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Outline

* Recap: RNA Secondary Structure Prediction
* Protein Contact Map Overlap

Reading:

* Lecture notes

e Caprara, A., Carr, R,, Istrail, S., Lancia, G., & Walenz, B. (2004). 1001 Optimal
PDB Structure Alignments: Integer Programming Methods for Finding the

Maximum Contact Map Overlap. Journal of Computational Biology, 11(1),
27-52. http://doi.org/10.1089/106652704773416876



Nussinov Algorithm — Dynamic Programming

Problem: Given RNA sequence v € {A, U, C, G}", find a pseudoknot-free secondary structure
with the maximum number of complementary base pairings

(1) (2) (3) (4)

Let s[i, j] denote the maximum
number of pseudoknot-free
complementary base pairings in

subsequence v;, ..., V; P i kil
I,j pair i unpaired j unpaired bifurcation

(0, if § > 7,

sli+1,7 — 1]+ 1, if i < jand (v;,v;) €T, (1)
sli. j] = max 4 SZ + 1,]: — 1], 1f2 <]: and (v;,v;) €T, (1%) Q?jestion;.

sli 4+ 1, 5], if i < 7, (2) Which case is
s[i,j — 1], if § < 7, (3) redundant?

|\ max;<r<;{sl, k| +slk+1,j]}, ifi<y, (4)




Nussinov Algorithm — Traceback Step

Push (1, n) onto stack
Repeat until stack is empty:
- pop (/,))
H,-] ) if i > j continue
Al else if s[i+1,j] = s[i,j]
push (i+1,))
else if s[i,j-1] = S[i,j]
i push (i,j-1)

junpairejd else if s[i+1,j-1] + 1 = s]i,j]

record (i,j) base pair
3 push (i+1,j-1)
i+19—@/-!

| else for k= i+1 toj-1
li'.ipairj if s[i,k]+s[k+1,j] = s[i,j]
push (k+1,j)
push (i,k)
break (for loop)

i

i kol

bifurcation



Nussinov Algorithm — Traceback Step

Push (1, n) onto stack
Repeat until stack is empty:

pop (i) BackTrack(i, j)
if i > continue ifi<j
else if s[i+1,j] = s[i,j] if s[i+1, j]1 =sli, j]
push (i+1,)) BackTrack(i+1, j)
B else if s[i,j-1] = S[i /] else if s[i, j-1] = S[j, J]
i6-&/! push (i,j-1) BackTrack(i, j-1)
_,-unpaimja else if s[i+1,j-1] + 1 = s]i,j] else if s[i+1,-1] + 1 = s[i, J]
record (i,j) base pair Output (i, j)
@ push (i+1,j-1) BackTrack(i+1, j-1)
Gty else for k = i+1 to j-1 else for k = i+1 to j-1
l,;_,-paif if s[i,k]+s[k+1,j] = s[i,j] if s[i, k]+s[k+1, j] = s[i, j]
push (k+1,j) BackTrack(k+1, j)
push (i,k) BackTrack(i, k)
break (for loop) break (for loop)

i

bifurcation



Outline

* Protein Contact Map Overlap

Reading:

* Lecture notes

e Caprara, A., Carr, R,, Istrail, S., Lancia, G., & Walenz, B. (2004). 1001 Optimal
PDB Structure Alignments: Integer Programming Methods for Finding the

Maximum Contact Map Overlap. Journal of Computational Biology, 11(1),
27-52. http://doi.org/10.1089/106652704773416876



Central Dogma of Molecular Biology

Three fundamental molecules:

1.

DNA
Information storage.

RNA

Old view: Mostly a “messenger”.
New view: Performs many important
functions, through 3-D structure!

Protein
Perform most cellular functions
(biochemistry, signaling, control, etc.)

DNA = RNA = Protein

First proposed by Francis Crick in 1956.

‘F
Cytoplasm

/ Nucleus
1~
Transcription * '
~RNA
\ Processing *
-mRNA
Aoplasmic

Translation reticulum

Polypeptide

Copyright £ 1957, by John Wiley & Sons, Inc. All nghts resarved



A GUIDE TO THE TWENTY COMMON AMINO ACIDS

AMINO ACIDS ARE THE BUILDING BLOCKS OF PROTEINS IN LIVING ORGANISMS. THERE ARE OVER 500 AMINO ACIDS FOUND IN NATURE - HOWEVER, THE HUMAN GENETIC CODE
ONLY DIRECTLY ENCODES 20. ‘ESSENTIAL' AMINO ACIDS MUST BE OBTAINED FROM THE DIET, WHILST NON-ESSENTIAL AMINO ACIDS CAN BE SYNTHESISED IN THE BODY.

Chart’lfey: ‘ ALIPHATIC AROMATIC ‘ ACIDIC ‘ BASIC

HYDROXYLIC SULFUR-CONTAINING . AMIDIC O NON-ESSENTIAL l:—:l ESSENTIAL
o N - N - N
Y4 N 4 N ’ N
Chemical 7 : ° 0\ ’ o\ ! 0\
Structure | \/\‘)km 1 | NOH 1 | OH
single letter \ NH, ] \ NH, 7 \ NH, ]
code \ Y4 \ Y4 \ /
-~ ~ ) e
NAME ALANINE @) GLYCINE ) ISOLEUCINE QD) LEUCINE @ PROLINE @) VALINE @)
three letter code Ala Gly Ile Leu Pro Val
DNA codons GCT, GCC, GCA, GCG GGT, GGC, GGA, GGG ATT, ATC, ATA

CTT, CTC, CTA, CTG, TTA, TTG

CCT, CCC, CCA, CCG

GTT, GTC, GTA, GTG

TN
’ N\
o 0 o] o0 o /4 o\
OH OH O, N
NH, HO' NH, GWJ\OH 0)‘\/\1\;[50"‘ I\KNMJ\OHII
\ /
N N .-
PHENYLALANINE TRYPTOPHAN TYROSINE ASPARTIC ACID (1)) GLUTAMIC AciD @ ARGININE ) HISTIDINE ()
Phe Trp Tyr Asp Glu Arg His
- N
’ N\
I . o \ 0 OH O 0 o
I HBN\/\/%OH l HO/\HJ\OH OH HS/%OH /s\/\H‘\OH
\ e I NH, NH, NH, NH,
N
~ .-
LYSINE (O SERINE THREONINE CYSTEINE (5 METHIONINE €] ASPARAGINE ) GLUTAMINE 0
Lys Ser Thr Cys Met Asn

TGT, TGC ATG

AAT, AAC

GIn
CAA, CAG

‘Note: This chart only shows those amino acids for which the human genetic code directly codes for. Selenocysteine is often referred to as the 21st amino acid, but is encoded in a special manner.
In some cases, distinguishing between asparagine/aspartic acid and glutamine/glutamic acid is difficult. In these cases, the codes asx (B) and glx (Z) are respectively used.

@ © COMPOUND INTEREST 2014 - WWW.COMPOUNDCHEM.COM | Twitter: @compoundchem | Facebook: www.facebook.com/compoundchem
Shared under a Creative Commons Attribution-NonCommercial-NoDerivatives licence.
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Protein Structure Prediction I

=

B-Sheet (3 strands) o-helix




Example

* http://pdb101.rcsb.org/motm/218



On Sequence, Structure and Function: p53

It can activate DNA repair proteins

10 20 30 40 50 when DNA has sustained damage
MEEPQSDPSV EPPLSQETFS DLWKLLPENN VLSPLPSQAM DDLMLSPDDI .

60 70 80 %0 100 *It can arrest growth by holding the cell
EQWFTEDPGP DEAPRMPEAA PPVAPAPAAP TPAAPAPAPS WPLSSSVPS . .
e 120 150 140 150 cycle at the G1/S regulation point on
KTYQGSYGFR LGFLHSGTAK SVTCTYSPAL NKMFCQLAKT CPVQLWVDST

160 170 180 190 200 DNA damage
PPPGTRVI;Z:!; AIYKQSQI;I:’(I)‘ EVVRRCPI;;I]:: Rcsosnexz PQHLIRV};:;;:\)I 'I t can | ni t| 3 t e apop t 0 Si S (| e.’
LRVEYLDIZDIZEI TFRHSVV\ZII;X EPPEVGSIZJ(S.‘,':.)‘ TIHYNYM(;:i SCMGGMNI;I;.Z’ prog ramm ed Ce” d eath) If DN A
ILTIITLz:Il)s SGNLLGm;zz EVRVCAC];;;I; DRRTEEEI;I];I; KKGEPHH];:?I; d am ag e proves to be Irreparable
PGSTKRA?Z’:\)I NTSSSPQ};I;I; KPLDGEYz";‘l; QIRGRER];‘Z:!;I FRELNEALEL .lt S essentlal for the senescence

KDAQAGKEPG GSRAHSSHLK SKKGQSTSRH KKLMFKTEGP DSD

response to short telomeres.

Sequence

What is functionally important is conserved throughout evolution
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https://en.wikipedia.org/wiki/DNA_repair
https://en.wikipedia.org/wiki/Cell_cycle
https://en.wikipedia.org/wiki/G1/S_transition
https://en.wikipedia.org/wiki/Apoptosis
https://en.wikipedia.org/wiki/Telomere

What is
functionally
important is

conserved
throughout
evolution

Er TR Y

Hsa_p53
Meu_p53
Xtr_p33
Nfu_p3s3
Tru_ps3
Dre_p33
Ola_p33
ODme_p33
Cel _p53
Consistency

Hsa_p33
M=u_p33
Xee _pS3
Nfu_p3d
Tru_p33
Dre_p33
Ola_p33
Dme_p33
Cel _pi53

i EEEERE)

o
.
R
-
-

Mau_p33
Xte_ps3
Nfu_p33
Tru_ps3
Dre_p33
Ola_p33
Dme_p33
Cel_p33

Ksa_p33
Mau_ps3
Xtr_ps3
Nfu_ps3
Tru_ps3
Dre_p3)
Ola p33
Dme_p3)

Cel p33
Cosnistency
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How to Compare Two Protein Sequences?

TP53 (Human)

1
61
121
181
241
301
361

121
181
241
301
361

meepgsdpsv
deaprmpeaa
svtctyspal
rcsdsdglap
scmggmnrrp
pgstkralpn
gsrahsshlk

(Mouse)

mtameesgsd
lrvsgapaaqg
ctyspplnkl
dgdglappgh
ggmnrrpilt
akralptcts
ahssylktkk

epplsgetfs
ppvapapaap
nkmfcglakt
pghlirvegn
iltiitleds
ntssspgpkk
skkggstsrh

islelplsge
dpvtetpgpv
fcglaktcpv
rirvegnlyp
iitledssgn
asppgkkkpl
ggstsrhkkt

dlwkllpenn
tpaapapaps
cpvglwvdst
lrveylddrn
sgnllgrnst
kpldgeyftl
kklmfktegp

tfsglwkllp
apapatpwpl
glwvsatppa
eyledrgtfr
llgrdsfevr
dgeyftlkir
mvkkvgpdsd

vilsplpsgam
wplsssvpsg
pppgtrvram
tfrhsvvvpy
evrvcacpgr
girgrerfem
dsd

pedilpsphc
ssfvpsgkty
gsrvramaly
hsvvvpyepp
vcacpgrdrr
grkrfemfre

ddlmlspddi
ktyqgsygfr
aiykgsghmt
eppevgsdct
drrteeenlr
frelnealel

mddl1lpgdv
qonygtfhlgft
kksghmtevv
eagseyttih
teeenfrkke
lnealelkda

eqgwftedpgp
lgflhsgtak
evvrrcphhe
tihynymcns
kkgephhelp
kdagagkepg

eeffegpsea
lgsgtaksvm
rrcphhercs
yvkymcnsscm
vilcpelppgs
hateesgdsr
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How to Compare Two Protein Sequences?

Global Alighment problem: Given strings v € 2™ and w € X™ and
scoring function o, find alignment of v and w with maximum score
[Needleman-Wunsch algorithm]

Local Alighment problem: Given stringsv € ¥ and w € X" and
scoring function o, find a substring of v and a substring of w whose
alignment has maximum global alignment score s among all global

alignments of all substrings of vand w
[Smith-Waterman algorithm]




How to Compare Two Protein Structures?

1knt-4.0.cm: 55 residues with 43 contacts.
31 shared contacts.
oo 1bpi-4.0.cm: 58 residues with 53 contacts.

FIG. 1. An optimal alignment of two 4A threshold contact maps of proteins 1bpi and 1knt.



Contact Map Overlap: Example Instance

FIG. 2. An alignment of value 3.

Caprara, A., Carr, R., Istrail, S., Lancia, G., & Walenz, B. (2004). 1001 Optimal PDB Structure Alignments: Integer Programming Methods for Finding the Maximum Contact Map Overlap.
Journal of Computational Biology, 11(1), 27-52.



Contact Map Overlap: Equivalent Representations

30 ANDONOYV ET AL.

FIG. 2. Relationship between a

matching in a bipartite graph B and m_".
a feasible path in the corresponding  G1 & 8 0
grid graph B'. (Left) Two contact

maps G1 and G2, and a matching in  [y/;
the bipartite graph B (in the grey
area). Note that B is a complete
graph, but for the sake of simplicity |V2
only the edges of the considered
matching (M=1{(1,1)(2,3),(3,4)
(5,5)}) are visualized. According to
(1), wM)=2. (Right) The same
matching is visualized in the grid G2
alike graph B’ as an increasing set

of wvertices {(1,1)(2,3),(3,4)(5,5)}
which we call a feasible path. It activates the arcs ((1,1)(2,3) and (3,4)(5,5)). The score of the path is the number of
these arcs (i.e., 2 in this case).

DOI: 10.1089/cmb.2009.0196
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Integer Linear Programming

Figure 2.1: In gray, a polyhedron that is described by six constraints a;x < b;. The
objective function ¢’z increases in the direction in which the arrow points.
The optimal solution z* is denoted by a star. Left: The linear program.
Right: The integer linear program. Here, only the integer points within
the polyhedron are feasible, which are colored black. The LP relaxation of
this ILP is the LP problem that is visualized on the left side. The optimal
objective function value of the LP relaxation is always an upper bound on
the optimal objective function value of the ILP.

Inken Wohlers. Exact algorithms for pairwise protein structure alignment. PhD thesis, VU University Amsterdam, 2012
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Separating Cutting Planes

Figure 2.2:

The cutting plane method solves an ILP problem. The gray area denotes
the polyhedron described by the constraints of the current relaxed problem.

The dashed line denotes the objective function ¢!z which increases in the

direction in which the arrow points. The integer feasible solutions are
colored black. Solving the LP relaxation, we obtain the relaxed solution 2.
After adding a cutting plane (dotted line), we obtain a new relaxed solution
2!, Finally, after adding a second cutting plane, we obtain solution z? which
has integer value and is thus the optimal solution z* of the ILP. A cutting
plane method solves only the LP relaxation of an ILP, but here, since the
optimal solution has integer value, the solution of the LP relaxation is also
the solution of the ILP.

Inken Wohlers. Exact algorithms for pairwise protein structure alignment. PhD thesis, VU University Amsterdam, 2012
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Cutting Plane Method

Algorithm 2 Solving an LP problem using the cutting plane method.

: P // The original problem
. P' // The relaxed problem in iteration ¢
: t «— 0 // Iteration
while True do
Compute optimal solution 2! for P

= W N =

ot

Figure 2.2: The cutting plane method solves an ILP problem. The gray area denotes 6: ifz tfwblb kf for P then
the polyhedron described by the constraints of the current relaxed problem. [k lre urn
The dashed line denotes the objective function ¢’z which increases in the 8 else , ,
. . . . S A . . 9: Find a cutting plane a;z < b; that all solutions of P satisfy, but not

direction in which the arrow points. The integer feasible solutions are Pl ptwith additional traint < .

. . . . 10: «— P" with additional constraint a;x < b;
colored black. Solving the LP relaxation, we obtain the relaxed solution x°. 0 et ( l ‘ =
After adding a cutting plane (dotted line), we obtain a new relaxed solution s dif

. end i

x!. Finally, after adding a second cutting plane, we obtain solution 2% which

. . . . : . 13: end while
has integer value and is thus the optimal solution x* of the ILP. A cutting

plane method solves only the LP relaxation of an ILP, but here, since the
optimal solution has integer value, the solution of the LP relaxation is also
the solution of the ILP.

Inken Wohlers. Exact algorithms for pairwise protein structure alignment. PhD thesis, VU University Amsterdam, 2012 20



Branch & Cut: Solving an ILP

 Whiteboard



Cut Separation in CMO

Inken Wohlers. Exact algorithms for pairwise
protein structure alignment. PhD thesis, VU
University Amsterdam, 2012

Figure 3.8: Example of the graphs in which we use shortest path computations to
detect violated constraints. Left: The alignment graph G = (V| FE).
Center: The graph G’ = (V’', E’) in which we identify a violated con-
straint (3.8). The shortest decreasing path is colored black, it is C' =
{4.1,4.2,3.2,2.2,2.3,1.3}. If for the this path ) ., -y > 1 holds, we
identified a violated constraint (3.8).



