Supp. Fig. 1: Canonical proteins with surface-critical and known ligand-binding sites
Each left image shows sites that are scored highly (i.e., surface-critical residues, in red), and each right image shows the residues (yellow) that actually come into contact of known ligands, based on the corresponding holo structure (Supp. Table 1).
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Phosphofructokinase (PDB ID 3pfk)
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Adenylate Kinase (PDB ID 4ake)
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G6P-Deaminase (PDB ID 1cd5)


[image: ]
Trp Synthase (PDB ID 1bks)
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Glu Dehydrogenase (PDB ID 1nr7)
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Thr Synthase (PDB ID 1e5x)
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Malic Enzyme (PDB ID 1efk)
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Tyr Phosphatase (PDB ID 2hnp)
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Arg Kinase (PDB ID 3ju5)
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Phosphoribosyltransferase (PDB ID 1xtt)
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Asp Transcarbamoylase (PDB ID 3d7s)
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cAMP-dependent Kinase (PDB ID 1j3h)
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Supp. Fig. 2: Number of surface-critical sites per complex without thresholding 
Complexes are taken from the the PDB biological assembly files. Shown is the distribution of the number of sites per complex. Without applying thresholds to the list of ranked surface-critical sites, the protein is often covered with an excess of identified critical sites.
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Supp. Fig. 3: Community partitioning for canonical systems
Different network communities are colored differently, and communities were identified using the dynamical network-based analysis with the GN formalism discussed in the main text and SI Methods. Residues shown as spheres are interior-critical residues, and they are colored based on community membership, and black lines connecting pairs of critical residues represent the highest-betweenness edges between the corresponding communities.
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Supp. Fig. 4: Interior-critical residues highlighted in canonical systems
Shown above are the same proteins shown in Supp. Fig. 3, but with interior-critical residues highlighted in red spheres.
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[bookmark: _GoBack]NOTE – This figure will be updated with newer snapshots of the server
Supp. Fig. 5: Home page of the STRESS server (stress.molmovdb.org)
THIS FIGURE MUST BE UPDATED – ALSO: MAYBE MAKE SUPP. FIG. 5 A MULTI-PANEL FIGURE TO SHOW WHAT IS IN THE DIFFERENT TABS
The server enables users to either provide PDB IDs or to upload their own PDB files for proteins of interest. Users may opt to identify surface-critical residues, interior-critical residues, or both.
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Supp. Fig. 6: Running times and optimization in the search of surface-critical residues
(A) Running times are shown for systems of various sizes. Shown in red are the running times without optimizing for speed. Performing local searching supported with hashing and implementing additional algorithmic optimizations for computational efficiency reduce running times considerably (in green). (B) Log scale rendering of these running times, using seconds instead of hours.
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Supp. Fig. 7: Architecture of the STRESS server
Thin front-end servers handle incoming user requests, and the more powerful back-end servers perform the more intensive algorithmic calculations. These back-end servers are dynamically scalable, making them capable of handling wide fluctuations in demand from users. Amazon’s Simple Queue Service is used to coordinate between user requests at the front end and the back-end compute nodes: when front-end servers receive a request, they add the job to the queue, and back-end servers will pull that job from the queue when ready. Source code is available through github.
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Supp. Fig. 8: Energy landscapes to describe distributions of different conformations
Energy landscape theory may be used to describe the relative populations of alternative biological states and conformations  (for instance, active/inactive, or holo/apo). In the apo state, the landscape may take the form shown in the red curve, resulting in most proteins favoring the conformation shown in the red ribbon diagram. Once binding to ligand, the landscape becomes reconfigured to take the shape in the cyan curve, thereby shifting the distribution of conformations to that shown in the cyan ribbon diagram. One may use multiple structure alignments for domains or proteins in order to identify these distinct biological states in a database of structures. The schematized dendrogram represents the partitioning of these structures by a metric such as RMSD, and the example shown here is taken from the multiple structure alignment of adenylate kinase. The SCOP IDs of the apo domains, in red, are d4akea1 and d4akeb1; those of the holo domains, in cyan, d3hpqb1, d3hpqa1, d2eckb1, d2ecka1, d1akeb1, and d1akea1.
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Supp. Fig. 9: Pipeline for identifying distinct conformations and critical residues
Top to bottom: BLASTClust is applied to the sequences corresponding to a filtered set of structures, thereby providing a large number of sequence-identical sets of proteins (i.e., “sequence groups”). For each sequence-identical group, a multiple structure alignment is performed using STAMP. The example shown here is adenylate kinase; details are provided in Supp. Fig. 8. Using the pairwise RMSD values in this structure alignment, the structures are clustered using the UPGMA algorithm, and K-means with the gap statistic (δ) is performed to identify the number of distinct conformations. The plot at left identifies 2 as the optimal value for K: the solid line represents δ(K) values at each value of K, and the dotted line represents δ(K+1) – sk+1 for each value of K (see SI Methods for details). The structures that exhibit multiple clusters (i.e., those with K > 1) are then taken to exhibit multiple conformations. Finally, surface-critical (bottom-left) and interior-critical (bottom-right) residues are identified on those proteins determined to exist as multiple conformations.
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Supp. Fig. 10: Distributions of the number of chains and domains in the dataset of alternative conformations
Each structure the dataset of alternative conformations is taken from the first biological assembly file of the corresponding PDB. The structures in this database vary considerably in terms of size. Shown in panel (A) is the histogram representing the distribution for the number of chains in these biological assemblies, and shown in (B) is the corresponding distribution for the number of SCOP domains.





[image: ]

Supp. Fig. 12: A single annotated entry from our database of alternative conformations
The clustering for the protein adenosylcobinamide kinase is shown. Two distinct conformations are represented in the ensemble of structures. The measure kf designates the fraction of times that the optimal value of K (here, K=2) was obtained out of 1000 simulations in which the algorithm (K-means with the gap statistic) obtained this particular value of K. The high kf value (0.969) signifies that these structures are very well clustered into two groups. n designates the number of distinct structures (PDB chains in this case) in the multiple structure alignment. pf designates the fraction of times (out of 1000 simulations of running Lloyd’s algorithm, the standard K-means algorithm) that this particular set of structure-group assignments were assigned. In this this example, for all 1000 simulations, 1C9K_C and 1C9K_A were clustered in one group, and 1CBU_A, 1CBU_B, 1CBU_C clustered together. Within each cluster (the two clusters shown as two red boxes), the chain preceding the “::” tag designates the cluster representative (i.e., the structure closest to the Euclidean centroid of the cluster). The last field gives the RMSD values between cluster representatives. See the header information within Supp. File 1 for further details.
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A) Cumulative distribution functions for mean DAF values of surface-critical and non-critical residues (p-val = 0.159, KS test)
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B) Cumulative distribution functions for mean DAF values of interior-critical and non-critical residues (p-val = 1.79e-4, KS test)

Supp. Fig. 13: Potential shifts in DAF distributions (in 1000 Genomes) using two-sample Kolmogorov-Smirnov tests
[image: ]
A) Cumulative distribution functions for mean minor allele frequencies of surface-critical and non-critical residues (p-val = 9.49e-2, KS test)
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B) Cumulative distribution functions for mean minor allele frequencies of interior-critical and non-critical residues (p-val = 1.75e-4, KS test)

Supp. Fig. 14: Potential shifts in mean minor allele frequency distributions (in ExAC) using two-sample Kolmogorov-Smirnov tests
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Supp. Fig. 15: Measuring relative conservation by the fraction of rare (low-DAF) variants using 1000 Genomes data
Protein regions with high fractions of rare variants are believed to be more sensitive to sequence variants than are other regions (thereby explaining why such variants occur infrequently in the population). Here, a rarely occurring SNV within the human population is defined to be one with a DAF less than or equal to the rarity thresholds  given on the y-axis. We consider all structures such that at least one critical and at least one non-critical residue are hit by a 1000 Genomes non-synonymous SNV. Distributions in which the critical residues are defined to be the surface-critical (A) and interior-critical (B) residues are shown. For varying thresholds to define rarity, there are more structures in which the fraction of rare variants is higher in critical residues than in non-critical residues. Cases in which the fraction is equal in both categories are not shown. (A) represents data from 31 structures, and (B) represents data from 32 structures.
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Supp. Fig. 16: Measuring relative conservation by the fraction of rare (low-MAF) variants using ExAC data
Protein regions with high fractions of rare variants are believed to be more sensitive to sequence variants than are other regions (thereby explaining why such variants occur infrequently in the population). Here, a rarely occurring SNV within the human population is defined to be one with a MAF less than or equal to the rarity thresholds  given on the y-axis. We consider all structures such that at least one critical and at least one non-critical residue are hit by a non-synonymous SNV in the ExAC dataset. Distributions in which the critical residues are defined to be the surface-critical (A) and interior-critical (B) residues are shown. For varying thresholds to define rarity, there are more structures in which the fraction of rare variants is higher in critical residues than in non-critical residues. Cases in which the fraction is equal in both categories are not shown. (A) represents data from 90 structures, and (B) represents data from 84 structures.
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Supp. Fig. 17: Modeling protein conformational change through a direct use of crystal structures from alternative conformations using absolute conformational transitions (ACT)
Left: Distributions of the mean conservation scores on surface-critical (red) and non-critical residues with the same degree of burial (blue). Right: Distributions of the mean conservation scores for interior-critical (red) and non-critical residues with the same degree of burial (blue). Mean values are given in parentheses. Results for single-chain proteins are shown, and p-values were calculated using a Wilcoxon rank sum test.
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Supp. Fig. 18: Mean PolyPhen scores for critical- and non-critical residues, as identified by ExAC  
Left: Distribution of mean PolyPhen values on surface-critical residues (red) and non-critical residues (blue). Right: Distribution of mean PolyPhen values on interior-critical residues (red) and non-critical residues (blue). Overall mean values and p-values are given below plots. Note that higher PolyPhen scores denote more damaging variants.
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Supp. Fig. 19: Mean SIFT scores for critical- and non-critical residues, as identified by ExAC
Left: Distribution of mean SIFT values on surface-critical residues (red) and non-critical residues (blue). Right: Distribution of mean SIFT values on interior-critical residues (red) and non-critical residues (blue). Overall mean values and p-values are given below plots. Note that lower SIFT scores denote more damaging variants.
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Supp. Fig. 20: Network modularization by GN and Infomap
Different colors correspond to different communities. Network modularization by the GN (left) and Infomap (right) algorithms are shown for the crystal structure of glutamyl-tRNA synthetase complexed with tRNA(Glu) and glutamol-AMP (PDB 1N78).
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Supp. Fig. 21: Probability distributions of pairwise-RMSD by sequence identity
Distributions for average pairwise RMSD values across domains within all multiple structure alignments at varying levels of sequence identity.




Supp. Fig. 22: Representative clustering of domains based on RMSD and QH: RMSD generally matches the clustering obtained when using QH
Shown are the dendrograms for domains in adenylate kinase (A), arginine kinase (B), calcyclin (C), and catabolite activator protein (D)
A)


B)
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Supp. Fig. 23: Intuition behind the k-means algorithm with the gap statistic
The objective is to identify the ideal number of clusters to describe the observed data of 60 points (in blue). This entails defining how well-clustered our observed data appears (given an assigned number of clusters, K) relative to a null model consisting of a randomly distributed set of 60 points (grey) that fall within the same variable ranges as the observed data. Further details are provided by Tibshirani et al, 2001.
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Supp. Fig. 24: Quantifying the number of distinct surface-critical sites
(A) The distribution of the number of surface-critical sites per PDB chain; (B) The density of surface-critical residues with respect to the total number of residues in the biological assembly (here referred to as a “complex”, though in some cases, the biological assembly may in fact be a single chain).
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Supp. Fig. 25: Growth rate of deposited PDB structures, and the concomitant growth rate in the number of folds (as defined by CATH and SCOP)
The growing appreciation for dynamic behavior and the importance of conformational heterogeneity is being facilitated by a growing redundancy within the PDB. Such redundancy is represented, for instance, when the same protein is structurally resolved under different conditions, potentially resulting in alternative conformations.
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Supp. Fig. 26: Trends in data generation point to growing opportunities for leveraging sequence variants to study structure (and vice versa)
The volume of sequenced exomes is outpacing that of structures, while solved structures have become more complex in nature. Red: Average number of chains per PDB (considering the biological assembly PDB files for the top 10% of PDBs for a each year). Green: Cumulative number of X-Ray structures deposited in the PDB. Blue: Cumulative number of exomes stored in the NCBI Sequence Read Archive (SRA). All data were downloaded in May 2015.
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Supp. Table 1: Set of 12 canonical proteins, organized by state (apo or holo)
Ligands are given in parentheses (those in bold text designate the ligand used to define residues involved in canonical ligand-binding interactions).
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Supp. Table 2: Identifying known ligand-binding sites
The 2nd column designates the fraction of residues that constitute surface-critical residues, and the 3rd column represents, for each structure, the fraction of known ligand-binding sites that strongly overlap with surface-critical sites.
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Supp. Table 3: Do surface-critical sites occupy an exceedingly large fraction of the protein?
For most proteins in the canonical set, the fraction of the protein occupied by surface-critical residues roughly matches the fraction of residues known to be directly involved in ligand binding. For most proteins (blue), the fraction of critical-surface residue is actually lower than that of known ligand-binding residues.
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Supp. Table 4: Capturing known-ligand binding sites at varying thresholds
Here, n designates the number of residues within a surface-critical site that overlap with known ligand-binding residues. For the calculations reported above and in the main text, this value is taken to be n=6 (because each surface-critical site typically has 10 residues, and never has more than 10 residues, this criterion enforces that a majority of surface-critical residues within a given site overlap with known ligand-binding residues in order to be counted as a site match). However, as this threshold is relaxed to lower n, the fraction of captured known ligand-binding sites improves rapidly, suggesting that surface-critical sites generally lie close to known ligand binding sites in many cases.
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Supp. Table 5: Comparing the two network module identification algorithms GN & Infomap
Though both GN (values to the left of “|” symbols throughout the table) and Infomap (values to the right) decompose networks to give similar modularity, the number of communities, and hence the number of critical residues connecting communities, is substantially larger when decomposing networks using Infomap than using GN.
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