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Plan of this talk

To introduce a simple and universal parameter, which is useful in

characterizing complicated and diverse protein conformations.
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Introduction

Proteins assume specified conformations from their chemical compositions or sequences to
develop biological activity and functional specificity.

.N.EOIII,AI lucmm- A ‘

g e e Wil WON complen meecote michiery, & Wil

7 Classes of Proteins: proteins outside cells (l), proteins on membranes (ll), proteins for transport and storage (ll1),
proteins acting as chemical factories (IV), proteins working with DNA (V), proteins for building new proteins (VI), and
proteins for building organizations (beams and girders) (VII). (Protein Data Bank, http://www.rcsb.org/pdb/index.html)



Introduction

Proteins are biomolecules, consisting of one or more long chains of amino acids residues.

Properties of the amino acid sequence of a protein determine its 3D structure.

Carboxyl group

Amino group

H = Glycine
CH, = Alanine

Juang RH (2004) BCbasics

Primary protein structure
Is sequence of a chain of
amino acids.

Pleated sheet Alpha helix
Secondary protein structure
occurs when the sequence of
aminoacids are linked by hydrogen
bonds.

. Pleated sheet

Tertiary protein structure
occurs when certain attractions

y are present between alpha helices
“Alpha helix  and pleated sheets.

Quaternary protein structure
IS a protein consisting of more
than one amino acid chain,

Image adapted from: National Human Genome Research Institute.




Introduction

Solve structures by
X-ray, NMR, ...

K, W.BODE, R. HUBER

e .
1 ¥
2 b <
. Q &
1 . )
2 @) o o
4 > ¢ )
5 2 &" 2
¢ Y
1 \
a
4 /}
s - y
3
¢ ) o

v o

Amino acids

hexokinase |1cza) ubiseo (10x) akohol dehydrogenase (2ohx

ilizes the following ene:

gy function N
Ewu = Evi + Ea+ Ew + Eion. \

where

Folding simulations

(@) (b)

Eve S (1 £ costhkypy)). ) / ‘



Protein data bank

RCSB PDB Deposit + Search v Visualize v Analyze + Download v Learn v More ~

o 157145 Biological
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W welcome This resource is powered by the Protein Data Bank archive-information about the
3D shapes of proteins, nucleic acids, and complex assemblies that helps
students and researchers understand all aspects of biomedicine and agriculture,
from protein synthesis to health and disease.
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Protein data bank

PDB-101 Molecule of the Month + Browse Leam~ Gilobal Health~ Teach~ SciArt~ Events ~ More~

‘PDB “lo 1 Molecular explorations Search Molecule of the Month articles and more |

through biology and medicine

Educational portal of ’_Z;EPE OyDoO

PDB & Data Archiving Modules Modules Objectives Contributors Index

Modules About the PDB & Data Archiving Curriculum

This curriculum introduces best practices recommendations for anyone interested in developing and managing a data pipeline for a curated

Introduction public archive of biological experimental data, leveraging the extensive experience of the RCSB PDB team. View this short overview (pdf) to
learn more.
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Infrastructure
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Archiving Development of this resource has been supported by Mational Institutes of Health National Library of Medicine R25LM012286 as part of the
BD2K Initiative.
Distribution
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Why PDE-1017 Researchers around the globe make these 3D structures freely available at the Protein Data Bank (PDE)
archive. PDB-101 builds introductory materials to help beginners get staried in the subject ("101%, as in an eniry level course)
as well as resources for extended learning.

RCSB PDB is funded by a grant from the National Science Foundation (DBI-1338413), the National Institutes of Health, and the US Department of Energy (DE-SG0019749).




Protein data bank
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Protein conformation and function
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Ramachandran plot

The main chain N-C, and C_-C bonds are relatively free to rotate, and can be respectively represented by two
torsion angles ¢ and y. These angles can only appear in certain combinations due to steric hindrances, which
define the allowed regions of the torsion angles for secondary structures in the plot
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B The Ramachandran plot is a practical criterion for improving the quality of NMR or crystallographic

protein structures.

B However, correct torsion angle distributions do not imply the validity of 3D structures.



Protein packing density

Bicphysical Joumal Volume 81 August 2001 751-766 751
Are Proteins Well-Packed?
Jie Liang” and Ken A. Dillt
*Department of Bioengineering, University of llinois at Chicago, Chicago, lllincis 80807-7052 and TDepartment of Pharmaceutical
Chemistry, University of California at San Francisco, San Francisco, California 94143-1204
752 Liang and Dill
N B C  Prota Atom Internal packing density >
. [l =
Depression S ©
\ @ 8 o
p. = V\\lw _ V\'d\\ _\E‘, g
/’)L' Q’:/l:)d‘etl : vcn\v' Vvuid + vm.\ é g °
[ (void) 5 ©
l\ Ve 29
S <
£ o

FIGURE 1 Ths concve regions and sirfaca packing of proteins. (a) Thare are threa types of concave regions an protein surfaces: Fully enclozad voids
with no outlet, pockats accessble fom the ourside but with constriction at mouths, ard zhallow depressicns. (b) In the analysis of protein self packmg,
the volums of inferior voids azd swfice pockets are caleulated based en Delaunzy tianzulation and alpha shape described later. All water molecules need
0 be removed first. (c) Protem—watey packing has been studiad by measurng the vohume of Vorono: polyhedra of water molecules and ne:zhb. prosem
atomys (Hapaz et al., 1994; Gerstein ot al, 1995; Gerstein and Chothiz 1996). Here water melecnle: define the Voronoi volume of protein swrface atoms
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FIGURE 2 Geomexyofa sunplified 2D modsl moleculs to ilustrate the procedure mappirg the Voronol diagram to the Delawray trianzulation (¢) The
molecule formed by the wrion of atom disks of uniform size. Vorono: diazram is in dashed lmes. (8) The shape enclozed by tze boundary polveon is the
convex mull. It 15 tessallated by the Delamay aiangulation. (¢) The alpha shape of the molecule i5 fomed by removing those Delaunay edzes and miangles
that are not completely contained within the molecule. A molecular void is represented in the alpha shape by two empty triangles.

0 500 1000 1500 2000
Number of Residues

Surface packing density

vdw

I Y
) =
’ ‘/puckcl + vnh

0.4050.60.7080.9

Surface Pcking Density

0 500 1000 1500 2000
Number of Residues

Larger proteins are packed more loosely than smaller proteins.




Criteria for 3D structures

B Liang and Dill have reported that the protein packing is heterogeneous, and in terms
of packing density, protein molecules may be either well-packed or loosely packed.
(J. Liang and K. A. Dill, Biophys. J. 81, 751 (2001). )

B Zhang et al. showed that the packing density of single domain proteins decreases with
chain length, which shares a generic feature of random polymers satisfying loose

constraint in compactness.
(J. Zhang, et al., J. Chem. Phys. 118, 6102 (2003).)

B Protein packing density is not a universal parameter!

B Question: Is there a universal parameter for protein conformations?



ARVO, CAVE, ARVO-CL, CAVE-CL packages

These packages are designed to calculate the solvent accessible surface area and volume of
overlapping spheres via analytic equations.
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ARVO

The file input.dat consists of two lines

0002 - 1st sphere: center at (0,0,0) and radius=2
0022 - 2nd sphere: center at (0,0,2) and radius=2

The output.dat file read as:

Volume: 56.5486678 Area: 75.3982237 Spheres num: 2

The file input.dat contains two lines

0002
01.73205080756888 1 2

The screen output af er th command: "mpirun -np 2 parvo" was

Rotation after bad Nord Pole test!

Processor O results: V: 26.1654833 A: 37.6991118
Processor 1 results: V: 30.3831845 A: 37.6991118
Volume: 56.5486678 Area: 75.3982237 Spheres num: 2

The input.dat file with 8 spheres:

0002
5006
5006
0104
-1232
1111
0012
10006

The screen output after the command: "mpirun -np 5 parvo" was

Processor O results: V: 852.520233 A: 389.756652
Processor 3 results: V: 0. A: 0.
Processor 4 results: V: 718.770219 A: 320.442451
Processor 2 results: V: 36.6247159 A: 13.114286
Processor 1 results: V: 722.019662 A: 288.559143
Volume: 2329.93483 Area: 1011.87253 Spheres num: 8




ARVO

ARVO can calculate solvent inaccessible volume and solvent accessible surface
area in a very accurate way.

14-residue peptide rgkwtyngityegr

Input file is obtained from the PDB code 1j4m.pdb

The screen output after the command: "mpirun -np 8 parvo" reads as:

138.191267 A: 170.402091
139.91866 A: 165.475971
127.595148 A: 169.080939
115.924238 A: 171.063623
111.994168 A: 176.278727
140.388721 A: 183.673615
157.553423 A: 173.478737
110.807138 A: 151.68257

Processor 6 results:
Processor 7 results:
Processor O results:
Processor 1 results:
Processor 5 results:
Processor 4 results:
Processor 2 results:
Processor 3 results:

SSSSSSE S

Volume: 1042.37276 Area: 1361.13627 Spheres num: 121



CAVE

CAVE can detect the cavities in @ molecule and calculate solvent inaccessible volume
and solvent accessible surface area.

340 internal points

Clusters: 26 Re ation : 11

1. segment conta s 17 vities.

11 triangles were d leted from the list IT.
() C) 326 internal triangles were deleted from the list IT.
340 internal triangles vertices!
1. segment contains cavity!
Triangles number after 1. segment: O
Number of s gments:
Total: 1 Deleted: 0 Cavity enveloping: 1
1. ca ity segment contains 340 triangles.
To al n mber of cavities is 17.
Total number of triangles is 340.
Total number of spheres is 203.

Number of atoms: 1629

There exists cavity!

Inaccessible volume: 37436.2361
Accessible surface area: 9315.41184
Cavities volume: 32.4669432

Surface area of cavities: 181.732348
1. boundary volume: 563.196503

boundary surface area: 389.741749

cavity volume: 0.0590741273

cavity surface area: 1.10512934

boundary volume: 515.125257

boundary surface area: 375.817426

cavity volume: 0.00464992906

cavity surface area: 0.194346908

NNMNNDNDNDRE PP

The probe radius 1.20000005

The protein name 2ptn
Total number of atoms: 1629 allocated: 20000
Rashin set

Total number of neighbors: 62054

Neighbors total: 62054 allocated: 2000000

Maximum: 66 allocated: 200

Number of the preliminary triangles: 2236

Number of vertices: 2278

2197 active triangles before lugs cutting. After lugs cutting: 2197

1. south: 1443 1444 1453

16. boundary volume: 1628.63036

16. boundary surface area: 862.982504
16. cavity volume: 6.12086952

16. cavity surface area: 36.522405
17. boundary volume: 614.397572

17. boundary surface area: 423.464562
17. cavity volume: 0.0684193718

17. cavity surface area: 1.43204525
STOP End statement executed



Scaling in volume and surface area

B Definition Solvent accessible surface

V(r,N) : van der Waals volume (unit: A3) Re iy s‘/

. Probe sphere

A(r,,N) : solvent accessible surface area (unit: A?)

r,: radius of the probe sphere (unit: A)

N: number of atoms in the protein '
!
o o o o '
B ry=7c=155A; rg=2.00A; r5=1.40A; r,=0.0A ‘. /71 e’
~ - - -
B Using ARVO package for the calculation. van der Waals surface

[ARVO package: J. Busa, et al. Comp. Phys. Comm. 165, 59-96 (2005). ]
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V/A<r> Ratio

B Definition:
R(rp) —

V(r, N)

A(rp' N) : (T)

V- van der Waals volume (unit: A3)
A: solvent accessible surface area (unit: A2)
r,: radius of the probe sphere (unit: A)
N: number of atoms in the protein
<r>: average radius of atoms in the protein (unit: A)

R=R(rp=OA)
0.20
[__]Real
i iExtended -:- 1
0.15
H .
MR
T o0t Al
28664 PDB L H
protein structures || . :: ,E" »
0.05 | EE?-\932 artificially
el i : - extended structures
HHER
A R &
0.00 4 . 1 2 et PP S
047 0.48 0.49 0.50 0.51 0.52
R

M.-C. Wu, M. S. Li, W.-J. Ma, M. Kouza, and C.-K. Hu, EPL 96, 68005 (2011).

0.53

I'n=Te=1.55A; rg=2.00A;
ro=1.40A; r,=1.40A

R =R (r,=0 A) R,=R (r,=1.4 A)

Gaussian fit:

2
_ S 2(x —x,)
Yy=Yo+t exp|————5——
w
WL/ T
Yo X, w S P
0.0053 = 0.4910 0.0046 @ 0.0008 @ 0.9840

Maxima locate at:

R = 0.4910 (real structure)
R = 0.5120 (extended structure)

Remark: R = 0.333 for distinct spheres



Statistics on secondary structures

(a) (b) 052
0.4808 0.4859 R=0.4910
0.51
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— HAY: 1 ( es) 0.47
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(a) Probability density function of R statistics for whole protein molecules, helix, sheet, and other structures.

(b) R as afunction of the fraction of atoms in helix structures. The slope of the linear fit is 0.0001, and the correlation
level is 0.005 (very low).

(c) R as afunction of the fraction of atoms in sheet structures. The slope of the linear is 0.0002, and the correlation
level is 0.005 (very low).



V/A<r> Ratio for r,= 1.4A

V- solvent inaccessible volume (unit: A3)
|4 A: solvent accessible surface area (unit: A?)

Ry =R(r, =1.4) =

A- (T) rp: radius of the probe sphere (unit: A)
<r>: average radius of atoms in the protein (unit: A)
0.06
I Gaussin fit
~ 004} T
) / 1
o’ TN
a i / \
’_
0.02 |- I
0.00 LTI G
04 06 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Rs

B The distribution of R, for 28,236 proteins using the probe sphere with radius of 1.4A. The

maximum of the Gaussian fit is located at R, = 1.2402.

B As auniversal parameter, R is more useful than R..



R and Energy Minimization

4 )
A & Folding simulation using the SMMP package
\E""‘“’f priedd F. Eisenmenger, et.al., Comput. Phys. Commun. 138, 192-212(2001).
Randomly chosen with simulated with canonical
- - . PDB structure
configuration annealing Monte Carlo

Energy
o

Molten globule

 e=Tr
Native state

k https://en.wikipedia.org/wiki/Folding_funnel )

PDB
I T

R = 0.491 should be somewhat related to the energy global minimum of protein molecules.
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0.5694 0.4912 0.4875 0.5057

0.5364 0.4867 0.4863 0.4998

0.5480 0.4917 0.4875 0.4946

0.5560 0.4876 0.4878 0.5058

0.6280 0.4864 0.4857 0.4954

0.4981 0.4891 0.4933

0.4878 0.4891

0.4928




V/A<r> and hydrophobicity of amino acids

35
30 | o The distribution of the ratio of hydrophilic
o [ — Gaussian fit (H,) and hydrophobic (H_) amino acids in a
- - molecule for 723 protein structures (from
§ 20 i Protein Sequence Culling Server), based on
o ® I the Kyte-Doolittle scale.
10
5 [ B The Gaussian fit is centered at 0.594.
0 | 1 Ll |
* 100
0.52 - . 80l 1 R as a function of H,/H_.
051 b | . g: i B The slope of the linear fit (blue dashed line)
. . © 40 is —0.0033, and the correlation level is 0.2
o 0.50 I ,,ﬂ'[d (notably lower than 0.5, indicating no
] correlation between them).
0.49
B The inset shows the distribution of R for
s . | Sy . ' . : . | . the 723 protein structures.
0.0 0.5 1.0 1.5 2.0 2.5 3.0
H,/H_

M.-C. Wu, M. S. Li, W.-J. Ma, M. Kouza, and C.-K. Hu, EPL 96, 68005 (2011).



V/A<r> for intrinsically disordered proteins
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B Statistics of R for 38 intrinsically disordered protein structures shows that the ratio is

0.4906%0.005, which is within the tolerance determined by the ensemble of 28,664

PDB protein structures.

The 38 intrinsically disordered protein structures are available in B. Mészaros, et al., J. Mol. Biol. 372, 549 (2007).

M.-C. Wu, M. S. Li, W.-J. Ma, M. Kouza, and C.-K. Hu, EPL 96, 68005 (2011).

B The ratio holds once a polypeptide folds to a compact structure no matter of its species.



Proteins with multiple chains

B R =0.491 holds for proteins with multiple chains or complexes.



Conclusions

B R(r,=0)=0.491£0.005 is universal for native protein structures,
including intrinsically disordered proteins.

B R =0.491 should be somewhat related to the energy global
minimum of protein molecules.

B The tube model and sheet model seem potential models for the
ratio: R=0.491.

R = 0.491 can serve as a necessary condition for checking the
validity of PDB data and designing protein-like sequences.

B R=0.491 does not correspond to a unique conformation, but it
confines molecular conformations in a folding simulation from
vast possibilities to a smaller space. It may be useful in protein
folding simulations or in structure identification experiments.




Thanks for your attention.





