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Complexity of Protein–Protein Interaction Networks,
Complexes, and Pathways

Danail Bonchev

1. Introduction
1.1. The Network Approach to Proteomics

The focus of proteomic re s e a rch in developing ex p e rimental techniques for pro t e i n
i d e n t i fi c ation and interaction studies is shifting from individual proteins to their orga-
n i z ation in reaction pat h way s , c o m p l exe s , and netwo rk s , i . e. , to the pro t e o m e — t h e
l a rge-scale netwo rk comprising all pro t e i n – p rotein interactions in a cell, t i s s u e, o r
o rganism. The number of complete proteomes in accessible dat abases exceeds 100 ( 1 ),
thus making possible proteome-wide and acro s s - p roteomes analyses. Such a systemic
ap p ro a ch offe rs a view of the biological machine as a wh o l e, revealing important new
details of its wo rk. Th u s , one could rega rd aging and diseases as specific pat t e rns of
p rotein netwo rk degra d ation and, vice ve rs a , evo l u t i o n a ry beneficial fa c t o rs as cre at-
ing pat t e rns of larger proteome complex i t y. Medicines’ side effects could be analy ze d
in terms of the ex t re m e ly high netwo rk connectiv i t y, thus orienting the search for new
medicines towa rd protein complexe s , rather than individual compounds ( 2 ). Po t e n t i a l
d rug and marker candidates could be identified proceeding from protein connectiv i t y
and centrality pat t e rn s .

1.2. Quantifying Networks

N e t wo rk analysis and ap p l i c ations are necessari ly re l ated to nu m b e rs that uniquely
ch a ra c t e ri ze each netwo rk , making possible compari s o n , cl a s s i fi c at i o n , s t ru c t u re -
a c t iv i t y / t oxicity re l at i o n s h i p s , and prediction. Rega rding netwo rks as graphs ( 3 ), one can
use graph theory ( 4 , 5 ) to ge n e rate such nu m b e rs ,u s u a l ly termed t o p o l ogical indices ( 6 , 7 ),
p roceeding from diffe rent graph inva riants. A va riety of topological indices have been
p roposed in an area of theoretical ch e m i s t ry called m at h e m atical ch e m i s t ry. From this
ri ch arsenal of descri p t o rs we select for ch a ra c t e rizing proteomic netwo rks only a few
rep re s e n t at ives that mirror pat t e rns of n e t wo rk topological complex i t y. Info rm at i o n
t h e o ry ( 8 , 9 ) is also used as a source of descri p t o rs of n e t wo rk dive rsity and composition.

1.3. The Concept of Network Complexity

Two concepts of complexity as a ge n e ral pro p e rty of systems have been deve l o p e d
d u ring the last half century. The concept of new phenomena emerging in a highly com-
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p l ex system focuses on the nonlinearity of processes in complex dynamic systems ( 1 0 ).
In this ch ap t e r, we present the lesser known concept of t o p o l ogical (or stru c t u ral) and
compositional complex i t y. The roots of this concept can be traced back to the ideas of
the info rm ation content of a system (a molecule, a cell, an organism) advanced in the
1950s ( 1 1 ), to the fi rst estimates of graph complexity ( 1 2 ), and to the later hiera rch i c a l
c o n c epts of complexity ( 1 3 – 1 5 ).

D e finition 1. The larger the number and connectivity of the subnetwo rk s , the large r
the netwo rk topological complex i t y.

D e finition 2. The more dive rse the distri bution of the netwo rk elements, the large r
the netwo rk compositional complex i t y.

D e finition 1 proceeds from counting all subgraphs and the links within each of them.
It quantifies the idea that the whole is more than its parts and provides nonlinear quan-
t i t at ive measures of netwo rk stru c t u ral complex i t y. Definition 2 accounts for the dif-
fe rent aspects of netwo rk complex i t y, based on the element’s distri bu t i o n , p ro p e rt i e s ,
we i g h t s , i n t e ra c t i o n s , and so on. When applied to dynamic evo l u t i o n a ry netwo rk s , t h e
d e finitions presented might be viewed as a step towa rd unifying the two altern at ive
ap p ro a ches to systems complex i t y.

2. Some Basic Notions from Graph Theory
P ro t e i n – p rotein interaction netwo rks are presented as graphs ( 4 , 5 ). A grap h is a stru c-

t u re composed of points (ve rt i c e s or n o d e s) , connected by lines (e d ge s or l i n k s). A s u b-
grap h is a graph obtained from the parent graph by deleting at least one edge or ve rt ex
with its incident edges. A l o o p is an edge that begins and ends in the same ve rt ex. A
mu l t i grap h is a graph in wh i ch some pairs of ve rtices are linked by more than one edge.
Simple grap h s a re graphs having no multiple edges and loops. In a complete grap h a ny
t wo ve rtices are connected by an edge. A d i re c t e d graph is a graph having at least one
d i rected edge. Directed edges are termed a rc s. The graph is c o n n e c t e d when there is a
p ath between any pair of ve rtices in it; otherwise the graph is d i s c o n n e c t e d. A p at h i n
the graph is a sequence of adjacent edges without trave rsing any ve rt ex twice. A wa l k
is an altern ating sequence of ve rtices and edge s , e a ch of wh i ch could be trave rsed more
than once. The walk length is the number of edges in it. A cy cl e is a path that starts fro m
and ends in the same ve rt ex. Tre e s a re graphs containing no cy cles. Two ve rtices j a n d
i a re called a d j a c e n t when they are connected by an edge {i , j}. The adjacency re l at i o n
is quantified by the term ai j = 1. Graph c o m p o n e n t s a re connected subgraphs or ve rt i c e s
t h at are not connected to each other. Euler’s theorem re l ates the number of ve rtices V,
e d ges E, cy cles C, and components K:

C = E – V + K (1)

I l l u s t rations of the notions introduced ab ove are given in Fi g. 1.
D e finition 3. Ve rt ex degree ai is the number of edges {i , j} connecting ve rt ex i w i t h

its adjacent ve rtices j (denoted as j↔i) :

ai = Σ
j↔i

aij (2)

In a mu l t i graph one may distinguish between m i n i m a l ve rt ex degre e, for wh i ch
ai j = 1, and mu l t i p l e ve rt ex degre e, wh i ch accounts for all links to the nearest neighbors
(ai j ≥ 1). In directed grap h s , i n - d egre e and o u t - d egre e a re defined as the number of arc s
e n t e ring into and emanating from the ve rt ex , re s p e c t ive ly.
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D e finition 4. Graph adjacency A(G) is the sum of all ve rt ex degrees ai or all ve rt ex
adjacencies ai j. In directed grap h s , the total adjacency A(D G) is the sum of the re s p e c-
t ive in- and out-degre e s :

A(G) = Σ
V

i=1
ai = Σ

V

i=1
Σ
j↔i

aij A(DG, out) = Σ
V

i=1
ai(out) = Σ

V

i=1 
Σ
j↔i

aij (out) (3)

G raph inva ri a n t s a re nu m b e rs uniquely derived from the graph; they do not dep e n d
on the way the graph is drawn or on the manner in wh i ch the ve rtices are lab e l e d. Grap h
a d j a c e n cy is a graph inva ri a n t , wh e reas ve rt ex degree is a ve rt ex (or local) inva ri a n t .

D e finition 5. (a) The distance di j b e t ween the ve rtices i and j is the number of edge s
along the shortest path connecting i and j. (b) The ve rt ex distance degree di is the sum
of distances between ve rt ex i and all other ve rtices j in the grap h :

di = Σ
j≠i

dij (4)

D e finition 6. The graph distance d(G) is the sum of distances between all pairs of
ve rtices i and j; it is also a half sum of the distance degrees of all V ve rtices in the grap h :

d(G) = Σ
V

i=1
Σ
j≠i

dij =
1
–
2 Σ

V

i=1
di (5)

In nondirected graphs G, d(G) = 2 W (G) , W (G) being the Wiener nu m b e r of G ( 1 6 ).
In directed graphs D G, d(D G) = W(D G) .

D e finition 7. (a) Ve rt ex eccentricity ei is the maximum distance between ve rt ex i a n d
the remaining graph ve rtices. (b) G raph center is the ve rt ex(es) having minimum eccen-
t ricity and minimum distance degree (s e e re f. 1 7 for a more detailed defi n i t i o n ) :

ei = min; di = min (6)

I l l u s t rations of Definitions 3–7 are given in Fi g. 2.
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Fi g. 1. ( A ) A disconnected graph with three components. ( B ) A simple connected graph. ( C )
A directed graph. ( D ) A complete graph with three cy cles. ( E ) a mu l t i graph with loops. 1, e d ge ;
2 , a rc; 3, t riple edge; 4, t wo loops.
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3. Topological Complexity Measures
For a rev i ew of the entire area of complexity descri p t o rs , the reader is add ressed to

re f. 1 5. Here, we focus on seve ral complexity measures that satisfy the re q u i re m e n t s
to increase with the increase in netwo rk size and connectiv i t y, to va ry reg u l a rly with
the topological pat t e rns of bra n ching ( 1 8 ), cy clicity ( 1 9 ), c e n t rality ( 1 7 ), and cl u s t e r-
ing ( 1 8 , 1 9 ), and to be in compliance with the idea of biological complexity rega rd i n g
the whole as more than the sum of its part s .

3.1. Connectedness (Connectance)

D e finition 8. Connectedness C o n n is the ratio between the number of edges E in the
n e t wo rk and the number of edges in the complete graph having the same number of
ve rtices V:

2EConn(%) = ——— × 100 (7)
V(V–1)

For simple graphs (graphs having no loops or multiple edge s ) , C o n n va ries from ze ro
for a totally disconnected graph having E = 0, to 100 for a complete graph. An ex a m-
ple is given in Fi g. 3A. For mu l t i grap h s , C o n n could exceed 100. In such cases one may
rega rd sep a rat e ly the multiple connectedness M u l t i c o n n f rom the simple one, wh i ch
m e a s u res only whether the pairs of ve rtices are connected but not how many edges con-
nect them. Similarly, for ch a ra c t e rizing the local (or ve rt ex) complexity one may use
the ve rt ex degrees and multiple ve rt ex degrees introduced in Subheading 2. The fa c t o r
2 in Eq. 7 is omitted for directed graphs. Connectedness can be used as a pre l i m i n a ry
e s t i m ate of topological complexity; it is not sensitive to va ri ations in topology of net-
wo rks having the same number of ve rtices and edge s .

3.2. The Substructure Count SC

S e e re f s . 2 0 – 2 2.
D e finition 9. (a) The c o m p l exity index SC is the total number of subgraphs in the grap h

(Fi g. 3). (b) The eth order index eS C is the count of all subgraphs having e e d ge s :

SC = 0SC + 1SC + 2SC+ . . . + ESC = Σ
E

e=0

eSC (8)
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Fi g. 2. ( A ) Ve rt ex degrees and adjacency of a mu t i graph; the minimal degrees are given in
p a rentheses. ( B ) In- and out-degrees and adjacency of a directed graph; in-degrees are denoted
by a minus sign. ( C ) Ve rt ex distance degrees and the Wiener number (16) of a graph. The fi l l e d
ve rt ex having eccentricity 2 and distance degree 8 is the graph center.
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wh e re 0S C, 1S C, and 2S C a re the number of ve rtices V, e d ges E, and two - e d ge subgrap h s ,
re s p e c t ive ly, and ES C = 1 stands for the graph itself (Fi g. 3B) .

3.3. Overall Connectivity

S e e re f s . 2 2 and 2 3.
The ove rall connectivity concept (Definition 1) combines subgraph count with sub-

graph connectiv i t y.
D e finition 10. (a) The ove rall connectivity index OC is the sum of total adjacencies

Ai of all subgraphs Gi b e l o n ging to the graph G. (b) The eth order ove rall connectiv i t y
t e rm eO C is the sum of the total adjacencies eAi of all subgraphs eGi h aving e e d ge s
(Fi g. 3B) .

OC = 1OC + 2OC + . . . + EOC = Σ.
E

e=1

eOC

eOC = Σ
e
SC

i =1

eAi (eGi) = Σ
e
SC

i =1
Σ
Vi

j=1
aj ( j ∈ eGi)

(9)

3.4. The Graph Walk Count

Another re a l i z ation of the idea to ch a ra c t e ri ze complexity by rega rding the stru c t u re
as a whole is to account for all walks within it (2 4 – 2 6; s e e also Chap. 2 in re f. 1 5) .

D e finition 11. (a) The graph walk count T W C is the total number of walks lW C o f
length l = 1 to V – 1. (b) The walk count of order l, lT W C is the number of walks of
length l. (c) The ve rt ex walk count vwci is the total number of walks of length l t h at start
in the ve rt ex i.

TWC = 1WC + 2WC + 3WC + . . . + V–1WC = Σ
V–1

l=1

lWC = Σ
V

i=1
vwci = Σ

V–1

l=1
Σ
V

i=1

lvwci (10)
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Fi g. 3. ( A ) C a l c u l ation of connectedness according to E q . 7. ( B ) I l l u s t ration of subgraph count
( 2 0 – 2 2 ) and ove rall connectivity indices ( 2 2 , 2 3 ) c a l c u l ation (Eqs. 8 and 9) .
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An example is shown in Fi g. 4. A simple method for calculating ve rt ex walk counts
and total walk count is based on the Morgan algo rithm. Starting with ve rt ex degre e s ,
one calculates the count of walks of length 1 as the sum of ve rt ex degre e s , and then an
extended degre e of lth order is calculated for each ve rt ex by summation of the (l – 1)th
o rder degrees of the ve rt ex neighbors. 

4. Compositional Complexity Measures
D ive rsity of netwo rk composition is another aspect of complexity (s e e D e finition 2).

G raph rep re s e n t ation can incorp o rate such an aspect by assigning weights to graph ve r-
tices; howeve r, a dditional insight can be gained by Shannon’s info rm ation theory ( 8 ).

4.1. Shannon’s Basic Formulas as Applied to Finite Networks

S e e re f s . 8, 9, and 2 7.
Consider a netwo rk composed of N e l e m e n t s , d i s t ri buted into k cl a s s e s , a c c o rd i n g

to a certain equivalence cri t e rion α. The elements could be netwo rk ve rt i c e s , e d ge s , o r
a ny other type of subgrap h s , as well as distance-based inva riants. Denote the nu m b e r
of elements in classes 1, 2 , . . . , k as N1, N2, . . . , Nk, re s p e c t ive ly. The pro b ability fo r
a single ra n d o m ly chosen netwo rk element to belong to the class i is pi = Ni/N, wh e re
N = ΣNi, and Σpi = 1 .

D e finition 12. S h a n n o n ’s entro py H(α) of the netwo rk distri bution {N1, N2 , . . . , Nk} is

H (α) = Nlog2 N – Σ
k

i=1
Ni log2 Ni bits (11)

–
H(α) = – Σ

k

i=1
pi log2 pi bits/element (12)

H e re, base 2 loga rithms are used for calculating entro py in binary digits (bits).
E n t ro py is maximum when Ni = 1, and pi = 1/N:

Hmax(α) = N log2 N;
–

Hmax(α) = log2 N (13)

D e finition 13. The i n fo rm ation content I(α) of netwo rk pro b ability distri bu t i o n , t h e
ave rage and the n o rm a l i ze d i n fo rm ation content, –I (α)and In(α) , a re re s p e c t ive ly

1
I(α) = Hmax(α) – H(α) = Σ

k

i=1
Ni log2 Ni ; –I (α) = — Σ

k

i=1
Ni log2 NiN

(14)
1

In(α) = ———— Σ
k

i =1
1 Ni log2 Ni ; 0 ≤ In(α) ≤ 1

N log2 N
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Fi g. 4. ( A ) C a l c u l ation of the total walk count TWC ( 2 4 – 2 6 ) as a sum of walk counts of lengths
1 to V – 1. ( B ) C a l c u l ation of T W C f rom the ve rt ex walk count sums (E q . 1 0) .
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D i ffe rent info rm at i o n - t h e o retic indices can be introduced depending on the specifi c
e q u ivalence re l ation α. Such a re l ation for proteins in a proteome netwo rk means they
belong to a certain protein complex or to a certain netwo rk component. The corre-
sponding info rm ation indices of compositional complexity may be termed i n fo rm at i o n
on proteome complexe s, I( c o m p l exe s ) , and i n fo rm ation on proteome components,
I( c o m p o n e n t ) , re s p e c t ive ly.

The Shannon entro py / i n fo rm ation measures based on equivalence of system elements
we re prev i o u s ly shown ( 2 7 ) to fail in eva l u ating stru c t u ral or topological complex i t y.
Th u s , p roceeding from ve rt ex equiva l e n c e, one obtains the same null info rm ation con-
tent for three graphs with ve ry diffe rent complex i t y : a totally disconnected, a single-
cy cl e, and a complete graph. A modifi c ation of the theory cap t u red many of the
c o m p l exity fe at u res ( 9 , 2 8 ). A c c o rding to this modifi c at i o n , e a ch system element is
assigned a we i g h t , u n i q u e ly derived from its topology. Th e n , the distri bution of the total
graph weight M into weights Mi of individual elements i ( ve rt i c e s , e d ge s , t wo - e d ge sub-
grap h s , and so on) is also a pro b ability distri bution with the pro b ability of a ra n d o m ly
chosen element to have weight Mi equal to pi = Mi/M.

D e finition 14. Weighted info rm ation content MI, of the netwo rk elements distri bu t i o n ,
ave rage and n o rm a l i ze d weight info rm ation content, M–I and MIn, a re re s p e c t ive ly

1 1MI = Σ
m

i=1
Mi log2 Mi; M–I = — Σ

m

i=1
Mi log2 Mi; MIn = ———–— Σ

m

i=1
Mi log2 Mi (15)

M M log2 M

Typical netwo rk “ we i g h t ” d i s t ri buted among its elements is the total adjacency A a s
p a rtitioned into ve rt ex degrees ai (E q s . 2 and 3). Similarly, the total netwo rk distance
d(G) (Eq. 5) is considered as composed of ve rt ex distance degrees di o r, a l t e rn at ive ly,
of the distance values d(i) = 1, 2 , . . . , dm a x. The info rm ation indices thus constru c t e d
a re termed ve rt ex degree info rm ation index, Iv d, distance degree info rm ation index, Idd,
and distance info rm ation index, Id, re s p e c t ive ly.

5. Examples of Complexity Assessments of Protein–Protein Interaction
Networks, Complexes, and Pathways
5.1. Networks Presented by Nondirected Graphs

N o n d i rected graphs and used to rep resent pro t e i n – p rotein interaction netwo rk , t h e
d i rection of interaction is not known or disrega rd e d. Also included here are
n e t wo rks the nodes of wh i ch are protein complexe s , and an edge between two nodes
i n d i c ates the presence of a protein common to the two complexes. An example is the
functional net of membrane biogenesis and tra ffic in the S a c ch a ro myces cerev i s i a e p ro-
teome ex t racted from the data of Gavin et al. ( 2 9 ), (Fi g. 5). The netwo rk contains 147
p roteins orga n i zed into 20 complexes. The corresponding compositional distri bution is
1 4 7 { 2 0 , 1 5 , 1 3 , 1 3 , 1 0 , 1 0 , 5 × 7 , 5 , 5 , 3 × 4 , 3 , 3 × 2 } , and Eq. 14 yields I(c o m p l exe s)
= 463.9 bits, –I = 3.16, and In = 0.438. The 20 p rotein complexe s a re distri buted into 10
c o m p o n e n t s , 1 large including 11 complexe s , and 9 single-complex ones: 2 0 { 1 1 , 9 ×
1 } , f rom whence I(c o m p o n e n t) = 38.05, –I = 1.903, and In = 0.440. The p ro t e i n d i s t ri b-
ution into components 147{9 4, 1 0 , 1 0 , 3 × 7 , 4 , 4 , 2 , 2} diffe rs considerably from the
even distri bu t i o n , wh i ch produces high values of info rm ation indices: I′(c o m p o n e n t) =
7 6 1 . 5 , –I = 5.18, and In = 0.720. Th u s , the presence of a ve ry large component, t y p i c a l
for biological netwo rk s , can be re l ated to a trend towa rd higher info rm ation content.
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The large component of the netwo rk contains 20 edge s , 2 of wh i ch are double edge s .
Connectedness is quite high: (2 × 22 × 100)/(11 × 10) = 40%, owing to the presence of
a complete six-ve rt ex subgraph. The ve rt ex degree distri bution {9, 7 , 4 × 5 , 3 , 2 , 3 × 1 }
o b eys a power law to a good ap p rox i m ation ( 3 0 , 3 1 ). The central point ( 1 7 ) of the net-
wo rk is complex 7 6, wh i ch shares nine proteins with eight other complexes and re a ch e s
to all other complexes via only one or two steps. Such central points are rega rd e d
as potential marke r / d rug candidates. Th ey are of crucial importance for the stability of
the netwo rk .

The Wiener number of the large component is W = 102, and the ave rage distance
in it is only <d> = (102 × 2)/(11 × 10) = 1.85. Th u s , e a ch pair of complexes in the
functional set is connected on ave rage by less than two links, a typical manife s t at i o n
of a “ s m a l l - wo rl d ” n e t wo rk ( 3 2 ), wh i ch is another fe at u re of biological netwo rks. Th e
distance distri bution {20 × 1 , 24 × 2 , 10 × 3 , 1 × 4} is not ve ry diffe rent from the least
c o m p l ex even distri bu t i o n , as demonstrated by the calculated low value of the info r-
m ation index Id, n = 0.152. The distance degree distri bution {28, 2 4 , 2 1 , 2 1 , 1 9 , 4 × 1 6 ,
1 5 , 12} is considerably more dive rs e, placing the corresponding info rm ation index Idd, n

= 0.554 in the middle of the 0 to 1 complexity scale.
The three topological complexity measure s , when applied to the connected compo-

nent rega rded as a simple grap h , yield ve ry high values (S C = 729,449; O C = 26,594,270;
T W C = 122,082,804). It would suffice for ch a ra c t e rizing the complexity of large - s c a l e
b i o l ogical netwo rks to use the fi rst seve ral terms of these indices, eS C, eO C, lT W C, w i t h
e or l = 1 to 3 or 4. Such terms are, for ex a m p l e, the number of two - e d ge subgrap h s ,
k n own as the Platt index ( 3 3 ), 2S C = P t, and that of the thre e - e d ge subgrap h s , 3S C. Fo r
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Fi g. 5. The membrane biogenesis and tra ffic netwo rk in yeast pro t e o m e. Each node rep re-
sents a pro t e i n - p rotein interaction complex , e a ch edge stands for a protein shared between two
c o m p l exes. Edge weight denotes the number of proteins share d. (Data from re f. 2 9. )
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the large component of the membrane biogenesis and tra ffic netwo rk rega rded as a mu l t i-
grap h , one obtains P t = 99 and 3S C = 518, re s p e c t ive ly. Other examples are 1O C = 246,
2O C = 1714; 2T W C = 248, and 3T W C = 1338. All these descri p t o rs can be used for quan-
t i t at ive comparat ive studies in pro t e o m i c s , as well as for netwo rk stru c t u re - a c t iv i t y /
t oxicity re l ationships (NSAR). Another ap p l i c ation is to quantify the degra d ation of the
n e t wo rk as a result of a sickness or env i ronmental effects. As an ex a m p l e, c o n s i d e r
the degra d ation of the membrane biogenesis and tra ffic netwo rk resulted from the elim-
i n ation of the central complex 76. The connected component of the netwo rk decom-
poses into a subgraph of six ve rt i c e s , another subgraph of two ve rt i c e s , and two isolat e d
ve rtices. The dra m atic loss of netwo rk complexity can be illustrated with the decre a s e
in the corresponding complexity descri p t o rs : C o n n— f rom 40 to 28.9%; the Wi e n e r
i n d ex — f rom 102 to 20; the Platt index — f rom 99 to 35; 1O C— f rom 246 to 98; and
2O C— f rom 1724 to 422. The info rm ation index on netwo rk components also re d u c e s
s t ro n g ly to half its initial value (38.05 → 1 7 . 5 1 ) .

5.2. Networks Presented by Directed Graphs

The direction of arcs in the graphs rep resenting pro t e i n - p rotein interaction netwo rk s
is assumed from the bait protein to the interacting part n e r. As an ex a m p l e, consider the
D NA damage response netwo rk in yeast proteome (data taken from Ho et al. ( 3 4 );
Fi g. 6). The netwo rk includes 76 proteins orga n i zed in five components, a large one
with 59 pro t e i n s , and four small ones having 7, 4 , 4 , and 2 pro t e i n s , re s p e c t ive ly. Th i s
h i g h ly uneven distri bution produces a norm a l i zed compositional complexity index of
0 . 8 1 0 , close to the upper limit of 1.0. The directed interactions prohibit many pat h s
b e t ween proteins thus diminishing netwo rk topological complex i t y. The netwo rk
d e s c ri p t o rs are calculated as the sum of the re s p e c t ive values for all components, t h e i r
values remaining close to the values of the large dominant component. Th u s , for the
e n t i re DNA damage response netwo rk and its large component, one obtains a con-
nectedness of 3% ve rsus 4.2%, a Platt index of 72 ve rsus 57, and a Wiener number of
273 ve rsus 230. The in and out fi rs t - o rder ove rall connectivities of the complex are 316
ve rsus 274 and 316 ve rsus 266, re s p e c t ive ly; the second-order ove rall in-connectiv i t i e s
a re 1503 ve rsus 1381, and the out ones are 1302 ve rsus 1152. The total walk count of
lengths two and three is 72 ve rsus 57, and 52 ve rsus 35, re s p e c t ive ly.

The ve rt ex degrees in directed netwo rks also could not re a ch ve ry high va l u e s , 1 0
being the highest value of in-degree in the large component (howeve r, this indicates that
p rotein Dun1 could be a good potential marke r / d rug target) ve rsus only 6 for the out-
d egre e. This makes ve rt ex degree distri bution less complex , and closer to the even dis-
t ri bu t i o n , as witnessed by the low values (0.210 for out-degrees ve rsus 0.177 for the
i n - d egrees) of the corresponding info rm ation indices. In contra s t , the distance degre e
d i s t ri bution is considerably more uneve n , owing to the hindered pro t e i n - p rotein com-
mu n i c ation. Th u s , the in-degree distri bution in the large component is {16 × 1 , 3 × 2 ,
8 × 3 , 3 × 4 , 2 × 5 , 3 × 6 , 2 × 7 , 1 0 , 1 1 , 1 7 , 2 3 , 3 1 , 38}. Howeve r, the presence of
16 distance degrees equal to unity reduces the complexity of the distri bu t i o n , and the
c o rresponding norm a l i zed info rm ation index Idd(i n) has the medium ra n ge value of
0.429. For compari s o n , if the DNA damage response netwo rk we re nondire c t e d, the ave r-
age distance in the large component would increase from 3.90 to 4.53 (still remaining a
s m a l l - wo rld netwo rk ) , the maximum distance would go up from 4 to 11, and distance
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d egree would span within the ra n ge of 159 to 442, with the ave rage degree over 262.
The ave rage ve rt ex degree of the nondirected graph is almost twice that of the undire c t e d
(2.34 ve rsus 1.22), and the slightly more uneven distri bution makes the corre s p o n d i n g
c o m p l exity index Iv d, n to increase in value from 0.177 (in) and 0.210 (out) to 0.220.

It should be mentioned that the examples given in this section are taken from publ i-
c ations dealing with incomplete yeast proteomes. Thus the specific conclusions made
could ch a n ge when the complete proteome is analy zed; they should be rega rded only
as an illustration of the manner in wh i ch the netwo rks can be analy ze d. Howeve r, t h e
m e t h o d o l ogy presented here is not limited to pro t e i n - p rotein interaction netwo rks and
can be applied to any netwo rk , i n cluding metab o l i c, reg u l at o ry, and other biological net-
wo rk s , as well as to the pat h ways within the netwo rk s .
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Fi g. 6. The DNA damage response netwo rk in yeast pro t e o m e. Directed edges (arcs) stands
for interacting pairs of proteins. A rrows point from the bait protein to the interacting pro t e i n .
( D ata from re f. 3 4. )
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