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Proteins in Brief

 Intra- and inter-cellular workhorses of all organisms
* Building blocks: amino acids
20 distinct types in nature (A,C,D,E.F,G,H,IK,.L M,N,P,Q,R,S,T.V,W,Y)

e ~200 ordered, successively linked amino acids/protein (varies
widely across proteins, from tens to thousands)

* Protein structure representations:

all-atom backbone ribbon tessellation




Amino Acids

Atomic constituents: carbon (C), nitrogen (N), oxygen (O), and
hydrogen (H)

Amino Acids C (cysteine) and M (methionine) each also contain
a sulfur (S) atom

Coordinates of hydrogen atoms are only available for structures
solved at very high resolution

Example —

Il{ 9 Identical for all
"H;N -C, —C -0O- amino acids
I
G
Unique side chain
/C\H (R group) for each
H;C CH; amino acid

Leucine (Leu or L)

Leucine (Leu or L)



Peptide Bond

« Backbone linkage between consecutive amino acids in the
growing, linear protein chain (the “primary sequence™)

* Links the backbone C atom of amino acid n—1 to the
backbone N atom of amino acid n, with release of H,O

HO HO
+H3NC CO++H3NC CO

H O H O
"H;N - C C N C C O
R1 H Rz

peptide bond



Protein Data Bank (PDB, http://www.pdb.org)
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PDB File Format

HEADER HYDROLASECASPARTIC PROTEIMASE) 04 —pony—-01 3IPHV
TITLE H-RAY AMALYSIS OF HIV-1 PROTEIMASE AT 2.7 AMGSTROMS

TITLE 2 RESOLUTION COMFIRMS STRUCTURAL HOMOLOGY AMOMNS RETROWIRAL
TITLE 3 EMZYMES

COMPRD MoL_ID: 1;
COMPRD 2 MOLECULE: UMLIGAMDED HIV-1 PROTEASE;

SEQRES

1 A 99 PRO GLN ILE THR LEU TRP GLM ARG PRO LEU WAL THR ILE
SEQRES 2 A 99 L¥S ILE GLY GLY GLM LEU L¥S GLU ALA LEU LEU ASP THR
SEQRES 3 A 99 GLY ALA ASP ASP THR WAL LEU GLU GLU MET SER LEU FPRO
SEQRES 4 A 99 GLY ARG TRP L¥YS PRO LYS MET ILE GLY GLY ILE GLY GLY
SEGRES 5 A 99 PHE ILE L¥S VAL ARG GLM TYR ASP GLN ILE LEU ILE GLU
SEQRES 6 A 99 ILE C¥S GLY HIS L¥S ALA ILE GLY THR WAL LEU WAL GLY
SEQRES 7 A 99 PRO THR PRO WAL ASM ILE ILE GLY ARG ASN LEU LEU THR
SEQRES 8 A 99 GLN ILE GLY CY¥S THR LEU ASN PHE
X Y V4
ATOM 1 M PRO A 1 22.644 34,004 35.541 1.00 0.00
2 CA  PRD A 1 23.8958 34.474 . Q.00 0,00
ATOM ER FED A T Za3.B7s0 33.6834 0 330311 1000 0,00
ATOM 4 O PRO A 1 23.732  32.407 33,378 1.00 0,00
ATOM 5 CBE PRO A 1 24,5847 33.88% 35,398 1.00 0,00
ATOM 6 CG PRO A 1 24.473  32.997 36.472 1.00 0.00
ATOM 7 CD PRO A 1 23.105 33.581 36.872 1.00 0.00
ATOM I | LR A 2 23 /20 34 346 2,222 1.00 0.00
——ATOM 9 A GLMN A 2 23,686 33,843 .00 0.00
ATOM 10 < GLM A 2 25.10% 34,080 300312 1.00 0,00
ATOM 11 o GLM A 2 25.856 35,175 300522 1.00 0,00
ATOM 12 CB GLM A 2 22.644 34.435 209.949 1.00 0.00
ATOM 13 CG GLM A 0 2 23.003 34.632 28.515 1.00 0.00
ATOM 14 CD GLM A 2 24.214 35.667 28.411 1.00 0.00
ATOM 15 OFEl GLM A 2 25.432 35,285 28.025 1.00 0.00
ATOM 1la HMEZ GLM A 2 23.974 36,937 28.720 1.00 0,00
ATOM 17 R ILE A 3 25,696 33,055 26,732 1.00 0,00
15 <Ca ILE A 3 Z7.062 33,025 2?6 A3 —1.00 0.00
ATOM 19 C ILE A 3 27.200 32.567 27.802 1.00 0.00
ATOM 20 0  ILE A 3 26.648 31.543 27.438 1.00 0.00
ATOM 21 CB ILE A 3 27.808 32.019 30.081 1.00 0.00
ATOM 22 CGL ILE A 3 27.202  30.675 30.070 1.00 0.00
ATOM 23 G2 ILE A 3 28,195 32.52% 31.457 1.00 0,00
A 3 26,556 30,287 31.3%2 1.00 0,00

ATOM 24 CD1l ILE

mMOnNnonNnNEZ=ZConNnnonmznnmnaonm=E



HIV-1 Protease CA Coordinate Data

#1 /usr /hin/per
openPDE, "3PHV. pdh" ),
DEEHI{:OLITF'LIT, "R3PHY_CA_coords.txt";
while{<PDE=)1
chomp($_0;
@1 inevector=split M+, %_0;
if$Tinevector [0] eq 'ATOM' && $1inevector[2] eq 'CA'J{
print QUTPUT "@linevectaryn'’,

I
Cclose(QUTPUT);
close(PDE];
A B > D E F G H

1 X Y 7

2 ATOM  CA PRO A 1 23698 34424 34629
3 ATOM  CA GLM A 2 23686 33843 20844
4 ATOM  CA ILE A 3 27082 33029 29262
5 ATOM  CA THR A 4 28426 33077 25718
B ATOM  CA LEL A 5 30738 30518 24158
7 ATOM  CA TRP A B 33436 32724 22604
8 ATOM  CA GLM A 7 388E2 31228 25107
9 ATOM  CA ARG A 8§ 38677 28.307 2753
10 ATOM  CA PRO A 9 32728 28303 29.863
11 ATOM  CA LEL A 100 34326 28493 33308
12 ATOM  CA WAL A 11 32406 29637  36.403
13 ATOM  CA THR A 120 33031 292494 40153
14 ATOM  CA ILE A 13 31807 26736 42.44F
15 ATOM  CA LYS A 14 31406 25988 46122
16 ATOM  CA ILE A 15 31756 22457 A7.44R
17 ATOM  CA GLY A 16 31.721 22691  51.261
18 ATOM  CA GLY A 17 33076 26171 51947
19 ATOM  CA GLM A 18 35737 25835 49251
20 ATOM  CA LEL) A 19 35.495 2832 46.372
21 ATOM  CA LYS A 20 36239 26546 43058
22 ATOM  CA GLU A 21 36094 25838 39258
23 ATOM  CA ALA A 22 34676 24579 36537
24 TATOIMA (.S I Fl1 LN 73 37 4734 24 M7 A MNs



Example: HIV-1 Protease (PDB ID: 3PHYV)

F99
(a) all-atom (b) backbone only (c) ribbon diagram (d) C, trace



Delaunay Tessellation of Protein Structure

Aspartic Acid
(Asp or D)

> . C, coordinates in 3D

Abstract every amino acid to a point
Atomic coordinates — Protein Data Bank (PDB)

A22

| D3 L6
J I F7

> K4 G62
S64
R5

C63

Delaunay tessellation: 3D “tiling” of space into non-overlapping,
irregular tetrahedral simplices. Each simplex objectively 1dentifies
a quadruplet of nearest-neighbor amino acids at its vertices.




Tessellation Example: HIV-1 Protease (PR)
(2)

(a) C, trace (b) complete tessellation (convex hull of simplices)
(c) tessellation subject to a 12 Angstrom edge length cutoff



Delaunay Tessellation in Matlab

% Majid Masso, George Mason Uniwversity, Manassas, VA

% Coordinates of the points (Ca atumﬂg representing each of the W amino acids, each
column wector is M-dimensional

x=[1;y=[1;2=[1;
¥ CA trace

plot3Cx, v, Z0;
% overlap graphs

hold on;
% Oor just CA points

plot3Cx,w,z, . " J;
¥ Mo axes

axis off;
% Concatenate, w is an Mx3 matrix, each row gives the 30 coordinates of one CA
point, each CA point is indexed by its row number in w, from 1 to nN
w=[x(1)_yC:i) z(:0]; _ _ N
% Tessellation, T is an rxd matrix, r is the total number of tetrahedral simplices
in the tessellation, the 4 numbers dn each row are the indices (row numbers n w) of
the Ca points forming the vertices of a tetrahedral simplex
T=delaunay3(x,y, 20;
% Full tessellation (convex hull of tetrahedral simplices)
% Faceﬂ1ﬁha is the the transparency of the triangular faces (set to 0)
tetramesniT,w, Facealpha',0);
% Alternative is tessellation subject to a 12.0 A edge-length cutoff

s=51zel(T];

r=s(l,10;

k=1;
for i=l:r

e=T(1,10;F=TCi,20;0=TCi,30;h=T(i,4);

iflsgrodiwle, L) -wiT, 1)0A2+(wle, 2)-w(f, 20042+ 0wle, 30-w(f,3)042)
sgrt( w(e,lj—w(ﬁ,ljjﬂ2+(w(e,Ej—w(ﬁ,Ejjﬁ2+(w(e,33—wiﬁ,Ejjﬂzj{=12.
sortCCwie,l)-wih, 1a)A2+(wie, 2 )-wih, 21042+ Cwie, 3)-w(h, 3 )42 1<=12.
sqrt[(w[F,lj—w[E,ljjﬂ2+(w(f,Ej—wiﬁ,Ejjﬁ2+[wif,Ej—w(ﬁ,Ejjﬂzj{=12.
soro(Cwlt, L)—wih, 1))A2+ 0wl T, 2)—wih, 20042+ 0w(F, 3)—wlh, 3042 0<=12.
sortCOwlg, ) -wih,1)0A2+Cwig, 20-wih, 2042+ Cw(g, 3)-wih,3)0A20<=12.

tik,i=e;tik, 2)=F;t(k,3)=0;tck,4)=h;

k=k+1;

end
end
tetrameshit,w, Facealpha',0);

GEEED



Five Simplex Categories

a-1-1-1} 2-1-1} 12-2} {3-1} 4}

Singh et al. (1996) J. Comput. Biol., 3, 213-222



{1-1-1-1} {2-1-1} {2-2} {3-1} A4}




Simplex Categories in Matlab

% Get breakdown for all 5 simplex types in modified (12 a cutoff) tessellation t

al=1;as=1;a3i=1;ad4=1;aq=1;
rh=

sh=size(t);
for i=l:rhk
S=sort{t{i, :00;
% Type 4

shil,10;

i (S(2)-5(1)==1 && 5(3)-5(2)==1 && s5(4)-5(3)==1)

Pral, :o=t{i, :;
% Type s-1

elseif (CCs(2)-5(1)==1 && S(3)-3(2)==1) && =(4)-5(3)=1)

al=al+1;

SC41-503)==1) && s(2)-5(1)>1))

Qaz, 1)=ti, 1,
# Type 2-2

az=az+1;

elseif ((Cs(2)-5(1)==1 && S(4)-3(3)==1) && =(3)-5(21=1))

RCa3, t)=t(1, 1);
# Type 2-1-1

elseif CLCCSC2)-S(1l)==1 && S({3)-5(2)>1) && S(4)-5¢3)>1) |
S(30-5(2)==1) && s(4)-5(3)>1))

uCad, :J1=t(i, :);
% Type 1-1-1-1

ai=ai+l;

ad=ad+1;

else viah, :)=t{i,:1;a5=a5+1;

end
end

% Select individuall

tetrameshiP,w, '
tetrameshic, w, '
tetrameshir,w, '
tetrameshiu, w, '
tetrameshiv,w, '

FaCEA¥pha

Facealpha'
Facealpha'
Facealpha'
Facealpha'

from

[

CESC20-5010>1 && S(Ej—S%E%

[
1)

CCSC3)-502)==1 &&

fs(20-5(10=1 &&
-

&& 5(4)-3(3)==1))

below to_overlap graph of entire modified tessellation t

Edgecolor

'EdgeColor
'Edgecolor
'EdgeCaolor
'EdgeCaolor

Yyred, 'Linewidth', 20,
Yygreen', 'Linewidth', 20;
yBTue!, 'Linewidth', 20,
Yy wellow', TLinewidth', 20;
Yy 'owan', 'Linewidth', 2);



Tetrahedrality and Volume

0.4

0.3

0.2

01 A

- e 0 B L R R
TS0 il (a—d) - (Eb—ﬁd) X (c —d))|

1>
Vectors a, b, ¢, and d represent the 3D
coordinates of the tetrahedral vertices.

Singh ef al. (1996) J. Comput. Biol., 3, 213-222



Tetrahedrality and Volume Example: HIV-1 PR

95 simplices
mean T=0.18 <&
mean V =19.27 '\~

109 simplices
mean T = 0.20
mean V =10.09

gt Py ooy (3-1) @

—

73 simplices
mean T =0.11
mean V = 41.51

16 simplices
mean T =0.18
mean V =5.61

T fyf__ i
G

.E‘m

"":,‘3- 5
RS
.,

89 simplices
mean T =0.15
mean V = 9.45



Tetrahedrality and Volume in Matlab

% Compute mean volume and mean tetrahedrality for each of the 5 simplex types
% Code below 1= for =implices of type 4 (matrix P) - replace P with Q,R,U,v for others
SUMTet=0; sumvol=0;
$c=sizeipj;rc=sc(1,lj;

or i=l:rc

e=PC1,10;F=PCi,20;g=P(1,30;h=P(1,4];
L1=5qrt([w(e,lj—w(g,ljjﬂ2+(w(e,Ej—w{F,Ejjﬂ2+(w(e,3j—wif,Ejjﬂzj;

Le=sgrtCiwle, l)-wig, L))A2+0wle, 2)-wlg, 2) )42+ (wie, 3)-wlg, 3))42);
L3=5qrt([w(e,lj—w(ﬁ,ljjﬂ2+(w(e,Ej—wiﬁ,Ejjﬂ2+(w(e,3j—w{ﬁ,Ejjﬂzj;

Ld=sgrtCwit, L -wig, L )A2+ Cw(T, 2)—wig, 2) )42+ Cw(T, 3)-win, 3042,
L5=5qrt([w(F,lj—w{ﬁ,ljjﬂ2+(w(F,Ej—wiﬁ Ejjﬂ2+(w(F,3j—w{ﬁ,Ejjﬂzj;
t6=5GEEEEEEQL%E[Eiﬁgla%§§E(W(g,2)—W(h 200424+ Cwig, 30 -wlh, 300427;

av= +L2+L3+L4+L 5+ :
Tet{i)=((L2-L1)AZ+(L3-L1 A2+ (Ld—L1AZ4 (L5 -L1IAZ+(LE-LLIAZ+(L3-L2) A2+ (Ld-L2)A2+(L5-L2)A2+
CLE-LZ2 A2+ (L —L3 A2+ CLS-L3 A2+ (LA-L3DAZH+ (LS —LA A2+ (LAE-LA A2+ (LB-LI A2 L% (LavghZll;
volCid=absCowle, 1w, 100%Cwle, 20-wlg, 22)% (wle, 30-w(h, 300 +
Cwie,l)-wiCh,1))%Cwle, 2)-w(T, 2))%(wie, 3)-wig,3)) +
EWEe,lj—w{ﬁ,lﬁj*Ew{e,Ej—w{h,23]*(W(e,3}—WE% 3)) -

Cwie,l)-wCh,1))%Cwie, 2 )-wig, 20 )% (wie, 30-wif,3)) -
EWEe,lj—w{f,lﬁj*Ew{e,Ej—w{H,23]*(W(e,3}—WEE 3)) -
Cwle,L)-wig, L)% Cwle, 2)-w(T, 200%Cwie, 3)-w(
sugTet=sumTet+Tet(ij; sumvol=sumvol+vol(i);

2n
meanTet=sumTet,/rc; meanvol=sumvol e



Counting Amino Acid Quadruplets

n = size of amino acid alphabet = 20; r = size of the subsets =4

E};ﬁ:i?:ﬁ > PE:]‘;;::?{;M Number of Quadruplets
. L. ves w = 20% = 160,000
only realistic
choice for
. ntr—1
proteins [ ] [ ] B
no 2% 116,280
(m—ril 16

1o

‘ e

only realistic choice to get enough quadruplets for each of the 8855 types (by tessellating
a large, diverse set of protein structures) and obtain a frequency distribution



Counting Amino Acid Quadruplets
Repetitions — yes, permutations — no:

a more “hands-on” counting approach

CDEF [2°j
e N N 4
C CD E 20-19j

e 2
CCDD 20j
CCCOD 20-19
CCCGC 20

Total: 8,855 distinct quadruplets



Predicting Alpha Helix Locations in Proteins

Taylor et al. (2005) Proteins, 60, 513-524

-

actual
locations

predicted § | | | |
locations U | | |

Amino Acid Sequence Numbers

Amino acid i can participate in up to 4 distinct simplices consisting of consecutive
amino acids at the vertices: (i, i+1, i+2, i+3), (i-1, i, i+1, i+2), (i-2, i-1, i, i+1), and
(i-3, i-2, i-1, i). The step-graph shows the number of such simplices (“t-number”
values of 0, 1, 2, 3, or 4) for each amino acid in protein structure 2mnr. Amino

acids with a t-number of 4 strongly correlate with those occurring in alpha helices.



References

To obtain a copy of these slides:
(http://binf.gmu.edu/mmasso/MAA2010.pdf)

Protein structure repository: Protein Data Bank
(http://www.pdb.org)

Structure visualization: Chimera
(http://www.cgl.ucsf.edu/chimera/)

Delaunay tessellation:

e Matlab (http:// www.mathworks.com/)
e Qhull (http://www.ghull.org/)

Programming and data formatting: Perl
(http://www.activestate.com/activeperl/)
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