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DNA Damage Recognition and Repair (DDR&R) proteins play a critical role in 
cellular responses to low-dose radiation and are associated with cancer. We have 
performed a systematic, genome-wide computational analysis of genomic data for 
human genes involved in the DDR&R process. The significant achievements of this 
project include: 

I )  Construction of the computational pipeline for searching DDR&R genes, 
building and validation of 3 0  models ofproteins involved in DDR&R; 

2) Functional and structural annotation of the 3 0  models and generation of 
comprehensive lists of suggested knock-out mutations; 

3) Important Improvement of macromolecular docking technology (see CAPRI 
results) and its application to predict the DNA-Protein complex conformation; 

4) Development of a new algorithm for improved analysis of high-density 
oligonucleotide arrays for gene expression projiling; 

5) Construction and maintenance of the DNA Damage Recognition and Repair 
Data base; 

6) Producing 14 research papers (1 O published and 4 in preparation). 

1) Construction of the computational pipeline for searching putative DDR&R 
genes, building and validation of 3D models of proteins involved in DDR&R 

An automated computational pipeline to detect new homologues was established using the 
sequence search protocol. Special scripts automatically access several sequences databases 
(genomic, EST and protein sequence databases from NCBI, as well as links to informational 
databanks, like GeneCards, Geneontology and OMIM) and update our local database servers with 
new putative DDR&R genes. The maintenance of an in-house mirror is vital to ensure better 
performance when searching through large amounts of information. Using the weekly updated 
databases (which include Genbank, Refseq, Ensembl, NCBI-BLAST, STS, Unigene), we perform 
sequence homologue and regulatory site searches. We analyze these genes before being submitted 
to the homology modeling pipeline. Newly described DDR&R genes from both our sequence 
search pipeline and other cases reported in different sequence databases and publications are 
directed to a second homology model building pipeline. Our methodology makes use of ICM 
ZEGA-alignment to search for suitable template structures in the RCSB Protein DataBank (PDB). 
The discrimination factor is given by a probability scoring function that was optimized to properly 
separate the structurally significant sequence alignments from those that are not structurally 
correlated. 



Homology models were built for all DDR&R proteins that do not have experimentally-solved 
structures (either by X-ray crystallography or NMR). To do this, an optimized alignment (created 
by alignSS) was generated when the probability of structural significance indicated a reliable 
correlation. Models were then built using the ICM homology modeling procedure and refined using 
different energy minimization and annealing protocols to ensure a realistic placement of all atoms. 

Models are not generated for the sake of creating a set of coordinates. They are generated to derive 
or predict interesting biological information. Therefore, quality-control of the generated models are 
essential for the next step. Errors can be introduced in experimental phase due to limitations of 
equipment used (e.g. geometrical errors in covalent geometry, atomic clashes, torsion angles, 
peptide flip errors and backbone deviations, etc.) and in the model derivation procedure (e.g. 
tracing the backbones and fitting the side chains, refinement in X-ray crystallography; atom-atom 
distance determination, structure calculation in NMR models). In the homology modeling 
procedure, the possible critical errors are: poor template choice, alignment errors, backbone 
conformational errors, and side chain mis-predictions. Several ICM based scripts have been 
developed to detect and correct these errors. A normalized structural alignment database (SAD) of 
1927 optimal structure-structure alignments has been created to optimize our new alignment 
method and is open to the public (Figure 1). 



Figure 1: Distribution of sequence identities of alignments in the final SAD database. Despite the majority of 
SAD structural alignments having sequence identities in the ‘twilight-zone’ (below approximately 30%), 
SAD still contains significant amounts of alignments that cover higher ranges of sequence identities. 

We have also performed a large-scale loop prediction in internal coordinates using a restrained soft 
peptide docking algorithm. The test set comprises 805 well-defined loops derived from 410 high- 
resolution crystal structures. For each loop, a peptide representing the loop was generated, and all 
free variables were randomized before prediction. The protein surroundings defined as a box 
stretching 5.0A in all directions from any loop atom were replaced by grid potentials. Global 
optimization of energy terms was performed by sampling the conformational space using the biased 
probability Monte Carlo procedure with local deformation loop movements. The molecular 
simulation was discontinued upon convergence, defined as the point when three individual 
simulations reach the same minimum energy (< 1.0 kcal difference). Results were evaluated by 
comparing the loop conformation to the original PDB structure using static RMSD calculations 
with superimposed anchor residues. Our results show very accurate prediction for all 805 loops. 
The average RMSD is 0.66 for main chain atoms and 1.35A for all atoms respectively. The 
models of DNA repair proteins in our DDR&R database have been rebuilt using the new improved 
methodology [ 10,11,12,15]. 

2) Functional and structural annotation of the 3D models and generation of 
comprehensive lists of suggested knock-out mutations 

When available, the automated pipeline executes the transfer of functional and structural 
annotations from different homologous proteins to the homology models. However, in several cases, 
when the DDR&R genedproteins are totally uncharacterized, alternative strategies are used to 
detect and suggest residues that may play an important role for the protein’s activity. We use three 
different properties that are usually correlated with an activity and/or function: electrostatics, 
surface pockets and projection of ligands present in the template structure. For electrostatics, we 
expect that those DDR&R proteins that directly interact with DNA should present some patches of 
electropositive potential, helping us to narrow down the range of residues to be considered. For 
surface pockets, we would expect to find substrates, cofactors and metal ions of enzymes and 
proteins docked in these pockets. Many times these are critical to the activity of the protein and are 
also located near functionally important regions. Finally, projection of ligands present in the 
template structure may help us to find shallow pockets in the homology model that might otherwise 
be undetectable, as well as adding information to the mapping of cofactor and substrate sites. 

To find these three properties in the homology models, specific methodologies and scripts have 
been developed to enhance the prediction power of this approach. The surface potential 
electrostatics is calculated using a modified ICM-rebel protocol, designed to filter out smaller 
spurious patches on the model. A projection script has been written which transfers the ligands 
from the template to their respective positions on the model, enabling the enhanced prediction of 
residues that would potentially interact with such ligands. A Large-scale optimization of active site 
prediction methodology using all known 3D structures has been performed. ICM-Pocket Finder, the 
program we developed for active site prediction is a combination of geometrical and potential 
energy consideration. We have optimized the parameters of the method and performed a 
comprehensive test based on all known structures from the PDB. This method takes a three- 
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Figure 2. Result of 5,656 binding sites collected from the complex structures and 11,535 binding 
sites collected from apo-structures. 

dimensional protein structure as input and returns the location, volume and shape of the putative 
binding sites in seconds by using energy potential and without any consideration for a ligand 
molecule. 17,191 binding sites collected from both cornplexes and uncornplexed (apo) structures 
were used to test the method. Of 5,656 binding sites collected from complexes, 98.2% were 
correctly identified, while the two largest pockets predicted as many as 92.7% of known binding 
sites. The average ratio of predicted contact area to the total surface area of the protein is 6.8% for 
the first two pockets. Only in 1.8% of the cases no “pocket density” was found at the ligand 
location. Further, 11,535 binding sites collected from apo-structures, were predicted with a 
comparable reliability of 97.8% for all predicted pockets with acceptable volume, and 93.8% for 
the two largest pockets. The low rate of false negatives and false positives and speed make this 
method powerful enough to predict protein-ligand binding sites of uncharacterized protein 
structures (Figure 2). 

Partial information from these properties is then combined, yielding a comprehensive table 
containing different combinations of these properties and their common residues [3,12]. 

3) Improvement of the protein-protein docking technology and the application 
to DNA damage repair protein docking 



Since DDR&R is a very efficient and flexible system, it is expected that its proteins would form 
supermolecular assemblies to perform specific tasks during the course of its action. This dynamic 
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and precise mechanism, often dictated by the ephemeral and delicate balance of protein-protein 
interactions play a key role in the recognition and repair processes. In order to better understand 
these molecular machines, we have developed a protein-protein docking algorithm based on the 
ICM global energy optimization method. The conformational sampling is achieved with Monte 
Carlo pseudo-Brownian movements followed by Biased Probability minimization of the interface 
side-chains. The scoring function is based on soft potentials pre-calculated on a 3-D grid, which 
helps to improve the speed and efficiency of the minimization procedure. 

The docking method has been validated in a set of 24 protein-protein complexes using the unbound 
subunits (Figure 3), which is the biggest benchmark for protein-protein docking reported so far. 
The method correctly predicts the near-native conformation within the top 20 solutions in 85% of 
the cases, and correctly predicts the near-native conformation as the lowest energy solution in 30% 
of the cases, which clearly outperforms other protein-protein docking methods. [2,3,4,5,6] 

Our docking technology was tested in the first blind worldwide competition, the Critical 
Assessment of PRedicted Interactions (CAPRI), 2003, and received the highest score (see Table 4, 
by R. Mendez et al. Proteins 52:51-67). All-atom refinement of rigid body protein-protein docking 
solutions using the Biased Probability Monte Carlo Procedure was found to substantially improve 
the prediction accuracy. A similar refinement procedure that used an all-atom model of the receptor 
rather than grid-based potentials was also found to improve peptide-protein binding geometry and 
affinity predictions. Force field parameters such as charges on phosphate groups and the list of 
torsion angles sampled by the Monte Carlo procedure were optimized such that the refined 
solutions most accurately reproduce the X-ray structures. Weighting terms for the energy 
components in a scoring function was fit such that the near-native structure has the lowest score out 
of all conformations accumulated in the Monte Carlo simulation conformational stack. 

Analysis of the docking landscapes generated by docking simulations also permitted the 
identification of preferred interaction areas on protein surfaces. A new optimized energy function 
has been validated in a set of 24 protein-protein complexes, and a binding site prediction method 
has been developed. The predicted sites covered more than 70% of the real interfaces in 7 1 % of the 
receptors and 54% of the ligands [6]. 

However, most DNA damage repair proteins interact with both other proteins and DNA molecules. 
Therefore, as a test case, we applied our efficient protein-protein docking algorithm to a protein- 
protein interaction that requires the participation of a DNA molecule in the process. We chose a 
well established system(DNA polymerase Beta - DNA - XRCCl), involved in the repair of DNA 
single strand break damage. The structures of both proteins were independently solved: the N- 
terminal domain of the DNA repair protein XRCC 1 was deposited in the Protein Databank with the 
PDB-ID lxna, and the DNA molecule bound to DNA polymerase beta (Pol-beta) with PDB ID 
lbpy. The interacting residues in the complex have been identified using NMR chemical shift 
mapping (Marintchev et a1 1999, Nature Structural Biology Vol. 6 pp. 884-893 and Gryk et a1 
2002, Structure Yol. 10, pp. 1709-1720). We docked these two structures without using any 
restraints derived from experimental data. The experimental data were used only for cross- 
validation purposes after docking. 



Figure 4. Predicted complex between XRCC1 -NTD (yellow), DNA (red) and Beta- 
polymerase (blue). The residues predicted to be involved in interactions between XRCCl 
and DNA are show a s magenta sticks whilst those that are in contact 
XRCC1 and b eta-polymerase interaction are show as cyan 

range intermediating 

sticks. 
Our docking results were inspected visually to identify the correct binding conformation based on 
the suggested model by previous studies (Marintchev et a1 1999, Nature Structural Biology Vol. 6 
pp884-893 and Gryk et a1 2002, Structure Vol.10, ppl709-1720). The second docking 
conformation in the solution stack was the best one which has the largest agreement with the 
suggested model. The solution has placed the DNA repair protein m C C 1  in a position that it 
interacts with both the DNA molecule and the polymerase beta. This is the first result of this kind 
and even though it needs to be further improved, a high rank (#2 out of 280 energy ranked 
solutions) of the correct solution is an important milestone (Figure 4). This prediction gives new 



insight into the interaction of this DDRR complex which is critical for understanding its fimction 
~ 4 1 .  

The geometrical complementarity among the elements is one of the main features of this assembly. 
As reported before, the structure of Pol-beta seems to favour the docking of DNA molecules with 
single-break damages through the adoption of a specific conformation, creating a well defined cleft 
on its surface. The docking solution also placed XRCCl in agreement with the expected shape 
complementarity, especially that represented by its interaction to the major groove of the DNA 
molecule through the beta-strand F and the EF loop. Complementarity can also be observed in the 
distribution of electrostatic patches. In the present case, the major player is the highly 
electronegative DNA molecule. The complementarity here is extensive and certainly stable, albeit 
probably not sequence specific. Both proteins have large electropositive patches: XRCC 1 has its 
main patches on the H'X platform and the protruding blade formed by the strand F. Pol-beta 
presents one very extensive electropositive area that covers the whole DNA-binding face, which is 
where we can find the cleft. Therefore, the electropositive patch of Pol-beta is further extended by 
the binding of XRCCl , that interacts with Pol-beta through hydrophobic interactions. The result is 
that 2/3 of the circumference of electronegative DNA molecule is now surrounded by pol-beta and 
XRCC1 molecules, that together forms a large, very well defined docking cleft. The results showed 
interesting and encouraging results for the use of computational methods to predict macromolecular 
interactions with a DNA molecule. 

We have also applied our protein-protein docking methodology to DNA mismatch repair 
mechanism (MMR). MMR is responsible for the maintenance of DNA fidelity upon replication, 
and known to be a mutilcomponent mechanism, including MutS, MutL, MutH, polymerase, ligase, 
etc. The exact functions and pathway of these proteins are still elusive. Lack of experimental 
evidence motivated us to predict a partial MMR complex. The crucial proteins in MMR are MutS 
and MutL, because they, or their homologues, are found in virtually all life forms and they perform 
the first initiation steps to repair DNA mismatch damages. Thus investigation of interaction 
between MutS and MutL would be the first step to characterize this complex pathway. So far, the 
X-ray structures of MutS and MutL have been characterized for E. Coli and Thermus aquaticus 
(TAQ): E. Coli MutS (1E3M), TAQ MutS (1EWR and lEWQ), and E. Coli MutL (1B62 and 
1B63). 1E3M and lB63 structure were chosen to perform a protein-protein docking simulation to 
predict the structure of E. Coli MutS-MutL complex, find their interaction, and furthermore track 
down the pathway of DNA mismatch repair. For the X-ray structure of MutL, though a successful 
crystallization of whole protein has not reported, only N-terminal 4OkDa ATPase fragment was 
identified. Despite of the C terminal 30kDa fragment, the N-terminal 40kDa of MutL (LN40) is 
able to replace MutL in activating MutH. It indicates that the LN40 contains all of the elements 
necessary for interacting with DNA and for activation of MutH in the presence of MutS and ATP. 
But considering the importance of the overall structural alignment of MutL homodimer, there is 
still doubt as for whether the dimeric forrn of LN40 crystal represents the MutL dimer reasonably. 
Although the answer to the question will be difficult to be addressed until the crystal structure of 
entire MutL dimer is reported, the earlier report suggested that the surface potential of a groove of 
LN40 dimer is highly positive, making it a prime candidate for DNA binding, and the C-terminal 
region in MutL, which is absent in the crystal structure, would seal and convert this groove to a 
hole as in DNA gyrase. The ligand protein, the dimer form of MutL, was generated by applying 
crystal symmetry using ICM operators to the 1B63 structure. 



The complex structure was predicted by side chain refinement after rigid body docking with ICM. 
The complex structure is the lowest energy conformation, which is 1st rank after refinement. 2nd 
and 3rd rank conformations also have very similar structure to the 1st ranked one. The 
conformation with the lowest energy is very similar to the earlier proposed complex structure (Ban 
et a1 EMBO J (1998) 17: 1526-1534) [16]. 

4) Development of a new algorithm for improved analysis of high-density 
oligonucleotide arrays for gene expression profiling 

High-density oligonucleotide arrays have become a valuable tool for high-throughput gene 
expression profiling. Ultimately we would like to use this technology to identify new DDRR genes. 
Increasing the array information density and improving the analysis algorithms are two important 
computational research topics. We have developed a new algorithm, named MOID (Match-Only 
Integral Distribution), to analyze high-density oligonucleotide arrays. Using known data from both 
spiking experiments and no-change experiments performed with affmetrix GeneChipO arrays, 
MOID and the Affj-metrix algorithm implemented in Microarray Suite 4.0 (MAS4) were compared. 
While MOID gave similar performance to MAS4 in the spiking experiments, better performance 
was observed in the no-change experiments. MOID also provides a set of alternative statistical 
analysis tools to MAS4. There are two main features that distinguish MOID from MAS4. First, 
MOID uses continuous P values for the likelihood of gene presence, while MAS4 resorts to discrete 
absolute calls. Secondly, MOID uses heuristic confidence intervals for both gene expression levels 
and fold change values, while MAS4 categorizes the significance of gene expression level changes 
into discrete fold change calls. The results show that by using MOID, Affj-metrix GeneChipO 
arrays may need as little as ten probes per gene without compromising analysis accuracy [7,8,9]. 

5) Construction and Maintenance of the DNA Damage Recognition and Repair 
Database 

A homepage with important information about the DDR&R proteins and genes has been 
constructed and made publicly available (http://abagyan.scripps.edu/I)T)RR/). In this database we 
offer links to protein models for both those with its structure solved and deposited in the Protein 
DataBank as well as those homology models built through the automated pipeline. Functional sites 
have been annotated for all models using the binding pocket prediction procedure. The functional 
site annotation of the DDRR proteins in the DDRR database was analyzed. Residues that were 
predicted to surround a binding pocket and, at the same time, carry a significant functional 
annotation were derived and listed. Graphical and tabulated information about the homology model 
building are also present, as well as a separated table for each protein with suggested mutations as 
determined by the properties mapping protocol (Figure 5). It summarizes, in a unified and 
streamlined way, the results we have obtained so far in the DDR&R project [l]. 

http://abagyan.scripps.edu/I)T)RR
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Figure 5 :  A screen shot of the DDR&R database. The intersections in the table represent residues 
common to the considered four properties (Electrostatic potential distribution on the surface, 
putative pockets, annotated binding sites, and projected template ligands). 
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