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2. What is the packing fraction in protein cores?

3. Can simple hard-sphere model improve 
computational design of protein-protein 
interactions? 

1. Can the structural properties of protein cores 
be quantitatively modeled using hard-spheres? 

Important questions for protein packing



Protein Re-packing

1G4I; with sidechains

1G4I; without sidechains

Met, Tyr, Asp, Ile, Cys, Asp, Ala



J. Liang and K. A. Dill, “Are proteins well-packed,” Biophys. J. 81 (2001) 751.



What is a hard-sphere model for protein structure?  How 
does one choose the atom sizes?  Does one need explicit 
hydrogens? 

Why does the packing fraction of protein cores have 
to satisfy ϕ<0.74? 





“Dunbrack” database of high-resolution protein crystal structures

792 structures; resolution ≤ 1.0Å; sequence identity < 50%; B-factor
per residue ≤ 30Å2 

G. Wang and R. L. Dunbrack, Bioinformatics 19 (2003) 1589. 

Residue 
Type

Number

Ala 3471
Gly 3457
Leu 2958
Val 2744

Ser 2624

Thr 2542

Asp 2427

Lys 2190

Glu 2158

Residue 
Type

Number

Ile 2068
Asn 1884
Pro 1776
Arg 1653
Phe 1451
Gln 1436
Tyr 1409
His 853
Met 695
Cys 623
Trp 597PDB:1A6M Oxy-Myoglobin



Bond lengths, lBond angles, θAla
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In recent work, Peterson and coworkers (Peterson et al. 2014) 
performed side chain recovery for ~200 proteins using six different 
protein design software suites (SCWRL (Krivov et al., 2009), 
OSCAR (Liang et al., 2011), RASP (Miao et al., 2011), Rosetta 
(Kuhlman et al., 2000), Sccomp (Eyal et al., 2004), and FoldX
(Guerois et al., 2002)).  The key component of computational protein 
design software is the energy function, which can include many 
terms:  stereochemistry (potentials that enforce equilibrium bond 
lengths and angles derived from small molecule crystal structures) 
plus up to eight additional terms---statistical potentials derived from 
backbone-dependent side chain rotamer libraries (Dunbrack and 
Cohen 1997, Shapovalov and Dunbrack 2011); repulsive and 
attractive van der Waals atomic interactions; hydrogen bonding; 
electrostatics; desolvation energies; disulfide bond energy (RASP-
specific), and an ad hoc pairwise residue potential (Rosetta-specific).  
The energy functions differ in the relative weights assigned to each of 
these terms. 
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Residue 
Type

% in 
Core

% on 
Surface

Leu 17.5 7.5
Ala 13.2 7.2
Val 12.7 6.2
Ile 12.2 4.6

Gly 9.9 7.9
Phe 8.0 3.7
Cys 5.1 1.5
Thr 3.9 6.4
Ser 3.7 6.4

Residue 
Type

% in 
Core

% on 
Surface

Met 3.2 1.1
Tyr 2.2 4.0
Pro 1.9 4.5
Trp 1.4 1.7
Asn 1.4 5.3
Asp 1.0 6.7
Gln 0.7 4.0
His 0.7 2.1
Glu 0.5 6.7
Lys 0.5 7.2
Arg 0.3 5.2

Core Residues



Intra-residue
contacts

Inter-residue
contacts
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Comparison between xtal structure and hard-sphere prediction





F. M. Richards, “The interpretation of protein structures: Total
volume, group volume distributions, and packing fraction,”
J. Mol. Biol. 82 (1974) 1.   

J. Liang and K. A. Dill, “Are proteins well-packed,” Biophys. J.
81 (2001) 751. 

φr =
Vr

vri
i=1

Na

∑
φr =

Vr
Vcontainer

vri=Voronoi volume of 
atom i in residue r 

Studies of Packing in Protein Cores
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Voronoi Tessellation



Residue 
Type

Volume Vr
(Å3)

Leu 88.06
Ala 43.62
Val 72.45
Ile 88.13

Gly 30.46
Phe 100.66
Cys 61.20
Met 87.49

(Non-overlap) Volumes of Core Residues w/ Explicit Hydrogens

Leu Val

O
C
H

NIle Ala
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Packing Simulations
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Why is the packing fraction of protein cores ϕ<0.74? 



Bond-orientational order parameter Ql
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Conclusions

• Previous calculations of ϕcore~0.70-0.74, are likely too high 
for protein core packing;  would imply structural order
• We predict ϕcore~0.56 using a hard-sphere model with 
explicit hydrogens and atomic radii calibrated to observed 
side-chain dihedral angle distributions
• Showed that ϕcore~0.56 can be obtained from hard-particle 
simulations of individual amino acids under isotropic compression
• Apply results to mutations of protein cores and interfaces










