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Prokaryotes	
  and	
  eukaryotes as	
  paradigms	
  of	
  life



400	
  µm

ü Gradient ofproliferation

ü Gradient of nutrients,	
  oxygen and	
  pH

ü Intercellular matrix production

ü Expression of adhesionmolecules

ü Expression of specific genes

ü Drug resistance

ü Growth kinetics

ü No	
  blood vessels

ü No	
  surrounding tissues

The	
  starting	
  point:	
  tumor	
  spheroids,	
  an	
  in	
  vitro model	
  of	
  solid	
  tumors
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A	
  computational	
  model	
  of	
  tumor	
  spheroids
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FIG. 1. Block diagram of the simulation program, reproduced from Ref. 12.

II. OVERALL STRUCTURE OF THE SIMULATION PROGRAM

While we already described the present version of the program in full detail in Ref. 12, in
this section we provide a brief summary discussion of its structure. The main logic blocks of the
simulation program are as follows (see also figure 1):

Initialization: this part of the program defines the kind of simulation, like the number of initial
cells and the initial environment. Moreover, during this step, cells are allowed to run free for a
large number of cell cycles, while proliferation and death are frozen, so that metabolic values
approach an initial equilibrium.

Metabolism, diffusion, transport and growth: metabolism and diffusion are deeply intertwined
in the mathematical description, and the basic equations correspond to a discretized diffusion-
reaction problem; this is discussed in detail for one chemical species – glucose – in section III,
and during this step the procedure is repeated for all substances included in the simulation;
cell volume is also a dynamical variable linked to cell biochemistry, and therefore this step
computes cell growth as well as the concentrations of different chemical species in cells and
extracellular spaces.

Cell motion: as cells grow and proliferate, they push against neighboring cells, and the cell
cluster must rearrange its shape; the biomechanical evolution of the cell cluster is described
in section IV below, and can be executed in parallel with the metabolic evolution. In practice
this is implemented with multithreading in an OpenMP environment.13

Cellular events: in addition to the smooth biochemical and biomechanical evolution, cells also
undergo sudden changes of state, activated by internal biochemical switches. The simulation
program includes some important checkpoint, which are modeled with different accuracies,
mitosis, and several conditions for cell death.14, 15 Some of the events are partly stochas-
tic, e.g., at mitosis, organelles are shared between daughter cells according to a binomial
distribution.16, 17

This	
  model	
  of	
  human	
  (tumor)	
  cells	
  is	
  unique	
  in	
  its	
  
scope,	
  as	
  it	
  includes	
  both	
  the	
  internal	
  biochemical	
  
processes	
  and	
  the	
  biomechanics	
  of	
  cells.

We	
  use	
  it	
  to	
  simulate	
  both	
  disperse	
  cells	
  and	
  cell	
  
aggregates.
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Table 2. Estimated metabolic, histologic, and kinetic, parameters for a virtual mul-
ticell tumor spheroid and comparison with actual experimental data.

Parameter Simulation Experiments References

Metabolic
Glucose uptakea (kg s−1 m−3) 1.44 · 10−3 5.4–12.6 · 10−3 43
Lactate releasea (kg s−1 m−3) 1.35 · 10−3 5.4–9 · 10−3 43
pO2

b (mmHg) 7 0–20 43
pHc 6.7 6.6–6.99 44, 45
∆pHd 0.77 0.49 ± 0.08 45

Histologic
Viable cell rim thicknesse (µm) 155 142–310 45, 46, 47

Hypoxic rim thicknessf (µm) 98 44 ± 52 47

Kinetic
Cell cycle distribution
G1 (%) 57.3 58 ± 4 48
S (%) 21.6 19 ± 1 48
G2/M (%) 21.1 23 ± 1 48

Notes: Metabolic and histologic parameters in spheroids of approximately 500 µm
diameter.
aRate of glucose uptake or lactate release per viable spheroid volume.
bCentral pO2 tension (experiments) or estimated in the centroid (simulations).
cpH has been determined in the central region of the spheroids. This corresponds to
a sphere radius ≈100 µm about the centroid of the spheroid.
dDifference between environmental pH and pH 200 µm below the spheroid surface.
eIn our simulations the viable cell rim thickness corresponds to the distance between
the spheroid surface and the inner shell where only 5% of the cells are still alive.
fThese values correspond to the radius of the necrotic core.
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Fig. 4. Growth kinetics of a simulated muticell tumor spheroid and comparison with experimental
data. The simulation (black line) was started by placing one virtual cell in an environment of 1 ml
filled with standard medium. The initial concentrations of glucose, glutamine, and oxygen and the
pH were set at the same values as for real experiments with tumor cells grown in a CO2 incubator
and in RPMI medium supplemented with 10% fetal bovine serum. The data in the figure (black
symbols) are the mean ± standard deviation radii of nine spheroids obtained with 9L cells (rat
glioblastoma cell line). Spheroids were grown isolated in individual culture wells under standard
conditions and their size was measured daily under the microscope (this experimental set was
described in Ref. 42).
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Enzyme	
  activity	
  can	
  be	
  tuned,	
  e.g.,	
  v	
  
parameter	
  of	
  glucose	
  transporters	
  



The	
  model	
  should	
  be	
  changed	
  in	
  many	
  ways	
  to	
  run	
  in	
  extreme	
  
enviroments,	
  but	
  something	
  can	
  be	
  tested	
  right	
  away

Environmental	
  variables:	
  

• O2
• CO2	
  (not	
  yet	
  implemented)
• Glucose
• Aminoacids (glutamine)
• Lactate
• Temperature	
  (not	
  yet	
  implemented)
• Radiation

+	
  time	
  dependence	
  of	
  environmental	
  variables	
  (radiation,	
  
glucose,	
  aminoacids)
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Test	
  runs

Bioreactor

inflow	
  of	
  nutrient	
  
solution

outflow

Simulation	
  environment

• Dispersed	
  cells

• Bioreactor	
  volume:	
  1	
  cm3

• Inflow/outflow	
   rate:	
  1	
  cm3/day

• Oxygen,	
  glucose,	
  aminoacids:	
  standard	
  
physiological	
  values

• Background	
  ionizing	
  radiation:	
  2.4	
  mSv/year

Different	
  runs	
  with	
  parameters	
  off	
  
the	
  standard	
  values

O2
(g/cm3)

Glucose
(g/cm3)

Aminoacids
(g/cm3)

Lactate
(g/cm3) pH Background

IR	
  (Gy/s)
0 0 0 0 -­‐ 0

7.e-­‐8 0.9e-­‐5 0.4e-­‐5 1.e-­‐8 7.544 7.6e-­‐13
14.e-­‐8 4.5e-­‐5 2.e-­‐5 5.e-­‐8 7.544 38.e-­‐13
7.e-­‐7 0.9e-­‐4 0.4e-­‐4 1.e-­‐7 7.544 7.6e-­‐12
14.e-­‐7 4.5e-­‐4 2.e-­‐4 5.e-­‐7 7.542 38.e-­‐12
7.e-­‐6 0.9e-­‐3 0.4e-­‐3 1.e-­‐6 7.539 7.6e-­‐11
14.e-­‐6 4.5e-­‐3 2.e-­‐3 5.e-­‐6 7.519 38.e-­‐11
7.e-­‐5 0.9e-­‐2 0.4e-­‐2 1.e-­‐5 7.494 7.6e-­‐10
14.e-­‐5 4.5e-­‐2 2.e-­‐2 5.e-­‐5 7.294 38.e-­‐10
7.e-­‐4 0.9e-­‐1 0.4e-­‐1 1.e-­‐4 7.043 7.6e-­‐9



Results	
  of	
  test	
  runs
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Yellowstone:	
  the	
  Octopus	
  
Spring	
  where	
  Thermus
aquaticus was	
  first	
  discovered

The	
  model	
  can	
  be	
  further	
  adapted	
  to	
  cell	
  life	
  in	
  extreme	
  conditions



Temperature	
  dependence

… high-­‐temperature environments are of especial interest, in that they reveal the extremes to
which evolution has been pushed. The high-­‐temperature environments most useful for study
are those associated with volcanic activity, such as hot springs, since these natural habitats
have probably existed throughout most of the time in which organisms have been evolving
on earth.

T.	
  D.	
  Brock,	
  “Life	
  at	
  High	
  Temperatures”,	
  Science	
  158 (1967)	
  1012

It	
  is	
  known	
  that	
  eukaryotes	
  are	
  much	
  less	
  adapted	
  to	
  high	
   temperatures	
  (no	
  eukaryote	
  
above	
  62	
  °C),	
  while	
  some	
  prokaryotes	
  live	
  at	
  temperatures	
  even	
  higher	
   than	
  the	
  boiling	
  
point.	
  Other	
  eukaryotes	
  are	
  adapted	
  to	
  living	
  at	
  temperatures	
  as	
  low	
  as	
  -­‐12	
  °C.	
  Obviously	
  
this	
  includes	
  true	
  metabolic	
  life	
  and	
  excludes	
  survival,	
  like	
  that	
  of	
   tardigrades in	
  extreme	
  
environments.

We	
  can	
  modify	
  the	
  simulation	
  program	
  to	
  model	
  both	
  low-­‐ and	
  high-­‐temperature	
  
eukaryotes	
  (psychrophiles and	
  thermophiles).	
  
However,	
  the	
  algorithm	
  would	
  require	
  a	
  major	
  overhaul	
  to	
  manage	
  prokaryotes	
  as	
  well	
  
(still,	
  it	
  could	
  be	
  done,	
  given	
  enough	
  workforce	
  …	
  )

16/9/2015 Edoardo	
  Milotti	
  -­‐ Life	
  in	
  Cosmic	
  Context 13



Recall	
  that	
  in	
  general	
  

so	
  that	
  for	
  a	
  reaction	
  

with	
  equilibrium	
   constant

we	
  find	
  

ΔG = ΔH −TΔS ≤ 0 ΔH ≤ TΔS

 aA + bB cC + dD

C[ ]c D[ ]d
A[ ]a B[ ]b

=
k f
kb

= Keq

Keq = exp − ΔG0

RT
⎛
⎝⎜

⎞
⎠⎟

16/9/2015 Edoardo	
  Milotti	
  -­‐ Life	
  in	
  Cosmic	
  Context 14

Transition-­‐state	
  theory	
  and	
  temperature	
  dependence	
  -­‐ 1	
  	
  



HA − HB + HC → HA − HB − HC → HA + HB − HC

transition	
  state

The	
  idea	
  is	
  that	
  a	
  better	
  description	
  of	
  chemical	
  reactions	
  can	
  be	
  obtained	
   introducing	
   a	
  
temporary,	
  unstable	
  state,	
  the	
  transition	
  state,	
  as	
  in	
  the	
  following	
  example	
  of	
  hydrogen	
  
bond	
  exchange:	
  

The	
  decomposition	
  of	
  the	
  transition	
  state	
  is	
  assumed	
  to	
  be	
  the	
  rate-­‐determining	
  step	
  of	
  
the	
  reaction
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Transition-­‐state	
  theory	
  and	
  temperature	
  dependence	
  -­‐ 2	
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In	
  general	
  

and	
  one	
  finds	
   that	
  the	
  effective	
  rate	
  coefficient	
  of	
  the	
  products	
  P,	
  Q	
  is	
  

 A + B K†   X † ′k⎯ →⎯ P +Q

†

†

kcat = 
kBT

h
exp

✓
��G†

RT

◆

Transition-­‐state	
  theory	
  and	
  temperature	
  dependence	
  -­‐ 2	
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In	
  conventional	
  TST	
  enzyme	
  activity	
  increases	
  with	
  temperature,	
  and	
  

there	
  is	
  no	
  optimal	
  temperature,	
  no	
  degradation	
  temperature

In	
  this	
  context	
  the	
  reaction	
  is	
  regulated	
  by	
  the	
  Michaelis-­‐Menten equation	
  

with	
  

V =
V
max

[S]

KM + [S]

V
max

= k
cat

[E]
0

Transition-­‐state	
  theory	
  and	
  temperature	
  dependence	
  -­‐ 4
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Enzyme	
  inactivation	
  can	
  be	
  incorporated	
  including	
   a	
  temperature-­‐ and	
  time-­‐dependent	
  
degradation	
   factor,	
  so	
  that	
  

with

(figure	
  from	
  R.M.	
  Daniel	
  and	
  M.J.	
  Danson,	
  
FEBS	
  Lett.	
  587 (2013)	
  2738)

V
max

= k
cat

[E]

0

exp (�k
inact

t)

kinact = 0 kBT

h
exp

 
��G†

inact

RT

!

Transition-­‐state	
  theory	
  and	
  temperature	
  dependence	
  -­‐ 5
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In	
  this	
  elementary	
  modification	
   there	
  is	
  no	
  optimal	
  temperature	
  at	
  the	
  initial	
  time.	
  

This	
  problem	
   is	
  corrected	
  in	
  the	
  “Equilibrium	
  model”	
  (Daniel,	
  Danson &	
  Eisenthal 2001),	
  
where	
  enzymes	
  are	
  inactivated	
  in	
  a	
  two-­‐step	
  process,	
  as	
  in	
  TST

then	
  

with	
  

Eact

Keq

� Einact
kinact���! X

Keq = exp


�Heq

R

✓
1

Teq
� 1

T

◆�
Teq =

�Heq

�Seq

V
max

=
k
cat

[E]
0

e
� kinact

1+Keq
t

1 +K
eq

Transition-­‐state	
  theory	
  and	
  temperature	
  dependence	
  -­‐ 6
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For	
  a	
  given	
  simulation	
   temperature,	
  for	
  a	
  given	
  star,	
  and	
  for	
  given	
  planetary	
  conditions	
  
(thin	
  or	
  thick	
  atmosphere,	
  etc.),	
  we	
  can	
  define	
  a	
  planetary	
  distance	
  that	
  corresponds	
   to	
  
that	
  temperature.	
  

So,	
  if	
  we	
  are	
  able	
  to	
  simulate	
  the	
  full	
   range	
  of	
  temperatures	
  where	
  eukaryotic	
  cells	
  are	
  
active	
  (-­‐12	
  °C	
  – 62	
  °C),	
  we	
  cover	
  a	
  range	
  of	
  distances	
  from	
  a	
  Sun-­‐like	
  star

thin	
  atmosphere:	
   0.58	
  – 0.95	
  AU

earth-­‐like	
  atmosphere:	
   0.75	
  – 1.23	
  AU

The	
  usefulness	
  of	
  simulated	
  cells	
  lies	
  in	
  the	
  ability	
  to	
  link	
  the	
  whole	
  set	
  of	
  environmental	
  
conditions	
   to	
  cell	
  development,	
  and	
  explore	
  the	
  fine	
  structure	
  of	
  the	
  CHZ.

16/9/2015 Edoardo	
  Milotti	
  -­‐ Life	
  in	
  Cosmic	
  Context 21

Habitable	
  zone	
  and	
  simulated	
  cells
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• The	
  simulation	
  program	
  already	
  includes	
  parameterizations of	
   the	
  pH	
  dependence	
  of	
  
enzyme	
  rates.	
  These	
  parameterizations	
  can	
  be	
  further	
  extended	
  to	
  increase	
  the	
  reach	
  
of	
  the	
  model.	
  

• The	
  model	
   includes	
  a	
  phase-­‐dependent	
   linear-­‐quadratic	
  law	
  of	
  cell	
  death.	
  This	
  can	
  also	
  
be	
  further	
  extended,	
  e.g.,	
  with	
  the	
  repair-­‐conditional	
   repair	
  (RCR)	
  model

• The	
  model	
  can	
  simulate	
  small	
  cell	
  aggregates	
  as	
  well	
  as	
  disperse	
  cells,	
  and	
  can	
  thus	
  
model	
  collective	
  resistance	
  mechanisms	
   to	
  environmental	
   stress

• All	
  these	
  adaptations	
  are	
  closely	
  linked	
  in	
  the	
  computational	
  model,	
  thereby	
  
providing	
  non-­‐trivial	
  constraints	
  in	
  the	
  definition	
  of	
  the	
  CHZ.	
  

pH	
  and	
  other	
  adaptations	
  of	
  the	
  computational	
  model
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The model can be extended to provide useful information on

extreme environments and on the extension of the CHZ, and can

even possibly be coupled with environmental models to further

improve the understanding of the interplay of biology with

environment in astrobiological contexts.

This research has been carried out with the support of a grant FRA 2013 from the
University of Trieste.

Conclusions


