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Fertilization is a complex event
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The model

Bernabo etal. BMC Systems Biology 2010, 4:87
http://www.biomedcentral.com/1752-0509/4/87
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The spermatozoa caught in the net: the biological
networks to study the male gametes
post-ejaculatory life
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The networks

Capacitaton Acrosome reaction




Networks topology

Table 2: Result of power law fitting of IN and OUT

Table 1: Main topological parameters of capacitation and AR networks capacitation and AR networks

capacitation AR capacitation AR
in out in out
N°nodes 146 141
N°edges 197 191 r 0.992 0.997 0.992 0.989
Clustering coefficient 0.029 0.026 R2 0.897 0.837 0.906 0.823
Diameter 20 20 b -1.547 2.046 1657 2303
Averaged n°neighbours 2.667 2.695
Char. path length 6.606 6.736
The number of nodes represent the total number of molecules involved, the number of edges represents the total number of interaction
found, the clustering coefficient is calculated as Cl = 2nl/k(k-1), where nlis the number of links connecting the kl neighbours of node | to each
other, the network diameter is the largest distance between two nodes, the Averaged n°neighbours represent the mean number of
connection of each node, the Char. path length gives the expected distance between two connected nodes.
Table 3: Most connected nodes (the hubs) of capacitation and AR networks
Network Node Number of links

capacitation [Caz*]; 25
capacitation ATP 14
capacitation Tyr phosphorylation 13
capacitation PKA 9
capacitation ADP 8
capacitation PLD1 8

AR [Ca?*]; 23

AR ATP 13




Hubs removal
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Common elements

Table 4: Main topeological parameters and the most
connected nodes of C A network

CA
N°nodes 109
N°edges 143
Clustering coefficient 0.036
Diameter 20
Averaged n°neighbours 2.606
Char. path length 6.957
IN degree distribution b=-1.829
r=>0.997
RZ=0.948
OUT degree distribution b=-2.240
r=0.992
RZ=0.894
Hub (n"adges) ATP (13); Ca2+(12)

The number of nodes represent the total number of maolecules
involved, the number of edges reprasents the total number of
interaction found, the clustering coefficient is calculated as Cl =
2nl/k{k-1), where nl is the number of links connecting the kl
neighbours of node | to each other, the network diameter is the
largest distance between two nodes, the Averaged n°neighbours
represent the mean number of connection of each node, the
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Consequently ...

* It is possible to represent the biological events
involved in reproduction as networks models;

* They are scale free networks;
* The have a ultra small-world topology;
* It is possible to take important inerences.



Experimental validation of the model

Bemabd et al. BMC Systems Biology 2011, 5:47
http/fwww.biomedcentral.com/1752-0509/5/47 BMC

Systems Biology

RESEARCH ARTICLE Open Access

The role of actin in capacitation-related signaling:
an in silico and in vitro study

Nicola Bernabd', Paolo Berardinelli, Annunziata Mauro, Valentina Russo, Pia Lucidi, Mauro Mattioli and
Barbara Barboni




Organization of signalig systems
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Table 2 Most connected nodes (the hubs) of capacitation
network
Node Number of links
[Ca”'l; 28
ATP 15
Tyr phosphorylation 13
cytosol PKA s
ADP 8
FLD1 8
e NADH 8
Actin polymerization 8
cyoskeleton
mitochondria
. jf,,__ acrosome

Figure 1 Diagram showing the structure of the boar spermatozoa capacitation network and the subcellular localization of nodes. The
node size was proportional to the connection number and the node color gradient was dependent from the doseness centmlity. This
pammeter is computed as Cin) = 1/avg(Linm)), were L (nm) is the length of the shorest path between two nodes nand m. The closeness
centrality of each node ranges from 0 (red) to 1 (green) and it is a measure of how fast the information spreads from a given node to the other
nades. The actn polymerization node is indicated by the red arrow, its links by blue line. All the nodes were localized in their specific subcellular
domain {Cerebral ¥.2).




networks topology

Table 1 Main topological parameters
network

of capacitation

Parameter Value
N nodes 153
N® edges 204
Clustering coeffident 0056
Diameter 12
Averaged n® neighbours 2654
Char. path length 4095

The number of nodes represent the total number of molecules involved, the
number of edges represents the total number of interaction found, the
clustering coefficient is calculated as Cl = 2nl/k(k-1), where nl is the number of
links connecting the kl neighbours of node | to each other, the network
diameter is the largest distance between two nodes, the Averaged n®
neighbours represent the mean number of connection of each node, the
Char. path length gives the expected distance between two connected nodes.

b=-1.578

Table 3 Main topological parameters of capacitation
network after “actin polymerization” node removal

Parameter Value
N° nodes 152

N° edges 196
Clustering coeffident 0.056
Diameter 12
Averaged n® neighbours 2566
Char. path length 6.071
Degree distribution b =-1563

r= 0809 R? = 0898

The number of nodes represent the total number of molecules involved, the
number of edges represents the total number of interaction found, the
clustering coefficient is calculated as Cl = 2nl/k(k-1), where nl is the number of
links connecting the ki neighbours of node | to each other, the network
diameter is the largest distance between two nodes, the Averaged n®
neighbours represent the mean number of connection of each node, the
Char. path length gives the expected distance between two connected nodes.



Membrane fusion is impossible

Figure 2 Diagram showing the structure of the boar spermatozoa capacitation network after “actin polymerization” node removal

The node size was proportional to the connection number and the node color gradient was dependent from the closeness centrality. This

parmmeter is computed as Cn) = 1/avg(Linm}), were L {nm) is the length of the shortest path between two nodes n and m. The closeness

certrality of each node ranges from © (red) to 1 (green) and it is a measure of how fast the information spreads from a given node to the other
L nodes. The spatial network armngement was obtained by using the Cytoscape Spring-embedded Layout (see the text for explanation).
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F-actin

Figure 3 Confocal image representing actin localization in
ejaculated and in capacitated spermatozoa. Confocal image

representative of TRITC-phalloidin distribution on fres
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protein tyrosine phosphorylation
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Acrosome reaction
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Figure 4 Histogram representing the percentage of
spermatozoa undergoing spontaneous and sZP-induced AR in
CTR (A) and CD (B) treated s permatozoa. Histograms showing the
percentage of spermatozoa undergoing spon@neous {light gay) or
s/ P-induced (dark gray) AR in spermatozna incubated under control
conditions (panel A) or in the presence of CD (panel B). All the values
are represented as mean = 50, % = p < 001 ws. CTR.




In conclusion

* The model has been validated;
* A new role of actin during sperm capacitation has been proposed.



Evolution of the system

Bemah6 etal., J Bicengineer & Biomedical Sci 2012, 53

Bioengineering & Biomedica] Science http./ /dx doi.org /10 4172 /2155-9538 53-001

Research Article Open Access

Signaling Strategy in Spermatozoa Activation of Sea Urchin, C. elegans
and Human: Three Different Players for the Same Melody

Nicola Bernaba®, llaria Saponaro, Mauro Mattioli and Barbara Barboni
Department of Comparative Biomedical Sciences, University of Teramo, Teramo, ltaly
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Sea Urchin Reproduction - ok.flv
Sea Urchin Reproduction - ok.flv

Sea urchin . elegans Human
Symmetry Fivefold Bilateral Bilateral
Sexes Male/Female Hemaphrodited Male| MalefFemale
Fertilization Extemal Internal Intemal
Sperm motility Flagellum Amoeboid Flagellum
Acrosome reaction Yes Mo Yes
Membrane remodeling Mo Yes es
Cytoskeleton remodeling Actin MSP Actin
Time for sperm activation Seconds Days Hours to days

Table 5: Main biological characteristics of reproduction and spematozoa in sea
urchin, C. elegans and Human.
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The nodes diameter is proportional to the number of links, the color vanes
depending on the closeness centrality (see text for explanation). The networks
were spatially represented using the Cyltoscape Degree Soried Circle Layout:
all nodes woth the same number of links are located together around the circle
(see Cyloscape’s User Manual).

Figure 1: Diagram showing the sea urchin spermatozoa activation network.

The nodes diameter is proportional to the number of links, the color varies
depending on the closeness cenirality (see text for explanation). The networks
were spatially represented using the Cytoscape Degree Sorted Circle Layout:
all nodes with the same number of links are located fogether around the circle
(see Cytoscape User Manual).

Figure 2: Diagram showing the C. elegans spermatozoa activation network.

LIITTTTM

The nodes diameter is proportional to the number of links, the color varies
depending on the closeness cenirality (see text for explanation). The networks
were spatially represented using the Cytoscape Degree Sorted Circle Layout
all nodes with the same number of links are located together around the circle
(see Cytoscape User Manual).

Figure 3: Diagram showing the Human spermatozoa activation network.



The number of nodes represent the total number of molecules involved; the num-
ber of edges represents the total number of interactions; the clustering coefficient
is calculated as Cl=2nlik(k—1), where nl is the number of links connecting the ki
neighbours of node | to each other; the network diameter is the largest distance
between two nodes; the Averaged n® neighbours represents the mean number
of connections of each node; the Char. path length gives the expected distance
between two connected nodes.

Table 1: Main topolegical parameters of Sea urchin, C. efegans and Human sper-
matozoa activation networks.

Human spermatozoa activation netwarks.

Sea urchin . elegans Human
Node |[N° of links Node N* of links | Node N® of links
[Ca>], |19 [Ca™], 10 [Ca®T 25
[H], 14 [H], g Tyr phosph.| 13
ATP |G ATP T ATP 15
cGMP (15 Motility a PEA ]
cAMP (13 Vesicle fusion 7

NADH T
NAD* 6
Pseudopod exten- |6
sion

Table 3: Most connected nodes (the hubs) of sea urchin, C. elegans and Human
spermatozoa activation networks.

Sea urchin C. elegans Human -
N° nodes 127 100 151 Sea urchin C. elegans Human
N° edges 175 132 202 IN ouT IN ouT IN ouT
Clustering coef- 0.023 0.032 0.028 R 0993 0.967 0.992 0.a71 0.988 0.9587
“‘_"E"t Rz 0748 0524 0.866 0.834 0.8580 0.828
Diameter z = 20 b 1580|2421 | 2067 | 2127 |1542 |-1993
Avg. n® neighbours 2740 2620 2662
Char. path length 8128 7816 6.546 Table 2: Results of power law fitting of IN and OUT sea urchin, C. efegans and




In conclusion

* Different organisms share the same topology



Sptz as model

* Disposable cells;
* Transcriprionally silent;
* IVF to evaluate their function.



Possible applications

* Contraception;

* unexplained infertility;

* Personalized medicine;

* in vivo —in vitro - in silico systems




Topological parameters
No. nodes No. edpes [ Diameter  Avg nooneighbours  Char, path length  Nodes degree exponent [y r 'S

SL 130 179 0.074 13 2738 5205 —1.418 0.7146 0.R25

SAN CE 102 132 0.063 15 2.569 5,865 -1.572 {1681 LE15
Hu 151 202 0L.057 12 2662 5014 1.588 0.817 L.B52

ML 134 139 i 12 2075 3,59 -1.579 (L9548 01.731

MR 238 356 0.059 11 2798 5465 -1.294 0.977 0.776

VP 143 1358 i 13 214 9928 =2.015 01.964 L8357

NS 346 428 0.02 18 2416 6435 1.428 0.993 (L.B6E

aSN a3 B2 17 0.002 16 2217 6,044 —1.404 0.907 0,748
pih ]| 323 0 15 2151 6814 —-1.782 0,974 (LE48

ATP 186 210 0033 12 2183 6.83 1.532 (983 0841

GLLU 26 346 0.025 17 2723 6,502 2127 0.795 0,842

ekt 248 n i 27 2177 9035 -1.7%49 677 0L852

oC 125 126 0 12 2016 5781 15490 0.978 0.934

SFN 130 130 0004 10 2,000 4857 1.598 0.99] 0L.B54

Motes:  The number of nodes represents the total number of molecules ivolved, the number of edzes represents the ttal number of interaction found, the Clustering

Coefficient (CC) 15 caleulated as C1 = 2uliblk — 1), where s/ is the number of links connecting the &f neighbours of node £ to each other, the network diameter
i5 the largest distance between two nodes, the averaged no. neighbours represent the mean mumber of commection of each node, the Char, path lengh gives the
expected distance between two connected nodes, node degree exponent {—y) and r represents the exponent and the correlation coefficient of power law equation
of node distribution, respectively, SAN = sperm activation networks; 5L = sen urching, CE = C elegans; Ho = human; OSSN = other signallimg networks; MC =
amooth and striated muscular contraction; MRC = & neumtransmitters release oyele; VP = visual phototransduction (rods); [MS = maulin signal ling pathway;
P53 = pa3 pathway; pRb = regulation of retmoblastoma proten; ATPF =mitochondnal ATF metabolism; GLU = glucose metabolism; e-Kit = signalling events
mediated by stem cell factor receptor c-koit, CIRC = circadian clock; SFN = randoml v computer generated scale free network.
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