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© Hybridization properties from controlled experiments (Agilent)

@ Breakdown of thermal equilibrium
@ Modeling non-equilibrium effects
© Exploring other arrays

© Algorithms for biological data analysis (Affymetrix)
® AffILM (available at www.bioconductor.org)
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Nearest neighbor parameters AGsz.c (DNA/DNA)

Table of nearest neighbor parameters for the hybridization free energies AGs7o¢
in 1M NaCl expressed in kcal/mol. The orientation is 5’-3' for the upper strand
and 3'-5' for the lower strand. Only 10 of the 16 parameters are independent.

A% 100 | AT 088 25 144 | 28 128

TA Tr TC TG
14 os8| 1T 100 2% -130 | 19 145

CA cT cC CG
CA 145 | G0 o128 | &6 184 | 68 217

GA GT GC GG
GA 130 | G% o144 | GG 224 | SS9 -1.84
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Example of a calculation

5-A T G G C AT C-3

3’—T$AlC$C GiTlA\LG—S’

088 {84 149 et 30= 1.4 keallmo

... plus boundary terms (effect of the double helix ends)
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Base pairings can occurr also for non-complementary bases.

/H
Here: possible structure of a mismatch o =l \Nﬁn
between G (left) and A (right) n’"ﬁ-u-»“{}/ R
G-A forms two hydrogen bonds! 2& )

i

Table of nearest-neighbor parameters for AG mismatches at 37°C' in 1M
NaCl (unit kcal/mol)

AA AG CA CG
re 014 | 2§ 002 | G& 003 0.11

GA GG TA TG
g4 025 | 8§ 052 |74 042] %G o074
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Hybridization in a biological experiment

Complex system with a large set of chemical reactions

Before Hybridization

Understand/characterize hybridization in microarrays
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Hybridization in a biological experiment

Complex system with a large set of chemical reactions
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) o
NRNZ/

3 \

Understand/characterize hybridization in microarrays
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Determination of AG from Agilent Custom Arrays

Sufficiently simple setup to avoid “spurious’ effects
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3’ -CAAAAGCTTCTAACCCACCGTGACAACATT-5’ perfect match
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Determination of AG from Agilent Cus

Sufficiently simple setup to avoid “spurious’ effects

5’-GTTTTCGAAGATTGGGTGGCACTGTTGTAA-3’ target in solution
3’ -CAAAAGCTTCTAACCCACCGTGACAACATT-5’ perfect match
3’-CAAAAACTTCTAACCCACCGTGACAACATT-5’ 1 mismatch
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Determination of AG from Agilent Cus

Sufficiently simple setup to avoid “spurious’ effects

5’-GTTTTCGAAGATTGGGTGGCACTGTTGTAA-3’ target in solution
3’ -CAAAAGCTTCTAACCCACCGTGACAACATT-5’ perfect match
3’-CAAAAACTTCTAACCCACCGTGACAACATT-5’ 1 mismatch

3’ -CAAAACCTTCTAACCCACCGTGACAACATT-5’ 1 mismatch
3’-CAAAATCTTCTAACCCACCGTGACAACATT-5’ 1 mismatch
3’-CAAAAGATTCTAACCCACCGTGACAACATT-5’ 1 mismatch
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Determination of AG from Agilent Cus

Sufficiently simple setup to avoid “spurious’ effects

5’ -GTTTTCGAAGATTGGGTGGCACTGTTGTAA-3’
3’ -CAAAAGCTTCTAACCCACCGTGACAACATT-5"
3?-CAAAAACTTCTAACCCACCGTGACAACATT-5
3’ -CAAAACCTTCTAACCCACCGTGACAACATT-5"
3’-CAAAATCTTCTAACCCACCGTGACAACATT-5’
3’ -CAAAAGATTCTAACCCACCGTGACAACATT-5’

3’ -CAAAAGCTTCTAACCCACCGTGACGACATT-5

target in solution
perfect match

N

mismatch
mismatch
mismatch
mismatch

mismatch
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Determination of AG from Agilent Cus

Sufficiently simple setup to avoid “spurious’ effects

5’ -GTTTTCGAAGATTGGGTGGCACTGTTGTAA-3’
3’ -CAAAAGCTTCTAACCCACCGTGACAACATT-5"
3?-CAAAAACTTCTAACCCACCGTGACAACATT-5
3’ -CAAAACCTTCTAACCCACCGTGACAACATT-5"
3’-CAAAATCTTCTAACCCACCGTGACAACATT-5’
3’ -CAAAAGATTCTAACCCACCGTGACAACATT-5’

3’ -CAAAAGCTTCTAACCCACCGTGACGACATT-5
3’ -CAAAAGCTTCTAACCCACCGTGACTACATT-5’

target in solution
perfect match

N

[

mismatch
mismatch
mismatch
mismatch

mismatch
mismatch
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Determination of AG from Agilent Cus

Sufficiently simple setup to avoid “spurious’ effects

5’ -GTTTTCGAAGATTGGGTGGCACTGTTGTAA-3’
3’ -CAAAAGCTTCTAACCCACCGTGACAACATT-5"
3?-CAAAAACTTCTAACCCACCGTGACAACATT-5
3’ -CAAAACCTTCTAACCCACCGTGACAACATT-5"
3’-CAAAATCTTCTAACCCACCGTGACAACATT-5’
3’ -CAAAAGATTCTAACCCACCGTGACAACATT-5’

3’ -CAAAAGCTTCTAACCCACCGTGACGACATT-5
3’ -CAAAAGCTTCTAACCCACCGTGACTACATT-5’
3’ -CAAAAACTTCTCACCCACCGTGACAACATT-5’

target in solution
perfect match
mismatch
mismatch
mismatch
mismatch

N

1 mismatch
1 mismatch
2 mismatches
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Determination of AG from Agilent Cus

Sufficiently simple setup to avoid “spurious’ effects

5’ -GTTTTCGAAGATTGGGTGGCACTGTTGTAA-3’
3’ -CAAAAGCTTCTAACCCACCGTGACAACATT-5"
3?-CAAAAACTTCTAACCCACCGTGACAACATT-5
3’ -CAAAACCTTCTAACCCACCGTGACAACATT-5"
3’-CAAAATCTTCTAACCCACCGTGACAACATT-5’
3’ -CAAAAGATTCTAACCCACCGTGACAACATT-5’

3’ -CAAAAGCTTCTAACCCACCGTGACGACATT-5
3’ -CAAAAGCTTCTAACCCACCGTGACTACATT-5’
3’ -CAAAAACTTCTCACCCACCGTGACAACATT-5’
3’ -CAAAAACTTCTGACCCACCGTGACAACATT-5’

target in solution
perfect match

1 mismatch
mismatch
mismatch
mismatch

I

1 mismatch
1 mismatch
2 mismatches
2 mismatches
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Determination of AG from Agilent Custom Arrays

Sufficiently simple setup to avoid “spurious’ effects

5’-GTTTTCGAAGATTGGGTGGCACTGTTGTAA-3’ target in solution
3’ -CAAAAGCTTCTAACCCACCGTGACAACATT-5’ perfect match
3’-CAAAAACTTCTAACCCACCGTGACAACATT-5’ 1 mismatch

3’ -CAAAACCTTCTAACCCACCGTGACAACATT-5’ 1 mismatch
3’-CAAAATCTTCTAACCCACCGTGACAACATT-5’ 1 mismatch
3’-CAAAAGATTCTAACCCACCGTGACAACATT-5’ 1 mismatch

3’ -CAAAAGCTTCTAACCCACCGTGACGACATT-5 1 mismatch

3’ -CAAAAGCTTCTAACCCACCGTGACTACATT-5’ 1 mismatch

3’ -CAAAAACTTCTCACCCACCGTGACAACATT-5’ 2 mismatches
3’ -CAAAAACTTCTGACCCACCGTGACAACATT-5’ 2

3’ -CAAAAACTTCTTACCCACCGTGACAACATT-5’ 2

mismatches
mismatches

3’ -CAAAAGCTTCTAACCCACTGTGACTACATT-5" 2 mismatches
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Determination of AG from Agilent Custom Arrays

Sufficiently simple setup to avoid “spurious’ effects

5’-GTTTTCGAAGATTGGGTGGCACTGTTGTAA-3’ target in solution
3’ -CAAAAGCTTCTAACCCACCGTGACAACATT-5’ perfect match
3’-CAAAAACTTCTAACCCACCGTGACAACATT-5’ 1 mismatch

3’ -CAAAACCTTCTAACCCACCGTGACAACATT-5’ 1 mismatch
3’-CAAAATCTTCTAACCCACCGTGACAACATT-5’ 1 mismatch
3’-CAAAAGATTCTAACCCACCGTGACAACATT-5’ 1 mismatch

3’ -CAAAAGCTTCTAACCCACCGTGACGACATT-5 1 mismatch

3’ -CAAAAGCTTCTAACCCACCGTGACTACATT-5’ 1 mismatch

3’ -CAAAAACTTCTCACCCACCGTGACAACATT-5’ 2 mismatches
3’ -CAAAAACTTCTGACCCACCGTGACAACATT-5’ 2

3’ -CAAAAACTTCTTACCCACCGTGACAACATT-5’ 2

mismatches
mismatches

3’ -CAAAAGCTTCTAACCCACTGTGACTACATT-5’ 2 mismatches
total 1006 sequences, replicated 15 times = 15K array
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Intensity vs. AGs

s \ ‘ \ ‘ ‘ P Expected: Langmuir isotherm
105 Experiment 1 g e
4;5 ] B AceAG/RT
0 = T4 ceBC/RT
3l ] .
_10% / data for 3 different
o PM 3 concentrations (c)
10 E
F 1 lines: slope = 1/RT
1
10F E
F E scatter of the data
10°

o

deviations from 1/RT already
far from chemical saturation

No fitting parameters!

AGy, is computed from tabulated literature data (parameters measured in
hybridization in solution)
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Intensity vs. AGs

Expected: Langmuir isotherm

AceAG/RT
I'= 1 + ceAG/RT

data for 3 different
concentrations (c)

lines: slope = 1/RT
slope URT scatter of the data

Expected Langmuir behavior

| (arb. units)

deviations from 1/RT already

-OAG (arb. units) far from chemical saturation

No fitting parameters!

AGy, is computed from tabulated literature data (parameters measured in
hybridization in solution)
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Fitting free energy parameters from experimental data

10 ‘ \
E Experiment 1
[ c=50pM TR 1
1O'Z§ s e 5
] 1006 data points and
F10% J 58 parameters
- ; ] Flt to
10%F : I = Aexp(AG/RT)
10'5_;3 - S !

6 4 2
MG (kcal/mol)
parray

Enrico Carlon, KULeuven (ITF, K.U.Leuven)Nearest-neighbor model in microarray hybridiz Apr. 11, 2011



Fitting free energy parameters from experimental data

10’1; T T T T _ T o
| Experiment 1 T=3KZ65C
| c=50pM e
10 ot |
F ] 1006 data points and
s b Togsok - ] 58 parameters
3 T
10" 3 .
- F ] Fit to
0% ’@ﬁ - ] I=Aexp(AG/RT)
: e Two temperatures!
-5 /// ‘uu L )
10 '8 L | L 0

6 4 2
MG, (kcal/mol)
parray
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Identical behavior for 4 different sequences

T
Experiment 1
c=50pM

6
DG, “lkcatimo)
10 T
Experiment 3
=50pM o
107 o -
:E 6%
10
-5
10°g

-ANG
harray

(kcal/mol)

T
Experiment 2
c=50pM

6
-DAG

array

(kcal/mol)

T
Experiment 4

c=50pM

-AAG

array

(kcaﬂ/mol)
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Comparison of free energy in the array and in solution

5 T T T
| All Experiménts
a4 o/ X
x x
i % PN AAG: difference between perfect
53* o S o %] match hybridization and
3 . o * T . . .
0] . _.s’ T 1 hybridization with an internal
3 2r ’ R %4 7 mismatch.
12X/ Moderate correlation between
= . 7 solution and microarray free energies
% 1T 2z 3 4 5
AAG
sol
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Understanding the two regimes
\ Hybridization in solution:
nucleation and fast zippering

-1 Is zippering rapid in
microarrays?
\ K Probably not!
s
. <~ The simplest description of a
l k., long lived partially zipped
state is through a 3 state
configuration 1 configuration 2 model
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Understanding the two regimes
\ Hybridization in solution:
nucleation and fast zippering

-1 Is zippering rapid in
microarrays?
\ K Probably not!
s
. <~ The simplest description of a
l k., long lived partially zipped
state is through a 3 state
configuration 1 configuration 2 model

Four parameters

Hybridization rates: k1, ko (forward), k_1, k_2 (reverse)

Thermodynamics  k_y/ky = e ACG/ET |, /ky = e (AG-AG)/ET
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Two vs. three state model

Two state model do
kinetics - cki(1—6)—k_10
AG/RT
Equilibrium Oog = cky _ K ce
k_i+cki 1+cK 1+ ceAG/RT
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Two vs. three state model

Two state model do
kinetics dt cki(1=0) = k10
AG/RT
Equilibrium Ocg = cky = K -
k_1+cki 1+cK 1+ ceAG/RT

1)
;I;Zieee dfzt = k(1 —0W —0@) 4+ k 90 — (k1 + ko)0)
2
model dfli) b 6@
Equilibrium
(c—0) eé;) — Cﬂ _ A /RT 9533) _ c% _ L AG/RT
-1 1k 2

Assumption:

k1, ko independent on AG
AG =~ yAG (they should be monotonically linked)
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Three state model

T T ‘ 1(b)
100i chemical saturation—__ |
L intermediate
LF regime o
10 Solid line:
/ s Equilibrium solution
6 10-4i y/ dynamical saturation | (t — 00)
6 o 1 Dashes lines:
10 Langmuir isotherm 7 Finite time behavior
cfixed at 510, various times ?
0% ‘ .
10 30 40

20
-AG(kcal/mol)
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Experiments (Agilent arrays)

10° T T . . 10° T : o
-a) ER Y ]
w'E e 3 WF ’ :
l10°F 4% = | 10°E e
10E t=40min 4 1?E#* t = 3h24mind
Py R R R R R B St S S NP N B R
W7 % 5 4 3 2 1 0 07 6 5 4 3 2 1 0
10° — 10° e —
?C)‘ AN T 3 ?d)‘ T 3
10°F . = 10'F 5
| 17k \ 11 10°F .
E kinetic model 3 E 3
2 2 2L .
0E t=17h 3 ¢ t = 86h8min=
1"\‘\‘\‘\‘\‘\" 1’/‘\‘\‘\‘\‘\"
07 7% =5 3 0o 0776 0
JAVAYE] (kcal/mol) AAG (kcal/mol)

Target sequence
L =30
Exper. to = 86h

Temperature 65°C
Solid line:
three state model

Dashed line:

Equilibrium isotherm
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Experiments (Agilent arrays)

N T N T
10Ed) . 3 w0 T
10* é é 10* é e é
I sf . R - ]
e 3 0F e 3 Target sequence
10? ;F/;f t=40min 4 1k &4"; - t= 3h24ming; L =25
Y A R N N B IS SR U R R R A ~
W77% 5 4 3 2 1 0o 07 5 5 4 3 2 1 o0 Exper. to ~ 86h
o QT
0°E . q Wk 1 Temperature 65°C
10'F T 1 A
E . E E Lo 3 .
Ik l S g 41 Dashed line:
E Ly o] 3 E L A 3 ap. . .
E ] E .1 Equilibrium isotherm
10° Fx“"‘( t=17h 2 10°F % t=86h8min: q
R N R
107 1 o 107 1 0

6 5 4 -3 -2 - 6 5 4 3 2 -
AAG (kcal/mol) AAG (kcal/mol)
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Experiments (Agilent arrays)

10

region

:equilibriumé

4 A .
L, non-equilibrium region
£ // // : 1
100/ At ]
14 16 18 20 22 24 26 28 30

-AG_, (kcal/mol)

Target sequence
L =230
Exper. =~ 17h

Temperature 55°C

Dashed line:
Three state model

Evidence of dynamical
saturation
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Experiments (High density arrays, Suzuki et al.)

140 targets and
probes with 1 or 2
mismatches

10 E/ \ ! ‘ ! ‘ E
15 20 25 30
-AG (kcal/mal)
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Experiments (High density arrays, Suzuki et al.)

10 ? (] 1‘.4fM /

i 140 targets and
i 1 probes with 1 or 2

v 1 mismatches

f'/ Solid line:

{ T.g ~ 1200K

% 2% 5 ¢
10? Ilw | | | | | | |
15 20 25 30
-AG (kcal/mol)
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Experiments (High density arrays, Suzuki et al.)

10 §.1‘.4fM / | | | E

140 targets and

r = 1 probes with 1 or 2
| |« 14pM / ?’/ 1 mismatches

?'/ Solid line:
' 1 T ~ 1200K

Dashed line:
Texp ~ 45C
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Experiments (High density arrays, Suzuki et al.)

10°F .i.an | | | <4 140 targets and
g 1 probes with 1 or 2

I < M / ?’}; i mismatches
/ f/ Solid line:

1 10° ‘ // | Tem ~ 1200K

,/f/ | Dashed line:

-

Texp ~ 45C

B e Dynamical saturation
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Experiments (High density arrays, Suzuki et al.)

10° [ @am | | | <4 140 targets and
E = = { probes with 1 or 2

I < M / ?’}; i | mismatches
! f/ Solid line:

1 10° ‘ // | Ten = 1200K

ﬁ/ Dashed line:

-

= Toxp = 45C
/b B¢ Dynamical saturation
10F II | | | | 4 or depletion?

20 25 30
-AG (kcal/mol)
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Experiments (High density arrays, Suzuki et al.)

107 ‘ \
F[m14fm
& 140fM

20 25
-AG (kcal/mol)

140 targets and
probes with 1 or 2
mismatches

Solid line:
Tog ~ 1200K

Dashed line:
Texp ~ 45C

Dynamical saturation

. or depletion?
Solid line: three state
model
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Experiments (Spotted array, Weckx et al.)

5
10°F i
7777777777777 e . .
;‘h vy Experiment with 4
| oPm targets and probes up
1077 le1vm to three mismatches
o o gw scanner
—_ | .
- o saturation
10°~ -
|
v —
10 o slope ]JRTexp
| |
25 40

30 35
-AG,, (keal/mol)
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Experiments (Spotted array, Weckx et al.)

5
10°F i
7777777777777 B . .
;‘h vy Experiment with 4
| oPm targets and probes up
wor ® MM b to three mismatches
_° <3MM| o scanner
K o saturation Large range of AG
10°F a
<
v —
10 o slope ]JRTexp
| |
25 40

30 35
-AG,, (keal/mol)
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Experiments (Spotted array, Weckx et al.)
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Experiments (Spotted array, Weckx et al.)
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Practical consequences

Microarrays working in a non-equilibrium regime suffer from enhanced
cross-hybridization
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Practical consequences

Microarrays working in a non-equilibrium regime suffer from enhanced
cross-hybridization

Example: two different sequences in solution binding to the same probe at
the surface. The first is perfect match and has concentration ¢, the second
carries mismatches and has concentration ¢'.

I =cf(AG) +  f(AG)
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cross-hybridization

Example: two different sequences in solution binding to the same probe at
the surface. The first is perfect match and has concentration ¢, the second
carries mismatches and has concentration ¢'.

I =cf(AG) +  f(AG)
We wish to have f(AG) > f(AG’). In equilibrium

feg(AG) (AG—AG!)/ Rl

feg(AG)

is maximized. . .
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Practical consequences

Microarrays working in a non-equilibrium regime suffer from enhanced
cross-hybridization

Example: two different sequences in solution binding to the same probe at
the surface. The first is perfect match and has concentration ¢, the second
carries mismatches and has concentration ¢'.

I =cf(AG) +  f(AG)
We wish to have f(AG) > f(AG’). In equilibrium

feq(AG")
is maximized. . . while in non-equilibrium

F(AG) _ (aG-ac)/RTq < feq(AG)

feg(AG) (AG—AG!)/ Rl

f(AGY) Jfeq(AG")
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Application: Mutant identification (Jef's talk)

I T T 3

basel i ne § 3 Target:
3 g E 1 Mixture of 2 sequences
! y\ \ ] ! CY\IC N (\) 01 ]
8 6 4 2 0 6 4 2 °  Wild type at ¢

103;(0) | - ﬁp‘w" 7 , Mutant at ¢/
E oy, 3 2 Detection limit
E E 3 / ~
" o E o i /e~ 0.01
[ooo c'/c = 0.03 Lol c'/c =01
EC . 113 0ET™ ) 1 1 3
-8 6 -4 2 0 -8 6 4 2 0
AAG (kcal/mol) AAG (kcal/mol)
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Back to complex biological experiments (Affy Genechip)

AffylLM: Algorithm available from BioConductor
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Back to complex biological experiments (Affy Genechip)

AffylLM: Algorithm available from BioConductor

De5|red hybrldlzatlon ( 6«

.. Langmuir hybridization (with Teg)
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Back to complex biological experiments (Affy Genechip)

AffylLM: Algorithm available from BioConductor

O [

// Cross hybrldlzatlon (‘i «6{

Al /

... background subtraction
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Back to complex biological experiments (Affy Genechip)

AffylLM: Algorithm available from BioConductor

AffyILM

... not taken into account (should affect 5% of targets)
Enrico Carlon, KULeuven (ITF, K.U.Leuven)Nearest-neighbor model in microarray hybridiz Apr. 11, 2011 20 / 28




Back to complex biological experiments (Affy Genechip)

AffylLM: Algorithm available from BioConductor
Target-Target-Hybridization

e Ay
PN
3\ \

... mean-field approximation
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1st - Estimating of the Background Noise

/ =
/ / Motivation:
/ (3 / @ Strong signals
\ / (Lp > Io)
= Gene expressed
? ﬁ E / & / o Weak signals (I, =~ Ip)
= Weakly expressed
f

1 T gene or background
|- noise?
+

T

ly + lp(C)

Calculation of background intensity for each probe on array
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2nd - Specific signal: extended Langmuir model

0: fraction of bound probes

acC -
¢: mRNA concentration | !—\(1 0C
a: fraction “free” mRNA 1 1 1 q
acePG/RT kl / kOut

o= -
1 ¢ ceAGr/RT

Intensity: [ = A0
AG, AGR: from data in solution
Parameters: A, T, T, ¢

Scaling variable
2’ = acexp(AG/RT)
Fitted effective temperature T' ~ 700K
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Modeling Hybridization in solution

J'At 25
+ + + +

l

1
t][t; y
Chemical equilibrium M — ¢AGR()/RT
[tt:.5]
Target conservation [t] + Z[t'g@j] =c
i,J
2] 1 1

¢ 1+ %, lfsle ACRGH/AT N 1 ce-BGr(125)/RTug
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Calibration data (spike-in)

~ 300 data points (concentrations ¢ = 0, 0.25, 0.5 ... 1024 pM)

Scaling collapses (4 fitting parameters) RED : PM / GREEN : MM

16 | 1024 at W | 37777_at
3 3 b -
g 16 ¢ g
T 10 T T 10 N
z . SHH < 2 \1("’ 3
= i i 5 ] = I 533 1
1§ A —— AXI(14X) Wl R —— AXI(1+X)
R AT AET: . T T AT AT
X' X'
x-axis: scaling variable 2’ = acexp(AG/RT)
y-axis: background subtracted intensities
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Outliers

16 | 1091 at 3
7 | 1091 at9
~
5 .
= sequence alignment (GenBank)
S
= I h 3-CTGTCC TTG GTC CG C ATG GCT CGT T-5Affymetrix
. 3-CTGTCC TTG GTC CG C ATG GCT CGT T-5' M650661
10 3-CTGTCC TTG GTC cG HEBEN GCT CGT T-5 BCO133682 5
) ) ) ) 3-CTGTCC TTG GTC CG BB GCT CGT T-5 AL833563.1 O
10° 10° 10° 10° 10
X

Error in the annotation:
the correct sequence was submitted to GenBank in 2003, after the

microarray was designed.
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affylLM (available at www.biocon

Input: Experimental microarray data (Affymetrix)
Output: Estimate of Concentration per each probe sequence

206158_s_at — RIri-CEP-A-1a-U133A.CEL

5000 10000

Intensity
200 500 1000 2000
. L

100
L

50
L

median ¢ = 200 pM
m.a.d.c= 69 pM

20

25 30 35 40
-RTInK

Probe no.

conc [pM]

© 0 N O 00 WN

—
o

11

437.24
466.92
176.57
200.39
433.10
153.85
211.93
154.55
124.68
35.74

201.57

Median
M.A.D.

200
69
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