy minimiza-
tion and geometric restraints. A review of the results ob-
tained during the first Modeling Challenge can be found
in (23). It is in this context that we place our work, devel-
oping, to our knowledge, a novel approach to guide the
fitting of high-resolution structures into medium resolution
EM maps.

The novelty of the work we present is that we do not aim
at providing a modeling method per se but, instead, we bring
the knowledge on reported protein-protein-interactions
(PPIs) to the fitting process, somehow mimicking the role
of an expert in the complex under investigation who has at
his fingerprints all the relevant published information. The
current amount of interactomics data have been proved to
be efficient to predict interactions between protein domains
(24) and thus, useful to find potential contacts between
interacting proteins. In addition, the number of experimen-
tally resolved domain-domain interacting (DDI) structures
covers a broad range of protein interactions (25) allowing
to model their quaternary structure. The low computational
cost of these statistical approaches allows a fast preliminary
prediction of potential contacts between protein subunits or
modeling the structure of interactions in a protein complex.
However, in many cases statistical methods are not suitable
when knowledge-based information is not available and
thus, ab initio approaches based on structural geometry or
biophysical models are needed. Furthermore, both types of
approaches are not exclusive and can be combined to
achieve more accurate results.

In this way, we present, to our knowledge, a new web
platform integrating knowledge-based tools and prediction
methods, such as interactomics data providing binding sites,
potential interacting partners, and structural templates for
template-based docking. This type of information may be
helpful to discern among a number of different possible in-
teractions between the different subunits of a protein com-
plex, assisting to decide on their mutual orientations
within the EM 3D map before starting a more detailed anal-
ysis with modeling and refinements tools (12,26). Moreover,
the application includes a collection of structural templates
between protein domains that can be used to model the
structure of those proposed interactions between subunits
involving domain family pairs with solved structures of their
interaction. Finally, the web platform also integrates a fast
and accurate protein-guided docking method, PatchDock
(19), to provide a modeling tool when knowledge-based
data is not available. The application is accessible through
a user-friendly web interface at http://3diana.cnb.csic.es
and, also, through Chimera viewer (27), installing a plugin
developed to interface the web browser with the desktop
viewer. We present in the main text two use cases that illus-
trate how the information provided by 3DIANA can be used
to propose a first model of the quaternary structure of
protein complexes (other examples are presented in the Sup-
porting Material).
MATERIALS AND METHODS

3DIANA is a web platform that comprises a collection of knowledge-

based and computational tools for the study of protein interactions and

quaternary structure of protein complexes. Considering the limited resolu-

tion of the targeted EM maps, we mainly focus our work at the protein

domain level rather than at individual amino acids. In this way, 3DIANA

start point is the evaluation and analysis of all possible DDIs correspond-

ing to the complex under study, calculated following a probabilistic

approach where a large set of interactomics information has been taken

into account (24). In this way, the user can easily recognize which DDIs

can be mapped to solved structures or which is the most probable set of

DDIs for a particular specimen at hand, finding starting points for building

a first model or judging if a proposed structure is compatible, or not

compatible, with the published body of biomedical information. Once a

given domain-domain architecture has been selected, 3DIANA allows

the user to explore instances in which experimental 3D structures corre-

sponding to protein domains of the same type (of the same Pfam family)

have been reported, so that these structures can be overlaid on the cryo-

EM map, suggesting possible interacting templates. In this way, given

one or more protein structures, the application allows to map known bind-

ing regions of their domains, perform structural docking based on DDI

templates (28) and, finally, infer interactions among the different domain

pairs of the proteins.
Building 3DIANA: external databases and
methods

3DIANA is a web platform designed to provide experimental based as

well as predicted interactomics data to assist users during the fitting of

protein structures within an EM density map. The main utilities of the

platform include the identification of those protein domains more likely

to interact, the use of experimentally solved structures to model interac-

tions between subunits, and resorting to a protein docking tool to predict
Biophysical Journal 110(4) 766–775
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potential poses between proteins when no further experimental data is

available. The information provided by the platform is related to protein

domains and, thus, the first step is to determine the domains of the

different subunits. Once the protein domains have been defined, 3DIANA

evaluates which DDIs are more likely to occur using DIMERO scores

(see DIANA toolbox: protein interaction analysis tools). Also, the

3DID (29) database has been integrated into the platform to check if

any of the potential DDIs were experimentally solved and, in this case,

to allow the use of these structures as templates to perform template-

based docking with PatchDock (19).

3DIANA uses protein domains as a reference system to annotate exper-

imental information and to infer new interactomics data. Multiple method-

ologies have been proposed to determine protein domains based on

structural information (30,31) or protein sequences (32,33). In this work,

protein domains are defined according to the Pfam classification (34),

where domains are identified by sequence patterns using hidden Markov

models (HMM). To delineate domains in protein sequences, 3DIANA in-

cludes the HMMER (35) package and the HMMs database of Pfam.

Thereby, the first operation that 3DIANA performs when a complex formed

by a defined set of proteins is submitted, is the computation of the whole set

of protein domains.

Several studies have found that PPIs are mediated by a limited catalog of

DDIs (36–43) and thus, DDI information can be useful to model interac-

tions. However, the number of experimentally determined DDIs is limited

(24,36), and for most PPIs there is no information about their possible

interacting domains. To alleviate this problem, recently we have proposed

DIMERO, a new approach to predict interactions between protein domains

based on PPI networks and neighborhood cohesiveness. DIMERO is able to

increase by 200% the fraction of DDI predictions available so far (24),

providing higher reliability than previous methods. 3DIANA includes

this approach to increase the range of experimental information, adding

DIMERO predictions and providing an alternative source when no experi-

mental data is available. In this manner, the user can predict potential con-

tacts among the domains of different proteins when there is no structural

evidence. Naturally, our approach, based on protein domains, cannot be

directly applied to intrinsically disordered Proteins, because this is one of

the limitations of this method.

DIMERO scores were calculated using STRING interactomics networks

(44). The STRING database contains PPIs from experimental sources and

prediction methods and currently it is one of the most comprehensive data-

bases covering interactomics networks. This information has been inte-

grated into 3DIANA, allowing the user to retrieve lists of PPI data

involving two particular domains. Browsing these PPIs offers the possibility

to find additional information about known interactions involving the two

domains of interest, including experimental data, information from predic-

tion methods, and scientific literature.
Once possible protein domain interactions have been identified, 3DIANA

provides (annotate) additional information, such as interactomics data

related to binding sites or directly proposes structural templates—if they

exist—for protein docking. To that end, we have used the 3DID database

(29) as a source of interactomics knowledge to annotate binding regions

and to provide a collection of DDI templates for template-based docking.

The 3DID database is a compilation of interacting domain pairs for which

3D coordinates are available from the Protein Data Bank (PDB) (45). 3DID

includes intra- and intermolecular interactions between protein domains.

However, the main purpose of 3DIANA is the study of interactions between

proteins and therefore, only intermolecular interacting domain pairs were

considered.
Homologous pairs of proteins often interact using similar interacting

areas; however, they are not unique (46). To encapsulate this information,

3DID classifies DDI structures between two domain families in clusters ac-

cording to the geometry of the DDIs (47). Domains within a Pfam family

can then be aligned to its consensus sequence (most probable domain

sequence in the family) and the interacting residues of the different domains

can be mapped on the same reference. Finally, for each domain family, all

clusters resulting from the interactions with the rest of the Pfam families are
Biophysical Journal 110(4) 766–775
grouped again based on the number of common interacting residues map-

ped on the consensus sequence. As a result, each domain family comprises

a collection of global binding sites where the interacting residues can be

displayed on the consensus sequence.
3DIANA toolbox: protein interaction analysis
tools

DDI analysis

This tool allows the evaluation of potential contacts/interactions between

the domains of two selected proteins, highlighting which are the most prob-

able domain pairs to interact and, therefore, to be used in more detailed

modeling strategies. The application evaluates all possible domain pairs be-

tween the selected proteins independently of their structural conformation

and physical contacts. The evaluation process is performed with DIMERO

(24), a method that evaluates potential DDIs based on interactomics net-

works and neighborhood cohesiveness. DIMERO classifies DDIs in four

different categories: high confident predictions (HCP), medium confident

predictions (MCP), low confident prediction (LCP), and not significant

(NS) scores. These scores were obtained by analyzing the statistical perfor-

mance of the methodology in a particular benchmark (24) designed to eval-

uate the discriminative power to distinguish among interacting and

noninteracting domain pairs. The different classification scores were chosen

so that a domain pair classified as HCP, MCP, LCP, and NS had a probabil-

ity lower than 5%, 10%, 15%, and 25%, respectively, to be a noninteracting

domain pair. The tool displays all possible domain pair combinations with

their position in the protein sequences and the computed DIMERO scores.

Furthermore, when structural evidence exists for a particular domain pair,

this is indicated in the table. Selecting the different elements of the table,

the user can highlight concrete domain pairs in the protein structures.

Finally, this tool can be used to browse the PPIs involving a particular

domain pair, and directly accessing the STRING website to find additional

information.

Domain-domain binding analysis

3DIANA can be used to analyze the likelihood of the proposed physical

bindings occurring between the proteins and domains of a given candi-

date hybrid model. Interactions are calculated measuring the distances

between nonhydrogen atoms, so that proteins or domains with any pair

of nonhydrogen atoms closer than 6 Å are considered to interact. The

application displays the physical bindings between the subunits of a pro-

tein complex as a color code matrix where each element represents a bi-

nary interaction between two subunits of the complex, and its color shows

the best scored interacting domain pair between the subunits, as described

in DIMERO (24). Furthermore, for each interaction, all binding domains

between the interacting proteins are displayed in a table showing their po-

sitions in the sequences and mapping of their residues on the protein

structures. Finally, the binding domains are evaluated with DIMERO

and the scores measuring the interacting probability are included in the

table.

Domain binding sites analysis

The Domain Binding Sites tool is used to display known binding sites of

protein domains based on the information contained in 3DID structures.

The application offers a user-friendly interface to browse all the interactom-

ics information available in 3DID for the different binding sites of the pro-

tein domains. The domain binding sites are clustered according to the

number of common interacting amino acids and interface geometry, as

described in 3DID (29). The first level of clustering contains interactions

that share similar binding sites, whereas in the second level the interactions

are grouped in terms of the interacting partner domain family. The binding

sites for clusters and domains can be matched and displayed on the current

protein structures and sequences; a particular interaction can be retrieved
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aligning the domains of the same family at the sequence and structural level

(Fig. S3).

Domain-domain template docking

Another tool included in 3DIANA offers the possibility to perform dock-

ing between protein structures based on DDI structural templates. To this

end, when the application finds structural evidence of an interaction be-

tween two domains in different chains, the user can access the different

structural conformations of the interacting domain pair. The different

structures are clustered according to the geometric conformation of the

interfaces as described in 3DID (29). A user-friendly interface allows

matching and displaying the binding residues of the DDI templates on

the current protein structures and sequences. In addition, a sequence sim-

ilarity threshold can be set up to filter those DDIs that are under the

selected threshold. Indeed, it has been observed that homologous pairs

of interacting proteins often interact in the same way, thus, using the

same interface. Moreover, above 30% of sequence identity the interface

root mean-square deviation decreases significantly and, in general, the

higher the sequence identity, the more conserved is the structure of the

interaction (48). Thus, we strongly suggest that only templates with at

least 30% of sequence similarity should be used to compute DDI tem-

plate-based docking. However, it must be highlighted that there are

also cases in which homologous pairs of domains interact in completely

different ways (49). Finally, the application allows docking of two pro-

teins, aligning their domains with the domains of a selected template at

structural level (21).

Protein-protein guided docking

3DIANA integrates the PatchDock package (20) to perform protein-guided

docking. This tool offers the possibility to model the structure of interacting

proteins when knowledge-based information is not available or when the

interaction cannot be modeled using domain-domain templates; the individ-

ual structures of the interacting proteins are expected to be known. Patch-

Dock uses geometric hashing to maximize the shape complementarity of

the subunits, resulting in a highly efficient and fast approach. Finally, the

results are scored in terms of the surface complementarity and atomic con-

tact energy (50). PatchDock is a well-known package in the docking field

that has been tested in several works, proving its efficiency and perfor-

mance (51,52). The selection of PatchDock was made for two main reasons.

First, it can be guided; thus, the user can select the residues comprising the

binding sites. Second, its computational efficiency allows computing solu-

tions in a few minutes or even seconds.

DIANA interface

The web application is designed as a desktop-like environment, where the

different tools are organized in individual windows or widgets. The appli-

cation includes different 3D viewers (53) to display both the structure of the

submitted proteins and the DDI structures, easing the browsing of potential

binding sites or DDI template structures for protein docking. The applica-
tion includes a web form that allows the user to define the different subunits

of a protein complex combining different structures and chains. Finally, a

plugin for Chimera (27) is available to replace the main structural 3D

viewer and interface Chimera with the web browser.
Workflow of use

We envision two scenarios for 3DIANA to work for hybrid models. The

first one starts from a user-proposed hybrid model and 3DIANA evaluates

the probability for the interactions resulting from the proposed hybrid

model to be compatible with the current body of known interactomics in-

formation. The second application is aimed at helping the researcher to

build a hybrid model maximally compatible with known interactomics

data, rather than evaluating a proposed one. In the main text of this

work we are going to use two different examples. In the first case (911/

FEN1 complex), we will present the two types of scenarios indicated pre-

viously, whereas the second example (retinoid X receptor (RXR)/vitamin

D receptor (VDR) nuclear receptor) will be used to show how 3DIANA

models the interaction between two subunits using the template-based

docking approach. Several other examples are presented in the Supporting

Material.

911/FEN1 complex

Flap endonuclease 1 (FEN1) is a protein involved in DNA replication and

repair contributing to maintain the cellular genome integrity. To perform its

function, FEN1 is known to associate with the 911 complex, a heterotri-

meric ring that encircles DNA and serves as a mobile platform for different

enzymes (54–56). The structure of the FEN1/911 complex has not been

solved at the atomic level, although the atomic conformation of each of

the constituents is known. However, Querol-Audi et al. (57) determined

the quaternary structure of the complex at low resolution (18 Å) using sin-

gle-particle EM of negatively stained samples. Finally, an atomic model

was proposed, combining the existing high-resolution structures of the un-

bound components, which was further refined with molecular dynamics

simulations. Fig. 1 presents several views of this complex and the atomic

structure of its subunits, with the 911 ring shown in green and FEN1 in

red. Note that the three proteins composing the 911 ring are going to be

treated as if they were one single subunit, simply to make the interactomics

analysis and this presentation easier.

Scenario 1

This case shows how 3DIANA can provide valuable data for the structure

modeling of the FEN1/911 complex, exploring all possible DDIs known

to exist or predicted by DIMERO between all proteins in the complex. In

this way, we have analyzed the structures of the FEN1 protein (PDB:

3Q8K), the 911 heterotrimeric complex (PDB: 3G65), and the FEN1/911

EM volume (Electron Microscopy Data Bank (EMDB): 2029) with

3DIANA through the Chimera plugin. Both subunits are easily
FIGURE 1 Cryo-EMmap of the 911/FEN1 com-

plex and atomic structures of its components. (A)

Cryo-EM density map of the 911/FEN1 complex

(EMDB: EMD-2029), in red the volume corre-

sponding to the 911 component and in green the

FEN1 subunit. (B) Ribbon schema of the 911 com-

plex atomic structure (PDB: 3G65). (C) Ribbon

schema of the FEN1 atomic structure (PDB:

3Q8K), in orange we show three DNA strands. To

see this figure in color, go online.

Biophysical Journal 110(4) 766–775



FIGURE 3 Fitting the 911 complex within the cryo-EM density map.

Two potential positions of the 911 atomic structure within the EM volume

are shown, the Rad1 domain is mapped in red. Note that the two conforma-

tions were obtained placing the Rad1 domain (red ribbons) next to the vol-

ume region corresponding to the FEN1 subunit, assuming that the 911

complex interacts with FEN1 through the Rad1 domain (see 911/FEN1

complex). To see this figure in color, go online.
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differentiated in the EM volume (Fig. 1); however, fitting the subunits

within the map leads to different possibilities.

The DDI analysis module is useful to explore the known and predicted

interaction data between 911 and FEN1 proteins. For this analysis, each

of the proteins (911 and FEN1) is decomposed into their Pfam domains,

and a multidimensional table of all possible (known and predicted) DDIs

is calculated. This large table is presented to the user just focusing on

pairs of proteins, indicating if there are structures that are known to

contain interacting pairs of domains and, if not, presenting the probability

of interaction based on DIMERO scores. Figs. 2 and S2 present one such

table and the atomic structure of the best scored domain pairs. Crosses on

the right side of the table indicate that the domain pairs cannot be map-

ped to 3D experimental structures. However, information of predicted

DDIs is also presented, and it is indicated with the codes LCP and

MCP. The analysis of this table suggests that the most likely DDI happen

between domain Rad1 from 911 and xeroderma pigmentosum comple-

mentation group G (XPG) from FEN1. In this way, it is immediate to

note that the most probable 911 domain interacting with FEN1 should

be Rad1, helping to solve the indetermination associated with the low res-

olution of the map. Thus, based on this information, the Rad1 domain can

be placed in the interacting region with FEN1 protein (Fig. 3). Regarding

FEN1, we note that there are two XPG domains in FEN1, one at the

N-terminal domain and the other toward the center of the protein; both

of them were analyzed as candidates to interact with the Rad1 domain

of 911.

Once potential interactions between the domains of a given complex

have been established, 3DIANA offers two additional modules for those

cases in which there are instances of experimental structures relating to

these domains: domain binding sites analysis and domain-domain tem-

plate docking. We have previously indicated that there were no experi-

mental structures involving interactions between the domains of 911 and

FEN1, but 3DIANA offers the possibility to focus further the query to

concentrate into one of the two interacting domains, exploring which

are the known interacting partners for which experimental structures do

exist. Focusing on the XPG domains, Fig. S3 presents how the domain

binding sites analysis tool of 3DIANA compiles the information on known

interacting partners, clustering these interactions into binding sites that are

shown along the sequence. Browsing the different binding sites and part-

ners of the XPG domains of FEN1, we found two different types of inter-

acting partners: other members of the XPG family and proliferating cell

nuclear antigen (PCNA) domains. Representative examples of binding be-
Biophysical Journal 110(4) 766–775
tween domains can be selected. In this way, in Fig. S3 we present the se-

lection of XPG interacting with PCNA, which indeed corresponds to a

very similar fold to Rad1, although it does not belong to the same Pfam

family. In fact, 3DIANA offers the possibility to superimpose these re-

ported structures onto the hybrid models. In this case, as we indicated

before, there was no reported structure between XPG and Rad1 domains;

however, 3DIANA is able to partially overlay the structures by aligning

the reported interacting pair with respect to XPG. Fig. 4, A and C show

the structural alignment between all possible interacting conformations

of XPG and PCNA domains with the FEN1 subunit. Finally, considering

the high fold similarity between the PCNA and Rad1 domains, we used

the structural matching tool of Chimera to align the conformations dis-

played in Figs. 4 A and 5 C with the Rad1 domain of the 911 complex.

Fig. 4, B and D, show the possible conformations of FEN1 and 911

when the XPG and PCNA interacting structures are used as templates to

model the interaction.

In this way, 3DIANA has accompanied the user all the way, from having

the atomic structure of the individual subunits together with a cryo-EMmap
FIGURE 2 3DIANA DDI analysis. (A) In red,

mapping of the Rad1 domain in the 911 complex

structure. (B) Green, mapping of the XPG_I

domain in the FEN1 protein structure; orange, three

strands of DNA. (C) Green, mapping of the XPG_N

domain in the FEN1 protein structure; orange, three

strands of DNA. (D) The DDI table shows the prob-

ability of interaction between the domain pairs of

the selected subunits (911 and FEN1); note that

the best scored domain pairs (Rad1-XPG_N and

Rad1-XPG_I) are shown within the orange rect-

angle. To see this figure in color, go online.



FIGURE 4 Structural alignment of DDI tem-

plates. (A) Structural alignment between FEN1

(gray) and the DDI templates XPG_N-PCNA

(cyan) and XPG_I-PCNA (pink), extracted from

the PDB: 1UL1 structure. (B) Structural alignment

of the PCNA domain contained in the templates

shown in (A) (cyan and pink structures) with the

Rad1 domain of the 911 complex. The FEN1 struc-

ture is aligned to the XPG domain of the templates.

Only one conformation is displayed because both

templates lead to very similar results. (C) Structural

alignment between FEN1 (gray) protein and the

DDI templates XPG_N-PCNA (purple) collected

from the PDB: 1UL1 structure; note that this tem-

plate leads to an architecture of the complex that

is different from the one shown in (B), which is

not supported by the cryo-EM data. (D) Structural

alignment of the PCNA domain contained in the

template exposed in (C) (purple structure) with

the Rad1 domain of the 911 complex. The FEN1

structure is aligned to the XPG domain of the tem-

plate. To see this figure in color, go online.
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of the complex, to providing templates of DDIs and, finally, building poten-

tial models of the complex. Clearly, 3DIANA has not been designed to build

structural conformations close to satisfying the physical restrains of interac-

tions between proteins. Indeed, it aims at proposing initial models that

could be further refined by other approaches, such as docking algorithms

(22,58), molecular dynamics methods (12,26,59,60), or flexible fitting

(10,61).

Scenario 2

In this case a given hybrid model is proposed by the user without using

3DIANA and then, 3DIANA evaluates its likelihood in terms of the
DDIs implied in the proposed hybrid model. In the case of EMDB:

2029, the original authors did not provide a fitting model (although in

the body of the work a given set of interactions is proposed), but for

the sake of argument we would consider that two possible hybrid models

could have been submitted, shown in Fig. 5, A and B. At this stage

3DIANA evaluates the physical bindings in terms of the DDIs implied

by the models; this information is displayed in a matrix where the different

elements represent physical bindings between different subunits (see Figs.

5, A and B, and S1, A and B). Analyzing the two matrices of interactions

for the two pseudohybrid models, it is clear that the one in Fig. 5 A has

interactions that are at least MCPs, whereas the model in Fig. 5 B at

most has LCPs. On the basis of this information, the first model would
FIGURE 5 3DIANA model evaluation with

DIMERO scores. (A) Possible structure of the

911/FEN1 complex fitted in its cryo-EM map. In

this configuration, the binding between the subunits

occurs through the XPG_N domain of FEN1 and

the Rad1 domain of 911. The valuation using

DIMERO scores of the physical interactions be-

tween the subunits and domains in the proposed

model is displayed behind the structure, showing

how the interaction between the XPG_N domain

of FEN1 and Rad1 of 911 is scored as medium con-

fidence prediction (MCP; orange). (B) A different

alternative model of the 911/FEN1 complex fitted

in the same cryo-EM map. The binding between

the subunits occurs through the XPG_N domain

of FEN1 and the Hus1 domain of 911. In this

case, the interaction is scored as low confidence

prediction (LCP; red). To see this figure in color,

go online.
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be preferred over the second and this was, indeed, the one proposed by the

authors.
RXR/VDR nuclear receptor

This example shows how 3DIANA can be used to model interactions be-

tween subunits in a given complex performing template-based docking

through solved DDI structures. Orlov et al. (62) determined the structure

of the RXR/VDR nuclear receptor at low resolution (12 Å) using single-par-

ticle cryo-EM (EMDB: 1985). The RXR and VDR subunits are composed

of two well-conserved core domains, the DNA-binding domain and the

ligand-binding domain (LBD). To display the different domains of the

RXR and VDR subunits and provide a more detailed representation of

the complex, the authors fitted the available crystal structures of the

LBDs and DNA-binding domains. In particular, the interaction between

the LBD domains of the RXR/VDR dimer was modeled with the structure

of the RXR/RAR complex (PDB: 1DKF (63)), replacing the retinoic acid

receptor structure by the VDR-LBD subunit (PDB: 1DB1 (64)) through

structural alignment. 3DIANA was designed to facilitate this type of

modeling through template-based docking, and to show the power of the

platform, in this example we will focus on the modeling of the LBD do-

mains of the RXR and VDR proteins.

For this demonstration, we have used the same VDR-LBD structure from

the PDB: 1DB1 but, instead of using the RXR-LBD mouse protein of the

PDB: 1DKF, we selected the human RXR subunit of the PDB: 2P1T struc-

ture (65) because the complex in the original study consisted of human pro-

teins. Both structures were opened in Chimera and 3DIANAwas started. In

the first step, we used the DDI analysis tool to explore the predicted and

knowledge-based DDI information available to model the interaction be-

tween RXR and VDR. Fig. 6 displays the LBD domains (Pfam domain

name: Hormone_recep) of the RXR and VDR structures and the results

of the analysis; the DIMERO score is MCP and the green tick under the

Struct. Model column indicates that DDI templates are available for tem-

plate-based modeling. We then decided to use the Domain-Domain Tem-

plate Docking to explore the possible domain pairs for which structural

templates are available. Fig. S4 shows the graphical interface for the

domain pair selection, in this example both proteins contain a single

domain; however; if multiple combinations were available, the user could

select the preferred domain interaction to be modeled. The sequence iden-

tity field (Fig. S4, red box) allows the user to select only those DDI tem-

plates above a certain threshold of sequence identity; thus, the sequence

identity between the template domains and the particular domains to be

modeled are above the selected threshold. By default, this option is set

up at 30%, because it has been shown that above this threshold the interface

root mean-square deviation decreases significantly (48). In this example, we
Biophysical Journal 110(4) 766–775
used the default option and the possible DDI templates were fetched.

Fig. S5 displays the graphical interface to explore the different templates

available for the selected pair of domains and sequence identity threshold.

The DDI templates are organized in clusters grouped by the interface

conformation (Fig. S5 A; see DDI analysis). The cluster panel also shows

the highest sequence identity value of the cluster templates calculated

against the domains to be modeled. We selected the cluster and DDI tem-

plate with the highest sequence identity (PDB: 1XV9). When selected,

the structure of the template is displayed in a 3D viewer (Fig. S5 D) and

its sequences are aligned with the domains of interest highlighting the inter-

acting amino acids (Fig. S5, B and C). Furthermore, the interacting amino

acids are also mapped in the complex subunits and displayed in the main 3D

viewer (Fig. 7 A); in this manner the interacting residues defined by the

particular DDI template can be checked before docking. Once the desired

DDI template is selected, 3DIANA can perform docking by aligning the

subunits to the template. Fig. 7 B shows the model structure of the RXR-

LBD/VDR-LBD based on the LBD-LBD template contained in PDB:

1XV9. Finally, this model was manually fitted in the cryo-EM map

(EMDB: 1985; Fig. 7 C) to check if the proposed conformation was

compatible with the map, with good results.
RESULTS AND DISCUSSION

In this work we present 3DIANA, a novel web platform that
interfaces EM hybrid models with DDI predictions as well
as with current knowledge of experimentally determined
protein structures, aimed at guiding the quaternary structure
modeling of protein complexes from medium and low reso-
lution structural data. A current amount of interactomics
data have been proven to be efficient predicting interactions
between protein domains (24) and modeling the structure of
PPIs based on DDI structural templates (25). Most of the in-
tegrated approaches in 3DIANA are based on statistical
methods providing fast predictions of preliminary models.
Initial predictions can be refined using more sophisticated
algorithms based on structure geometry or physicochemical
approaches and leading to more accurate results. Further-
more, the architecture of 3DIANA allows the integration
of new packages and in future versions new ab initio
methods and refinement tools will be available in the
platform.
FIGURE 6 RXR and VDR DDI analysis. Green,

LBD domain (Pfam name: Hormone_recep) of

RXR protein (PDB: 2PT1); red, LBD domain

(Pfam name: Hormone_recep) of VDR protein

(PDB: 1DB1). (Bottom) 3DIANA analysis of the

domain pair Hormone_recep-Hormone_recep,

showing that the DIMERO interacting score corre-

sponds to MCP (medium confidence prediction);

the green tick on the Struct. Model column indi-

cates that structural templates are available to

model the interaction between the domains. To

see this figure in color, go online.



FIGURE 7 Modeling of the RXR-LBD/VDR-

LBD interaction. (A) Structures of the RXR-LDB

domain (PDB: 2PT1; left) and VDR-LDB domain

(PDB: 1DB1; right). In green and red, we represent

the mapping of the interacting residues when the

PDB: 1XV9 structure is used to model the interac-

tion. (B) Template-based docking of the RXR-LDB

and VDR-LDB domains when the PDB: 1XV9

structure (cyan) is used as a template. (C) Manual

fitting of the RXR-LBD/VDR-LBD model in the

RXR/VDR EM map (EMDB: 1985). To see this

figure in color, go online.
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Currently, the application can perform different types of
analysis and calculations. It allows assessment of potential
physical contacts between protein domains, providing an in-
dependent measure to evaluate a given model when the user
has been able to place the different components within the
density map using other sources of information or ap-
proaches. In addition, 3DIANA can be used to enrich struc-
tural data, annotating experimentally determined biding
sites, or modeling the structure of interactions using
domain-domain templates. Alternatively, when no informa-
tion exists on how components could fit or interact because
no experimental data is available or the resolution of the
map is not enough to place the different subunits, the strat-
egy of DDI prediction can be used to determine which re-
gions of the different interacting proteins may be involved
in physical bindings.

3DIANA is accessible through a web browser at http://
3diana.cnb.csic.es or through Chimera 3D viewer installing
the 3DIANAChimera plugin. All tools integrated in the plat-
form offer a user-friendly and intuitive interface to compute
the different scores or to browse the different sources of in-
formation; an online help is always available for all widgets.
When the Chimera plugin is not used, the web interface in-
tegrates Jsmol to display the different 3D structures.

Finally, we would like to point out that 3DIANA has
been designed to provide a first approximation of how sub-
units could interact and fit within a density map. For that
reason the methodologies integrated in the platform are
highly efficient in terms of computational cost but not as
accurate as other approaches that have been designed to
maximize the modeling accuracy (22,66,67). For that
reason, we suggest that models obtained with 3DIANA
should be refined using highly accurate tools. For example,
EMfit could be used to refine manual fittings performed by
the users, the Rosetta package (8) offers different protocols
to refine the structure of interacting proteins, or FireDock
(68) is a method to apply backbone flexibility to the inter-
face of proteins.
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