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Supp.%Fig.%1a:!The!growth!rate!of!deposited!PDB!structures!from!1996!to!2007,!and!
the!concomitant!growth!rate!in!the!number!of!folds!(as!defined!by!CATH!and!SCOP).!
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!
Supp.%Fig.%1b:!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,!as!ordered!by!the!number!of!chains!for!each!structure).!Green:!Cumulative!
number!of!XQRay!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.%Fig.%2:!Distributions!for!average!pairwise!RMSD!values!across!domains!within!
all!multiple!structure!alignments!at!varying!levels!of!sequence!identity.!
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Supp.%Fig.%3:!Clustering!based!on!RMSD!generally!matches!that!used!when!
clustering!based!on!QH.
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3d)!Catabolite!activator!protein!(CAP)!
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3e)!DAHPS!
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Supp%Fig.%4:%KQvalues!and!annotations!for!several!canonical!systems.!
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4c)%Adenylate!kinase!
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4d)%hsp!ATPase!
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4f)%Phosphfructokinase!
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4g)  I-CreI

4h)  5-enolpyruvylshikimate-3-phosphate synthase

4i)  Lysine-specific histone demethylase 1

bound to DNAno interaction
w/DNA bound to DNAno interaction

w/DNA

apobound to various species apobound to various species

PPI w/co-repressor no interaction
w/co-repressor

PPI w/co-repressor no interaction
w/co-repressor



4j)  Pheromone binding protein

4k)  HpaI aldolase

4l)  Histone acetyltransferase RTT109

dimeric formmonomeric form dimeric formmonomeric form

apo complexed w/
various species

apo complexed w/
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engaged in PPIno PPI engaged in PPIno PPI



4m)  Stage 0 sporulation protein A

4n)  Isocitrate dehydrogenase

4o)  Human folate receptor alpha

unphosphorylated phosphorylated unphosphorylated phosphorylated

(bound to di!erent sets of ligands) (bound to di!erent sets of ligands)
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(4.5-5.5)



4p)  Cytochrome C peroxidase

4q)  Molybdopterin-converting factor subunit 1

4r)  Anti-HIV-1 gp120-reactive antibody

mixed valence form oxidised form mixed valence form oxidised form

interaction w/envelope
glycoprotein

no interaction 
w/glycoprotein

interaction w/envelope
glycoprotein

no interaction 
w/glycoprotein



4s)  Plasmid segregation protein parM

4t)  BRO1 domain-containing protein BROX

4u)  NAD+ synthetase

apoholo apoholo

PPI w/charged multive-
sicular body protein 5
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w/MSBP5
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4v)  Lysozyme

4w)  Solute-binding protein MA_0280

4x)  Glutathione peroxidase 5

dimeric 
form monomeric form dimeric 

form monomeric form
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open form closed form unliganded 

open form closed form

reduced form oxidized form reduced form oxidized form
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Supp%Fig.%5!
!

!
5a)!Number!of!binding!sites!per!protein!(PDB!chain)!
%

!
5b)!Density!of!prioritized!sites!with!respect!to!number!of!residues!in!complex!
!
!
!



%
Supp%Fig.%6:%Communities!identified!by!dynamical!networkQbased!analysis.!Different!
communities!are!colored!differently.!Residues!shown!as!spheres!are!critical!
residues.!The!thickness!of!a!black!links!between!a!pair!of!residues!is!proportional!to!
that!pair’s!associated!betweenness.!The!protein!shown!is!phosphfructokinase!(PDB!
ID!3PFK).!
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Supp%Fig.%7!

!
7a)%Fraction!of!rare!alleles!(using!a!DAF!cutoff!of!0.05%)!for!surface!critical!and!
nonQcritical!residues.!Green!is!used!to!highlight!cases!for!which!the!fraction!of!rare!
variants!is!higher!in!critical!residues!than!in!nonQcritical!residues,!and!gray!
designates!cases!for!which!the!opposite!trend!is!observed.!
!
!
!



!
7b)%Fraction!of!rare!alleles!(using!a!DAF!cutoff!of!0.01%)!for!surface!critical!and!
nonQcritical!residues.!Green!is!used!to!highlight!cases!for!which!the!fraction!of!rare!
variants!is!higher!in!critical!residues!than!in!nonQcritical!residues,!and!gray!
designates!cases!for!which!the!opposite!trend!is!observed.!
!
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Supp%Fig.%8!

!
8a)%Fraction!of!rare!alleles!(using!a!DAF!cutoff!of!0.05%)!for!interior!critical!and!
nonQcritical!residues.!Green!is!used!to!highlight!cases!for!which!the!fraction!of!rare!
variants!is!higher!in!critical!residues!than!in!nonQcritical!residues.!
!
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!
8b)%Fraction!of!rare!alleles!(using!a!DAF!cutoff!of!0.01%)!for!interior!critical!and!
nonQcritical!residues.!Green!is!used!to!highlight!cases!for!which!the!fraction!of!rare!
variants!is!higher!in!critical!residues!than!in!nonQcritical!residues,!and!gray!
designates!cases!for!which!the!opposite!trend!is!observed.!
!
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%
Supp%Fig.%9:%Disease%mutations%afflicting%FGFR2%in%the%context%of%critical%
residues%and%biological%annotation.!Shown!below!is!chain!E!of!the!PDB!1IIL,!
which!corresponds!to!the!FGFR2.!Dotted!lines!highlight!loci!that!correspond!to!
HGMD!sites!that!coincide!with!critical!residues,!but!for!which!other!annotations!fail!
to!coincide.!DeeplyQburied!residues!are!defined!to!be!those!that!exhibit!a!relative!
solventQexposed!surface!area!of!5%!or!less,!and!binding!site!residues!are!defined!as!
those!for!which!at!least!one!heavy!atom!falls!within!4.5!Angstroms!of!any!heavy!
atom!in!the!binding!partner!(heparinQbinding!growth!factor!2).!The!loci!of!PTM!sites!
were!taken!from!UniProt!(accession!no.!P21802).!
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%
%
Supp%Fig.%10:%Mean%allele%frequencies%(AF)%for%criticalK%and%nonKcritical%
residues,%as%identified%by%ExAC.!Left:!Distribution!of!mean!AF!values!on!critical!
surface!residues!(red)!and!nonQcritical!residues!(blue).!Right:!Distribution!of!mean!
AF!values!on!critical!interior!residues!(red)!and!nonQcritical!residues!(blue).!Overall!
mean!values!and!pQvalues!are!given!below!plots.!
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Avg:     4.09E-04     2.26E-04                                 3.08E-05    3.27E-04
p-val:           (1.49e-03)                                                    (7.98e-09)



%
%
Supp%Fig.%11:%Mean%SIFT%scores%for%criticalK%and%nonKcritical%residues,%as%
identified%by%ExAC.!Left:!Distribution!of!mean!SIFT!values!on!critical!surface!
residues!(red)!and!nonQcritical!residues!(blue).!Right:!Distribution!of!mean!SIFT!
values!on!critical!interior!residues!(red)!and!nonQcritical!residues!(blue).!Overall!
mean!values!and!pQvalues!are!given!below!plots.!Note!that!lower!SIFT!scores!denote!
more!damaging!variants.!
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Avg:          0.188          0.221                                       0.190          0.191
p-val:                 (0.089)                                                         (0.901)
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%
Supp%Fig.%12:%Mean%PolyPhen%scores%for%criticalK%and%nonKcritical%residues,%as%
identified%by%ExAC.!Left:!Distribution!of!mean!PolyPhen!values!on!critical!surface!
residues!(red)!and!nonQcritical!residues!(blue).!Right:!Distribution!of!mean!
PolyPhen!values!on!critical!interior!residues!(red)!and!nonQcritical!residues!(blue).!
Overall!mean!values!and!pQvalues!are!given!below!plots.!Note!that!higher!PolyPhen!
scores!denote!more!damaging!variants.!
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Supp%Fig.%13:%Potential shifts in DAF distributions (in 1000 Genomes) using two-
sample Kolmogorov-Smirnov tests%

!
13a)!Cumulative!distribution!functions!for!mean!DAF!values!of!critical!surface!and!
nonQcritical!residues!(pQval!=!0.080).!
!
!

!
13b)!Cumulative!distribution!functions!for!mean!DAF!values!of!interior!critical!and!
nonQcritical!residues!(pQval!=!8.9EQ5).!
!



Supp%Fig.%14:%Potential shifts in mean minor allele frequency distributions (in 
ExAC) using two-sample Kolmogorov-Smirnov tests%

!
14a)!Cumulative!distribution!functions!for!mean!minor!allele!frequencies!of!surface!
critical!and!nonQcritical!residues!(pQval!=!0.0475)!
!

!
14b)!Cumulative!distribution!functions!for!mean!minor!allele!frequencies!of!interior!
critical!and!nonQcritical!residues!(pQval!=!8.7EQ5).!
!



Supp%Fig.%15:%Modeling%protein%conformational%change%through%a%direct%use%of%
crystal%structures%from%alternative%conformations%using%absolute%
conformational%transitions%(ACT).!
!

!
Left:!Distribution!of!the!mean!conservation!scores!values!on!critical!surface!residues!
(red)!and!nonQcritical!residues!(blue).!Right:!Distribution!of!the!mean!conservation!
scores!for!critical!interior!residues!(red)!and!nonQcritical!residues!(blue).!!
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GN vs. Invomap 
Many algorithms have been devised to extract the community structure of 

networks. In a comprehensive study comparing different algorithms (Lancichinetti et al, 

2009), an information theory-based approach (Rosvall et al, 2007), was shown to be one 

of the strongest. This method effectively reduces the network community detection 

problem to a problem in information compression: the prominent features of the network 

are extracted in this compression process, giving rise to distinct modules (more details are 

provided in Rosvall et al, 2007).  

Perhaps surprisingly, even though both methods achieve similar network 

modularity, we find that Infomap (see Methods and Rosvall et al, 2007) produces at least 

twice the number of communities relative to that of GN, and it thus generates many more 

critical residues (Supp. Table 5). For the canonical set of proteins, GN and Infomap 

generated an average of 12.0 and 36.8 communities, respectively (corresponding to an 

average of 44.8 and 201.4 critical residues, respectively). Thus, given that GN produces a 

more selective set of residues for each protein, the focus of our analyses is based on GN 

(corresponding results for Infomap are available in the in the Supplement). 

Although the critical residues identified by GN do not always correspond to those 

identified by Infomap, the mean fraction of GN-identified critical residues that match 

Infomap-identified residues is 0.30 (the expected mean is 0.21, p-value=0.058), which 

further justifies our decision to focus on GN). Furthermore, we observe that obvious 

structural communities are detected when applying both methods (i.e., a community 

generated by GN is often the same as that generated by Infomap, and in other cases, a 

community generated by GN is often composed of sub-communities generated by 

Infomap). 

As noted, the modularity from the network partitions generated by GN and 

Infomap are very similar (for the 12 canonical systems, the mean modularity for GN and 

Infomap is 0.73 and 0.68, respectively). Presumably, GN modularity values are 

consistently at least as high as those in Infomap because GN explicitly optimizes 

modularity in partitioning the network, whereas Infomap does not. 
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!
Comparisons between essential residues identified by binding leverage 

and dynamical network analysis 

 To better characterize the residues that we identify as critical by the binding 

leverage framework (“BL residues”) and dynamical network analysis (“GN residues”), 

we evaluated their solvent accessible surface area (SASA). Relative SASA values (which 

represent the solvent accessibility of a residue relative to that residue in an extended 

ALA-x-ALA tripeptide) were obtained using NACCESS (Hubbard et al, 1993). For each 

protein complex in our large dataset, we calculated the mean relative SASA for each of 

these two classes of critical residues, as well as the mean relative SASA for all residues 

in each complex [[see FIGURE below naccess__avgs_box.jpg]]. As discussed, since GN residues 

are involved in high-betweenness edges connecting communities, many GN residues tend 

to be interior to the protein, thus explaining why GN residues exhibit the lowest mean 

SASA. BL residues, in contrast, exhibit mean SASA values (centered at 22.01) that are 

intermediate between GN residues (20.33) and the protein-wide average (26.85). BL 

residues are excluded from the deep interior of the protein. Nevertheless, as BL hotspots 

occur within clefts and pockets, the associated residues should be partially buried. 
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!
In addition to sequence conservation, we evaluated the structure conservation of 

BL residues and GN residues using several different approaches (see Methods for 

details). In brief, for each set of proteins in our dataset, multiple structure alignments 

were generated for the associated domains at the Fold, Superfamily, and Family levels 

within SCOP (Fox et al, 2014), and the structural conservation of critical residues was 

evaluated by 1) looking for co-occurrence of these critical residues within each multiple 

structure alignment (i.e., we determine whether a given critical residue in a protein 

overlaps with a critical residue in another protein within the multiple structure 

alignment); and 2) evaluating the Qres scores of these critical residues (Qres is a metric 

that quantifies local structural similarity in an alignment; see Methods for details). 
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