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1 - INTRODUCTION

1.1 - From structure to function

The function of a protein is closely related to the structure it attains (or lack 

of stable structure in the case of intrinsically disordered proteins). In enzymes, it is 

the specific spatial orientation of the residues configuring the catalytic sites what 

brings about their functionality; besides, and also true for transport proteins, enzyme 

structures  need  to  accommodate to  geometrical  and electrostatic  elements  of  the 

substrates and ligands to bind them specifically. Clearly the shape of proteins is also 

fundamental for constructing different cellular components. Thus, the sequence of a 

protein  is  of  limited  biological  relevance  without  some  knowledge  of  both  its 

structure and its function; protein structures provide a wealth of information that 

cannot  be  deduced  from their  primary  sequence  alone;  therefore,  we  can  get  a 

complete understanding of protein roles by analyzing them in structural terms.

Structure-based  methodologies  are  consequently  regarded  as  more  robust 

than sequence-based ones. In particular, trying to predict the function of a protein 

relying only on sequence signatures, even if such information is sometimes critical, 

is  considered  insufficient,  for  the  simple  fact  that  the  catalytic  function  of  an 

enzyme, for example, is dictated by its 3D structure, which is often more stringently 

conserved  than  its  sequence  along  evolution,  diverging  slower.  This  is  because 
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amino acidic residues not strictly necessary for the chemistry of the protein activity 

eventually disappear as sequences diverge, while the structure in the 3D space is 

retained.  However,  there  are  cases  when  biologically  relevant  residues  are  so 

stringently  conserved  at  the  sequence  level  that  structural  information  does  not 

provide an additional value; an example of these cases will be detailed in RESULTS.

1.2 - Need for protein structure models

There is  no doubt  that  the prediction of  the function of a  protein can be 

helped by the knowledge of its structure (or lack of stable structure). The limiting 

step  is  actually  having a  protein's  structure  at  hand;  there  is  a   relatively  small 

number  of  experimentally  determined protein  structures,  stored  in  the  PDB (the 

Protein DataBank) [1], compared to the number of known protein sequences [2] (the 

difference is a factor of a thousand) (Figure 1).

A large amount of protein sequence data is being produced by large-scale 

DNA sequencing projects (such as the Human Genome Project) [3] [4] [5]; however, 

the output of  experimentally-determined protein structures is lagging far behind, 

despite  the  ongoing  efforts  in  structural  genomics,  mainly  due  to  limitations  of 

current  structure  determination  techniques.  These  techniques,  typically  X-ray 

crystallography or Nuclear Magnetic Resonance (NMR) spectroscopy, require high 
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level  of  protein  expression  (X-ray),  a  determined  protein  size  (NMR),  highly 

specialized equipment,  staff  and long execution times.  There is no hope that the 

structure  of  all  the  around  3  million  known  proteins  can  be  experimentally 

Resource for benchmarking the applicability of protein structure models 8

Figure  1:  Protein  sequences  deposited  in  TrEMBL,  containing  unreviewed,  
automatically annotated entries, in red. Protein sequences stored in Swiss-Prot,  
containing  reviewed,  manually  annotated  entries,  in  blue.  Experimentally  
determined protein structures in PDB, in green. There is a large gap between  
known protein structures and sequences, and a larger gap between automatically  
and manually annotated sequences.
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determined in the foreseeable future. As a result, the use of protein structure models 

is often necessary; scientists need to increasingly rely on them to understand the 

function of a protein with no known structure.

Inferring  the  native  structure  of  a  given  protein  (or  the  lack  of  a  stable 

structure) should only demand the knowledge of its amino acidic sequence and of 

the environmental conditions. Nevertheless, protein structure prediction is still  an 

extremely difficult task to tackle, being regarded as one of the biggest problem in 

current biological research.

1.3 - Protein structure prediction methods

Computational  approaches  exist  for  predicting  unknown  protein  3D 

structures from known primary amino acid sequences, helping to bridge the ever-

increasing gap between known protein sequences and 3D structures. These can be 

classified as template-free and template-based approaches. Templates are proteins 

with  experimentally  determined  structures  that  can  be  used  as  frameworks  for 

building structural models of other proteins, called targets.

1.3.1 - Template-free prediction methods

One of the template-free approaches, ab initio (or de novo) in silico protein 

structure prediction,  which will not be described in depth here, relies directly on 
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general physical laws that govern protein folding energetics, using as the only target-

specific  information  the  protein  sequence  under  study.  This  approach  has  been 

considered the "holy grail" of computational biology for the last 40 years.

Ab initio methods are limited to relatively small  and topologically simple 

structures, mainly owing to the fact that current computers are not powerful enough 

to face the conformational sampling problem; the free energy landscape, or possible 

conformations a protein can adopt, that  must be searched is astronomically large 

(even small proteins have on the order of 1000 degrees of freedom). These methods 

thus tend to demand vast computational resources; in order to predict the structure of 

a  large  and/or  complex  protein,  more  accurate  algorithms  and  more  powerful 

computers are needed.

Another non-template-based strategy, in the sense that it does not attempt to 

detect templates, for tertiary structure prediction is known as fragment assembly. As 

its name indicates, it is based on the assembly of structural fragments (for example, 

compact  3D structures  of  adjacent  secondary  structure  elements,  smaller  than  a 

domain or a subunit) subsequently optimized using a simulated annealing algorithm, 

and  aims  at  narrowing  the  search  of  the  conformational  space of  a  protein  by 

preselecting fragments from a library of resolved protein structures. This approach 

first splits the target protein sequence into small fragments, each of which is used to 
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search corresponding structural fragments in a library (rather than using the entire 

target protein to search a protein structure library), identified based on energetic and 

geometric criteria; the full atom model is obtained assembling the structures of the 

segments. Fragment-based methods can be combined with template-based ones to 

model variable regions, such as loops, once the protein core has been built.

Though considered not mature enough, template-free methodologies need to 

be used for a good amount of protein sequences for which there is no structurally 

similar protein, or it cannot be identified by current tools, allowing the identification 

of new folds; in these cases, the comparative or template-based approach, referred to 

as the most efficient and described next, cannot be applied.

1.3.2 - Template-based prediction methods

These methods (also called comparative modeling)  assume that  the target 

protein folds in a similar  way to that  of a template protein (or a combination of 

template  proteins)  with  a  experimentally  determined  structure  available,  and  are 

considered to perform more effectively.

Homology  modeling  requires  that  the  target  and  the  template  are 

homologous, i.e. evolutionary related. 25 years ago Chothia and Lesk determined 

that  naturally  occurring  homologous proteins  usually  have  similar  stable  tertiary 

structures [6] [7], being more similar when proteins are more closely related (Figure
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2). However, it is important to note here that there are known exceptions and nearly 

identical amino acid sequences do not always fold similarly [8] [9]; conformations 

may differ significantly due to environmental conditions as well, and intrinsically 

disordered proteins represent an extreme example.

Fold  recognition  methods,  on  the  other  side,  aim  at  detecting  analogous 

proteins  with  no 

evolutionary  relationships, 

but with a similar fold. They 

rely  almost  exclusively  on 

structural information, using 

statistical  potentials  to 

evaluate the fit between the 

target  sequence  and  a 

template  structure.  These 

methods  can  be  applied 

because the structural space 

of  possible  protein 

conformations (a limited set 

of  tertiary  structural  motifs 
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Figure  2:  Relation  between  sequence  identity  and  
structural  similarity  (in  terms  of  Root  Mean  Square  
Deviation  -RMSD-  explained  in  METHODS)  in  different  
pairs of homologous proteins. The more similar proteins are  
at the sequence level, the more similar they will be at the  
structural level. Extracted from [7].
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to which most proteins belong) is much more restricted compared to the amount of 

all  possible  sequences  (it  has  been suggested  that  there  are  no more than  2,000 

unique folds in nature, while there are millions of proteins) [10]. In fact, up to 90% 

of  the  structures  deposited  in  the  PDB have  similar  folds  to  ones  already there 

(according to the CATH protein structure classification  [11] release notes). Thus, 

applying fold recognition methods, potential templates for a target protein can be 

found when they are structurally similar to the target,  even if their sequences have 

diverged beyond recognition.

Fold  recognition  and  homology  modeling  differ  only  at  the  template 

selection  step;  homology  modeling  can  be  applied  for  targets  with  homologous 

proteins with known structure, fold recognition is useful for other targets with only 

fold-level similarity.

1.3.2.1 - Steps in template-based prediction methods

A multi-step iterative process demanding the use of different tools needs to 

be performed to obtain a protein model by comparative methods.  The steps are: 

Detection of templates with known 3D structures, selection of suitable templates, 

target-template(s) alignment, model building and model refinement. An additional 

step,  namely  model  quality  assessment  (MQA),  closely  linked  to  the  whole 

comparative  modeling  process,  is  used  to  evaluate  whether  a  new  iteration  is 
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required and/or a certain step polished.

Template detection

Protein  templates  with  known  3D  structures  are  essentially  detected  by 

searching a database of experimentally determined structures, such as the PDB or a 

subset of it, using the target protein as query.

The  most  traditional  and  simplest  algorithms,  named  sequence-sequence 

comparison, align target sequences to those in the protein structure database in a 

pairwise fashion. Programs belonging to this class of simple sequence searches, such 

as BLAST (Basic Local Alignment Search Tool) [12], return the most similar protein 

sequences  in  the  database  (hits  or  potential  templates)  given  a  protein  sequence 

query, but they may miss distant relatives due to low sensitivity [13] [14] [15].

More sensitivity can be achieved by building sequence profiles, also called 

position-specific  scoring  matrix  (PSSMs)  or  position-specific  weight  matrix 

(PSWM), representing a complete protein family. They are matrices of scores with 

one row for each of the 20 amino acids and one column for each position in the 

query  sequence;  each  score  is  derived  from each amino  acid  frequency in  each 

position and it reflects its evolutionary conservation and importance in defining a 

family member. Sequence profiles can be used as query against a sequence database, 

as is the case of PSI-BLAST (Position-Specific  Iterative BLAST)  [12], useful for 
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finding distant homology.

Whereas  sequence-sequence  and  profile-sequence  comparison  methods 

perform satisfactory when the sequence identity between the target and the potential 

templates is above 40%, when identity drops below 30% (near the so-called twilight 

zone  and  beyond),  they  are  not  as  sensitive  as  profile-profile  and  HMM-HMM 

comparison methods. Profile-profile approaches are able to detect distant homology 

more effectively by constructing a sequence profile for the target query protein and 

comparing it to pre-calculated profiles for  the potential templates with known 3D 

structure in the database being searched  [16]. The  use of HMMs (Hidden Markov 

Models) further increases sensitivity and specificity; HMMs also include position-

specific amino acid frequencies for insertions and deletions (indels) in a probabilistic 

model, making comparison methods that use them able to build accurate alignments 

[17] [18].

Structural information can be integrated into profiles and HMMs by adding 

new vectors or dimensions to the sequence-only derived matrix or new states to the 

HMM. Tools that use HMMs combined with a structural trait (generally secondary 

structure), are called hybrid (they cannot be classified as homology modeling or fold 

recognition) and have been proved to outperform the above mentioned methods.

The best example of those arguably most sensitive hybrid tools to date [19] 
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[20] [21] [22], which make use of HMMs combined with structural information, is 

the one applied in the present project, HHsearch, also available as an on-line version 

called  HHpred  [20].  HHsearch,  as  described  in  METHODS,  is  a  popular  free 

software package useful for identifying more remote homologous proteins or protein 

families,  when  no  relatives  can  be  found  using  more  conventional  comparison 

methods.

Regardless  of  the  method  used,  once  potential  templates  with  known 

structures are identified, the most suitable one(s) have to be selected.

Template selection and target-template(s) alignment

Selecting proper templates for building a model has a direct impact on the 

quality of the obtained model, since similar folds can differ from each other in local 

details. Potential templates are commonly ranked by the search methods described 

above,  according to  various  scores.  The template(s)  selected should be the most 

structurally similar to the target protein of unknown structure. It is advantageous to 

use  different  search  methods  as  most  suitable  templates  might  be  detected  by  a 

consensus  strategy.  If  no  consensus  exists,  however,  a  careful  selection  must  be 

carried out by the user based on all available information.

One can assume that templates  with higher sequence similarity (closer in 

evolution) compared with the target sequence might have a more similar structure. 
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Other knowledge can be applied when selecting proper templates; for instance, a 

template  should  be  selected  if  its  structure  was  determined  under  the  same 

environmental conditions as the ones required for the structural model, e.g. a ligand-

bound conformation, or if it has a better resolution than others, or lower temperature 

factor  (which  indicate  the  fluctuation  of  an  atom about  its  average  position,  as 

explained below), or does not have missing coordinates.

Once a proper template,  or  more than one,  has been selected,  a sequence 

alignment with the target protein has to be built; including several family members 

in a multiple sequence alignment has been shown to be more effective [23] [24] [25] 

[26]. A target sequence can be accurately modeled on distantly related templates 

with known structure, provided that the relationships between them and the target 

can be detected in  the alignment.  Although producing  precise  models  remains  a 

challenge when no close homologs are available, it has been suggested that sequence 

alignment is the bottleneck in the process [27]. Unsurprisingly, homology modeling 

is most reliable when the target and template(s) have rather similar sequences.

Comparative search methods often provide single template-target alignments 

as outputs;  while  those produced by HMM-based tools  are  particularly  accurate, 

they should be manually refined if a precise model is to be built. The use of different 

search methods and the comparison of the alignments they provide might help to 
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identify regions aligned  with high confidence; one should also bear in mind that 

hydrophobic residues should be kept in the protein interior and indels  should be 

placed  in  solvent-exposed  regions,  without  defined  secondary  structure  (usually 

loops), not interfering with biologically relevant sites (active or binding), expected 

to be more stringently conserved throughout evolution, accumulating fewer changes 

[6] [28] [29].

Model building and refinement

Having a target-template(s) alignment and known experimentally determined 

structures for the templates, a 3D structural model for the target protein, represented 

as a set of 3D Cartesian coordinates for each atom in the protein, can be constructed 

in an automatic fashion using any of the current tools devised for that purpose. The 

alignment specifies which residues of the target should be modeled following spatial 

specifications of the corresponding residues in the template(s) structure(s).

Spatial  restraints  satisfaction  is  a  model  building  technique,  inspired  by 

NMR, that automatically calculate the model for the target protein, containing all 

non-hydrogen  atoms,  that  best  fulfills  various  constraints  derived  from  the 

template(s) and mapped onto each target residues following the alignment provided. 

Stereochemical constraints like bond lengths and angles, planarity of peptide groups 

and  side-chain  rings,  chiralities,  van  der  Waals  contact  distances,  bond  angles, 
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dihedral angles etc. are encoded in a probability density function that the model has 

to minimize. The main representative of this strategy is Modeller, the tool selected 

for our research, which has been shown to outperform many other programs  [30] 

[31] [32] [33].

Even models produced by state-of-the-art programs are suboptimal [34] and 

should  therefore  be  refined  as  a  whole  or  focusing  on  particular  regions;  the 

refinement, a step not taken in our approach, and therefore not discussed here, is 

usually carried out based on physical or statistical potentials.

Loop  and  side-chain  modeling,  other  steps  not  discussed  here,  are  also 

crucial for obtaining a full-atom model. Loops are regions not stringently conserved 

throughout evolution, where indels are more frequent, important to model as they 

might  contain  biologically  relevant  sites  (they  are  flexible  and  thus  suitable  for 

accommodating  a  ligand);  loops  are  usually  modeled  based  either  on  the 

conformation of loops with known structures extracted from a library, on physical 

and knowledge-based potentials to select the most correct conformation between a 

series of alternatives (something computationally demanding for long loops), or on 

hybrid methods that combine the previous database search and ab initio ones. Side-

chains, on the other side, are usually constructed by many modeling methods, but 

can be rebuilt and added to the backbone of the final model; methods like Modeller 
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explicitly build these side-chains by applying torsion angle information derived from 

the templates or from rotamer libraries.

1.3.3 - Model quality assessment (MQA)

This  step,  closely  linked to  the modeling  process  (either  template-free  or 

template-based)  defines  whether  the  process  should  undergo  a  further  iteration, 

polishing one or  more of the described steps. MQA programs try to establish the 

overall correctness of a model obtained following the above described procedures, 

or  local  accuracies  of  small  portions  of  it;  this,  in  turn,  determines  the  model 

usefulness for specific applications and the information that can be extracted from it 

[30] [35]. Given a poor score for a final comparative model, one should go back to 

previous  steps  and either  select  different  template(s),  make  modifications  in  the 

alignment, use a different modeling program or refine the obtained model. Hence, it 

is  advantageous  to  generate  alternative  versions  of  the  alignment  with  different 

templates (extracted from different search methods) and different modifications in 

order  to  assess  the  different  models  obtained  and  select  the  best  one.  This  is 

straightforward using the so-called metapredictors or metaservers, like Pcons  [36] 

[37] and 3D-Jury (a simplified version of Pcons)  [38], which either automatically 

collect the models computed by several predictor servers and rank them, or combine 

the best predicted local portions of the different models returning a single one; these 
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metapredictors represent the best current solution for the protein structure prediction 

issue.

It is also particularly important to measure the accuracy of certain regions of 

the model independently since the entire model is unlikely to be modeled with the 

same accuracy; if the structural quality of a certain region cannot be improved, one 

should be aware when trying to use the model for a specific application.

While sequence identity is quite a good indicator of the overall correctness of 

a model when sequence identity is above 40%  [39],  it  becomes unreliable when 

sequence identity drops below 30%, when alignment errors become frequent, and 

MQA programs are essential (these cases, in fact, are the most common [40]). These 

programs fall into two different categories depending on how the accuracy score is 

derived: The first comprises those programs that derive the score of a single model 

from evolutionary  [41] [42] [43] or physicochemical and statistical criteria, by for 

example measuring how common are the model geometrical features with respect to 

those of known well-defined high-resolution structures [44] [45] [46] [47] [48] [49] 

[50] [51];  multivariate  model  assessment  methods,  like GenThreader  [52] or  the 

Modeller-8 program (where  the authors  found that  the  score mainly depends on 

residue accessibilities and distances, model compactness and percentage of sequence 

identity between target and template(s) used in the alignment  [53]) also belong to 
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this  category.  The  second  category  is  represented  by  those  other  programs, 

designated as clustering or consensus programs, such as Pcons and 3D-Jury (which 

also incorporate MQA) that derive the score out of the information contained in an 

ensemble of alternative models one usually ends up with while attempting to predict 

the  structure  of  a  target  protein,  via  an  all-against-all  comparison,  based  on  the 

assumption that the more frequently a conformation is predicted, the more likely it is 

correct [38] [54] [55]. These approaches, although shown to be more consistent, are 

only useful when a large set of models with significant structural diversity for the 

same target  are  available,  which is  frequently the case using current procedures, 

especially metapredictors.

Recently developed MQA servers, like QMEAN [56], offer the possibility to 

use  scoring  functions  of  both  of  the  described  categories,  and  both  locally  and 

globally.

Depending on the quality of the final model obtained, it could be used for 

different purposes, discussed below.

1.3.4 - Assessment of protein structure prediction methods

No matter the modeling method, but especially true for comparative ones, the 

quality of the predicted structures has improved, as measured by blind tests in the 

CASP  (Critical  Assessment of Methods of Protein Structure Prediction) series of 
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meetings,  where the  classical  observation  of  Chothia  and Lesk that  evolutionary 

related  proteins  almost  always  have  similar  3D  structure  has  been  repeatedly 

confirmed [57]. CASP is an on-going community-wide experiment where the state-

of-the-art  protein  structure  prediction  methods  are  assessed  on  a  two-year  basis, 

since 1994 [58].

Blind  targets,  without  an  available  structure  (either  structures  soon-to-be 

solved by  experimentalists  or already solved but  kept  on hold by the PDB), are 

proposed, so none of the participants starts from an advantageous position. Once the 

experimental native structure of the target protein is available, it is used as the "gold 

standard"  to  evaluate  the  submitted  models.  Finding  the  optimal  superposition 

between  model  and  native  structure  is  not  a  trivial  task;  the  correctness  of  a 

superposition  is  directly  correlated  with  the  fraction  of  the  structures  that  is 

superimposed [59] (structurally similar regions might be obviated if whole structures 

are  considered  for  the  superposition).  Detecting  well-predicted  regions  has  a 

biological implication, as they might correspond to relevant features of the protein 

studied.

GDT-TS  (Global  Distance  Test  -  Total  Score)  is  nowadays  the  standard 

evaluation measure of model correctness in the CASP experiment [60]. It is regarded 

as more suitable than RMSD (Root Mean Square Deviation), as explained below.
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Determining which protein structure method works better, the final aim of 

the CASP experiment, is difficult, since not all methods are suitable for all targets 

and targets range in relative difficulty. In order to come up with a method ranking 

(as well as to define the method improvement over the two-year gap between CASP 

rounds),  the  evaluation  panel  needs  to  consider  how many  and  which  targets  it 

predicts correctly. The difficulty of a target can be defined  a posteriori, averaging 

the correctness of the different predicted models using the different methods, but it 

can  also  be defined  a priori,  considering  how problematic  it  can  be to  identify 

evolutionary relationships with templates used, if any.

1.4  -  Importance  of  protein  structure  prediction,  remaining  challenges  and 

perspectives

As stated above, compared to the about 3 million public available protein 

sequences resulting from methodological advances in DNA sequencing,  there are 

relatively few experimentally determined 3D structures and the use of models is 

considered mandatory in many scenarios. Even if experimental structures have been 

determined  for  only  1%  of  all  the  identified  proteins,  reliable  models  can  be 

computed  for  up to  20%.  Structure  prediction  methods  are  not  likely  to  replace 

experimental determination of structures, but rather to complement them; biologists 
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can use computed models to guide experimental design.

Comparative or template-based modeling is regarded as the most effective 

methodology,  yielding  more  accurate  models  than  ab  initio or  template-free 

modeling, which has not experienced as much progress [61] [62] [63]. Furthermore, 

as  the  number  of  deposited  experimental  structures  increases  (following 

improvements  in  current  experimental  methods  X-ray  crystallization  and  NMR), 

structure  prediction  approaches  will  eventually  be  restricted  to  comparative 

modeling,  as  templates  representing  most  of  the  protein  families  will  become 

available. Models obtained will therefore improve; nowadays, however, a predicted 

template-based model is seldom found to be significantly closer to the target native 

structure than the template used.

It seems then, that we are in the correct path, but there is still a lot ahead for 

comparative approaches to be able to reproduce native-like folds of target proteins. 

After years of development,  detecting remotely homologous templates (with still 

structural  similarity) and building accurate alignments still  remain the two issues 

having the major impact on the quality of resulting models. When sequence identity 

between template(s) and target is higher than 40%, though, alignment discrepancies 

are rare, so the main focus is to model and refine accurately variable regions (indels) 

and  side  chains;  in  these  cases,  models  generated  are  considered  comparable  in 
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quality to native structures solved by low resolution X-ray crystallography [63] [64] 

[35].

As  already  commented,  the  structural  space  is  restricted,  so  as  more 

experimentally determined protein structures are deposited in public databases and 

more  reliable  models  can  be  obtained  for  the  rest,  following  the  improvement 

observed especially in template-based modeling strategies, we will get closer to have 

already seen all possible distinct folds in nature. Exploring the complete space of 

protein structure is, finally, within our reach.

1.5 - Predicted protein models applications

The  amount  of  information  that  can  be  derived  from a  model  ultimately 

depends on its quality, thus, as models are nothing but predictions, one has to know 

the  corresponding  estimates  of  model  quality  before  using  them  for  a  certain 

purpose.  Potential  biological  applications  with  regard  to  model  quality  are 

commented in [65] summarized in Figure 3.

High-quality  models,  typically  those  with  an  RMSD value  of  1-2Å with 

respect  to  the  native  counterpart  and  usually  constructed  by  template-based 

protocols when sequence identity between target and template(s) is higher than 40%, 

are functionally interpretable in general, as alignments are rarely incorrect, backbone 
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conformation is expected to be close to the native, and many side-chains are usually 

correctly  oriented  [30] [66].  If  the  templates  used are  functionally  characterized, 

they can be used to infer the function of the target proteins;  if  they are not,  the 

models  obtained  still  serve  as  good  starting  points  for  detailed  bioinformatics 

function predictions. The level of detail obtained with these models is sometimes 

sufficient even for drug design. Some researchers have successfully used computed 

protein structure models to guide the design of new drugs  [67] [68]. The  range of 
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applications is wide, from enzyme reaction mechanisms inferences [69] and disease-

causing mutations interpretation [70], to computational ligand-docking studies [71] 

(which predict the preferred orientation of one molecule to a second when bound to 

each  other  to  form  a  stable  complex  [72])  and  even  experimental  structure 

determination aid [73] [74].

Mid-range quality models, roughly considered those with an RMSD of 2-5Å 

and  usually  obtained  by  homology  modeling  with  distant  relatives  or  by  fold 

recognition,  might  be  helpful  as  well  in  delineating  the  spatial  locations  of 

biologically relevant sites,  such as active sites or disease-associated mutations. As 

will  be explained below,  groups  like Arakaki's  one have attempted to  detect  the 

quality cutoff of structural models that still allows the assignment of an enzymatic 

function by matching structural patterns of active sites; this group concluded that 

models  in  the  RMSD range  of  3-4Å from the  experimental  native  structure  are 

sufficient for the transfer of the first three EC (Enzyme Commission) numbers (a 

numerical classification scheme for enzymes based on the chemical reactions they 

catalyze [75]) [69].

Low accuracy models (say, with an RMSD higher than 3Å with respect to the 

native counterpart), usually obtained applying template-free modeling strategies, on 

the  other hand, should not be used to answer "high-resolution" questions, but can 

Resource for benchmarking the applicability of protein structure models 28



Daniel Carbajo Pedrosa - PhD Thesis - XXIV cycle Pasteurian Sciences

find  other  applications;  having  even  an  inaccurate  structural  model  at  hand  can 

significantly facilitate the handling of a protein in diverse experiments. Models of 

approximately correct fold can be used to recognize the overall topology, to identify 

domain boundaries [76] [77] or to infer functionalities at least up to a family level 

[78] [79]. Functional analysis of these models is not easy, because functional regions 

might  be  incorrectly  built  up  by,  for  instance,  misplaced  secondary  structure 

elements with incorrect side-chain orientations. However, modifications occur at a 

slower rate in functional sites, so even distantly related proteins can have functional 

sites with similar geometry (structure tends to be more  stringently conserved than 

sequence) [6] [28] [29]. Thus, if the target and a template bear similar activity, the 

structure  of  the  functional  site  might  be  modeled  correctly  even  if  the  overall 

sequence identity is low.

1.6 - Aim of our study

Central to the problem of assessing the quality of protein structure prediction 

methods is the question of how good should a model be in order to be used in place 

of its corresponding experimentally determined structure for a given structure-based 

method. In other words, even if we know what is the expected error of a model on 

the basis of its sequence similarity with a homologous protein of known structure, 
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we  still  have  no  clear  idea  about  how  this  numerical  estimate  translates  into 

biological usefulness. For example, if it can be estimated that a given model is, on 

average, 1Å away from the real structure, there is at present no clear idea, despite 

some attempts,  about whether such error is compatible with,  say,  drug design or 

docking of the macromolecular structural model with its partner(s). We believe that 

this is of fundamental importance if the models have to be used in a real setting by 

the biological community.

Our approach here has consisted in developing a system that builds sets of 

models  of  decreasing  quality,  which  we  call  decoys,  given  the  sequences 

experimentally  determined  proteins.  A  decoy  is  a  computer-generated  protein 

structure  that  possesses  some  characteristics  of  native  proteins,  but  is  not 

biologically real. Our system is implemented in such a way that any structure-based 

existing method can be tested on the real structure and on the decoy models. The 

next step is to automatically assess at which level of quality the results of the tested 

method differ from those obtained with the native structure.

Thus, the tool we developed, named ModelDB, publicly available either as 

an on-line tool or a local application for larger calculations, is intended to provide a 

series of decoy homology models out of any protein structure. A resulting decoy set 

will be composed by the query native structure plus a variable number of decoy 

Resource for benchmarking the applicability of protein structure models 30



Daniel Carbajo Pedrosa - PhD Thesis - XXIV cycle Pasteurian Sciences

models of different quality.  The quality of a  decoy models is  determined by the 

amount and severity of structural inaccuracies it includes, which are left unrefined, 

and is assessed comparing it directly to the native structure; these inaccuracies can 

be wrong overall folds due to the selection of a non suitable template, wrong residue 

spatial  positions due to misalignments, displacement of local secondary structure 

elements,  a  trend in  protein evolution not  uncommon amongst  distant  homologs 

used  as  templates,  misfolded  loops  and  insertions  with  no  counterpart  in  the 

template, and wrong side-chain conformations.

As  a  significant  subset  of  the  PDB  is  modeled,  all  the  decoy  models 

generated represent a significant portion of the protein structural space, and cover all 

possible accuracies and possible applications; each decoy set taken individually will 

cover  a  quality  range  depending  on  the  templates  found  for  the  target  query 

experimentally determined native PDB structure.

Decoy  models  are  primarily  meant  to  be  used  to  test  structure-based 

methods, such as a functional site predictor that employs 3D features shown by such 

biologically relevant sites. Our aim is to provide a public tool that is able to build a 

decoy set out of any input protein; making use of decoy sets generated with our tool, 

one can benchmark the applicability of a given structure-based method to computed 

models, making it feasible to derive a model quality tolerance for such method.
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Hence,  we  aim  at  addressing  the  following  question:  To  what  extent  do 

models allow for a reliable structural analysis? How good should the models be?

For a visual insight of how models of different qualities look like and differ 

from the native counterpart in a spatial context, the on-line version of the tool we 

developed incorporates a visualization window where the user can manipulate the 

different structures he/she wants to load. Biologically relevant sites are highlighted 

for the native structure and models, so one can study the extent they distort as model 

overall quality decreases.

Focusing on these relevant sites (in particular active sites), we also aim at 

understanding whether they can be identified in models of decreasing quality, if they 

are preserved in low quality models, and to what extent can these models be used to 

study functional sites in the protein structural space. Another future goal would be to 

determine  whether  the  conservation/distortion  of  functional  sites  specific  and 

distinctive structural characteristics across models of decreasing quality can be used 

as a means of evaluating a model.

1.7 - Bases of our study

Being the models  created based on templates,  the present  method has  its 

roots based on two well-known and efficient free tools in the field of comparative 
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modeling, HHsearch coupled with Modeller. Models are constructed by Modeller 

based  on  the  atomic  coordinates  of  single  templates  detected  by  HHsearch  and 

selected when fulfilling thresholds that make the range of model quality span the 

maximum possible still allowing each model to cover the maximum extent of the 

native structure.

Providing  a  quality  measure  for  each  decoy  model  generated  is  clearly 

important if one is to derive a quality cutoff for a structure-based method, or just to 

know the extent of information that can be inferred from a given model, as we have 

seen.  Each model  is  directly  compared  to  its  corresponding native structure and 

precise quality scores are computed.

Furthermore, for  a visual insight on how models of different qualities look 

like and differ from the native counterpart in a spatial context, they are "colored" 

following  different  color  schemes  defined  by  the  following  spatial  descriptors: 

Solvent  accessibilities,  secondary  structures,  cavity  occurrences,  average  depths, 

protrusion indexes or burial indexes. This, in turn, allows an easy visualization and 

understanding of these parameters' variations in the protein structural context.

Besides,  functional  annotation  is  provided  when  available,  in  terms  of 

catalytic sites, ligand-binding sites and other sites of relevance like glycosylation 

sites.
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1.8 - Examples of previous uses of decoy structures

Decoys  are  often  used  in  protein  folding  studies  to  test  the  validity  of  a 

protein model; the model will be considered correct if it is able to identify the native 

state configuration of the protein among the decoys. In the same sense, the primary 

use of decoys is to test and improve MQA scoring or energy functions, determining 

whether the native structure or native-like structures can be found in a large set of 

decoys (examples can be found in the literature:  [80] [81] [82] [83] [84] [85] [86] 

[87] [88] [89] [90] [91] [92] [93]).

Many applications for a computed model in a given resolution range were 

verified by the use of sets of decoy models of varying quality. These applications, 

explained next, range from locating biologically relevant sites, to simulating protein 

docking, to help experimental determination of protein structures.

A recent use of decoy structures was to measure to which extent computed 

protein structure models can be used in ligand screening simulations; Brylinski and 

Skolnick developed and improved Q-Dock  [71],  a  low-resolution flexible  ligand 

docking  approach  able  to  recover  62-87%  of  binding  residues  using  distorted 

receptor  structures  with  an  RMSD up  to  3Å,  25-35% more  (and  15-20% more 

specific  contacts)  than  all-atom  methods,  proved  to  be  not  tolerant  enough  to 

structural deformations of the ligand binding region [94] [95] [96]. Q-Dock can deal 
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with these deformations as it uses a low-resolution coarse-grained docking approach 

(it considers fewer and larger components than fine-grained all-atom approaches). 

Other  low-resolution  docking  techniques  are  listed  in  references  [97] [98] [99] 

[100].

Another application restricted to high-quality models and evidenced by the 

use of decoys (in  particular  those submitted to  the CASP experiment)  is  that  of 

experimental  structure  determination  aid.  This is  accomplished  by  means  of 

molecular  replacement,  a  technique  where  an  initial  model  is  used  to  solve  the 

phasing problem, a major one in X-ray crystallography. The performance of this 

technique depends on the global, rather than local, quality of the initial model, which 

has to have a GDT-TS higher than 84% with respect to the native structure (the 

ranking in terms of RMSD is more blurred); different initial models were found to 

be  significantly  more  successful  than  the  raw  templates  used  to  build  them  in 

molecular  replacement  experiments,  highlighting  the  importance  of  structural 

refinement  [73] [74]. More recently,  it  was demonstrated that not only template-

based high-resolution models, but also high-resolution models refined from NMR 

structures  and  even  from  template-free  models  can  be  successfully  used  for 

molecular replacement [101].

Taylor developed a method for comparing two protein structures based on 
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decoys.  Such method is able to measure the significance of a comparison in way 

independent from  their nature and their level of representation in the PDB; decoys 

for  the  two  proteins  being  compared  are  computed  in  order  to  be  used  as  a 

background score distribution. Not relying  on homologous structures deposited in 

the PDB, this method is suitable for comparing membrane proteins, RNA structures, 

or distorted structures like ab initio models [102].

As  the  elucidation  of  function  is  one  of  the  main  intentions  of  structure 

prediction, other researchers have taken advantage of decoy structures motivated by 

the need to determine the model resolution tolerance of their own structure-based 

function prediction algorithms.  Most of those are successful when applied to high-

resolution structures,  but  only a few cases have been tested for lower resolution 

predicted structures [103] [104].

Fetrow and Skolnick presented a  method for  the identification of  protein 

function  that  relies  on  the  sequence-to-structure-to-function  paradigm;  they 

developed descriptors for active sites, termed "fuzzy functional forms", based on 

their conformation and geometry. They showed that these "fuzzy functional forms" 

can identify protein active sites not only from experimentally evidenced structures, 

but also from computed ones provided by either  ab initio or by fold recognition 

algorithms,  proving  that  low-to-moderate  resolution  structures  are  sufficient  to 
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identify enzymatic active sites [103]. However, their conclusions are not applicable 

when functional sites, either enzymatic or  binding, such as calcium-binding ones, 

lack strongly conserved residues or residue geometry [105] [106].

Wei  et  al. questioned  the  utility  of  computed  protein  models  for  the 

identification  of  calcium-binding  sites.  They  used  decoy structures  stored  in  the 

Decoys 'R' Us database [107] for the vitamin D dependent calcium-binding protein 

to test  their  method. They did not find a correlation between the overall  RMSD 

(Root  Mean  Square  Deviation)  of  a  structure  and  the  calcium-binding  site 

microenvironment  preservation.  The  microenvironments  of  calcium-binding  sites 

are reliably modeled only in high-quality  structures; however, the overall structure 

quality is very weakly related to its functional sites microenvironments quality, since 

functional sites tend to be local entities rather than global ones [104]. Nevertheless, 

they suggest that the selection of the correct protein fold from a large amount of well 

predicted decoy structures might be easier if they were filtered using functional site-

recognition methods.

Arakaki and coworkers tested their own method more recently with decoy 

structures  [108].  They  attempted  to  predict  the  enzymatic  active  sites  of  given 

proteins  in  a  structure-based  fashion,  generating  libraries  of  functional  3D 

descriptors, termed "automated functional templates" [69] (which take into account 
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information  extracted  from public  databases,  such  as  Swiss-Prot  and  PDB),  and 

adding this  information to  annotation transfer from the given proteins'  homologs 

[109] [110]. Homology-based inference routines alone tend to fail as the sequence 

identity trespasses the twilight zone, and they can lead to errors due to the functional 

promiscuity shown by many protein families [111] [112]. There is still controversy 

around the sequence identity threshold for these routines to succeed, in terms of EC 

numbers transfer,  [113] [114] [115] [116] [112] [117], but most researchers agree 

that 40% sequence identity is enough to transfer the first three EC components with 

an estimated accuracy of 90%. By adding structural information, Arakaki's group 

was able to increase this accuracy. Matching the structural  patterns of active sites 

with decoys of different resolution, they concluded that a given enzyme biochemical 

function  (transfer  of  at  least  the  first  three  EC  numbers)  could  be  correctly 

recognized in 35% of the cases using models in the range of 3-4Å RMSD away from 

the native structure, something that can be readily achieved using even current  ab 

initio methodologies [118] [119].

Chelliah  and  Taylor  have  also  recently  tested  their  previously  developed 

methodology called CRESCENDO, useful for predicting residues likely to compose 

an active or binding site  [120], applying it to a large collection of decoy models 

obtained  from  what  is  known  as  the  "Periodic  Table"  classification  of  protein 
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structures  [121]. They  verified that their method obviously performed much better 

on native-like folds,  suggesting, yet  again, that filtering of structures having well 

formed functional sites can indeed help selecting the best structures among a set of 

predicted ones [122].

1.9 - Original contribution of our study and potential applications

Due  to  the  ever-increasing  gap  between  known  protein  sequences  and 

structures  and  the  ever-growing  number  of  protein  structure  prediction  methods 

available, which are becoming more and more accurate over time, the use of protein 

structure models is mandatory, specially if one is to predict the function of proteins 

without a known structure. However, and in spite of progress in the field of protein 

structure prediction, computed models often contain structural inaccuracies in both 

backbone and side-chain spatial coordinates (it is quite unlikely that models fall near 

the free energy neighborhood of the native structure); instead of being discarded, 

these  models  can  provide  important  insights  into  the  function  of  the  native 

counterpart;  this,  in  turn,  demands  the  existence  of  robust  methods  that  can 

effectively  make  use  of  computed  models  in  the  midrange  and  low  range  of 

accuracy, routinely produced by proteome-scale protein structure modeling projects. 

Any structure-based predictor, such as an active site predictor, that does not require 
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high-resolution structures for the successful identification of biologically relevant 

sites,  as  well  as  any  other  structure-based  algorithm,  will  prove  to  have  a  big 

advantage and an inestimable practical value. These predictors, in particular, could 

allow us to extend functional analyses into and beyond the twilight zone of sequence 

identity, something relevant given the fast expansion of genomics databases.

ModelDB, the tool introduced here, strives to serve as a resource to test any 

structure-based method (such as an active site or ligand-binding site predictor) on 

protein structure models of different quality. This has the final goal of benchmarking 

the applicability of a given novel algorithm to protein structure models.

Very few other  public  resources  exist  for readily  retrieving decoy sets  of 

protein structures, and we indeed have no record of any other automated pipeline for 

producing such decoys in an easy and user-friendly fashion. The main resource to 

date on the web to retrieve decoys would be Decoys 'R'  Us  [107]; another main 

decoy set  source is  CASP, where researchers can easily  gather  all  the submitted 

models for any of the targets. Nonetheless our tool, apart from allowing to build new 

decoy sets for a given protein a scientist is interested in, covers many more different 

proteins representing a larger portion of the protein structural space. Furthermore, 

the on-line version has the advantage to let the user visually inspect and compare all 

the models of ranging quality  for a given protein in the same spatial  frame; the 
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functional  documentation,  the  model  quality  estimates  and  the  structures  color 

schemes following different spatial descriptors allow users to effectively examine 

how biologically relevant sites distort as model quality drops.

2 - METHODS

2.1 - Starting dataset

Several decoy sets and modified decoy sets (as explained below) have been 

already  created  out  of  a  subset  of  PDB  structures.  The  subset  comprises  those 

protein and protein-nucleic acid complexes solved by X-ray crystallography as of 

3rd January 2011, culled at 50% sequence identity, excluding those structures with 

only Cα atoms, those with a resolution worse than 2Å (the lower the resolution the 

better is the quality of the structure), those with a sequence length outside the range 

20-10000 residues, and those with an R-factor higher than 0.3 (a quality measure 

defining  the  fit  between  the  refined  crystallographic  model  and  the  observed 

experimental X-ray diffraction data; a perfect fit would have a value of 0), for a total 

of 8,609 PDB chains. This was accomplished making use of PISCES, useful for 

filtering  PDB lists  in  order  to  obtain  the  longest  possible  subset  meeting  given 

sequence identity and structural quality criteria [123].
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2.2 - Modeling strategy

The ModelDB modeling pipeline, written in Perl, relies on two state-of-the-

art algorithms in the field of template-based modeling: HHsearch and Modeller, and 

is used to generate a decoy model per each of the PDB chains in the input list. The 

steps, detailed next, are summarized in Figure 4.
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For  the  sake  of  time-saving,  sequences,  instead  of  HMMs,  were  used  as 

queries for HHsearch to search for templates with known experimental structure in 

the  70% non  redundant  PDB HMM database.  Target-single  template  alignments 

were extracted when potential templates fulfilled the thresholds of 80%  minimum 

coverage (aligned residues  divided by the query residue length and multiplied by 

100) and 10-1 maximum e-value (the average expected number of non-homologous 

proteins with a score higher than the one obtained for the database match).

For each target, Modeller was applied to produce an all non-hydrogen atom 

single-template model for each of the templates selected, that best satisfies restraints 

derived  from  such  template,  using  the  alignment  extracted  from  HHsearch  as 

guideline.

2.3 - Native structure - models superimposition and models classification

A precise quality estimation for each model can be provided since native 

structures are available. Every decoy set is composed by the native query structure 

and a series of  models of decreasing quality in terms of GDT-TS and RMSD as 

calculated by LGA (Local-Global Alignment)  [124] between each model and the 

native  structure.  As  implemented  in  the  ModelDB  procedure,  LGA serves  for 

comparing two proteins or portions of them at the structural level. The LGA GDT 

Resource for benchmarking the applicability of protein structure models 43



Daniel Carbajo Pedrosa - PhD Thesis - XXIV cycle Pasteurian Sciences

algorithm is designed to search for the largest (not necessarily continuous) set of 

"equivalent" residues deviating by no more than a specified distance cutoff.

Thus, every decoy is supplied along with its quality as compared with the 

native  query  structure.  GDT-TS is  regarded  as  more  suitable  than  RMSD,  as  it 

portrays the  number of Cα atom pairs of the model and the target native structure 

that  are  close  enough  to  derive  meaningful  insights  from  the  model  (i.e.  the 

percentage of those Cα atoms in the model falling within a defined distance cutoff of 

1, 2, 4 and 8Å from their native position), following the formula:

GDT−TS=100∗
∑
d=1

GDT di

NT
4

d i∈{1.0,2.0 ,4.0 ,8.0 }

It is the average of the four GDT scores obtained using the four distance (d) 

cutoffs  (i equal to 1, 2, 4 or 8Å), divided by the number of residues of the target 

native structure (NT).

RMSD, a quadratic measure, is the square root of the squared differences 

between atom pairs in model and native structure, following the formula:

RMSD= 1
N ∑

i=1

N

[ x i−x ' i
2
 yi− y ' i

2
 z i−z ' i

2
]

Where  (xi,  yi,  zi) and  (x'i,  y'i,  z'i) are  the  atomic  coordinates  in  the  3D 
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Cartesian space of one structure (native)  and the other (model), respectively and N 

the number of atom pairs compared. This way, regions not correctly superimposed 

weight more. Especially in the group of low resolution models, RMSD becomes a 

non informative measure, as local misorientation of tails and loops may result in a 

big overall RMSD that can mask a correctly modeled core region, for example. In 

these cases, the use of GDT-TS becomes especially important.

Other  structural  quality  estimates  apart  from  GDT-TS  and  RMSD  and 

extracted from LGA are LGA_S and LGA_Q, defined in reference [124]. Estimates 

derived  from  HHsearch  pairwise  alignments  between  the  target  native  protein 

sequence and each of the templates used to build the single-template models are also 

provided; these include percentage sequence identity, e-value, coverage, probability 

and HHsearch score.

LGA's supplied rotation and translation matrices are used to rotate and move 

each  decoy model  coordinate  in the Euclidean space so as  to  best  fit  the native 

structure, allowing for a spatial superimposition of all the structures in the decoy set, 

using any standard molecular visualization system, like PyMol [125] or Jmol [126].

All  these decoy sets  generated  constitute  the  pre-calculated results  of  the 

public web server described below. Each model in a decoy set can be easily ranked 

according to the different estimates listed.
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2.4 - Functional annotation

Each PDB structure in the input list (as well as its decoys) is functionally 

annotated when possible, using three main sources: The CREDO database [127], the 

Catalytic Site Atlas (CSA) [128] [129], and Swiss-Prot.

CREDO is a comprehensive relational database documenting protein-ligand 

interactions  derived  from structures  stored  in  the  PDB.  CSA stores  information 

about enzyme active sites and catalytic  residues,  whenever an enzyme has a 3D 

structure  available.  Only  those residues  thought  to  be  directly  involved in  some 

aspect of the reaction catalyzed by an enzyme are considered, constituting two types 

of entries: Hand-annotated ones, extracted from the literature, and homologous ones, 

derived via PSI-BLAST.

Other functional or biologically relevant annotation is retrieved from Swiss-

Prot, well known for being a high-quality, manually curated, non redundant protein 

sequence database,  conceived to  provide all  known relevant  information about  a 

protein.  Swiss-Prot features considered functional or biologically relevant are the 

ones  in  the  following  list:  active  site,  binding  site  for  any  chemical  group, 

glycosylation  site,  calcium-binding  region,  disulfide  bond,  DNA-binding  region, 

domain, intramembrane region, covalent binding of a lipid moiety, binding site for a 

metal  ion,  posttranslational  modification  of  a  residue,  short  sequence  motif, 

Resource for benchmarking the applicability of protein structure models 46



Daniel Carbajo Pedrosa - PhD Thesis - XXIV cycle Pasteurian Sciences

mutagenesis  site,  nucleotide  phosphate-binding  region,  region  of  interest,  signal 

sequence, interesting non-defined site,  topological domain,  transmembrane region 

and zinc finger region.

These CREDO, CSA and Swiss-Prot features are mapped onto corresponding 

structures by an  in-house bl2seq-based Perl-BioPerl program called MAP. Bl2seq 

uses the same BLAST algorithm to compare one sequence to another.

2.5 - Structure coloring

For a visual insight on how models of different qualities look like and differ 

from  the native counterpart  in  a spatial  context,  each structure in a  decoy set  is 

"colored". This coloring is achieved by replacing the temperature factor records in 

the file containing the atomic coordinates of each structure in the decoy set with a 

residue or atom-based spatial descriptor out of the following: Solvent accessibilities, 

secondary  structures,  cavity  occurrences,  average  depths,  protrusion  indexes  or 

burial  indexes.  This  allows  an  easy  visualization  of  these  parameters'  value 

distributions in space within a structure and amongst structures of increasingly lower 

quality, providing insight on the spatial  behavior of each residue,  specially those 

biologically  relevant.  This  is  achieved thanks  to  three different  programs:  DSSP 

(Define Secondary Structure of Proteins)  [130], Speedfill, an improved version of 
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the  SURFNET  program  [131] and  PSAIA  (Protein  Structure  and  Interaction 

Analyzer) [132].

DSSP is used for assigning secondary structure on a residue basis, given a 

protein  structure.  Secondary  structure  elements  are  recognized  as  repeats  of  the 

elementary  hydrogen-bonding  patterns  "turn"  and  "bridge";  repeating  turns  are 

"helices", repeating bridges are "ladders" and connected ladders are "sheets".

DSSP is also used to provide the accessible surface area (ASA) of the protein 

under study, as the surface described by all possible positions of a water molecule 

(1.4Å radius) in contact with protein atoms, given on a residue basis as well. This 

follows the idea of Lee and Richards' water sphere rolling around the protein surface 

[133] and the algorithm subsequently developed by Shrake and Rupley [134].

Speedfill generates molecular surfaces of protein structures depicting cavities 

as convex regions, so that each atom cavity occurrence and average depth within a 

cavity can  be determined. Interactions with molecules such as DNA, ligands and 

other proteins are mainly mediated by the shape and chemical properties of a protein 

surface [135] [136] [137] [138]; these characteristics also establish what will be the 

quaternary structure in multimeric proteins [139]. This program is particularly useful 

in molecular modeling and drug design [140] [141].

PSAIA is a software that makes the calculation of a protein geometry and the 

Resource for benchmarking the applicability of protein structure models 48



Daniel Carbajo Pedrosa - PhD Thesis - XXIV cycle Pasteurian Sciences

identification of protein-protein interaction sites easy, given a protein structure. PSA, 

the console version of PSAIA’s structure analyzer module, is used to compute two 

geometrical  parameters:  The  convexity  or  protrusion  index  (CX),  and  the  depth 

index (DPX, which will be referred as burial index so that it is not confused with the 

depth of an atom or residue within a cavity).

The CX algorithm helps to identify protruding or convex atomic regions that 

are not only likely to be involved in protein-protein interactions, but can also help to 

identify limited proteolysis cleavage sites and antigenic determinants  [142].  CX is 

computed  as  follows:  A sphere  of  predetermined radius  is  centered  around each 

heavy (non-hydrogen) atom; the number of other heavy atoms within the sphere is 

multiplied by the mean atomic volume found in  proteins (20.1 ± 0.9 Å3 [143]), 

which gives the volume occupied by protein within the sphere (internal volume); the 

free volume within the sphere (external volume, the difference between the sphere 

volume and the internal volume) is then divided by the internal volume, giving the 

CX; atoms in protruding regions have a high ratio (CX) between the external and the 

internal volume. In order to discern atoms in concave regions from those just buried, 

CX has to be combined with either an ASA calculation, or with DPX.

The DPX algorithm measures to what extent an atom is buried in the interior 

of a protein [144], something not covered by the ASA calculation alone. The burial 
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of an atom is calculated by its distance in Å to the closest solvent accessible atom. 

Its values are higher than 0 for atoms buried in the protein core. These atoms buried 

in the protein core usually play a key role in the folding process, while contributing 

more to the protein thermodynamic stability; furthermore, buried atoms close to the 

surface, might become accessible through internal dynamics occurring upon binding, 

for example.

Structure  coloring  is  achieved  by  another  in-house  Perl  program  named 

mappON, which implements the above mentioned software.

An independent version of mappON, the main output of which is a table with 

diverse  parameters  of  the  residues  of  interest,  implements  additional  software, 

namely  DisEMBL  [145] to  calculate  protein  disorder  probability  and  retrieves 

evolutionary conservation and residue variability along evolution from the ConSurf-

DB [146].

DisEMBL is  an  accurate  method  based  on  artificial  neural  networks  that 

predicts potentially disordered/unstructured regions within a protein sequence. As no 

agreed  definition of protein disorder exists, DisEMBL is trained for predicting the 

probability of disorder according to three definitions:

• Loops/coils as defined by DSSP; loops/coils are not necessarily disordered, 

albeit  protein  disorder  is  usually  found within  them.  It  follows  that  loop 
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assignments are necessary but not sufficient for disordered segments.

• Hot loops, as a refined subset of the above, namely those with a high degree 

of mobility determined by Cα temperature factors.

• Missing coordinates in X-ray structures as defined by Remark465 entries in 

PDB; non assigned electron densities most often reflect intrinsic disorder.

ConSurf-DB is  a  repository  of  pre-calculated  ConSurf  [147] [148] [149] 

protein  evolutionary  conservation  profiles  for  the  whole  PDB;  evolutionary 

conservation  and  residue  variability  information  is  retrieved  when  available 

(otherwise, a close homolog for  the query protein is searched for, in which case 

evolutionary conservation values are correlated to the query protein).

ConSurf maps the level of evolutionary conservation at each amino acid site 

based on the phylogenetic relations between the protein's or domain's close sequence 

homologues. The degree of conservation at each amino acid site is similar to the 

inverse  of  the  site’s  rate  of  evolution;  slowly  evolving  sites  are  evolutionarily 

conserved, while rapidly evolving sites are variable. As previously commented, key 

amino acid positions that are important for maintaining the 3D structure of a protein 

(like residues buried in the protein core) and/or its function(s) (e.g. catalytic activity, 

binding  to  ligand,  DNA or  other  proteins)  are  often  under  strong  evolutionary 

constraints.  Thus, the biological importance of a residue often correlates with its 
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level of evolutionary conservation within the protein family.

This independent mappON version also calculates hydrogen bonding using 

DSSP and retrieves temperature factors from the structural files containing atomic 

coordinates.  The  distribution  of  temperature  factors  along  a  protein  sequence  is 

regarded as an important indicator of the protein's flexibility and dynamics. A large 

temperature  factor  indicates  high  mobility  of  individual  atoms  and  side  chains. 

Temperature  factors  have  a  variety  of  applications,  such  as  predicting  protein 

flexibility  [150] [151],  studying  protein  thermal  stability  [152] [153],  analyzing 

active sites  [154] [155] [156],  correlating side-chain  mobility  with  conformation 

[157] [158],  analyzing  protein  disordered  regions  [159] [160] and  investigating 

protein dynamics  [161].  Temperature factors are computed as specified in  [128]. 

They are taken from the structure for each atom in a residue, and then averaged over 

the whole residue. To exclude variations between proteins (measured temperature 

factors are given on different scales owing to the application of different refinement 

procedures  [162]), the temperature factor of each residue is also standardized by 

subtracting the mean of all the temperature factors in the chain (except the highest 

and  lowest  value)  and  dividing  the  result  by  the  standard  deviation  of  all  the 

temperature factors in the chain (except the highest and lowest value); standardized 

temperature factors are usually used in comparisons between different proteins and 
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protein  chains  [150] [151] [163] [164].  Other  atom-based  parameters,  such  as 

average depth, are also averaged over the whole amino acid; in the case of cavity 

occurrences, since a residue might be part of more than one cavity, the cavity where 

a residue occurs is considered the largest where any of its atoms occur. Though the 

main output is a table with all these parameters of selected residues, mappON is also 

able to color structures according to these parameters.

This  independent  mappON version  was applied  to  a  phosphorylation  site 

dataset  in  order  to  structurally  characterize  them  and  update  the  Phospho3D 

database, as detailed next.

2.6 - Phospho3D update and phosphorylation site predictor development

42,474  experimentally  verified  phosphorylation  sites  (in  8,718 eukaryotic 

proteins)  stored in the Phospho.ELM database  [165] (version 9.0,  August 2010), 

both manually  curated from the literature  and obtained from mass  spectrometry-

based proteomics experiments were analyzed using mappON so as to derive the data 

to construct the new Phospho3D database [166] [167]. The latter is a repository of 

3D  structures  of  phosphorylation  sites  which  stores  information  retrieved  from 

Phospho.ELM and which is enriched with structural information and annotations at 

the  residue  level.  The  corresponding PDB structures  of  the  proteins  included in 
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Phospho.ELM were retrieved  provided they fulfilled established thresholds (more 

than 98% sequence identity in non-gapped regions, more than 30 residues of the 

provided sequence correctly aligned, less than 15% of gaps present in the alignment, 

an e-value below 1e-6). Phosphorylation sites were mapped onto the corresponding 

structures;  this  resulted  in  5,387  mapped  instances  (1,770 unique  Phospho.ELM 

instances  -  897 Serine,  338 Threonine,  535 Tyrosine  -  on  2,158 protein  chains, 

mainly from human and mouse). Their structural context was analyzed according to 

the descriptors mentioned above; the same was done for the  phosphorylation site 

neighboring residues (5 flanking residues on the left and 5 on the right, and those 

with their Cα within a sphere of 12Å radius).

The complete redundant list of all the PDB files fulfilling the thresholds was 

filtered  using  PISCES  [123].  This  list  was  filtered  according  to  four  increasing 

sequence identity thresholds: 30%, 50%, 90% and 100% and a large-scale structural 

analysis was performed using the latter, as mentioned in RESULTS.

Phospho3D  stored  phosphorylation  sites'  structural  features  as  well  as 

structure  and  sequence  information  of  their  neighborhood  were  used  to  train  a 

structure-based phosphorylation site predictor based on a random forest algorithm. 

This was motivated by the fact that statistically significant differences were found 

between the structural descriptors of phosphorylation sites and control sites; control 
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sites were defined as those residues sharing the same residue type (Serine, Threonine 

or Tyrosine) as the phosphorylation site in the same protein, but not annotated as 

phosphorylatable in Phospho.ELM.

The dataset used to build the predictor was balanced taking a random sample 

of  control sites matching the number of mapped phosphorylation sites. Using the 

balanced data set, a fivefold cross-validation was performed; it involved partitioning 

the  data  set  into  two complementary  subsets,  one,  comprising  four  fifths  of  the 

original  data  set,  for  setting  the  parameters (the  training  set),  and  the  other, 

comprising the remaining fifth, for validating the analysis (the testing set). To reduce 

variability, five rounds of cross-validation were performed using different partitions, 

and the validation results were averaged over the rounds.

The  analysis  itself  consisted  in  developing  a  random  forest  ensemble 

classifier, consisting of 5,000 decision trees that "vote" whether a residue instance is 

a phosphorylation site or not; the forest chooses the classification having the most 

votes (over all the trees in the forest). These trees are decision support tools using 

tree-like models that classify each instance considering different combinations of the 

following variables:

• Phosphorylation  site's  structural  descriptors  (namely  secondary  structure, 

solvent accessibility,  temperature factor,  cavity occurrence,  average depth, 
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CX,  DPX,  evolutionary  conservation,  residue  variability and  disorder 

according to 3 different criteria).

• Phosphorylation site's sequence flanking residues (5 before and 5 after).

• Structural descriptors for each of the 10 flanking residues.

• Frequencies  of  each of  the  20 amino acids  among the sequence flanking 

residues.

• Frequencies  of  each  of  the  20  amino  acids  among  the  structural  residue 

neighbors within a 12Å radius sphere.

Seven  different  tests  considering  different  combinations  of  the  above 

variables  were  performed  to  finally  find  out  that  structural  information  did  not 

provide  an  additional  value  to  the  descriptor,  as  discussed  below.  The  predictor 

actually works at four different levels, considering either of the phosphorylatable 

residues  Serine,  Threonine or Tyrosine independently,  or  altogether.  In  all  cases, 

structural information did not provide an additional value, as shown in RESULTS.

The  predictor  was  developed  using  the  R  programming  language  for 

statistical computing and graphics.
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2.7 - Database and web servers development

Web servers have been developed for the tools introduced so far: ModelDB, 

mappON and MAP. PHP, Javascript and Jmol script was applied in the former two 

cases, and HTML and Perl CGI (Common Gate Interface) in the latter. The former 

two web servers  query a  MySQL relational  database  which stores  all  the above 

mentioned  information  (basic  information  of  each  PDB  structure,  functional 

annotation and pre-calculated decoy sets and "colored" decoy sets, etc) and was built 

using  the  Perl  DBI  (DataBase  Interface),  which  allows  to  embed  database 

communication within Perl programs, and DBD (DataBase Driver) modules as plug-

ins to DBI.

3 - RESULTS

3.1 - Database composition

The information stored in the ModelDB relational database comprises basic 

details  of  each PDB structure,  such as title,  macromolecule  name,  classification, 

biological  source  (organism),  experimental  determination  method,  resolution, 

chains, UniProt [168] [169] accession (chain-based, related to Swiss-Prot identifiers) 

and  EC  number  (chain-based)  if  applicable;  it  also  includes  the  functional 
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information detailed above, coming from CREDO (which documents protein-ligand 

interactions derived from structures in the PDB), CSA (which stores information 

about enzyme active sites and catalytic residues, whenever an enzyme have a 3D 

structure available in the PDB as well) and Swiss-Prot. The database also stores zip 

files  with  pre-computed  decoy sets  (computed  following the  in-house  ModelDB 

procedure),  and  "colored"  decoy  sets  (modified  using  the  in-house  program 

mappON), as well as files that help to map relevant features onto native structures 

and decoy models (created using the in-house tool MAP). The simple organization is 

shown in  Figure  5.  This  database  can  be  obtained  only  upon  request  and  built 

locally.

The complete database comprises the whole PDB as of 3rd January 2011; a 

50% sequence identity culled subset was used to build decoy sets using a minimum 

of 80% coverage and a maximum e-value of 0.1 as HHsearch thresholds. 8,609 out 

of 179,636 PDB chains (in 68,442 PDB files) were modeled, but 1,442 cases yielded 

no model at all,  as no template fullfilling the threshold was found. Only one case, 

2CIO chain B, was discarded from the database. Out of the remaining 7,166 PDB 

chains, 2,999 have an EC number (72,648 in the whole PDB), 2,452 of them with a 

complete EC number of 4 digits (63,474 in the whole PDB); 5,106 bind to ligands 

(97,388 in the whole PDB), 3,742 of them to more than one (70,780 in the whole 
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PDB), and there are 1,199 different ligands found binding to this subset of modeled 

chains (9891 in the whole PDB); 2,261 have at least one catalytic site (51,437 in the 

whole PDB), 982 of them have more than one catalytic site (23,686 in the whole 

PDB); 4,546 are annotated in Swiss-Prot (125,966 in the whole PDB), 4,018 of them 
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functional or biologically relevant annotation in Swiss-Prot (108,373 in the whole 

PDB), see METHODS section 2.4.

The average number of models per PDB chain in the ModelDB database is 

17, being the highest number of models obtained 206 for 2RHE chain A; the number 

of decoy models computed for PDB chains follows the density distribution shown in 

Figure 6. It is worth considering, nonetheless, that as the PDB grows, new releases 

of ModelDB will include more models per decoy set. Plotting the GDT-TS mean and 

standard deviation for each PDB chain set of decoy models, one can get an idea of 

the GDT-TS range they span, as can be seen in Figure 7.

3.2 - ModelDB

ModelDB exists  both  as  a  local  program for  large  calculations,  and  as  a 

publicly available web server (see AVAILABILITY) with additional features.

3.2.1 - ModelDB program

The ModelDB pipeline was used to build the pre-calculated decoy sets stored 

in the database, out of a significant subset of the PDB. The user can provide either a 

single structure or a list of several structures; the sequence of each input structure 

(considered  the  native  structure)  is  extracted  and  queried  against  a   70%  non 

redundant PDB HMM database, implementing HHsearch. HHsearch hits are taken 
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as templates to build single-

template  models  when 

fulfilling  preselected 

thresholds;  target-single 

template  alignments  are 

extracted from the HHsearch 

output  and sent  to  Modeller 

to  build  all  non-hydrogen 

atom  single-template  decoy 

models. Each decoy model is 

then compared to  the native 

to assess its quality, in terms 

of  GDT-TS  and  RMSD, 

applying LGA (Local-Global 

Alignment), useful for comparing two proteins or portions of them at the structural 

level. In order to be able to spatially superimpose all structures in a decoy set, every 

decoy is rotated and moved to best fit the native structure.

Thus,  a  resulting decoy set  will  comprise  the native structure plus  decoy 

models of different qualities that can be superimposed to it and ranked according to 
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diverse  quality  estimators, 

either  coming  from  LGA 

(GDT-TS,  RMSD, LGA_S 

and LGA_Q with regard to 

the  native  structure),  or 

from  HHsearch  (e-value, 

percentage  identity  and 

coverage with regard to the 

template  used). 

Additionally,  every 

structure in a decoy set can 

be  "colored"  according  to 

one  of  the  following  six 

coloring  schemes:  Solvent 

accessibilities, secondary structures, cavity occurrences, average depths, protrusion 

indexes and burial indexes, using another in-house program named mappON.

3.2.2 - ModelDB web server

The ModelDB web interface is conceived to be as user-friendly as possible. 

It has many additional features and benefits from the use of the database introduced 
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deviation gives an idea of the quality range in a decoy set.
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above.

A user  can either  specify a  PDB code or upload any protein structure of 

his/her own, specifying the chain of interest in both cases (otherwise the first chain 

present in the structure is analyzed); this structure is considered the native one in the 

set.  Modeling  default  thresholds  (80% coverage  and  an  e-value  of  0.1)  can  be 

changed. If a PDB code in the modeled list is selected without changing the default 

parameters, the  user is redirected to the main page described next, where the pre-

computed decoy models can be downloaded and visualized; however, if the PDB 

code  is  not  part  of  the  modeled  list,  the  default  parameters  are  changed  or  the 

structure under study is one uploaded by the user, there is an intermediate step where 

the modeling program is launched, and the models are computed. Once finished, the 

main page appears as well.

The ModelDB main page portrays in a comprehensible way the information 

stored in the database. An upper window gives a short description of the PDB code 

introduced (title, macromolecule name, classification, chains, crystallization method, 

resolution, EC number, UniProt accession, etc.); if the user introduced a structure of 

his own, a BLAST search is performed with stringent parameters (90% coverage and 

an e-value of 10-4)  against PDB and against Swiss-Prot (in case no PDB is found), 

so that basic information and functional annotation can be transfered from a close 
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homolog to the structure under study.

The possibility to download a zip file containing the decoy models produced 

is  given,  which  include  in  their  name  the  template  used  and  diverse  quality 

estimators for a straightforward ranking according to any of them. The main body of 

the page is composed by a sortable table (Figure 8.B) where the models in the decoy 

set are listed and can be ranked and visualized using a Jmol applet (Figure 8.A), 

where they can be loaded in any amount and order. Each model appears directly 

superimposed to the native structure. The native structure and the models are loaded 

in  cartoons,  but  the  display  can  be  changed  into  spacefill,  trace  or  backbone 

representations, etc.; besides, solvent excluded and solvent accessible surfaces can 

be rendered.

Collapsible boxes provide functional annotation as extracted from CREDO, 

CSA and Swiss-Prot (Figure 8.F); in the case of user uploaded structures, functional 

annotation is transfered from the PDB or Swiss-Prot entries of homologous proteins. 

Coordinate  relations  between  native  structure  and  models,  between  it  and  the 

corresponding Swiss-Prot fasta sequence (where applicable), and between it and the 

corresponding PDB structure (if it is a user uploaded structure with a PDB hit) are 

made using the MAP program. Biologically relevant residues plus any other that can 

be manually selected are highlighted as wireframe and labeled next to their Cα in the 
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Jmol window upon clicking the corresponding checkbox. The distance in Å between 

a native residue Cα and the Cα of the corresponding residue of each loaded model 

can be measured as well.

The page also features a state window which records everything happening 

in the Jmol applet (Figure 8.C), something useful for keeping track of the models 

loaded, displays, surfaces rendered, residues selected and distances measured. The 

user can also rotate the axes in the Jmol window and create images.

There is the possibility to color the structures and surfaces according to the 

six different coloring schemes (apart from the default where each structure has one 

different color) mentioned above (Figure 8.E). If the color scheme is changed, unless 

modified models are pre-computed, another intermediate window appears while the 

altered mappON software runs either DSSP, Speedfill or PSAIA. Once ready, the 

user is redirected to another main page analogous to the previous, where the applet is 

reloaded and the structures are colored according to the selected scheme (Figure 8). 

Here, once a residue is selected, the Cα value for the structural descriptor appears in 

its label and in the state window (except in the case of cavity occurrences, given on 

an atomic basis, where the largest cavity where any of the residue's atoms occurs is 

shown).  Visualizing  the  models  according  to  any  of  these  color  schemes  helps 

understanding how these descriptors are distributed within a structure and amongst 
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Figure 8: Section of the ModelDB result page described in the text. The structure of 118l chain  
A (T4 lysozyme) and its 3rd model are displayed in the Jmol window as cartoons and colored by  
solvent accessibilities, the 3rd model's transparent solvent excluded surface is also depicted; a  
ligand binding Isoleucine is highlighted in both structures, as well  as in the 1st model; 3rd  
model's Isoleucine occurs in an unfolded loop, far away from where it should be, making it more  
accessible.
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structures of different quality.

The  ModelDB package,  available  for  download,  includes,  apart  from the 

mappON  and  MAP programs,  some  other  in-house  programs  that  can  be  used 

independently as well: A program that extracts sequences from structures and runs 

BLAST against PDB and/or Swiss-Prot; a program that, instead of building a decoy 

set out of a protein structure, builds a more refined single model out of a protein 

sequence  (it  builds  an  HMM  as  query  and  uses  more  precise  parameters  for 

Modeller);  and another program that benefits from the use of LGA to rotate and 

move one structure in order to fit another one, something very useful for creating 

pictures using a molecular visualization program like Jmol or PyMol.

3.2.3 - Examples of use

The decoy sets are conceived to test structure-based methods and define to 

which extent they can make use of predicted protein structure models. However, the 

functional  documentation,  the  model  quality  estimates  and  the  different  color 

schemes  allow  many  large-scale  analyses  to  be  performed  as  well;  to  serve  as 

example, I checked until which level of model accuracy I could still detect the same 

exposed and buried residues, the same residues defining the largest cavity, etc. as in 

the native structure, as explained next.
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3.2.3.1 - Exposed and buried residues detection

Using all  the decoy sets  produced for  the PDB subset,  I  studied to  what 

extent  exposed  residues  are  still  detectable  across  models  of  decreasing  quality. 

Exposed residues are considered those with a  normalized solvent accessibility value 

above 70%; solvent accessibilities are normalized according to maximum residue 

values, as defined by Miller  et al.  [170]). More than 75% of exposed residues are 

still detected in over 40% of models with a GDT-TS above 90, and in almost 30% of 

those with a GDT-TS above 80; beyond this value of GDT-TS, there is a drop of the 

percentage of models where at  least  75% of the exposed residues are detectable, 

barely reaching 10% (Figure 9).

Buried residues, considered in this analysis those with a normalized solvent 

accessibility below 30%, tend to be more conserved along evolution than exposed 

ones, as they usually play a key role in the folding process, while contributing more 

to  the  protein  thermodynamic  stability.  Thus,  models  build  by  homology  often 

maintain these residues buried, no matter their overall quality (Figure 9).

3.2.3.2 - Largest cavity detection

I have also focused on the most important subset of exposed residues, those 

forming the largest protein cavity. As studied for some examples by Kuntz  et al. 

[171], binding sites tend to occur in the largest cavity; hence, this region defines the 
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space  available  for docking new ligands or modifying existing ones, something of 

paramount importance in the fields of molecular modeling and drug design.  The 

largest cavity is slightly less detectable than the whole set of exposed residues; only 

in a 20% of the models with a GDT-TS above 90 can at least 75% of the residues 

constituting such cavity be detected (a residue is considered to belong to a cavity if 

any of its atoms belong to it); there is a significant drop when GDT-TS is lower than 

80  (Figure  10).  However,  such  largest  cavity  is  better  detected  in  the  subset  of 
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Figure  9:  Exposed (left) and buried (right) residues detection as model quality decreases, in  
terms of GDT-TS; residues in the protein core are better maintained in their buried positions.
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enzymes stored in the CSA (Figure 10).

We have studied whether catalytic residues occurring in the largest cavity of 

enzymes can still be detected as model quality drops; since the precise position of 

these  residues tends to be well maintained in an  enzyme family, models built by 

homology have such residues still constituting part of the largest cavity, no matter 

the model accuracy (Figure 11).

3.2.3.3 - Active site residue relative position

Another  study  carried  out  consisted  in  measuring  the  Euclidean  distance 
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those considered enzymes in the CSA (right), where the cavity is slightly better detected.
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differences  between  every 

permutation  of  catalytic  residue 

Cαs constituting an active site (with 

two or more residues) in the native 

structure and the same permutation 

in  its  models  of  varying  quality. 

Averaging  all  the  differences  per 

permutation over the active site as a 

whole showed an increasing mean 

Euclidean  distance  difference  as 

model quality decreases in terms of 

GDT-TS,  meaning  that  modeled 

catalytic  sites  are  increasingly 

further  apart  from  their  native 

counterpart  (Figure  12).  Nonetheless, the  maximum mean  value  per  site  (when 

model quality is  the  lowest),  is slightly higher than 0.5Å, meaning that catalytic 

residues relative positions tend to be maintained even in low quality models (Figure

12).
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Figure  11:  When a catalytic residue occurs in the  
largest  cavity,  it  is  well  maintained  there  in  an  
enzyme  family;  thus,  decoy  models  built  by  
homology, will maintain those catalytic residues in  
the largest cavities as well.
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3.3 - MAP program and web server

The  bl2seq-based  MAP  local  program  and  public  web  server  (see 

AVAILABILITY) have some features intended to deal with the common problem in 

bioinformatics of mapping sequence residues onto structures, or structure residues 

onto another structure. It is part of both the ModelDB and mappON web servers. 

The  MAP web  server  itself  is  specially  conceived  to  be  the  most  user-friendly 

Resource for benchmarking the applicability of protein structure models 72

Figure 12: Mean (left) and maximum (right) Euclidean distance differences per catalytic site in  
CSA and range of models GDT-TS.  Catalytic sites tend to be slightly further apart from native  
counterparts  as  model  quality  drops,  but  not  so  far  apart,  being  the  relative  positions  
maintained.
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possible; it offers 5 possibilities:

1. Extract ATOM sequence in fasta format: Upon uploading a PDB protein file 

and specifying a chain of interest (otherwise the first one present in the file is 

taken), the atomic coordinate sequence is taken and the amino acid sequence 

is extracted in fasta format.

2. Number ATOM residues: The atomic coordinate sequence is extracted from a 

structure and the residues are renumbered consecutively starting from 1.

3. Map coordinates from fasta sequence to structure: This is the main reason 

why this program/web server was developed, and the feature applied in both 

ModelDB  and  mappON.  Upon  uploading  a  fasta  sequence  and  a 

corresponding  structure,  the  residues  of  the  former  are  mapped  onto  the 

coordinates of the latter. If only one sequence is uploaded, the corresponding 

structure is retrieved via a BLAST search with stringent parameters (90% 

coverage  and  an  e-value  of  10-4).  The  output  consists  of  a  table  of 

correspondences between sequence and structure residues. Mapping residues 

from sequence to structure is far from trivial, as residues might not be visible 

in the structure.

4. Map coordinates from one fasta sequence to another.

5. Map  coordinates  from  one  structure  to  another:  Upon  providing  two 
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structures (or just one, and retrieving the other using BLAST), the user gets a 

table of residue correspondences between the structures.

3.4 - MappON

 The mappON tool is implemented in the ModelDB pipeline to color every 

decoy in a set. Another version of mappON exists independently both as a local tool 

for large calculations and as a publicly available web server (see AVAILABILITY), 

and offers some other features. Apart from coloring input structures according to 

diverse descriptors, it outputs a table with the descriptors of selected residues (and 

those surrounding them). Thus, it serves to analyze properties of key residues in the 

protein structural context and visually examine the results.

3.4.1 - MappON program

MappON integrates  several  algorithms  selected  for  their  efficient 

performance  or  their  uniqueness  in  their  kind,  making  the  use  of  them 

straightforward and fast, and providing access to some not readily available.

The original mappON version takes as input either a structure or a sequence, 

or both; PDB structures are searched using BLAST with stringent parameters (90% 

coverage and an e-value of 10-4) whenever a sequence alone is used as input. Given 

the location of relevant residues based on the sequence or on the structure (when it is 

Resource for benchmarking the applicability of protein structure models 74



Daniel Carbajo Pedrosa - PhD Thesis - XXIV cycle Pasteurian Sciences

provided alone), mappON returns a file that provides data on each selected residue 

in  terms  of  secondary  structure,  solvent  accessibility,  cavity  occurrence,  average 

depth,  protrusion  index  and  burial  index,  hydrogen  bonding,  temperature  factor, 

evolutionary conservation, residue variability and disorder probability.

MappON also allows the study of the residue neighborhood of any selected 

residue. This neighborhood comprises any number of flanking residues in sequence, 

plus those with their Cα within a sphere of any radius centered on the Cα of the 

selected residue. An additional program in the mappON package allows coloring 

input structures following color schemes defined by any of the possible above listed 

descriptors.

In practice mappON represents a tool that integrates several structural and 

functional information that, in turn, is useful to investigate properties of the protein 

under study and of its residues.

3.4.2 - MappON web server

The mappON web server is as user-friendly as possible and has an interface 

very similar to that of ModelDB, providing the same functional annotation stored in 

the database, and making use of the MAP program as well.  The server gives the 

possibility to  either specify a PDB code, upload a structure, or a fasta sequence. 

Upon uploading a file, a BLAST search against PDB (and against Swiss-Prot if the 
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file is a structure and there are no hits in PDB) is performed so as to be able to 

provide functional annotations (mapped using the MAP program).

A primary page allows the selection of biologically relevant residues (ligand-

binding, catalytic and others, as previously specified) and gives the possibility to 

study a residue neighborhood for each selected instance, comprising any number of 

residues in sequence and those within a specified radius sphere.

The result page contains a sortable table listing the multiple residue-based 

structural/functional descriptors mentioned above, for each of the selected residues 

and neighboring residues (Figure 13.A). Apart from the result table, the user obtains 

the protein structure modified so that its  temperature factor fields are exchanged 

with  each  of  the  calculated  descriptors,  useful  to  visually  examine  residue 

characteristics  via  a  molecular  viewer,  such  as  PyMol  or  Jmol.  These  modified 

structures (in cartoons) with the selected residues highlighted (in wireframe with 

labels indicating their descriptor value) can be popped-up in the result page (Figure

13.B) in a Jmol window, allowing the highlighting of any other of the biologically 

relevant  residues.  The  popped-up structure  display  can  be  changed,  and  solvent 

excluded and solvent accessible surfaces can be rendered (Figure 13.C).
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Figure 13: Section of the mappON result page described in the text. The catalytic Glutamic 
Acid, as well as its sequence and structural neighboring residues, of the structure 118L chain A 
(T4 lysozyme) has been analyzed. The structure of the lysozyme is shown colored by cavity 
occurrences; the catalytic Glutamic Acid belongs to the largest cavity.
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3.4.3 - Phospho3D 2.0

The mappON program has already proved its usefulness as it contributed to 

update  the  Phospho3D  database  [167],  which  stores  phosphorylation  sites  in 

available  protein  3D  structures,  along  with  information  retrieved  from  the 

Phospho.ELM database [165] and descriptors obtained using mappON.

The original Phospho3D database [166] was already enriched with structural 

annotation  at  the  residue  level,  including  ASA,  secondary  structure  and  residue 

conservation extracted from the Consurf-HSSP database [172]. This 1.0 version also 

collected the annotation of the  phosphorylayion site flanking sequence (10 residues) 

and a 12Å radius phospho-instance 3D neighborhood in structural space. It is known 

that  these  neighboring  residues  contact  the  kinase  active  site,  affect  the 

phosphorylation  mechanism  and  regulate/modulate  the  specificity  of  the  kinase 

interaction, but it is not clear whether the sequence neighbours are more relevant 

than the structural ones.

Since then, more than 26,000 structures have been deposited in the PDB and 

the number of Phospho.ELM instances has increased about  fourfold.  Phospho3D 

version 2.0 includes an eleven fold increase in the number of Phospho.ELM unique 

instances mapped onto 3D structures (compared to version 1.0), and several novel 

features, including all the structural descriptors of phosphorylation sites (as well as 
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of the flanking residues at sequence level and those within a 12Å radius sphere) 

derived using the mappON tool, the possibility of browsing the database selecting 

non-redundant  sets  of  3D structures,  the  availability  of  downloading  many non-

redundant  sets  of structurally  annotated phosphorylation sites  (meant  to  serve as 

reliable benchmark datasets for phosphorylation site predictors’ training and testing) 

and P3Dscan, a new functionality that allows the user to submit a protein structure 

and scan it against the 3D phosphorylation site zones collected in the Phospho3D 

database.

3.4.4 - Phosphorylation sites structural characterization

A large-scale structural analysis on the phosphorylation sites stored in the 

new  Phospho3D  database  and  mapped  onto  non-identical  PDB  structures  was 

performed  using  mappON.  The  different  plots  obtained  can  be  found  at 

http://www.phospho3d.org/stats.py#3.  The majority of the Phospho.ELM instances 

are  in  proteins  of  unknown  structure,  more  than  one  quarter  are  in  sequences 

belonging to proteins of known structures, but in regions for which coordinates are 

not available; only a small percentage can be reliably mapped onto a 3D structure. 

There are 1,770 unique Phospho.ELM sites mapped 5,387 times onto 2,158 different 

protein chains; phosphorylation sites mapped more than once on different structures 

were considered  different phosphorylation sites in the analysis.  The analysis  was 
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carried out separately for each set,  plotting the statistical distribution of each 3D 

attribute used to annotate the phosphorylation sites in the database; here, only the 

plots for the phosphorylation sites falling on non-identical structures are reported.

 Only  a  few  instances  are  mapped  on  structure  residues  that  are  in  the 

phosphorylated state in the structure (i.e. showing the attached phosphate group). A 

fraction of P-sites shows low accessibility to the solvent (in the interval 0-20%); 

however, the majority of them has accessibility higher than 20%. The majority of 

phosphorylation  sites  occur  in  loops  or  unassigned  regions;  the  latter  mean non 

determined  secondary  structure  as  defined  by  the  DSSP program,  and  they  are 

interpreted as loop or irregular elements. Two of the three disorder criteria (the hot-

loops criterion is more stringent) agree on classifying many of the phosphorylation 

sites  as  disordered  or  flexible  residues.  They  are  not  protruding  and  not  buried 

within the protein core and, when located within a cavity, this is often the largest 

one.  Besides,  phosphorylation  sites  tend  to  be  subject  to  strong  evolutionary 

constraints.

Being  phosphorylation  a  modification  that  involves  protein-protein 

interaction,  these  results  are  consistent  with  the  fact  that  phosphorylation  sites 

should be found in a kinase recognition cleft, surrounded by flexible regions able to 

fit the kinase active site, and accessible on the surface of proteins, not buried within 

Resource for benchmarking the applicability of protein structure models 80



Daniel Carbajo Pedrosa - PhD Thesis - XXIV cycle Pasteurian Sciences

globular domains, as they have to be directly contacted.

3.4.5 - Phosphorylation site predictor

A random forest-based phosphorylation site predictor benefiting from both 

sequence and structural information was built using Phospho3D data obtained with 

mappON. The development of this predictor was motivated by significant structural 

differences found between phosphorylation sites and control sites (those residues 

sharing the same residue type as a phosphorylation site in the same protein, but not 

annotated as phosphorylatable in Phospho.ELM). Phosphorylation sites were found 

to  have  significantly  higher  solvent  accessibilities,  temperature  factors,  average 

depths and  disorder, lower burial indexes, were found more often in loop regions 

and  larger  cavities,  and  more  evolutionary  conserved  (data  not  shown);  this  is 

consistent with the structural features expected for a phosphorylation site, given the 

fact that phosphorylation involves protein-protein interaction.

Different  combinations  of  variables  were  considered  in  the  predictive 

analysis,  including  structural  features  of  phosphorylation  sites  and  neighboring 

residues  in  sequence  and  within  a  12Å  radius  sphere,  as  well  as  sequence 

information of the sequence neighborhood and frequencies of amino acids in the 

sequence and structural neighborhood.

Other  phosphorylation  site  predictors  using  signature  3D  profiles,  in 
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particular,  recently  developed  programs  Phos3D  [173] and  PHOSIDA 

(Phosphorylation  Site  Database)  [174] [175], claim  to  be  more  accurate  than 

predictors using sequence information only. Both of these predictors have proved the 

added value (small but consistent) of using spatial information for the computational 

prediction of phosphorylation sites applying Support Vector Machines (SVMs) with 

both sequence and structural information, outperforming many other predictors, not 

only sequence-only  based. SVMs are an ensemble of algorithms that analyze data 

and recognize patterns, used  for classification and regression studies; the standard 

SVM takes a set of input data and  predicts, for each given input, to which of two 

possible classes the input belongs.  In other  words, a SVM is a non-probabilistic 

binary linear classifier.

My random forest-based predictor can compete with Phos3D and PHOSIDA 

in  terms of accuracy. PHOSIDA has an accuracy of 90,17% for the prediction of 

Serine sites (89,85% using sequence information alone) and an accuracy of 77,27% 

for Threonine sites (74,24% using sequence information alone). Phos3D has kinase-

specific  prediction  accuracies  ranging  from  0,69  (Thr  kinases)  to  0,89  (MAP 

kinases).  My  predictor  reaches  an  overall  accuracy  of  0,795  (residue  type 

independent prediction), an accuracy of 0,786 for Serine sites, 0,829 for Threonine 

sites and 0,832 for Tyrosine sites. However, accuracies were actually higher when 
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using sequence information alone (0,855 for residue  type independent prediction, 

0,810 for Serine sites, 0,833 for Threonine sites and 0,884 for Tyrosine sites). As 

anticipated  in  the  introduction,  it  is  thought  that  phosphorylation  sites  are  an 

example  of  biologically  relevant  sites  which  sequence  neighborhood  has  been 

subject  to  stringent  evolutionary  constraints;  kinase  recognition  determinants 

correspond to consensus sequences with conserved residues that play a key role in 

the process.

4 - CONCLUSIONS

Since the gap between known protein sequences and structures continues to 

increase, researchers need to make use of protein structural models more routinely. 

Models usually contain structural inaccuracies that vary in number and severity, but 

they should not  be discarded,  as  they can still  provide important  insights into a 

protein  role.  Any  robust  structure-based  method  able  to  effectively  use  these 

suboptimal models, namely those in the midrange and low range of quality, will be 

at an advantageous position and will have an inestimable practical value. Thus, there 

is the need to test the model quality tolerance for such methods. ModelDB, the tool 

introduced here, serves this purpose by generating decoy sets in a straightforward 
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fashion. These decoys, or computed protein structure models of different qualities, 

are intended to be used to test structure-based methods and decide to which extent 

those methods can be applied to computed protein structure models. In other words, 

these  decoys  can  be  used  to  benchmark  the  applicability  of  a  given  method  to 

models, deriving a quality threshold at which interpretable results analogous to the 

ones that would be obtained with native structures can be produced.

The  project  has  involved  the  implementation  of  a  pipeline  divided  in 

programs that work together, but also exist independently, either on-line or for local 

use when larger calculations are demanded. The ModelDB modeling pipeline takes a 

protein structure as  input to generate single-template decoy models and rotate and 

move them to best fit the  input native structure; it makes use of another in-house 

program named  mappON to  "color"  the  structures  according  to  different  spatial 

descriptors (solvent accessibilities, cavity occurrences, etc.). The on-line versions of 

both ModelDB and mappON query a relational database that not only contains pre-

calculated decoy models and colored decoy models, but also functional annotations 

extracted from different sources and related to every structure in a decoy set using 

another in-house program named MAP.

The independent version of mappON is useful for the structural analysis of 

given residues as well as their residue neighborhood in sequence and space, listed in 
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a  tabulated  output;  the  on-line  version,  in  particular,  provides  annotation  for 

biologically  relevant residues  and features  a visualization window where colored 

structures  with  selected  residues  highlighted  can  be  manipulated  and  visually 

validated.  MAP is  a basic  tool  that  strives to deal  with the common problem in 

bioinformatics of correlating residues from a protein sequence to a structure and 

between structures, something particularly easy in the on-line version.

There are no other publicly available resources for generating decoy sets in 

such an easy and user-friendly way, to our record; some other sites exits for just 

retrieving decoy sets, the most used ones being  Decoys 'R' Us or the CASP page 

where the models submitted for each target can be downloaded. ModelDB allows 

the  computation  of  new  decoy  sets  of  certain  proteins  a  researcher  might  be 

interested  in.  Besides,  since  decoy  models  have  been  already  created  for  a 

significant  subset  of  the  PDB,  ModelDB  covers  a  larger  portion  of  the  protein 

structural space compared to the other resources; this portion increases as new decoy 

sets  are  built  and  stored  in  the  database.  Individual  decoy  sets  themselves  are 

expected  to  cover  wider  quality  ranges  in  new  releases  as  more  structures  are 

deposited in the PDB. Last  but not  least,  ModelDB also features a  visualization 

window where any decoy in a set, colored according to different descriptors, can be 

loaded, inspected and compared with the native counterpart.
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Apart from ModelDB's main application (i.e. benchmarking the applicability 

of computed models), the functional documentation, the model quality estimates and 

the  structures  color  schemes  allow  several  large-scale  analyses,  as  shown  in 

RESULTS using different examples.

5 - AVAILABILITY

Web servers introduced are publicly available at the following addresses:

1. ModelDB:

http://bl210.caspur.it/MODEL-DB/MODEL-DB_web/MODindex.php

2. mappON:

http://bl210.caspur.it/MODEL-DB/mappON_web/mappONindex.php

3. MAP:

http://bl210.caspur.it/MODEL-DB/MAP_web/paginasDANIEL/MAP.html 

Corresponding  programs  for  local  use  can  be  downloaded  in  these  web 

servers.
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Siempre viene bien acabar un trabajo con una cita; siempre hay alguien que 

lo ha hecho mejor que tú y si no puedes superarlo, róbaselo y aprovéchate; así que 

ahí va, esto resume muy bien estos años (por suerte tres y no cien):

Había estado en la muerte, en efecto, pero había regresado 

porque  no  pudo  soportar  la  soledad.  Repudiado  por  su  tribu, 

desprovisto  de  toda  facultad  sobrenatural  como  castigo  por  su 

fidelidad a  la  vida,  decidió refugiarse en aquel  rincón del  mundo 

todavía no descubierto por la muerte, dedicado a la explotación de un 

laboratorio de daguerrotipia.

Gabriel García Márquez, 1967 - Cien años de soledad.
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