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Background

protein interaction networks (PIN):

nodes: proteins i , j = 1 . . .N
links: cij =cji =1 if i can bind to j

cij =cji =0 otherwise

data in public databases,
used for:

understanding biology,
filtering expression data

in medical prediction

Quantify topology:

degree of a node (nr of links): ki (c) =
∑

j cij

distribution: p(k) = N−1∑
i δk,ki (c)

degree stats of connected nodes •
ki = k?

•
kj = k ′?
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cij =1

W (k , k ′) =
1

N〈k〉
∑

ij

cij δk,ki (c)δk′,kj (c)

W (k , k ′) 6= W (k)W (k ′):
structural info in degree correlations
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Information in degree correlations?

plot Π(k , k ′) = W (k , k ′)/W (k)W (k ′)
the PIN reproducibility problem ...
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clustering of
PINs using
information-
theoretic
distance
measure
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Strong
bias introduced by experimental method
that overrules species information ...
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Analysis of the network sampling process

types of sampling errors

node undersampling:

c′ij = σiσjcij

σi = 0, 1
•i • j
�
��@
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cij =1 ◦i • j
�
��@
@@ �

��@
@@

c′ij =0

σi = 0
link undersampling:

c′ij = τijcij

τij = 0, 1
•i • j
�
��@
@@ �

��@
@@

cij =1 •i • j
�
��@
@@ �

��@
@@

c′ij =0

τij = 0
link oversampling:

c′ij = cij +λij (1−cij )
λij = 0, 1

•i • j
�
��@
@@ �

��@
@@

cij =0 •i • j
�
��@
@@ �

��@
@@

c′ij =1

λij = 1

combined:
c′ij = σiσj [τijcij + (1− cij )λij ], N ′ =

N∑
i=1

σi
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sampling variables: σ = {σi}, τ = {τij}, λ = {λij}

drawn randomly and independently,

x(k): prob to detect node with degree k
y(k , k ′): prob to detect link between nodes with degrees (k , k ′)
z(k , k)/N: prob to report nonexisting link between nodes with degrees (k , k ′)

unbiased sampling: x(k)=x , y(k , k ′)=y , z(k , k ′)=z

aims:

– express features of c′ in term of those of c, and vice versa
– analytically if possible!
– decontaminate public data bases for protocol-specific bias

studies so far (e.g. Stumpf et al 2005, 2006):
limited analytical results, for random sampling only,

no results on oversampling
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strategy:

family of networks c with N nodes, degrees (k1, . . . , kN),
and characteristics p(k) and W (k , k ′):

p(c) =
1

ZN

[∏
i

δki ,ki (c)

]∏
i<j

[ 〈k〉
N

W (ki , kj )

p(ki )p(kj )
δcij ,1 +

(
1− 〈k〉

N
W (ki , kj )

p(ki )p(kj )

)
δcij ,0

]

sample networks c′: c′ij = σiσj [τijcij + (1−cij )λij ]

sampling protocol: x(k) y(k , k ′) z(k , k ′)
node undersampling link undersampling link oversampling

calculate
average
characteristics
of sampled
networks

p(k |x , y , z) =
〈〈∑

i σiδk,ki (c′)∑
i σi

〉〉
c,σ,τ ,λ

W (k , k ′|x , y , z) =
〈〈∑

ij c′ijδk,ki (c′)δk′,kj (c′)∑
ij c′ij

〉〉
c,σ,τ ,λ

in terms of true p(k) and W (k , k ′) ...
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core result:

can be done analytically, as N→∞,
for all sampling protocols,
(via path integrals, steepest descent, ...):

p(k|x, y, z) =

∑
q x(q)p(q)

{
a(q)J (k|q) + qb(q)L(k|q)

}
k
∑

q p(q)x(q)

W (k, k′|x, y, z) =

∑
q,q′>0 x(q)x(q′)

{
p(q)p(q′)z(q, q′)J (k|q)J (k′|q′) + 〈k〉W (q, q′)y(q, q′)L(k|q)L(k′|q′)

}
k̄(x, y, z)

∑
q p(q)x(q)

with

J (k|q) = e
−a(q)

min{k−1,q}∑
n=0

( q
n

) ak−1−n(q)

(k−1−n)!
bn(q)(1− b(q))q−n

L(k|q) = e
−a(q)

min{k−1,q−1}∑
n=0

( q−1
n

) ak−1−n(q)

(k−1−n)!
bn(q)(1− b(q))q−1−n

a(q) =
∑

q′≥0

p(q′)x(q′)z(q, q′), b(q) =
〈k〉

qp(q)

∑
q′≥0

x(q′)y(q, q′)W (q, q′)

k̄(x, y, z) =

∑
q x(q)p(q)[a(q) + q b(q)]∑

q p(q)x(q)
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Applications of the theory

impact on network degree distributions

only Poisson distribution retains shape

unbiased sampling: recover formulae of Stumpf et al 2005
node & link undersampling equivalent

biased sampling: node & link undersampling not equivalent
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unbiased undersampling
N =3512, 〈k〉=3.7

Π(k , k ′) = W (k , k ′)/W (k)W (k ′)
(power law network, averaged over 104 samples)

true network prediction observed

[90% bond undersampling]

[90% node undersampling]
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oversampling
N =3512, 〈k〉=3.7

Π(k , k ′) = W (k , k ′)/W (k)W (k ′)
(power law network, averaged over 104 samples)

true network prediction observed
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protein interaction network (C. Elegans)
unbiased link sampling, N =3512, 〈k〉=3.7

Π(k , k ′) = W (k , k ′)/W (k)W (k ′)
(averaged over 104 samples)

C. Elegans PIN prediction observed
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Summary

explicit formulae for p′(k) and W ′(k , k ′) in terms of p(k) W (k , k ′),
for biased/unbiased node/link under/oversampling
(exact for N →∞, precise already for N ∼ 103)

sampling generally affects shapes of p(k) and W (k , k ′),
except for trivial (i.e. uncorrelated Poissonian) networks

unbiased undersampling:
– node/link undersampling are equivalent
– uncorrelated networks remain uncorrelated

biased undersampling:
– node/link undersampling not equivalent
– uncorrelated networks appear correlated

link oversampling:
– always generates degree correlations
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Ongoing work: decontamination of PIN data
available PIN data:

– for L different species `=1 . . . L
each with unknown network c`

– measured via M different protocols α=1 . . .M (e.g. Y2H, PCA, MS)
each with unknown sampling parameters θα = {xα, yα, zα}

matrix of M×L
observed networks c`,α: c`,αij = σ`,αi σ`,αj [τ `,αij c`ij + (1− c`ij )λ

`,α
ij ]

method a

?

method b

?

method c

?

. . .

species I -

species II -

species III -

...
objective:
find true PINs {c1, . . . , cL} and
sampling pars {θ1, . . . , θM} (via Bayesian methods)
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