Supplemental Methods

1. Amino acid conformation clustering

Amino acids in proteins are limited in structural diversity. Protein structures are determined by mainchain and sidechain torsion angles of the constituent amino acids. The distributions of the torsion angles are clustered around prevalent conformational centers, instead of spreading continuously over the torsion angle space. The mainchain torsion angles are clustered at the (- and the (-regions in the Ramachandran plot; the distributions of the sidechain torsion angles are also concentrated on only a few allowable regions, depending on the chemical constituents of the sidechain 
 ADDIN EN.CITE 
[1,2]
. Moreover, the distribution of each of the sidechain torsion angles is dependent on the torsion angles of the backbone of the amino acids 3[]
. Thus, amino acid conformations in proteins can be organized into limited sets of clusters based on the mainchain and sidechain torsion angle set of each of the amino acid types, allowing interacting atom pair database retaining conformational information of the parent amino acids.

Database for non-covalent interacting atom pairs in proteins was organized according to parent amino acid conformational types. To cluster amino acid conformations into a limited set of clusters for each type of amino acid, we assigned torsion angles to each of the amino acids in known protein structures with the computer program DSSP 4[]
 and MOLEMAN 2 5[]
. For each type of amino acid from the protein structure entries in PDB, a set of vectors with torsion angle elements in degree ({φ, ψ, χ1, …, χi}, where φ, ψ are backbone torsion angles and χi are sidechain torsion angles as defined conventionally) was established; amino acid residues with incomplete structure were excluded from the data sets. The vectors were used as input to the fuzzy c-means algorithm 6[]
 for clustering. The number of the clusters was determined as the minimal integer satisfying the condition that increasing the number of clusters beyond this minimal integer made little change to the partition index and separation index – two fuzzy c-means algorithm indexes describing the relative mean distance within and between clusters 7[]
. To augment the optimal decision on cluster numbers, we calculated the distribution of the intra-cluster RMSD (root mean squared deviation) in Å for superimposed amino acid structures between cluster members and the centroid conformation within a cluster for each cluster sets. The convergence of this intra-cluster RMSD to a minimal RMSD provided a more structure-related reference in contrast to the torsion angle-based structural descriptors in determining the optimal cluster number. After the determination of the cluster numbers, the centroid conformation of each of the clusters was determined as the center of mass of the vectors in the cluster. The number of clusters, the torsion angles of the centroid conformations, and the distribution information of the members in the clusters are listed in Table S6.
2. Protein atomistic non-covalent interacting database


Atomistic contact interactions in proteins of known structures were organized into a database containing non-covalent atomistic interaction information for atom pairs in protein structures. The general methodology is outline in Figure S1. For each of the atoms in residue X of a protein, the non-covalent interacting atoms were recorded as the following: Following the work of Laskowski et al. 8[]
, for each atom (P) in residue X, the relative location of the atom P was defined with two consecutive atoms R and Q, where R is covalently linked to P, and Q is covalently linked to R. Atom R was set at the origin of the reference coordinate system; atom P was located on the z-axis; atom Q was on the z-x plane of the reference coordination system. In principle, all non-covalent interacting atoms to atom P were recorded in the database with the reference coordination system. In this work, only non-covalent atomistic interactions in protein interiors were organized into the atomistic interaction database: First, a protein structure was randomly separated into two parts by cleaving at a random peptide bond. Interface residues with solvent accessible surface area (SASA) change more than 40% of the total SASA due to the separation of the two protein halves were considered for non-covalent atomistic interactions. The solvent accessible surface area (SASA) for each of the amino acid residues was calculated with DSSP. Only the atoms from the other half of the proteins were recorded for interacting with atom P when the pairwise distance between the two atoms was less than 5 Å. Atoms within 9 consecutive residues from the N and C directions of the atom P were excluded as interacting atoms to the atom P. This was to record the atomistic contact interactions mimicking the interactions in protein-protein interfaces. After all the interface residues were surveyed, the protein structure was again randomly separated at a different cleavage site and the survey for the atomistic contact interactions of each of the interface residues was repeated. This process repeated 40 times for each of the protein structures in the 9468 non-redundant protein structures with less than 60% sequence identity 9[]
. After the survey on all the non-covalent interacting atom pairs, the database was organized into a large number of files; each file is specific to an amino acid type, a conformational type based on the torsion angle vector of the amino acid, an atom type in the parent amino acid, and the interacting atom type. The structure of the data files facilitates the speedy random access of the database in predicting distribution of probability density maps (PDM) of non-covalent interacting atoms as described in the following section. Atoms in the 20 natural amino acids are assigned to one of the 30 interacting atom types found in proteins plus the crystal water oxygen as the 31st atom type (Table S7). 

Water oxygen distributions around the surface amino acids in 915 non-redundant protein structures solved to high resolution (resolution<1.5Å, sequence identity less than 30%, different graph topology and subunit structure) 10[]
 were recorded with the same P-R-Q reference coordination system and were stored in the same file system as described above. Water oxygens within 3.2 Å radius (within hydrogen bonding distance) to the interacting amino acid atoms were recorded in the database. This database was used for evaluating the desolvation penalties and water-mediated interactions in protein-protein interaction interfaces.
3. Predicting probability density maps (PDM) of non-covalent interacting atoms for protein surfaces

A probability density map (PDM) of a non-covalent interacting atom type is a three-dimensional distribution of likelihood for the type of atom to appear around protein surface amino acids. In this work, the PDMs were reconstructed from the interacting atom pair databases described in the previous section for the 31 interacting atom types shown in Table S7. The general methodology is outline in Figure S1.


To construct a PDM for an interacting atom type on a target protein surface, the computer algorithm first enclosed the target protein structure in a rectangular box clearing the structure by a margin of at least 7 Å from all sides of the protein’s edge. The three-dimensional rectangular box was then gridded with 0.5 Å per unit in three-dimensional space. This grid size was a balance between the resolution of the PDM and the computational resources needed for the PDM construction. The grid points enclosed within the Connolly surface 11[]
 of the target protein were masked from assigning PDM. 

The torsion angles of sidechain and mainchain of all the amino acids in the protein structure were calculated with MOLMAN2 and DSSP respectively. For each of the amino acid residues in the protein, the conformational type of the amino acid X was determined by the torsion angle vector, which had the least Euclidean distance to the centroid conformation of the assigned conformational cluster. With the assignment of the conformational type for each of the amino acids in the protein structure, the non-covalent interacting atoms around each atom P in the protein structure were allocated from the database according to the atom type of P, the assigned three-atom reference system P-R-Q as described in the previous section, the amino acid type of the parent residue containing atom P, and the conformational type of the parent amino acid. Interacting atoms outside the sphere with the radius equal to the sum of the van der Waals radii of the interacting atom and atom P plus a tolerance of 0.5 Å were not included as the interacting atoms with atom P. The coordinates of the allocated interacting atoms were transformed to the coordination system of the protein structure and mapped around the protein surface. An atom of non-covalent interaction was to be mapped only once for which the distance of the atom to P was the shortest. 31 PDMs were constructed from all the interacting atoms allocated for all the protein atoms (30 atom types) in the protein structure.
In order to keep PDMs high in information content and low in noise from irrelevant interactions, two strategies have been implemented. First, allocation of interacting atoms according to the amino acid conformational type (as described above) is crucial for retaining information content in PDMs. Alternative approach for PDM construction with interacting atoms allocated from mixed amino acid conformational types would lead to loss of fidelity in relative orientations of the interacting atoms, resulting in spreading PDMs around dihedral bonds. We found that mapping interacting atoms obtained from an atom in an amino acid conformational type onto the surroundings of the atom in another amino acid conformational type led to serious spatial distortion of the distribution of the interacting atoms. Second, only interacting atomic pairs in the database are used for PDM constructions. Atom pairs in the database were recorded by a threshold of distance in proximity. But frequently, many of such distributions of proximal atom pairs are results of covalent structures of non-interaction pairs in a nevertheless stable structure. In this work, non-interacting atomic pairs were eliminated with a filter Table as shown in Table S8 12[]
. Only the atomic pairs with the value in the matrix of the Table less than -0.1 were considered as interacting pairs and only these interacting atoms were included in the PDM constructions.
PDMs were constructed by mapping the interacting atoms allocated from the database as described in the previous paragraphs to the 3D grid system. To construct the PDM, each of the interacting atoms was distributed to 8 nearest grid points; the portion of the distribution was normalized by the database redundancy and was inversely proportional to the square of the distance from the atom to the grid:
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                                                 (1)
, where vji is the value to be accumulated at a nearest grid point j for interacting atom i; dji is the distance of grid point j to the center of the interacting atom i; grid points indexed k=1~8 are the nearest grids to the atom i; n is the number of residues collected in the database for the amino acid in the target protein with the conformational type defined by the torsion angle vector; pi is the background probability for atom type i to appear in all protein structures (when calculating water oxygen PDM, pi equals to 1). The factor 1/n in the Equation is to normalize the interacting atom density according to one conformation for each of the residues in the target protein and the background probability pi is to normalize the PDM based on the appearance frequency of the atom type i in proteins (except for water oxygen). The PDM for each of the interacting atom types was additively accumulated to completion as each of the atoms in the target protein surface finished contributing to the PDMs. 


PDMs constructed for 31 interacting atomic types on the surface of 20 natural amino acids and their various conformations are displayed online: http://ismblab.genomics.sinica.edu.tw/introduction/diaa/.

4. Computation of the LOGO plots

The size dji (in half-bit unit) for amino acid type i at position j in the consensus sequence LOGOs shown in Figure 1 were calculated with the equation: 
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Cji is the count for amino acid i at position j in Mj count of VEGF-binding CDR sequences containing position j; pi is the background probability for amino acid i encoded in the NNK degenerate codon 13[]
; the square root of Mj in the equation is the pseudo count to prevent singularity when Cji equals to zero. Equation (2) is modified after the original formulation 14[]
.

5. Mapping interacting strength of the antibodies against VEGF

Model structures of the selected VEGF-binding scFv variants, for which the sequence are shown in Table S1, were constructed with SCWRL 4.0 3[]
 with the backbone fixed as in 2FJG for 5 consecutive CDR residues in each of the 6 CDRs. These are the positive scFv variant groups for VEGF-binding. For each of the CDRs, 1000 models with random sequences were also constructed with the same modeling procedure. Experiments showed that all libraries of scFv with random CDR sequences did not bind to VEGF collectively. These scFv variants are the negative groups for VEGF-binding. For each of the model structures, the probability density maps for all 30 interacting atom types were constructed as described in section 3. For each of the VEGF interface atoms, an averaged p-value was calculated from the distributions of the scores derived from the probability density maps constructed based on the VEGF-binding scFv models (positive scFv variant group) against the distributions of the scores derived from the probability density maps constructed based on the scFv models with random CDR sequences (negative scFv variant group). The averaged p-value on the VEGF interface atom is the arithmetically averaged odd for a random CDR sequence to confer equal or better score on the atom than a VEGF-binding sequence does. A decreasing averaged p-value (colored in increasing redness) for the interface VEGF atom suggests that the atom is more consistently used to bind to antibody variants with increasingly stronger interactions governing the interactions in protein interior cores (calculated with the Xji term); on the other hand, a interface atom with p-value close to 1 (colored in blue) would be the locations where protein interior-type interactions are preferred to be avoided in the antibody-VEGF interface. Interface atoms colored in white are indifferent in terms of the interactions. Grey atoms are non-interface atoms.

6. Mapping hydration pattern on a protein surface

For each surface atom ai on the protein, the water probability densities on grids within 5 Å to the atom were summed as hi, which was assigned to the center of the atom ai. The patch-averaged hydration Hi for atom ai was calculated with the equation:
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              (3)
, where aj is a surface atom within 10 Å of radius centered at atom ai; n is the total number of surface atoms within the 10 Å radius of the central atom ai; dji is the distance between atom j and atom i (j(i). Surface atoms were the atoms with solvent accessible surface area greater than 0. The surface atoms were then color-coded in terms of the surface hydration measurement H; white color codes for the medium value between the maximum and minimum of H.
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