import os
import logging
from Bio import PDB
from collections import Counter, defaultdict
import numpy as np
from sklearn.cluster import KMeans
import matplotlib.pyplot as plt
from mpl_toolkits.mplot3d import Axes3D
from scipy.spatial import Delaunay, ConvexHull
import alphashape
import seaborn as sns
import pandas as pd

class ATPBindingSiteAnalyzer:
    def __init__(self, debug=False):
        self.parser = PDB.PDBParser(QUIET=True)
        self.debug = debug
        self.setup_logging()

        # Define residue classification by chemical properties
        self.residue_classes = {
            'acidic': ['ASP', 'GLU'],
            'basic': ['ARG', 'LYS', 'HIS'],
            'aromatic': ['PHE', 'TYR', 'TRP'],
            'polar': ['SER', 'THR', 'ASN', 'GLN'],
            'hydrophobic': ['ALA', 'VAL', 'LEU', 'ILE', 'MET', 'PRO', 'GLY', 'CYS'],
        }

        # Define ATP regions for interaction analysis - standard naming convention
        self.standard_atp_regions = {
            'adenine': ['N1', 'N3', 'N6', 'N7', 'N9', 'C2', 'C4', 'C5', 'C6', 'C8'],
            'ribose': ['O2\'', 'O3\'', 'O4\'', 'C1\'', 'C2\'', 'C3\'', 'C4\'', 'C5\''],
            'alpha_phosphate': ['PA', 'O1A', 'O2A', 'O3A'],
            'beta_phosphate': ['PB', 'O1B', 'O2B', 'O3B'],
            'gamma_phosphate': ['PG', 'O1G', 'O2G', 'O3G']
        }

        # Define ATP regions for interaction analysis - custom naming convention (for putative protein)
        self.custom_atp_regions = {
            'adenine': ['N1', 'N2', 'N3', 'N4', 'C6', 'C7', 'C8', 'C9'],
            'ribose': ['C1', 'C2', 'C3', 'C4', 'C5', 'O11', 'O12', 'O7', 'O8'],
            'alpha_phosphate': ['P', 'O1', 'O2', 'O3', 'O4'],
            'beta_phosphate': ['P1', 'O5', 'O6', 'O7'],
            'gamma_phosphate': ['P2', 'O8', 'O9', 'O10']
        }

        # Combined mappings for efficient lookup
        self.atom_to_region = {}
        for region, atoms in self.standard_atp_regions.items():
            for atom in atoms:
                self.atom_to_region[atom] = region

        for region, atoms in self.custom_atp_regions.items():
            for atom in atoms:
                # Only add if not already mapped (standard naming takes precedence)
                if atom not in self.atom_to_region:
                    self.atom_to_region[atom] = region

    def setup_logging(self):
        level = logging.DEBUG if self.debug else logging.INFO
        logging.basicConfig(
            level=level,
            format='%(asctime)s - %(levelname)s - %(message)s',
            handlers=[
                logging.FileHandler('atp_analysis_detailed.log'),
                logging.StreamHandler()
            ]
        )

    def get_residue_class(self, resname):
        """Determine the chemical class of a residue."""
        for class_name, residues in self.residue_classes.items():
            if resname in residues:
                return class_name
        return 'other'

    def get_binding_site_residues(self, structure, ligand='ATP', distance=4.0):
        binding_site = []
        ligand_found = False
        ligand_atoms_dict = {}  # Store ligand atoms by region

        try:
            logging.info(f"Searching for {ligand} binding site residues...")

            # First find all ATP atoms and classify them
            for model in structure:
                for chain in model:
                    for residue in chain:
                        if residue.resname == ligand:
                            ligand_found = True
                            for atom in residue:
                                # Classify ATP atom based on region using the combined mappings
                                atom_region = self.atom_to_region.get(atom.id, 'unknown')

                                # Store the atom with its region
                                if atom_region not in ligand_atoms_dict:
                                    ligand_atoms_dict[atom_region] = []
                                ligand_atoms_dict[atom_region].append(atom)

            if not ligand_found:
                logging.warning(f"No {ligand} molecule found in structure")
                return [], {}

                
            # Now find residues near each ATP region
            region_residues = defaultdict(list)
            all_residues = set()
            
            for model in structure:
                for chain in model:
                    for residue in chain:
                        if residue.resname != ligand:
                            for atom in residue:
                                # Check proximity to each ATP region
                                for region, ligand_atoms in ligand_atoms_dict.items():
                                    for ligand_atom in ligand_atoms:
                                        try:
                                            dist = atom - ligand_atom
                                            if dist <= distance:
                                                if residue not in region_residues[region]:
                                                    region_residues[region].append(residue)
                                                if residue not in all_residues:
                                                    binding_site.append(residue)
                                                    all_residues.add(residue)
                                                break
                                        except Exception as e:
                                            logging.warning(f"Error calculating distance for atom {atom.id}: {str(e)}")
            
            if not binding_site:
                logging.warning(f"No residues found within {distance}Å of {ligand}")
            else:
                logging.info(f"Found {len(binding_site)} residues in binding site")
                
            return binding_site, region_residues
            
        except Exception as e:
            logging.error(f"Error in get_binding_site_residues: {str(e)}")
            return [], {}

    def analyze_binding_site(self, binding_site, region_residues):
        if not binding_site:
            return None
            
        # Basic analysis
        composition = Counter(residue.resname for residue in binding_site)
        
        # Classify residues by chemical property
        class_composition = Counter()
        for residue in binding_site:
            class_composition[self.get_residue_class(residue.resname)] += 1
            
        # Analyze residues by ATP region
        region_analysis = {}
        for region, residues in region_residues.items():
            region_composition = Counter(residue.resname for residue in residues)
            region_class_composition = Counter()
            for residue in residues:
                region_class_composition[self.get_residue_class(residue.resname)] += 1
                
            region_analysis[region] = {
                'composition': region_composition,
                'class_composition': region_class_composition,
                'n_residues': len(residues),
                'residue_ids': [(residue.resname, residue.id[1]) for residue in residues]
            }
            
        return {
            'composition': composition,
            'class_composition': class_composition,
            'n_residues': len(binding_site),
            'residue_ids': [(residue.resname, residue.id[1]) for residue in binding_site],
            'region_analysis': region_analysis
        }

    def get_binding_site_coordinates(self, binding_site):
        if not binding_site:
            return None
        return np.array([atom.coord for residue in binding_site for atom in residue])

    def calculate_pocket_properties(self, coordinates):
        if coordinates is None or len(coordinates) < 4:
            return None
        try:
            hull = ConvexHull(coordinates)
            try:
                alpha_shape = alphashape.alphashape(coordinates, 2.0)
                alpha_volume = alpha_shape.volume
            except Exception as e:
                logging.warning(f"Error in alpha shape calculation: {str(e)}")
                alpha_volume = hull.volume  # Fallback

            convexity = hull.volume / alpha_volume if alpha_volume > 0 else 1.0

            # Sanity check
            if convexity == 0 or convexity > 10:
                logging.warning(f"Suspicious convexity value: {convexity}")
                convexity = 1.0  # Default to 1.0 if calculation gives unreasonable results

            return {
                'convex_hull_volume': hull.volume,
                'alpha_shape_volume': alpha_volume,
                'surface_area': hull.area,
                'convexity': convexity
            }
        except Exception as e:
            logging.error(f"Error calculating pocket properties: {str(e)}")
            return None
    def compare_binding_sites(self, known_dir, putative_file):
        known_results = []
        putative_result = None
        
        for pdb_file in os.listdir(known_dir):
            if pdb_file.endswith('.pdb'):
                try:
                    structure = self.parser.get_structure(pdb_file, os.path.join(known_dir, pdb_file))
                    binding_site, region_residues = self.get_binding_site_residues(structure)
                    if binding_site:
                        coordinates = self.get_binding_site_coordinates(binding_site)
                        result = {
                            'pdb_id': pdb_file,
                            'analysis': self.analyze_binding_site(binding_site, region_residues),
                            'coordinates': coordinates,
                            'properties': self.calculate_pocket_properties(coordinates)
                        }
                        known_results.append(result)
                except Exception as e:
                    logging.error(f"Error processing {pdb_file}: {str(e)}")

        try:
            putative_structure = self.parser.get_structure('putative', putative_file)
            binding_site, region_residues = self.get_binding_site_residues(putative_structure)
            if binding_site:
                coordinates = self.get_binding_site_coordinates(binding_site)
                putative_result = {
                    'analysis': self.analyze_binding_site(binding_site, region_residues),
                    'coordinates': coordinates,
                    'properties': self.calculate_pocket_properties(coordinates)
                }
            else:
                logging.warning("No binding site found in putative protein")
        except Exception as e:
            logging.error(f"Error processing putative protein: {str(e)}")

        return known_results, putative_result

    def analyze_conserved_patterns(self, known_results):
        """Analyze conserved patterns of residue classes in specific ATP regions."""
        if not known_results:
            return {}
            
        # Aggregate residue classes by ATP region across all structures
        region_class_counts = defaultdict(lambda: defaultdict(int))
        structure_count = len(known_results)
        
        for result in known_results:
            analysis = result['analysis']
            if 'region_analysis' not in analysis:
                continue
                
            for region, region_data in analysis['region_analysis'].items():
                for class_name, count in region_data['class_composition'].items():
                    if count > 0:  # Just record presence, not quantity
                        region_class_counts[region][class_name] += 1
        
        # Calculate conservation percentages
        conserved_patterns = {}
        for region, class_counts in region_class_counts.items():
            conserved_patterns[region] = {
                class_name: (count / structure_count) * 100
                for class_name, count in class_counts.items()
            }
            
        return conserved_patterns

    def evaluate_putative_conservation(self, conserved_patterns, putative_result):
        """Evaluate how well the putative protein follows conserved patterns."""
        if not conserved_patterns or not putative_result or 'analysis' not in putative_result:
            return {}
            
        putative_analysis = putative_result['analysis']
        if 'region_analysis' not in putative_analysis:
            return {}
            
        evaluation = {}
        for region, conserved_classes in conserved_patterns.items():
            if region not in putative_analysis['region_analysis']:
                continue
                
            putative_classes = {
                class_name: count > 0  # Just check presence, not quantity
                for class_name, count in putative_analysis['region_analysis'][region]['class_composition'].items()
            }
            
            region_eval = {}
            for class_name, conservation_pct in conserved_classes.items():
                # Is this class present in putative structure?
                is_present = putative_classes.get(class_name, False)
                # Is this class highly conserved? (>70% conservation)
                is_conserved = conservation_pct > 70
                
                region_eval[class_name] = {
                    'conservation_pct': conservation_pct,
                    'is_present': is_present,
                    'is_conserved': is_conserved,
                    'matches_conservation': (is_conserved and is_present) or (not is_conserved and not is_present)
                }
                
            evaluation[region] = region_eval
            
        return evaluation

    def generate_report(self, known_results, putative_result, conserved_patterns, conservation_evaluation):
        report = ["ATP Binding Site Analysis Report", "=" * 50, ""]
        
        report.append(f"Number of known structures analyzed: {len(known_results)}")
        if known_results:
            volumes = [r['properties']['convex_hull_volume'] for r in known_results if r['properties']]
            report.append(f"Average binding pocket volume: {np.mean(volumes):.2f} Å³")
            report.append(f"Volume standard deviation: {np.std(volumes):.2f} Å³")
            
            # Overall residue composition analysis
            all_compositions = Counter()
            all_class_compositions = Counter()
            for result in known_results:
                all_compositions.update(result['analysis']['composition'])
                all_class_compositions.update(result['analysis']['class_composition'])
                
            report.append("\nCommon residues in known binding sites:")
            for residue, count in all_compositions.most_common():
                report.append(f"{residue}: {count}")
                
            report.append("\nResidues by chemical class in known binding sites:")
            for class_name, count in all_class_compositions.most_common():
                report.append(f"{class_name}: {count}")
                
            # Conserved patterns analysis
            report.append("\nConserved patterns by ATP region:")
            for region, class_data in conserved_patterns.items():
                report.append(f"\n{region.upper()} REGION:")
                for class_name, conservation_pct in sorted(class_data.items(), key=lambda x: x[1], reverse=True):
                    report.append(f"  {class_name}: {conservation_pct:.1f}% conservation")
        
        report.append("\nPutative Protein Analysis:")
        if putative_result:
            report.append(f"Number of binding site residues: {putative_result['analysis']['n_residues']}")
            report.append(f"Binding pocket volume: {putative_result['properties']['convex_hull_volume']:.2f} Å³")
            report.append(f"Surface area: {putative_result['properties']['surface_area']:.2f} Å²")
            report.append(f"Convexity: {putative_result['properties']['convexity']:.2f}")
            
            report.append("\nResidues by chemical class in putative protein:")
            for class_name, count in putative_result['analysis']['class_composition'].items():
                report.append(f"{class_name}: {count}")
                
            report.append("\nResidue composition by ATP region:")
            for region, region_data in putative_result['analysis']['region_analysis'].items():
                report.append(f"\n{region.upper()} REGION:")
                for class_name, count in region_data['class_composition'].items():
                    if count > 0:
                        report.append(f"  {class_name}: {count}")
            
            # Conservation evaluation
            report.append("\nConservation Analysis:")
            for region, region_eval in conservation_evaluation.items():
                report.append(f"\n{region.upper()} REGION CONSERVATION:")
                
                # First report highly conserved classes (>70%)
                report.append("  Highly conserved classes (>70%):")
                for class_name, eval_data in region_eval.items():
                    if eval_data['conservation_pct'] > 70:
                        match_status = "✓" if eval_data['is_present'] else "✗"
                        report.append(f"    {class_name}: {eval_data['conservation_pct']:.1f}% conservation, present: {match_status}")
                
                # Calculate overall conservation score for this region
                matching_classes = sum(1 for eval_data in region_eval.values() if eval_data['matches_conservation'])
                total_classes = len(region_eval)
                conservation_score = (matching_classes / total_classes) * 100 if total_classes > 0 else 0
                
                report.append(f"  Region conservation score: {conservation_score:.1f}%")
                
        else:
            report.append("No binding site detected")
            
        return "\n".join(report)

    def visualize_results(self, known_results, putative_result, conserved_patterns, conservation_evaluation):
        """Generate comprehensive visualization plots with improved formatting and excluding 'unknown' regions."""
        if not os.path.exists('plots'):
            os.makedirs('plots')

        # 1. Volume distribution plot
        volumes = [r['properties']['convex_hull_volume'] for r in known_results if r['properties']]
        plt.figure(figsize=(10, 6))
        sns.histplot(volumes, kde=True)
        plt.title('**DISTRIBUTION OF BINDING POCKET VOLUMES**', fontweight='bold')
        plt.xlabel('Volume (Å³)', fontweight='bold')
        plt.ylabel('Frequency', fontweight='bold')
        if putative_result and putative_result['properties']:
            plt.axvline(putative_result['properties']['convex_hull_volume'],
                        color='r', linestyle='--', label='Putative Protein')
            plt.legend(frameon=True, facecolor='white', edgecolor='black')
        # Bold the tick labels
        plt.xticks(fontweight='bold')
        plt.yticks(fontweight='bold')
        plt.tight_layout()
        plt.savefig('plots/volume_distribution.png', dpi=300)
        plt.close()

        # 2. Residue composition heatmap
        compositions = [r['analysis']['composition'] for r in known_results]
        df = pd.DataFrame(compositions).fillna(0)
        plt.figure(figsize=(12, 8))
        df = df.astype(int)
        sns.heatmap(df, cmap='YlOrRd', annot=True, fmt='d')
        plt.title('**RESIDUE COMPOSITION HEATMAP**', fontweight='bold')
        plt.xlabel('Residue Type', fontweight='bold')
        plt.ylabel('Protein Index', fontweight='bold')
        # Bold the tick labels
        plt.xticks(fontweight='bold')
        plt.yticks(fontweight='bold')
        plt.tight_layout()
        plt.savefig('plots/residue_composition_heatmap.png', dpi=300)
        plt.close()

        # 3. Chemical class composition bar plot
        class_compositions = {}
        for result in known_results:
            for class_name, count in result['analysis']['class_composition'].items():
                if class_name not in class_compositions:
                    class_compositions[class_name] = []
                class_compositions[class_name].append(count)

        plt.figure(figsize=(12, 8))
        for class_name, counts in class_compositions.items():
            plt.plot(range(len(counts)), counts, 'o-', label=class_name, alpha=0.7)
        plt.title('**CHEMICAL CLASS DISTRIBUTION ACROSS KNOWN PROTEINS**', fontweight='bold')
        plt.xlabel('Protein Index', fontweight='bold')
        plt.ylabel('Number of Residues', fontweight='bold')
        plt.legend(frameon=True, facecolor='white', edgecolor='black', loc='best')
        plt.grid(True, alpha=0.3)
        # Bold the tick labels
        plt.xticks(fontweight='bold')
        plt.yticks(fontweight='bold')
        plt.tight_layout()
        plt.savefig('plots/chemical_class_distribution.png', dpi=300)
        plt.close()

        # 4. Conservation patterns heatmap - Filter out unknown region
        conservation_data = []
        # Define known ATP regions and their order
        region_order = ['Adenine', 'Ribose', 'Alpha_Phosphate', 'Beta_Phosphate', 'Gamma_Phosphate']

        # Filter out 'unknown' region and capitalize region names
        filtered_patterns = {k.capitalize(): v for k, v in conserved_patterns.items() if k.lower() != 'unknown'}

        # Sort regions according to defined order
        regions = sorted(filtered_patterns.keys(),
                         key=lambda x: region_order.index(x) if x in region_order else 999)

        class_names = sorted(
            set(class_name for region_data in filtered_patterns.values() for class_name in region_data))

        for region in regions:
            row = []
            for class_name in class_names:
                row.append(filtered_patterns[region].get(class_name, 0))
            conservation_data.append(row)

        plt.figure(figsize=(12, 8))
        df_conservation = pd.DataFrame(conservation_data, index=regions, columns=class_names)
        sns.heatmap(df_conservation, cmap='YlGnBu', annot=True, fmt='.1f')
        plt.title('**CONSERVATION PATTERNS BY ATP REGION**', fontweight='bold')
        plt.ylabel('ATP Region', fontweight='bold')
        plt.xlabel('Residue Chemical Class', fontweight='bold')
        # Bold the tick labels
        plt.xticks(fontweight='bold')
        plt.yticks(fontweight='bold')
        plt.tight_layout()
        plt.savefig('plots/conservation_heatmap.png', dpi=300)
        plt.close()

        # 5. Putative protein conservation radar chart - Filter out unknown region
        if putative_result and conservation_evaluation:
            # Get overall conservation score for each region, excluding 'unknown'
            region_scores = {}
            for region, region_eval in conservation_evaluation.items():
                if region.lower() != 'unknown':  # Skip 'unknown' region
                    matching_classes = sum(1 for eval_data in region_eval.values() if eval_data['matches_conservation'])
                    total_classes = len(region_eval)
                    region_scores[region.capitalize()] = (
                                                                 matching_classes / total_classes) * 100 if total_classes > 0 else 0

            # Create radar chart with properly capitalized region names
            regions = sorted(region_scores.keys(),
                             key=lambda x: region_order.index(x) if x in region_order else 999)
            scores = [region_scores[r] for r in regions]

            # Close the radar chart
            regions.append(regions[0])
            scores.append(scores[0])

            # Create the plot
            angles = np.linspace(0, 2 * np.pi, len(regions) - 1, endpoint=False).tolist()
            angles += angles[:1]  # Close the loop

            fig, ax = plt.subplots(figsize=(10, 10), subplot_kw=dict(polar=True))
            ax.fill(angles, scores, 'b', alpha=0.25)
            ax.plot(angles, scores, 'bo-', linewidth=2)
            ax.set_xticks(angles[:-1])
            ax.set_xticklabels(regions[:-1], fontweight='bold', fontsize=12)

            # Bold the y-axis tick labels
            ax.set_yticklabels([])  # Clear existing labels
            ax.set_title('**CONSERVATION PROFILE OF PUTATIVE PROTEIN**', size=15, fontweight='bold')

            # Add axis labels and grid with bold yticks
            ax.set_rlabel_position(0)
            plt.yticks([25, 50, 75, 100], ["25%", "50%", "75%", "100%"], color="grey", size=10, fontweight='bold')
            plt.ylim(0, 100)
            plt.tight_layout()
            plt.savefig('plots/putative_conservation_radar.png', dpi=300)
            plt.close()

        # 6. Chemical class composition by ATP region - Stacked bar chart - Filter out unknown region
        if putative_result and 'analysis' in putative_result and 'region_analysis' in putative_result['analysis']:
            # Filter out 'unknown' region from region analysis
            filtered_regions = {k: v for k, v in putative_result['analysis']['region_analysis'].items()
                                if k.lower() != 'unknown'}

            # Properly capitalize and order region names
            regions = [r.capitalize() for r in sorted(filtered_regions.keys(),
                                                      key=lambda x: region_order.index(
                                                          x.capitalize()) if x.capitalize() in region_order else 999)]

            class_names = sorted(self.residue_classes.keys())

            data = np.zeros((len(regions), len(class_names)))

            for i, region in enumerate(regions):
                # Use original region name for lookup
                region_lower = region.lower()
                region_data = filtered_regions[region_lower]
                for j, class_name in enumerate(class_names):
                    data[i, j] = region_data['class_composition'].get(class_name, 0)

            # Create stacked bar chart
            fig, ax = plt.subplots(figsize=(12, 8))
            bottom = np.zeros(len(regions))

            for j, class_name in enumerate(class_names):
                ax.bar(regions, data[:, j], bottom=bottom, label=class_name)
                bottom += data[:, j]

            ax.set_title('**CHEMICAL CLASS COMPOSITION BY ATP REGION**', fontweight='bold')
            ax.set_xlabel('ATP Region', fontweight='bold')
            ax.set_ylabel('Number of Residues', fontweight='bold')
            ax.legend(frameon=True, facecolor='white', edgecolor='black', loc='best')

            # Adjust rotation of x-axis labels if needed to prevent overlap
            plt.xticks(rotation=30, ha='right', fontweight='bold')
            plt.yticks(fontweight='bold')
            plt.tight_layout()
            plt.savefig('plots/region_class_composition.png', dpi=300)
            plt.close()

def main():
    # Set up logging
    logging.basicConfig(
        level=logging.DEBUG,
        format='%(asctime)s - %(levelname)s - %(message)s',
        handlers=[
            logging.FileHandler('atp_analysis_detailed.log'),
            logging.StreamHandler()
        ]
    )
    
    # Initialize analyzer
    analyzer = ATPBindingSiteAnalyzer(debug=True)
    
    # Define input directories/files
    known_dir = './known_atp_proteins'
    putative_file = './putative_protein/model_with_atp.pdb'
    
    logging.info("Starting ATP binding site analysis...")
    
    # Perform analysis
    known_results, putative_result = analyzer.compare_binding_sites(known_dir, putative_file)
    
    # Analyze conserved patterns
    logging.info("Analyzing conserved residue patterns...")
    conserved_patterns = analyzer.analyze_conserved_patterns(known_results)
    
    # Evaluate putative protein against conserved patterns
    conservation_evaluation = analyzer.evaluate_putative_conservation(conserved_patterns, putative_result)
    
    # Generate and save report
    logging.info("Generating comprehensive report...")
    report = analyzer.generate_report(known_results, putative_result, conserved_patterns, conservation_evaluation)
    with open('atp_analysis_report.txt', 'w') as f:
        f.write(report)
    
    # Generate visualizations
    logging.info("Generating visualizations...")
    analyzer.visualize_results(known_results, putative_result, conserved_patterns, conservation_evaluation)
    
    # Print summary
    logging.info("\nAnalysis Summary:")
    logging.info("-" * 50)
    logging.info(f"Number of known structures analyzed: {len(known_results)}")
    if putative_result:
        logging.info("Binding site detected in putative protein")
        
        # Print a summary of key conserved interactions
        region_scores = {}
        for region, region_eval in conservation_evaluation.items():
            matching_classes = sum(1 for eval_data in region_eval.values() if eval_data['matches_conservation'])
            total_classes = len(region_eval)
            score = (matching_classes / total_classes) * 100 if total_classes > 0 else 0
            region_scores[region] = score
            logging.info(f"{region.upper()} region conservation: {score:.1f}%")
            
            # Highlight key conserved interactions
            for class_name, eval_data in region_eval.items():
                if eval_data['conservation_pct'] > 70 and eval_data['is_present']:
                    logging.info(f"  Conserved {class_name} in {region} region (found in {eval_data['conservation_pct']:.1f}% of known structures)")
    else:
        logging.info("No binding site detected in putative protein")
    
    logging.info("\nFull report saved to 'atp_analysis_report.txt'")
    logging.info("Visualizations saved to 'plots' directory")
    logging.info("Analysis completed successfully!")

if __name__ == '__main__':
    main()
