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Reduce,	
  reuse,	
  recycle:	
  modeling	
  of	
  ribosome	
  
recycling	
  in	
  S.	
  cerevisiae	
  

We	
  model	
  the	
  biological	
  process	
  of	
  transla>on	
  
of	
  an	
  mRNA	
  into	
  a	
  protein	
  based	
  	
  on	
  the	
  Totally	
  
Asymmetric	
  	
  Simple	
  Exclusion	
  Process	
  (TASEP),	
  
paradigma>c	
  in	
  non-­‐equilibrium	
  sta>s>cal	
  
physics.	
  Ribosomes	
  are	
  represented	
  by	
  par>cles	
  
which	
  hop	
  stochas>cally	
  through	
  a	
  laJce,	
  
which	
  represents	
  the	
  mRNA.	
  
In	
  this	
  work	
  we	
  have	
  described	
  the	
  process	
  of	
  
ribosome	
  recycling,	
  namely	
  ribosomes	
  can	
  re-­‐
start	
  a	
  new	
  round	
  of	
  transla>on	
  once	
  they	
  
reach	
  the	
  end	
  of	
  the	
  mRNA.	
  We	
  have	
  shown	
  
that	
  this	
  effect	
  has	
  fundamental	
  and	
  non-­‐
intui>ve	
  consequences	
  for	
  the	
  process	
  of	
  
protein	
  produc>on,	
  namely	
  increasing	
  the	
  
availability	
  of	
  ribosomes	
  can	
  lead	
  to	
  a	
  decrease	
  
in	
  the	
  protein	
  produc>on	
  rate.	
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How	
  do	
  mo>le	
  bacteria	
  fill	
  up	
  an	
  emulsion	
  drop? 

1 and 2 [14]). The majority of droplets had R ¼ 10 μm
20 μm (Fig. S1), and are therefore significantly smaller
than the persistence length of our swimmers (estimated to
be λ≳ 100 μm). In situ optical characterization using an
oxygen-sensitive dye [25] and differential dynamic micros-
copy [26,27] confirmed the absence of oxygen gradients
within these droplets and that cells swam during the
duration of our experiments with essentially a constant
speed distribution. Taking care to minimize aberration
effects arising from working with spherical drops
(Figs. S2, S3 [14]), we counted cells within concentric
shells to obtain the cell density as a function of distance
from the center, ρðrÞ, which we assume to be isotropic. (See
[14] for all preparative and imaging details.)
Typical density distributions, ρðrÞ, for R ¼ ð14$ 2Þ μm

over a range of cell-body volume fraction, ϕ0 [for
ð2 × 1Þ μm spherocylinderical cells] are shown in Fig. 2,
with ρðrÞ normalized by the average number density ρ0 and
the radius by the droplet radius R. Each curve is the result
of averaging over 10 stacks of analyzed images.
At low ϕ0, bacteria are localized in a shell beneath the

water-oil interface. Visually, almost all of these were
motile, although a few nonmotile cells were also localized
at this interface. As ϕ0 increases, the peak in ρ=ρ0 drops
and migrates inward, while the cell density throughout the
rest of the drop increases uniformly. This scenario occurs at
all R studied (Fig. S4 [14]), although there was not enough
statistics to investigate R dependence systematically. It is
easily explained why our findings are independent of
droplet size. We work with 2R < λ; a qualitative change
is only expected when droplets become larger than the
swimmers’ persistence length, λ.
While the ρðrÞ=ρ0 peak decreases with ϕ0, Fig. 2, the

absolute number of cells hugging the surface increases with
ϕ0. Figure 3 (inset) shows the total number of cells, Ns,
found within the peak [28] plotted against the total number

of cells, N0. We report Ns as the total area the surface cells
would cover as a monolayer, NsAb (where Ab ¼ area
covered by one cell), normalized by the droplet surface
area (A ¼ 4πR2), η ¼ NsAb=A (the “surface area frac-
tion”); N0 is also reported as the total cell area NAb
similarly normalized, η0 ¼ N0Ab=A.
Note that the peaks in Fig. 2 are much larger than

crowding-induced layering in confined hard particles. For
hard spheres in a rigid spherical cavity, there is no surface
peak until ϕ0 ≳ 20% [29]; we see well-developed peaks at
ϕ0 ≪ 5% due to wall hugging [3,4] and not crowding.
The bulk of the droplet fills in a surprising way as ϕ0

increases. Recent simulations [12] may suggest the inter-
pretation that the wall layer is a high-density “liquid” phase
coexisting with a low-density “vapor” phase in the bulk of
the droplet. In this scenario, we should expect the interface
between these two phases to move continuously inward as
ϕ0 is raised, as was observed for motile B. subtilis in a
cylindrical droplet [10]. Instead, the bulk of our spherical
droplets fill up uniformly with E. coli as ϕ0 increases;
see Fig. 2.
A qualitative explanation is as follows. At ϕ0 → 0, cells

are found almost exclusively at the inner droplet surface
due to wall hugging [3–6]. This lower-density surface layer
is as yet noninteracting. As ϕ0 becomes finite and more and
more cells arrive at the interface, the surface coverage
eventually reaches a point when there will only be room for
another cell if an existing surface cell leaves, spontaneously
due to reorientation, or by scattering off the arriving cell or
with another surface cell. Since λ > 2R and the bulk
density remains relatively low, a “departing” cell most
likely travels along an approximately straight trajectory to

FIG. 2 (color online). Radial bacterial number density distri-
butions, ρðrÞ, normalized by the average number density of the
whole droplet, ρ0, plotted against the radial distance from the
center, r, normalized by the droplet radius, R, averaged over 10
data sets. Left: Experimental data for R≃ 14 μm. Right: Sim-
ulation data for R ¼ 16 μm over a similar range of volume
fractions as in experiment obtained for the case of maximal
scattering at cell-cell collision.

FIG. 3 (color online). The surface area fraction of bacteria, η,
expressed as a fraction of the total potential surface coverage, η0,
as a function of η0, from experiment (circle) and simulations
(θðcÞr ¼ 0, downward triangle; θðcÞr ≃ 0.077, upward triangle;
θðcÞr ¼ π, star). Inset: The same data plotted in terms of the
un-normalized surface coverage η: the absolute number of
bacteria at the droplet surface increases sublinearly with the
average cell density. Both plots: solid line denotes fit to Eq. (1);
dashed line denotes total surface accumulation.
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Bugs	
  accumulate	
  at	
  
the	
  inner	
  surface 

Bulk	
  density	
  
rises	
  uniformly 

Behaviour	
  mimics	
  a	
  classical	
  ‘confined	
  
Knudsen	
  gas’	
  inside	
  a	
  ‘s>cky’	
  container	
  …	
  
…	
  but	
  the	
  physics	
  is	
  due	
  to	
  the	
  
peculiari>es	
  of	
  an	
  interac>ng	
  system	
  of	
  
self-­‐mo>le	
  par>cles	
  (‘ac>ve	
  colloids’) 

Simple	
  theory	
  predicts	
  surface:bulk	
  ra>o 

Increasing	
  total	
  density	
  of	
  bugs	
  ρ0 

 
 

ρ0↑ 

May	
  have	
  relevance	
  for	
  bioremedia>on,	
  plant	
  infec>on	
  by	
  pathogens	
  and	
  food	
  safety 



•  Inter-­‐disciplinary	
  (biophysics,	
  mathema>cs,	
  neurobiology	
  and	
  electrophysiology	
  
•  Inter-­‐mural	
  and	
  interna>onal	
  (HWU,	
  UoE,	
  Strathclyde,	
  Glasgow	
  and	
  OmniVision,	
  USA	
  
•  First	
  integrated	
  study	
  in	
  living	
  synapses	
  during	
  electrical	
  depolariza>on	
  of	
  single	
  

molecule	
  tracking,	
  dynamics,	
  interac>ons	
  and	
  posi>ons	
  on	
  the	
  nanoscale	
  
•  Funded	
  by	
  the	
  Wellcome	
  Trust,	
  MRC	
  and	
  EPSRC	
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Advanced	
  light	
  beam	
  shaping	
  for	
  light	
  sheet	
  microscopy	
  

Airy	
  beam	
  gives	
  up	
  to	
  10x	
  field	
  of	
  
view	
  
Compact	
  version	
  realised	
  (Published	
  
Autumn	
  2014)	
  
collabora>ons	
  incl.	
  Edinburgh	
  (Lyons,	
  
Wheeler,	
  Nolan)	
  and	
  Oxford	
  
(Emptage)	
  	
  



Melanin	
  structure	
  
Metal	
  ion	
  influence	
  on	
  eumelanin	
  fluorescence	
  and	
  structure	
  
J-­‐U	
  Sumer	
  and	
  D	
  J	
  S	
  Birch.	
  Methods	
  Appl.	
  Fluoresc.	
  2,	
  024005,	
  2014.	
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Protomolecule	
  	
  
forms	
  

Evidence	
  for	
  	
  
sheets	
  forming	
  

•  Melanin	
  is	
  our	
  UV	
  skin	
  protector	
  
	
  
•  It	
  is	
  a	
  son	
  solid	
  	
  
	
  
•  It	
  is	
  also	
  implicated	
  in	
  melanoma	
  –	
  
	
  	
  	
  	
  	
  the	
  most	
  virulent	
  form	
  of	
  skin	
  cancer	
  
	
  
•  However,	
  melanin’s	
  structure	
  is	
  unknown	
  
	
  
•  It	
  is	
  synthesized	
  by	
  oxidising	
  indoles-­‐	
  	
  
	
  
	
  
	
  
	
  
•  Copper	
  ions	
  enhance	
  melanin	
  synthesis	
  
	
  

Conclusion:	
  Fluorescence	
  growth	
  curves	
  of	
  a	
  sheet	
  probe	
  (ThT)	
  suggest	
  melanin	
  	
  
	
  	
  	
  	
  	
  forms	
  protomolecules	
  arranged	
  in	
  a	
  layered	
  nanoparFcle	
  (maybe	
  like	
  onion!)	
  	
  

DHICA DHI                     & 

-­‐  A	
  new,	
  IOP	
  high	
  impact	
  journal	
  for	
  fluorescence	
  
-­‐  Founding	
  Editors-­‐in-­‐Chief	
  David	
  Birch,	
  Omo	
  Wolreis,	
  Yves	
  Mely	
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Buffered Qualitative Stability explains  
the robustness and evolvability of 
transcriptional networks
Luca Albergante1*, J Julian Blow1*†, Timothy J Newman1,2*†

1College of Life Sciences, University of Dundee, Dundee, United Kingdom; 2School of 
Engineering, Physics and Mathematics, University of Dundee, Dundee, United Kingdom

Abstract The gene regulatory network (GRN) is the central decisionಣmaking module of the cell. 
We have developed a theory called Buffered Qualitative Stability (BQS) based on the hypothesis 
that GRNs are organised so that they remain robust in the face of unpredictable environmental 
and evolutionary changes. BQS makes strong and diverse predictions about the network features 
that allow stable responses under arbitrary perturbations, including the random addition of new 
connections. We show that the GRNs of E. coli, M. tuberculosis, P. aeruginosa, yeast, mouse, and 
human all verify the predictions of BQS. BQS explains many of the small- and largeಣscale properties 
of GRNs, provides conditions for evolvable robustness, and highlights general features of transcriptional 
response. BQS is severely compromised in a human cancer cell line, suggesting that loss of BQS 
might underlie the phenotypic plasticity of cancer cells, and highlighting a possible sequence of 
GRN alterations concomitant with cancer initiation.
DOI: 10.7554/eLife.02863.001

Introduction
At every level of organisation, biological entities, such as genes, proteins and cells, function as ensembles. 
Interaction networks are therefore a fundamental feature of biological systems, and a vast amount of 
analysis exploring the organisation of biological networks has been performed (Milo et al., 2002; 
Barabasi and Oltvai, 2004; Alon, 2006; Buchanan et al., 2010). This analysis has provided interesting 
insights into the features of these networks (Barabasi and Oltvai, 2004; Brock et al., 2009; Tyson and 
Novák, 2010; Ferrell et al., 2011; Liu et al., 2011; Cowan et al., 2012), and has led to new method-
ologies for characterizing their topologies. However, one might argue that this work has had less impact 
on our understanding of the reasons underlying the network topologies observed and on the possible 
selective pressures leading to the emergence of common network features. Here we present a simple 
theory, Buffered Qualitative Stability (BQS), motivated by biological robustness, which has strong 
explanatory power and provides a number of hard, readily verifiable predictions for the topological 
structure of interaction networks, at both global and local scales. Besides leading to new predictions—
that are consistently verified—BQS provides a theoretical justification for the ubiquitousness of net-
work features already observed. BQS is therefore an important step in providing a general mechanistic 
explanation for the overall structure of GRNs at different scales and in shedding new light on previous 
observations.

Robustness is a remarkable feature of living organisms allowing them to tolerate a wide variety of 
contingencies, such as DNA damage, limitations in nutrient availability, or exposure to toxins (Lopez-
Maury et al., 2008; MacNeil and Walhout, 2011). Although much is now known about how cells 
respond to particular stresses or environmental cues, little is known about how cells remain stable and 
respond appropriately whatever the contingency. Over evolutionary time it is also advantageous for 
organisms to be robust to genetic changes, including those that occur as a consequence of the shuffling 
of genes during sexual reproduction. In order for cells to be fully robust, changes to any of the thousands 
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Gene	
  Regulatory	
  
Networks	
  (GRNs)	
  
give	
  a	
  system	
  
level	
  view	
  of	
  
transcrip>onal	
  
interac>ons:	
  they	
  
are	
  the	
  opera8ng	
  
system	
  of	
  the	
  cell	
  

Buffered	
  QualitaFve	
  Stability	
  explains	
  the	
  robustness	
  and	
  
evolvability	
  of	
  transcripFonal	
  networks	
  
	
  
L.	
  Albergante,	
  J	
  Julian	
  Blow,	
  Timothy	
  J	
  Newman	
  	
  

We	
  developed	
  the	
  theory	
  of	
  Buffered	
  QualitaFve	
  Stability	
  
(BQS)	
  which	
  predicts	
  the	
  features	
  of	
  evolu8onarily	
  robust	
  
GRNs.	
  All	
  the	
  predic>ons	
  of	
  BQS	
  were	
  verified	
  using	
  
biologically	
  derived	
  GRNs	
  from	
  5	
  organisms.	
  

Non-­‐cancer	
  human	
  cells	
  verify	
  all	
  the	
  predic>ons	
  of	
  BQS,	
  
while	
  leukemia	
  cells	
  do	
  not,	
  sugges>ng	
  a	
  global	
  loss	
  of	
  
robustness	
  in	
  cancer.	
  

Foci	
  of	
  diminished	
  robustness	
  were	
  found	
  in	
  E.	
  
coli	
  and	
  M.	
  tuberculosis	
  associated	
  with	
  
an>bio>c	
  resistance	
  genes	
  sugges>ng	
  new	
  
mechanisms	
  that	
  promote	
  drug	
  resistance.	
  	
  

Feedback	
  loop	
  length	
  

Feedback	
  loop	
  length	
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