
Anal. Chem. X X X X ,  xxx, 000-000 

Laser Tweezers Raman Spectroscopy Potential for 
Studies of Complex Dynamic Cellular Processes: 
Single Cell Bacterial Lysis 

De Chen, L. Shelenkova, Y. Li, C. R, Kempf, and A. Sabelnikov* 

East Carolina University, Greenville, North Carolina 27858 

The potential of laser tweezers Raman spectroscopy 
(LTRS) to study complex and dynamic cellular processes 
was investigated on the model of single E, coli cells lysed 
(I) from "outside" with egg white lysozyme and (2) from 
"within" by temperature-induced temperate bacteriophage 
iZcI857, The two lysis processes differed in the final 
outcome (incomplete vs complete cell lysis) as revealed 
by the dynainic laser light scattering and exhibited dis- 
tinctive dynamic Rarnan spectra changes. The technique 
enabled for the first time at  the cellular level to observe 
and quantifjr real time interaction of lysozyme with E, coli 
cells, "visualize" a side effect of the process due to the 
presence of EDTA, and correlate the process of cell wall 
disruption, as evidenced by the onset and development 
of asyinmetric speckle scattering patterns, with release/ 
escape of intracellular material (ribosomes, nucleic acids, 
proteins, etc,) quantified by the intensity changes of 
Raman signatures, Raman spectra changes observed 
during the lysis froin "within" suggest alleged production 
of heat shock proteins are consistent with the occurring 
synthesis of phage-related proteins and are in good 
agreement with the calculated potential contribution of the 
above proteins to the Raman spectra, It was also estab- 
lished and validated that the contribution of cellular DNA 
to the Rainan spectra of bacterial cells is negligible 
compared to RNA. The results open new venues for LTRS 
research and strongly suaes t  that LTRS has a great 
potential especially in investigation of real-time processes, 

Recent progress in laser physics, quantum optics, and other 
fields of physics has given a new impetus for the developn~ent 
and application in biology of more rapid, more sensitive, and more 
i~~fonnative spectral analylical methods based on mass, Raman, 
inIrared, and other spectroscopies, Ii'ttrtl~ermore, some of these 
new lnethocls have the capability to allow shtdy of live, individual 
cells, Because the single-cell studies are not subject to the 
averaging effects of population-scale methods, they ofler a new 
level of analysis unavailable with lraditional biochemical methocls. 

Among these new techniclttes is con.foca1 Rarnan ~nicroscopy,~. 
in which the Raman signal from ollly the focal region of the 
objective is collectecl, while baclrgrouncl signals that are out of 
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the focus are rejected. This technique allows high spatial resolu- 
tion and enables detection of both the spectral fealures of single 
cells and interior organelles. The main drawl~aclc of the method 
is that the targeted cell rntlst be immobilized by physical or 
chemical contact. However, by combination of lhis approach with 
optical tweezers (single-beam optical trapping),"," it becomes 
possible to analyze single, live, moving cells in aqueotrs solutions. 
This new combined techniclue, called confocal laser tweezers 
Iiatnan spectroscopy (I,TRS), has been used in studies of single, 
oplically trapped microparticles, different proltaryotic and eulra~y- 
otic cells, and liposoinal tnen~bratles.~-'" Because the method is 
based on Kaman signatures yielding infornlalion on covalent and 
hydrogen bonding, hydrophobic and electrostatic interactions, elc, 
in real lime, it nlay be especially valuable for the elucidation of 
mechanisms of diflerent dynamic processes occurring wilhin cells, 
However, until now vely few LTRS studies attempted to address 
cellular processes. Anlong them were a coinplex process of 
Bacillus s p ~ n i l a t i o n ~ ~ * ~ ~  and an induced synthesis of recoinbi~~ant 
proteins in bacterial c e l l ~ , ~ ~ ~ ~ " ~ t l  both cases, however, the evolution 
of particular Ralnan marlrers specific for the process (dipicolitlic 
acid bancl for spores and marlters associatecl with protein vil~ra- 
tions in the case of protein synthesis), has been followed. To 
further test and explore the analytical potential of LTRS, it would 
be interesting to employ Inore conlplex cellular processes with 
fairly lcnown lnolecular mechanisms. The latter could significantly 
help in interl~retatioa, confinnation, ancl validation of the biological 
significance of observed Raman spectral changes (if any) at the 
cellular level. A good model of srrch cellular processes for L'rIiS 
analysis would be the process of bacterial cell lysis initiated by 
two dilfereat mechanisms: by exogenously added lysozyme and 
by induced temperale bacteriophage. There is a cerlain ttnique- 
ness ol this l~iological nlodel syslenl for 1,TIiS analysis in t11al it 
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ABSTRACT The lac operon has been a paradigm for genetic regulation with positive feedback, and several modeling studies 
have described its dynamics at various levels of detail. However, it has not yet been analyzed how stochasticity can enrich the 
system's behavior, creating effects that are not observed in the deterministic case. To address this problem we use a comparative 
approach. We develop a reaction network for the dynamics of the lac operon genetic switch and derive corresponding determin- 
istic and stochastic models that incorporate biological details. We then analyze the effects of key biomolecular mechanisms, such 
as promoter strength and binding affinities, on the behavior of the models. No assumptions or approximations are made when 
building the models other than those utilized in the reaction network. Thus, we are able to carry out a meaningful comparison 
between the predictions of the two models to demonstrate genuine effects of stochasticlty. Such a comparison reveals that in 
the presence of stochasticity, certain biomolecular mechanisms can profoundly influence the region where the system exhibits 
bistability, a key characteristic of the lac operon dynamics. For these cases, the temporal asymptotic behavior of the deterministic 
model remains unchanged, indicating a role of stochasticity in modulating the behavior of the system. 

INTRODUCTION 

The lac operon genetic switch is a paradigm for genetic regu- 
lation with positive feedback, and has been studied experi- 
mentally and theoretically for nearly half a century. Indeed, 
the operon concept, which pertains to a sequence of genes 
that function under the control of the same operator (I) ,  
was first introduced in 1960. The lac operon consists of three 
genes downstream of the lac promoter that encode for the 
proteins necessary for lactose metabolism. Specifically, 
lac2 encodes for P-galactosidase, which transforms lactose 
to the inducer allolactose; lacy encodes for Lacy perrnease, 
which transports lactose into the cell; and lacA encodes for 
galactoside transacety lase (LacA), which transfers an acetyl 
group from acetyl-CoA to P-galactosides (2). Furthermore, 
upstream of the promoter, there exists the constitutively ex- 
pressed lac1 gene, which encodes for the LacI repressor 
protein. 

The free LacI repressor is a tethered tetramer (dimer of 
dimers) (3) that has a high affinity for the lac0 (01)  operator 
contained in the lac promoter. Therefore, in the absence of 
lactose, each LacI dimer binds to an operator and thus 
inhibits transcription of the lacZ, lacy, and lacA genes. 
LacI can also bind to pseudooperators that exist upstream 
(03) and downstream (02) of the promoter and create 
DNA loop structures (4-6). It has been suggested that 
binding of the LacI repressor to the pseudooperators results 
in a localization of LacI close to the main operator, thereby 
increasing its binding efficiency to the operator (7). Thus, 
more efficient suppression of the lac genes is attained. 

However, if lactose is present in the extracellular medium, 
it gets transported into the cell, where one fraction is hydro- 
lyzed to galactose and glucose and the other fraction is trans- 
formed to the inducer allolactose by @-galactosidase. The 
allolactose binds to the LacI repressor and forms a complex 
with reduced binding affinity to the operator. This process 
results in freeing the operator site@). Induction of the LacI 
can also be achieved with a gratuitous inducer such as iso- 
propyl-6-D-thiogalactopyranoside (IPTG), which does not 
require transformation by P-galactosidase, Instead, it can 
readily bind to the repressor with a stoichiometry of two 
P T G  molecules per LacI dimer (6). 

Yet, for transcription of the lac operon genes to be initi- 
ated, the activator CAMP-CRP complex needs to bind to 
a sequence near the lac promoter, thereby enhancing the 
binding affinity of the RNA polymerase (8). High activator 
concentrations are brought about by low glucose concentra- 
tions. Hence, the lac operon genes are expressed only if the 
glucose concentration is low and simultaneously the lactose 
concentration is high. Therefore, glucose inhibits lactose 
metabolism in a dual manner: by reducing CAMP, and thus 
CAMP-CRP activator concentrations (catabolite repression); 
and by reducing inducer-allolactose concentrations, since it 
suppresses the lac operon genes (inducer exclusion). 

Furthermore, since Lacy facilitates lactose import, result- 
ing in repressor inactivation, it follows that initial expression 
of the lac operon genes promotes further expression in an 
autocatalytic manner due to a positive feedback loop gener- 
ated by the action of the pennease. This positive genetic 
architecture is the cause of the experimentally observed 
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2008. To reveal the role of the lac operon components, several 
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experimental studies have introduced mutations to the 
promoter region or the coding sequences. Such mutations 
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ABSTRACT Nonlinear amplification of gene expression of master regulators is essential for cellular differentiation, Here we 
investigated determinants that control the kinetics of the genetic switching process from the vegetative state (B-state) to the 
competent state (K-state) of Bacillus subtilis, explicitly including the switching window which controls the probability for compe- 
tence initiation in a cell population. For individual cells, we found that after initiation of switching, the levels of the master regulator 
[ComK](t) increased with sigmoid shape and saturation occurred at two distinct levels of [ComK]. We analyzed the switching 
kinetics into the state with highest [ComK] and found saturation after a switching period of length 1.4 + 0.3 h. The duration of 
the switching period was robust against variations in the gene regulatory network of the master regulator, whereas the saturation 
levels showed large variations between individual isogenic cells. We developed a nonlinear dynamics model, taking into account 
low-number stochastic effects. The model quantitatively describes the probability and timescale of switching at the single cell 
level and explains why the ComK level in the K-state is highly sensitive to extrinsic parameter variations. Furthermore, the model 
predicts a transition from stochastic to deterministic switching at increased production rates of ComK in agreement with 
experimental data. 

INTRODUCTION 

Populations of genetically identical cells often maintain 
a diversity of phenotypes, characterized by different patterns 
of gene expression. This is usually triggered by stochastic 
fluctuations, which are amplified by the underlying gene 
regulatory networks (1-4). The benefits of such non-geno- 
type-derived heterogeneity lie in the enhanced adaptability 
to environmental changes of the population as a whole (5-8). 
To analyze phenotypic heterogeneity it is necessary to 
monitor gene expression in individual cells (9). Real-time 
kinetics of gene expression have been extensively measured 
in individual cells to characterize noise in gene expression 
(.I 0-1 4), multistability (1,5,15,16), oscillations (1 6-1 9), 
and timing of gene activities (20), but the determinants for 
genetic switching kinetics are not we11 characterized so far. 

Conlpetence development in Bacillus subtilis is one 
example in which a genetic switch determines cell fate. At 
low cell density, a homogeneous cell population undergoes 
exponential growth, but at high cell density (stationary 
growth phase), the cell population becomes heterogeneous 
in its phenotype, with a well-defined fraction of 15% 
expressing genes that code for a strong DNA import machine 
and recornbinatio~l proteins (21). These cells are called 
competent for DNA transfo~mation and they express the 
master regulator conzK at high level (22-24). In this study, 
the state in which conzK expression levels are high is 
denoted the K-state. The entry into the K-state is switchlike 
(25,26). The positive feedback loop in the genetic control 
circuit is important for the establishment of the competent 
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phenotype in Bacillus subtilis (27,223). In noncompetent 
cells, the positive autoregulatory loop is not activated and 
conzK expression is low (B-state). During exponential 
growth, ComK is kept at a basal level through degradation 
by the MecA/ClpC/ClpP protease complex, and by transcrip- 
tional repressors including Rok, AbrB, and Cody (Fig. 1). 
Due to a quorum-sensing mechanism, the concentration of 
ComS (an inhibitor of MecA/ClpC/ClpP) rises with 
increasing cell density. work'by Maamar et al. (29) revealed 
that at To (i.e., at the entry into stationary phase, TX=x h after 
transition point) the average number of mRNA coding for 
ComK per cell is of order 1. In this regime, small number 
fluctuations are, relative to the mean, of paramount impor- 
tance. This is especially noteworthy since the reaction 
kinetics of ComK is highly nonlinear. Experiments and 
simulation have shown that the fraction of cells that switch 
into the K-state is determined by the magnitude of intrinsic 
fluctuations in conzK expression (16,29). The second imnpor- 
tant determinant of the fraction of cells in the I<-state is the 
length of a switching window in which basal conzK expres- 
sion rate is enhanced, which facilitates switching (30). Under 
conditions in which nutsient concentrations are constantly 
low, cycles of competence initiation and decay have been 
observed in real-time experimeilts in individual cells and 
a mathematical model described the system as an excitable 
regulatory circuit (1 5,lG). Escape from the K-state has 
been attributed to negative feedback between ComI< and 
the inhibitor of ComI< proteolysis, ComS. Theoretical 
models of the competence decision system can be divided 
into two different categories, by the description of the system 
as excitable (15,16,31) as opposed to bistable (5,27-29,32). 
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SUMMARY 

Systems biology approaches are extensively used to 
model and reverse engineer gene regulatory 
networks from experimental data. Conversely, 
synthetic biology allows "de novo" construction of 
a regulatory network to seed new functions in the 
cell, At present, the usefulness and predictive ability 
of modeling and reverse engineering cannot be 
assessed and compared rigorously. We built in 
the yeast Saccharomyces cerevisiae a synthetic 
network, IRMA, for in vivo "benchmarking" of 
reverse-engineering and modeling approaches. The 
network is composed of five genes regulating each 
other through a variety of regulatory interactions; it 
is negligibly affected by endogenous genes, and it 
is responsive to small ~molecules. We measured 
time series and steady-state expression data after 
multiple perturbations. These data were used to 
assess state-of-the-art modeling and reverse-engi- 
neering techniques. A semiquantitative model was 
able to capture and predict the behavior of the 
network. Reverse engineering based on differential 
equations and Bayesian networks correctly inferred 
regulatory interactions from the experimental data. 

INTRODUCTION 

Cellular complexity stems from the Interactions among 
thousands of different molecular species. Thanks to the 
emerging fields of systems and synthetic biology (Hasty et ai., 
2002; Hayete et at., 2007; Kaern et al., 2003; Sprinzak and 
Elowitz, 2005), scientists are beginning to unravel these regula- 
tory, signallng, and metabolic interactions and to understand 
their coordinated action. 

Systems biology aims to develop a formal understanding of 
bloiogical processes via the development of quantitative mathe- 
matical models. A model is a mathematical formalism to 

describe changes in concentration of each gene transcript and 
protein in a network, as a function of their regulatory interactions 
(gene regulatory network). 

The usefulness of a model lies in its ability to formallze the 
knowledge about the biological process at hand, to identify 
inconsistencies between hypotheses and observations, and to 
predict the behavior of the biological process in yet untested 
conditions. There are a variety of mathematical formalisms 
proposed in literature (Di Ventura et at., 2006; Szallasi et at,, 
2006) to model biological circuits, with ordinary differential 
equations being the most common. 

Synthetic biology aims to use such models to design unique 
biological "circuits" (synthetic networks) in the cell able to 
perform specific tasks (e.g., periodic expression of a gene of 
interest) or to change a biological process in a desired way 
(e.g., modify metabollsm to produce a specific compound of 
Interest) (Gardner et at., 2000; Khosla and Keasling, 2003; Ro 
et al., 2006). 

lnteractlons among genes, when unknown, can be identified 
from gene expression data using reverse-engineering methods. 
Typically, the data consist of measurements at steady state after 
multiple perturbations (i.e., gene overexpression, knockdown, or 
drug treatment) or at multiple time points after one perturbatlon 
(i.e., time series data). Successful applications of these 
approaches have been demonstrated in bacteria, yeast, and, 
recently, in mammalian systems (Basso et al,, 2005; Della Gatta 
et al., 2008; dl Bernardo et al., 2005; Faith et at., 2007; Gardner 
et al., 2003). A plethora of reverse-engineering approaches 
Is being proposed, and their assessment and evaluation is of 
critical importance (Stolovitzky et al., 2007). There are three 
well-established reverse-engineering approaches: ordinary 
differential equations (ODEs), Bayesian networks, and inforrna- 
tion theory. ' 

ODEs relate changes in gene transcripts concentratlon to 
each other and to an external perturbation, The model consists 
of a differential equation for each of the genes in the network, 
describing the transcrlption rate of the gene as a function of 
the other genes and of the perturbatlon. The parameters of the 
equatlons have to be inferred from the expression data. 

A Bayesian network Is a graphical model of probabilistic 
relationships among a set of random variables, with each 
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SUMMARY 

Reversible protein phosphorylation is a signaling 
mechanism involved in all cellular processes. To 
create a systems view of the signaling apparatus in 
budding yeast, we generated an epistatic miniarray 
profile (E-MAP) comprised of 100,000 pairwise, 
quantitative genetic interactions, including virtually 
all protein and small-molecule kinases and phospha- 
tases as well as key cellular regulators. Quantitative 
genetic interaction mapping reveals factors working 
in compensatory pathways (negative genetic interac- 
tions) or those operating in linear pathways (positive 
genetic interactions). We found an enrichment of 
positive genetic interactions between kinases, phos- 
phatases, and their substrates. In addition, we 
assembled a higher-order map from sets of three 
genes that display strong interactions with one 
another: triplets enriched for functional connectivity. 
The resulting network view provides insights into 
signaling pathway regulation and reveals a link 
between the cell-cycle kinase, Gakl, the Fus3 MAP 
kinase, and a pathway that regulates chromatin 
integrity during transcription by RNA polymerase II. 

INTRODUCTION 

Phosphate-based signaling is critical to almost all major cellular 
processes and is ubiquitously present across archea, prokar- 
yota, and eukaryota (Kannan et al., 2007). Systems-wide studies 
in the post-genome era have provided unprecedented informa- 
tion about the activities of signaling proteins (Johnson and 
Hunter, 2005), and several thousand sites of protein phosphory- 
lation have been mapped using mass spectrometry (Ficarro 

et al., 2002; Green and Pflum, 2007; Lee et al., 2006; Matsuoka 
et al., 2007; Olsen et al., 2006). The knowledge of kinase- 
substrate relationships has been expanded by both in vitro 
protein chip analysis (Ptacek et al., 2005) and large-scale genetic 
screens using a kinase overexpression strategy (Sopko et al., 
2006). Bioinformatic efforts have focused on network-level anal- 
yses of phosphorylation, providing database resources for phos- 
phorylation sites and signaling pathways (Dlella et al., 2008; Lee 
et al., 2006; Zanzoni et al., 2007). In addition, the integration of 
context-dependent information (including protein interactions 
and cell-specific kinase expression) has helped to improve the 
specificity of phospho-consensus site assignments (Linding 
et al., 2007). 

Despite these achievements, signaling networks have re- 
mained difficult to study. While phosphoproteornic datasets illu- 
minate the magnitude and diversity of protein phosphorylation, 
the functional relevance for the majority of these phosphorylation 
sites remains unknown (Johnson and Hunter, 2005). Focused 
studies can elucidate the function of one specific kinase or one 
particular pathway but often overlook important connections to 
components that do not dlrectiy participate in the pathway. In 
particular, two hallmarks of kinase signaling are the linear 
cascades of klnases important for signal amplification and the 
abundant crosstalk between these pathways in order to coordl- 
nate multiple cellular inputs/outputs. 

Genetic interactions report on the extent to which the function 
of one gene depends on the presence of a second gene and can 
illuminate the functional organization of protein networks. Nega- 
tive genetic interactions (n; synthetic sick/lethal Interactions) 
describe cases where two mutations in combination cause 
a stronger growth defect than expected from the two single 
mutations. In contrast, positive genetic interactions (p) corre- 
spond to cases where the double mutant is either no sicker 
(eplstatic) or healthier (suppressive) than the sickest single 
mutant (Figure 1A). Negative genetic interactions are often found 
for proteins that work in compensatory pathways, while positive 
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SUMMARY 

Prions are proteins that convert between structurally 
and functionally distinct states, one or more of which 
is transmissible. In yeast, this ability allows them to 
act as non-Mendelian elements of phenotypic inher- 
itance. To further our understanding of prion biology, 
we conducted a bioinformatic proteome-wide survey 
for prionogenic proteins in S. cerevisiae, followed by 
experimental investigations of 100 prion candidates. 
We found an unexpected amino acid bias in aggrega- 
tion-prone candidates and discovered that 19 of 
these could also form prions. At least one of these 
prion proteins, Mot3, produces a bona fide prion in 
its natural context that increases population-level 
phenotypic heterogeneity. The self-perpetuating 
states of these proteins present a vast source of heri- 
table phenotypic variation that increases the adapt- 
ability of yeast populations to diverse environments. 

The prion hypothesis posits that biological information can be' 
replicated solely through self-propagating conformatlons of 
proteins. Though .it was initially conceived to explain baffling 
neurodegenerative diseases in mammals (Griffith, 1967; Prusiner, 
19821, It has since grown to encompass a number of non-Mende- 
lian traits in fungi (Ross et al., 2005b; Shorter and Lindquist, 2005; 
Shkundina and Ter-Avanesyan, 2007). All known prions, except 
for the initially discovered disease-causing prion PrP, are benign, 
and in some cases can confer selectable advantages (Saupe 
et al., 2000; True and Lindquist, 2000; True et ai,, 2004). The 
self-templating property of prions makes them both conforma- 
tionally and eplgenetically dominant, and positions prion-forming 
proteins as metastable cellular switches of protein function. 

The realization that protein conformational switches could 
provide a means for inheritance of phenotypes dates back 
15 years (Wickner, 1994), yet only a few proteins with thls 

\ 
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capacity have been discovered (Shorter and Lindquist, 2005; 
Du et al., 2008). Most of these have been found in the yeast 
S, cerevisiae, with the [PSI+] element being the best understood. 

[PSI+] is caused by an amyloid-like aggregated state of the 
translation-termination factor Sup35p. In the prlon state, the 
majority of Sup35p molecules are inactive, resulting in Increased 
levels of nonsense suppression (Liebman and Sherman, 1979: 
Patino et al., 1996) and programmed frameshifting (Namy 
et al., 2008). This gives rise to RNA stability changes and func- 
tionally altered polypeptides and consequently to phenotypes 
that can be advantageous under diverse conditions (Eaglestone , 
et at,, 1999; True et al., 2004). Remarkably, the ability of Sup35p 
to switch into a prion conformation, and the regulation of that 
switch by the protein remodeling factor Hspl04p, have been 
conserved for over 800 million years of fungal evolution (Chernoff 
et at,, 2000; Zenthon et al., 2006). 

Three other amyloid-based prions, formed by the functionally 
diverse protelns Ure2pJ Rnql p, and Swil p, have been described 
in S. cerevisiae. Ure2p regulates nitrogen catabolism; its prion 
state, [URE3], attenuates this activity resulting in the constitutive 
utilization of poor nitrogen sources (Algle and Lacroute, 1975; 
Wickner, 1994). The Rnql p protein in its prion state, [RNQ+] 
(also called [PIN+]), enhances the inducibility of other prions 
(Derkatch et al., 2000; Bradley et at., 2002). [SWIt], the most 
recently discovered prion, is caused by an inactive state of the 
chromatin remodeling factor Swil p (Du et al., 2008). Intriguingly, 
[SWI+] represents the first established link between chromatin- 
based and prlon-based epigenetics, although a biological rele- 
vance of thls connection remains to be elucidated. Indeed, for 
all of these prion proteins, the putative functionality of their prlon 
forms is highly debated (Nakayashiki et at., 2005). 

The conformational duality of amyloid-based prions resides in 
structurally independent prion-forming domains (PrDs) (Edskes 
et al., 1999; Li and Lindquist, 2000; Santoso et al., 2000; Sond- 
heimer and Lindquist, 2000). These PrDs are modular and can 
be transferred to other protelns to create novel prions (Li and 
Lindquist, 2000). They have a very unusual amino acid composi- 
tion: enriched for polar residues such as glutamine (Q) and aspar- 
agine (N) and depleted of hydrophobic and charged residues. 
This composition promotes a disordered molten-globule-like 
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  he contractile tail of bacteriophage T4 is a molecular 
machine that facilitates very high viral infection efficiency. 
Its major component is a tail sheath, which contracts 
during infection to less than half of its initial length. The 
sheath consists of 138 copies of the tail sheath protein, 
gene product (gp) 18, which surrounds the central non- 
contractile tail tube. The contraction of the sheath drives 
the tail tube through the outer membrane, creating a 
channel for the viral genome delivery. A crystal structure 
of about three quarters of gp18 has been determined and 
was fitted into cryo-electron microscopy reconstructions of 
the tail sheath before and after contraction. It was shown 
that during contraction, gp18 subunits slide over each 
other with no apparent change in their structure. 
The EMBO Journal (2009) 28, 821-829. doi: 10,1038/ 
emboj.2009.36; Published online 19 February 2009 
Subject Categories: microbiology & pathogens; structural 
biology 
Keywords: bacteriophage T4; cryo-electron microscopy; 
crystallography; tail sheath contraction 

Introduction 
For many bacteriophages, including T4, one viral particle is 
sufficient for infecting a single bacterial cell (Goldberg et al, 
1994). A major reason for such high infection efficiency is a 
specialized organelle called a tail, It is present in about 96% 
of all bacteriophages and is designed to attach to bacteria, to 
penetrate their cell walls and to deliver the viral genome into 
the host (Ackermann, 2006). There are three groups of tailed 
bacteriophages based on the tail morphology: Siphoviridae 
(long, non-contractile tails), Myoviridae (contractile tails) and 
Podoviridae (short, non-contractile tails). In all three groups 
of phages, the signal that initiates genome ejection is passed 
through the tail by virtue of conformational changes. In 
Siphoviridae, these changes occur in the tail tube (Plisson 

et al, 2007), whereas in Myoviridae, the signal is transmitted 
through the tail sheath. In Podoviridae, the inner proteins 
might be ejected from the head to generate a delivery channel 
(Kemp et al, 2005). 

Bacteriophage T4 belongs to the Myoviridae family. 
Myoviridae phages have the most complex tail structures, 
generally consisting of a baseplate with tail fibres and a long, 
non-contractible tube surrounded by a contractile sheath. 
Bacteriophage T4 has a tail sheath that is composed of 138 
copies of gene product (gp) 18 (Leiman et al, 2004), The tail 
tube inside the sheath is estimated to be assembled from as 
many gp19 subunits as there are gp18 subunits in the sheath 
(Moody and Makowski, 1981). 

During infection, following the attachment of the tail fibres 
to the host cell, the baseplate changes its conformation from 
a hexagonal dome-shaped to a planar star-shaped structure, 
causing the sheath to contract from an initial length of 925 a 
to a final length of 420 a, whereas its diameter increases from 
240 to 330 A (Leiman et al, 2004; Kostyuchenko et al, 2005). 
The contraction of the sheath drives the central tube through 
the outer membrane, creating a channel for DNA ejection 
from the capsid into the host cell (Leiman et al, 2003). 

In the absence of the baseplate or the tail tube, the tail 
sheath protein can self-assemble both in vivo and in vitro into 
tubular structures of variable lengths called polysheaths that 
have the same helical parameters as the contracted tail sheath 
(Moody, 1967). Furthermore, different gp18 mutants with 
deletions of about 250 C-terminal amino-acid residues can 
still assemble into tubular structures, although with different 
helical parameters (Poglazov et al, 1999). 

Here, we present a crystal structure of about 2 of the tail 
sheath protein of bacteriophage T4. The structire is com- 
posed of three domains, each having a novel protein fold. To 
our knowledge, this is the first known atomic structure of a 
tail sheath protein. Combining the new structural information 
with the earlier cryo-electron microscopy (cryo-EM) recon- 
structions and biochemical data, we propose a mechanism 
for sheath contraction. 

Results and discussion 
Crystal structure of tail sheath mutants 
Wild-type gp18 consists of 659 residues and assembles into 
tubular polymers of variable lengths, which makes crystal- 
lization difficult. Several C-terminal deletion mutants that 
lack polymerization properties (Efimov et al, 2002) were used 
in extensive crystallization screens. Crystal structures of two 
gp18 fragments have been determined, One of these is the 

*Corresponding author. Department of Biological Sciences, Purdue protease-resistant fragment (gpl8PR) and consists of residues 
University, 91 5 West State Street, West Lafayette, IN 47907-2054, USA. 83-365 (Figure lA), whereas the other deletion mutant 
Tel,: + 765 494 4911; Fax: + 765 496 1189; E-mail: mr@purdue.edu (gpl8M) consists of residues 1-510 with the last C-terminal 
%esent address: Bcole Polytechnique Federale de Lausanne (EPFL), residue replaced by a proline (Figure 1B and C) (Efimov et a1, 
IPMC, BSP, CH-1015, Lausanne, Switzerland 2002). The crystal structure of gpl8PR fragment was deter- 
Received: 2 5  November 2 0 0 8 ;  accepted: 23 January 2 0 0 9 ;  published mined with the multiple aIUlrna1ous (MAD) 
online: 1 9  February 2 0 0 9  method, refined to 1.8 A resolution, and subsequently used 
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Positioning cytokinesis 
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Cytolzinesis is the terminal step of the cell cycle during 
which a mother cell divides into daughter cells. Often, 
the machinery of cytolzinesis is positioned in such a way 
that daughter cells are born roughly equal in size. 
However, in illany specialized cell types or under certain 
environmental conditions, the cell division machinery is 
placed at nonmedial positions to produce daughter cells 
of different sizes and in many cases of different fates. 
Here we review the different mechanisms that position 
the division machinery in prokaryotic and eukaryotic 
cell types. We also describe cytokinesis-positioning mech- 
anisms that are not adequately explained by studies in 
model organisms and model cell types. 

Cytolzinesis is the terminal step in the cell cycle when 
barriers in the forin of new ineinbranes (and cell walls in 
soine cases) are generated, so as to divide a inother cell 
into two daughter cells, Studies of cytolzinesis have 
largely focused on three inajor questions: (1) What is the 
machinery that physically divides a cell? (2) How and 
where in the cell is this machinery positioned? and (3) 
What regulates the tiining of asseinbly of new inein- 
branes (and cell wall) such that the process of cytolzinesis 
does not cause inadvertent dainage to the genetic inate- 
rial? Several excellent recent reviews focus on the de- 
scription of the machinery that various cell types use for 
cytolzinesis as well as the cell cycle regulation of cytoki- 
nesis (McColluin and Gould 2001; Guertin et al, 2002; 
Wang 2005). In this article, we will briefly introduce the 
cell division inachinery but will largely focus on the 
inechanisins of its positioning. 

The cytokinetic machinery 

In all cell types, elements of the cytoslzeleton asseinble 
into distinct suprainolecular assemblies to facilitate cell 
division (Pig. 1 ). A suininary of inolecules participating in 
cytolzinesis in various organisins is provided in Table 1, In 
animal, yeast, and fungal cells filamentous actin (F-actin), 
type I1 myosin, and several other proteins asseinble into 

[~z~ywords:  Animali bacteria; cleavage furrow) cytokiilesis) plant, yeast1 
fungi] 
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a structure that resembles a ring or a belt in a plane 
perpendicular to the axis along which the chroinosolnes 
are segregated (Schroeder 1968, 1973; Fujiwara and 
Pollard 1976; Mabuchi and Olzuno 1977; Marks et al. 
1986; Balasubrainanian et al, 1992; Bi et al. 1998). 
Constriction of this so-called actoinyosin or contractile 
ring generates the forces necessary for the cleavage of 
a mother cell into two daughters, Constriction of the ring 
is precisely coordinated with ineinbrane trafficking 
events such that the new ineinbranes and cell walls (in 
fungi) are added in concert with ring constriction. In 
nearly all bacteria, the tubulin-like protein FtsZ assein- 
bles into a ring structure that is perpendicular to the axis 
of chroinosoine segregation (Bi and Lutlzenhaus 1991). 
This so-called Z-ring is attached to the overlying plasina , 

membrane via integral membrane proteins (Hale and 
de Boer 1997; Pichoff and Lutlzenllaus 2005). Although 
inolecular inotors resembling the canonical eulzaryotic 
microtubule-based inotors, such as lzinesins and dyneins, 
have not been discovered in bacteria, the Z-ring serves to 
recruit proteins iinportant for division septum asseinbly. 
Septuin asseinbly then ensues in coordination with 
constriction of the bacterial Z-ring. Although a contrac- 
tile actoinyosin-based apparatus has not been discovered 
in plants, inicrotubules organize into two mirrored bun- 
dles that serve to recruit inachinery iinportant for assein- 
bly of new inelnbranes and cell wall. These dynamic ' 

inicrotubules interact with F-actin filaments to asseinble 
the so-called phraginoplast, a structure essential for 
cytolzinesis in plant cells (Gunning and Wick 1985). In 
contrast to cytolzinesis events in bacteria, yeast, fungi, 
and aniinal cells, where ineinbranes and cell wall mate- 
rial are added ce~tripetally, new ineinbrane asseinbly in 
plant cells occurs by a process of centrifugal expansion 
wherein the cell wall expands outward toward the cell 
cortex at the division site. 

Spatial regulation of cytolzinesis 

In inany cell types, prolzaryotes and eulzaryotes included, 
cytolzinesis results in the forination of equally sized daugh- 
ter cells. However, in many instances during development 
(both in single and inulticellular organisins), cell division 
produces daughters of unequal sizes and differing fates, For 
exainple, under poor ilutritional conditions, the soil bacte- 
riuin Bacillus subtilis divides asyininetrically to produce 
a sinall spore, which is capable of withstanding harsher 
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The origin and the evolution of toxin-antitoxin (TA) systems remain to be uncovered. TA systems are 
abundant in bacterial chromosomes and are thought to be part of the flexible genome that originates 
from horizontal gene transfer. To gain insight into TA system evolution, we analyzed the distribution of 
the chromosomally encoded ccdo157 system in 395 natural isolates of Escherichia coli. It was 

discovered in the E, coli 0 1  57:H7 strain in which it constitutes a genomic islet between two core 

genes (folA and apaH). Our study revealed that the folA-apaH intergenic region is plastic and subject 

to insertion of foreign DNA. It could be composed (i) of a repetitive extragenic palindromic (REP) 

sequence, (ii) of the ccd0157 system or subtle variants of it, (iii) 0f.a large DNA piece that contained a 

ccdA0157antitoxin remnant in association with ORFs of unknown function, or (iv) of a variant of it 

containing an insertion sequence in the ccdAo157 remnant. Sequence analysis and functional tests of 

the ccd0157 variants revealed that 69% of the variants were composed of an active toxin and antitoxin, 

29% were composed of an active antitoxin and an inactive toxin, and in 2% of the cases both ORFs 
were inactive. Molecular evolution analysis showed that ccdB0157 is under neutral evolution, 

suggesting that this system is devoid of any biological role in the E. coli species. 
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We present a new hypothesis for the selective pressures responsible for malntainlng natural 
competence and transformation. Our hypothesis is based in part on the observation that In Bacillus 
subtiiis, where transformation is widespread, competence is associated with periods of nongrowth In 

othennrlse growing populations. As postulated for the phenomenon of persistence, the short-term 
fitness cost associated with the production of transiently nongrowing bacteria can be compensated for 
and the capaclty to produce these competent cells can be favored due to eplsodes where the 
population encounters conditions that kill dividing bacteria. Wlth the aid of a mathematical model, we 
demonstrate that under realistic conditions this "episodic selection" for transiently nongrowing 
(persisting) bacteria can maintain competence for the uptake and expression of exogenous DNA 
transformation. We also show that these conditions for malntalnlng competence are dramatically 
augmented even by rare episodes where selection favors transformants. Using experimental 
populations of 8, subtilisand antibiotic-mediated episodic selection, we test and provide support for 

the validity of the assumptions behind thls model and the predictions generated from our analysis of 
Its properties. We discuss the potential generality of episodic selection for the maintenance of 
competence In other nalurally transformlng species of bacteria and critically evaluate other 
hypotheses for the maintenance (and evolution) of competence and their relationship to this 
hypothesis. 
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Optically Modulated Fluorophores for Selective Fluorescence Signal Recovery 
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Discriminating weak signals from large backgrounds confounds longer-wrivelength but much less efficient optically itldilced reverse 
many fluorescel~ce-based c1etection,~-~lynatill~ics,"~~nlld stl.uctura1 intersystenl crossing." Although potentially free of secondary-laser- 
applicatio~~s."~~ Although floorescence contrast is readily adaptable inducecl ndditiotlnl background, such studies, suffer froill tiiplet 
to both nledical and biological imaging, sensitivity in deep tissue reactivity, photoilrstability, and exceedingly high, biologically 
and intracellular inillaging of low-copy-~~urnber proteins presents incon~patible seconclary continuous-wave (cw) laser intensities (>I  
significant challenges. While great advances have been n ~ a d e ? ~ . ~  
available fluorophores too often access photostability- and enlission- 

mlm 
1~~te-inlp~ringp~~otoinc~uceclddl'1( states, the~ebylinillitillgintel~tatio~~s?-' ' E 

im However, controlled photoswitching to highly energy-recoverable, p' thermally stable, nonfluorescent ison~ers has been advarltageously 2. 
3 4400 

einployed in the developinent of high-resolution optical serial 5 
localization m e t h o d ~ , ~ ~ ~ ~ ~ - ' ~  2 "  and in stochastic switching-based 
optical lock-in detection (OLID) s ~ l ~ e m e s . ' ~ ~ ' "  Here we report 0 3.0 3 2  3.4 3.6 3.0 4 

dynamic photobrightening of fluorophores with photoaccessible but 
thermally metast~iblc! dark stales that ~laturally decay on a 30 11s 
riille fra~illle. Under simulta~~eous near-IR (NIR) illumination, these 
metastable dark stales are rapidly optically depopulaled to directly 
and specifically modulate fluorescence at any externally applied 
frequency, Simultaneous demodulatioll of the enlire epifluorescence 
image (i.e., digital signal processing-based lock-in detection for all 
pixels in parallel) specifically extracts weak-enselnble and even 
single-molecule fluorescence fi.om high backgrounds. 

Most photoswitchirlg occurs through excited-state processes that 
stochastically trap a nonf1uorescent isomer in a thermally stable 
configuration. Many applicatiolls of sequentially applied high- 
energy seconclrvy excitation that stochastically recovers the original 
fluorescent state have been d e ~ e l o p e d . ~ ~ * ~ ~ n f o r t u n a t e l y ,  the high- 
energy secondary beam required for switching sil~~ultaneously 
excites other emitters, generating significant additional background 
fli~orescet~ce unless applied when the sample is not being imaged. 
Aclditionally, switching is dependenlon the laser intensity, forcing 
a compromise between bleaching and switching lime to begin to 

\ 
sbo 650 do Q ~ O  idw 
Secondary Wavelength (nm) 

Figure I. (A) Rrightncss per Ag llanodot undcr singlc-laser (633 nm, black) 
and clual-lascr (633 nnl+ 805 nm, xd) excitation, as dctct~ninecl by fl uoresccncc 
colrelation spectroscopy. Excilalion beconles prelnalurely saturated as the 633 
11111 excitation illtensity increases. Sinli~ltalleous 805 nm excitation (8 kW/cm2) 
rccovcw thc 1ineai.ity bctwcc~l exdtrrtion and 71 0 11111 c~nission. (R) Excitatio~l 
scan of the secondary laser-bascd cnhance~nenl (4 kW/cm" relative to single- 
laser excilatioi~ (633 11111, 1.2 kW/cn12). 

approach biologically relevant time scales. Conversely, bull< 
fluorescence enhanceinent of organic dyes has been achieved via 
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Figure 2. PVA-iinmobilized Ag llanodot emission collected with an APD 
in single-photon countillg mode with constailt 633 11111 excitation and 805 
nm excitation ~nodulated at (A) 10, (B) 100, and (C) 1 000 HZ. (D) Fourier 
tl.ansfonns of thc emission in (A-C) (~.ed, bluc, and grecn, respcctively), 
each bi111ied an orclcr of ~nagnihidc fastcr tlla~l llre modulation, The extelnally 
i~nposed 805 nm laser lllodiilalioil results in the dyllamic ~nodulatioil of 
the fliiorescence from the low-emission stale lo the high-emission slate, 
with colnplctc control down to short tin~c rcgimcs that is lin~itcd o~lly by 
Ruorophore brigllti~css. With 1000 Hz modulation, thc sa~llplc was cyclcd ' A. 16 000 timcs with no clecay ia the fluorcscencc signal. 

MW/cm2).'"~1 contrast, single-stranded DNA (ssDNA)-encapsu- 
lated few-atom Ag nanodot-based fluorophores have a11 of the 
necessary components in place for such signal enhiulcements with 
vastly improvedplillotostability and lnuch loweril~cide~~tintensities,~~'-"~ 
When encapsulated in ssDNA, nanoclusters 01. "t~anoclots" exhibit 
extremely bright fluorescence tu1d excellent photophysics, yielding 
enlissioli that is several-fold brighler and > 10-fold more photostable 
than that obtainable fi.om Cy3 or Cy5 while displaying only'a single 
dark-slate residence time of -30 {is thal itself shortens with 
increasecl prirnary excitatio~~ In contl.ast to the use of 
allernating illumination with two high-el~ergy wavele~lgths (relative 
to that of the detected fluorescence) and an inLenla1 standard to 
measure the de~nodulatio~l waveform, as performe'd in OLID 
schemes, c o i l l i ~ ~ ~ ~ i ~ ~ a t i o t ~  with an intensity-modulaled, long- 
wavele~lgth secondary laser dytlalnically photobrightens higher- 
energy llanodot emission. This secondary laser rapidly depopi~lates 
the dark state through (ransient absorption that regenerates the 
emissive manifold (see Figure 3s in the Silpporting lnfornlation), 
This approach enables direct, noninterfering fluorescence modula- 
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The genetic alphabet is constrained by the four natural nucle- 
otides and the two base pairs that they form. An unllatural base 
pair that is selectively replicated, transcribed, and tratlslated would 
dra~natically expand the information potential of the genetic 
alphabet.'-4 This would also illcrease the potential of the already 
11 biy uitous n~ethodologies based on DNA and RNA atld their 
sequence-specific amplification. Moreover, in vivo expansion of 
the genetic alphabet woi~ld serve as the foundation of a sernisyn- 
thetic organism with an expanded genetic code, 

Toward this goal, we have focused on cleveloping unnatural base 
pairs fornled between predon~inantly hyclrophobic unnatural nucle- 
otides. These u~~natural base pairs are stable and selectively 
replicated by DNA polymerases on the basis of complenlenttuy 
shape and packing interactions rather than conlplementary hydrogen 
bonding. Through screening of a library of nucleotide alialogues 
followed by hit optimizalion, we identified the unnatural base pair 
Cornled between d5SICS and d m 0 2  (Figure which is 

Figure 1. Thc dSSTCS:dMM02 and d5SICS:dNaM basc pairs. Sugar and 
phosphate backbone omitted for clarily. 

r4latively well recognized by a variety of different replicative.DNA 
p~l~merases .~"  Further oplimization ideiltified dNaM, which pairs 
with dSSICS to fol~n an i~ntlatural pair that is replicated with 
efficiencies and fidelities approaching those of a natural base pair.2c 

Expansion of the genetic code requires unnatural base pairs that 
are tlot only replicable but also transcribed with good efficiency 
and selectivity in both strand contexts (i'e., dX must template YTP 
insertion ancl dY must template XTP insertio~l). Previous studies 
have examined the t~xnscription of unnatural ~~ucleotides bea~lng 
nucleobase analogues that pair on the basis of either orthogonal 
hyc11.ogen bonclingl or hydrogen bonding and 
however, in t~one of these cases was transctLiption of the unnatiiral 
base pair sllown to be efficient and selective in both possible strand 
contexts, Tn addition, it remains unclear whether nucleobase shape 
and hydrophobicity alone are sufiicient for transcription. 

To chmaclerize the transcription of the unnatural base pairs 
formed by d5SICS with dMMO2 and dNaM, ribonucllotides and 
deoxynucleolides were synthesized and converted to the corre- 
spondi~lg triphosphates or deoxyphospl~orat~~idites, and the deoxy- 
phorphoramidites were incolAporated into DNA templates irsing 
auto~llated DNA synthesis (see the Supporting I~iformation). 
Transcription experiments were conducted with 100 nM DNA 
substrate, I x Takara buffer 140 mM Tris-HC1 (pH 8.0), 8 mM 
MgC12, 2 n1M spertl~idine], DEPC-treated and nuclease-Sree steril- 
ized water (Fisher), T7 RNA polymerase (50 units), 20 ,uM each 
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natural NTP, a-"P-ATF' (2.5 pCi, MP Biomedicals), and either 5 
[cM SSICSTP, 10 pM MM02TP, or 10 pM NaMTP. After 
inci~bation for 2 11 at 37 "C, the reaction was quenched by the 
additio~~ of 10 ,uL of gel loading solution (10 M urea, 0.05% 
bromophenol blue), and the reaction mixture was loaded onto a 
20% poly:icryla~nicle-7 M urea gel, subjectecl to electrophoresis, 
and analyzecl by phosphocimc?ging (see the Supporting Information). 

We first characterized the ability of' dSSlCS to template the 
transcription of RNA contailling MM02  or NaM (Figure 2). In 

X = 6SICS X=MM02 X =  NaM 

Full Length- ,, ., r r r G  Full Length- --  ,,* - - G  
@+ 

,, , *R V..s T * T 
. & '  G 

U - 
- I , r , Y ) r , C ) y  Y 

m m m m a ~ - r , G  
T G  L I T P I Z O U M ~ ~  t t t + t t t NTP f20uMI t + + 

M M O ~ T P ~ I O ~ ~ M ~  - - + + - - MM02TP(5pM) , + - + - , , , 
SSICSTP (1OpM) - + - + - + SSICSTP (5pM) , , + + - - + + 

NaMTP(1OpM) - - , - + + NaMTP(5pM) - - - - - + - + 

Figure 2, Full-length transcl.iption of DNA containing SSICS, MRl102, 
or NaM, The tc~nplate secjucncc is shown above. X and Y correspond to 
the indicatccl unnatural basc in tllc tcmplate and transcript, respcctivcly. 

the absence of the unnatural triphosphates, no full length producl: 
was observed. Most of the truncated product corresponded to the 
tennination of transcription im~nediately before d5SICS in the 
template, although a small all~ount coi~esponded to terrniilation after 
mispairing or after single-nucleotide extension of a mispair. 111 
contrast, in the presence of MM02TP, a small ainoilnt of C~rll- 
length transcript was observed, although a significant amount of 
truncated product remained after 2 11, In the presence NaMTP, 
significantly mbre full-length product was observed, revealing that 
d5SICS templates the incorporation of NaM into RNA more 
efficiently than it templates the incorporation of MM02, This 
parallels the behavior observed with DNA polyrnera~es,~ suggesting 
that at least some aspects of un~latural base pair recognition are 
c,o~~served between the two classes of enzymes. In the presence of 
either u~lnatural lriphosphate, the nlajor truncation products were 
those corresponding to tern~ination inlmediately prior to ancl at the 
unnatural nucleotide in the template, which suggests that unnatural 
transcriptiotl is limitecl by both the rate at wllicl~ the unnatural base 
pair is synthesized and the rate with which it is extended. This is 
again similar to what is observed with DNA polymera~es,~ Thus, 
we tentatively conclucle that recognition of the unnatural base pairs 
with dSSICS in. the teillplate is similar for DNA and RNA 
polymerases. Importantly, the addition of SSICSTP did not alter 
the amount of transcript produced, suggesting that the self-pair does 
not inhibit transcription. 

'We next characterized transcription of the unnatural base pair 
in the opposite strand context by exalnini~lg the ability of dMM02 
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The translation system evolved to polynlgize 20 specific kinds 
of proteinogenic 1,-a-amino acicls with extremely high accuracy 
according to the sequence information el~coded in mRNA. Exclusion 
of nonproteinogenic anlino acids fro111 the polyn~erization is 
qcllieved by sopllisticated mechanisms involving the nlultistep 
selection of co~~ectly charged aminoacyl-tRNAs.' Despite the fact 
that techniques allowing researchers to manipulate the genetic code, 
so-called genetic code expansion2 or genetic code reprogran~rning,~ 
have been developed and many successes in incorporating notl- 
protei~loger~ic 1,-a-amino acids illto nascent peptide chain have been 
reported, nonproteinogenic amino acids containing more clrastically 
altered structures (referred to as exotic alnil~o acids), silch as D- 

and p-amino acids, are notoriously difficult or ortell i~npossible to 
be elo~lgated.~"-~~"'*~ 011 the other hand, recent investigations have 
shown that the initiation apparatus is more tolerant to exotic ainiilo 

.acids [hail elongatioil event. 111 [act, it has been reported that 
"noninethionine" a~nino acids, for example, various ~-a-a~llino 
acidss" and some ~-a-aillino acids"' with or without N-acyl groups, 
were able lo initiate translation, whereas forn~yll~letl~ionine ([Met) 
is a sole initiator in -the ordinary prokaryotic translation systein 
(Figure 1 A)." The observed tolerance of initiation has prompted 

A - 
~ele. m Translation 

Figure 1. Reprogram~ning of the initiation event with exotic peptides. (A) 
Tnitiation in an ordinary prokaryotic tl.:~nslation system, The i~lilialor tRNA 
( ~ R N A ~ ' " ~ ~ ~ , )  is ~~~c th io~ ly la tcd  by mcthionyl-tRNA synthetasc (MctRS) 
and its a-anlino group is for~nylntcd by t~lcthionyl-tRNA Sorruyltra~lsfcrasc 
(MTF) Lo afford fMet-tRNAMct(-,iu. Inilialion with fMel-tRNA"'ctc.AU yields 
sl peptide containing fMet at the N-ter~~iinns (fMet-peptide), (B) Outline of 
lra~lslation initiation wit11 exotic pcptidcs rcportcd hcrc. Flexizyn~e charges 

' a short exotic pcptidc (Xpcp) onto l l~c  ~ R N A ~ ~ ~ ~ ~ ~ ~ .  Rcpcograni~lling of 
the initiatio~l event allows us to prime the translatio~~ reaction with Xpep- 
tRNAtMCtcAV, yielding a peptide bearing several exotic amino acids at the 
N-termin us (Xpep-peptide), 

us Lo Iurther explore the repertoire exl~ansion. Here we report the 
reprogram~uing of translation initiation with "exotic peplides" 
containing several exotic a~nilio acids (Figure 1 B). 

To facilitate the reprogramnn~ing of initiation event, we utilized oill. 
original lllethodology in the combination of flexizy~ne and IuPURE 

Rcscarch Ccnler Sor Advanced Scicncc ant1 Technology, 
$ Dep;~rltnenl ol' Advilnced Inlerdisciplinary Studies. 

systems. The former systein coilsists of a tRNA alninoacylatiolz 
ribozynle, refelred to as flexizyme, enabling us to chasge a wicle vasiety 
of ~lonproteinogenic amino acicls activated with certain ester or thioester 
groups onto the 3' hydl-oxyl group of any desired tRNAs, including 
the initiator ~ R N A ' ~ ~ ~ ~ ~ ~ . "  The latter system is based on a reconstituted 
E, coli cell-free translation systein, so-called PI-otein-tl-anslation irsing 
recorn binant elelnenls (PURE): in which methioniae (Met) is with- 
~lrc~crl to make the stal-t cod011 vacant and thus it is called a wPURE 
 stern.^*^ By using the integrated systems, that is, by aclding an 
acylated ~RNA~"'CA~, prepared by flexizy~ile to the MPURE system, 
the start codo~~  AUG was reassignecl from fMet to desirable non-fMet 
inititltors." 

Although the flexizyine system has provided us a nearly 
unlimited opportunity for the synthesis of tRNA chasged with 
~lo~lprotei~logenic amino acids (X~~-IRNA),"'~"~ it is unknown if 
it can be alq~licable to tRNA peptidylation, We therefore first 
verified whether exotic peptides (Xpep) could be charged onto 
tRNAfMCttCAu by lneans of flexizyme, We designed eleven short 
peptides containing various coinbinations of pi.oteinogenic amino 
acids and exotic amino acids including D-phenylalanine (DPhe), 
D-glutaillic acid ("GILL), D-lysine ("Lys), N-i11etI~yl-~-phenylalailine 
(M"~he), N-methyl-~-glutail~ic acid (MWlu), 4-aminobenzoic acid 
(4Abz) and P-alailine @Ah) (the iildividual structures are shown 
in Suipposting Infonnation, Figure S I ), To mal<e the peptides to be 
accessible to the flexizyrne system, those containing the C-telnlinal 
IaPhe, "Phe, h4ePhe, or6 !*Met were derivecl to the cyano~nethyl esters 
(CME) (Table 1, entries 1-8, 10, and 1 I), while one containing 
the C-terminal '~Gln was derived to 4-cholorobenzyl thioester (CBT) 

Table I .  The Sequences of Peptide Initiators Used in This Study 
and Their Acylation Yields and Translation Efficiencies 

activating acylation translalion 
group for yield efficiency 

entry Initiator sequences flexlzymeb (%lo (%Id 
CMU 
CMD 
CMU 
CM ri 
CMIl 
CMYi 
CM13 
CM13 
CBT 
CME 
CMll 

" " ~ a a ,  ' ~ ~ a a ,  M ~ a a ,  "bz, z,md PAla denotc u-amino acids, I,-amino 
acids, N-methyl-L-amino acids, 4-aminobenzoic acid, and p-alanirle, 
respectively. "CME and CRT de~lote cyat~olucthyl cstcr and 4- 
chlol.obenzy1 Lliioester activating groups, rcspcctivcly. Yiclds of the 
acylation wcrc calculated based on thc band intensity in acid PAGE (scc 
Figure S2 for the detailed description). "Relative h.anslalion efliciencies 
of Xpcp-peptidcs wcre determined by conlparing with the band ir~tcnsjty 
of €Met-peptide in tricinc-SDS PAGE (scc Figure 2R). The expression 
qualltily of the fMet-peptide was deternii~led to be 7.5 pmol/pL based 
on the method reported e l s e ~ h e r e . ~ " . ~ "  
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Fluorescence microscopy is one of the most cornllloa techniques 
enlployed in the field of life science. With the rapid progress that 
has been achieved with regard to optical systems, fluorescent 
proteins (FPs) have acquired important roles for fluorescence 
microscopy expeiirnents, In order to visualize the localization and 
behavior of particular proteins of interest, FPs such as green 
iluorescent protein (GFP) have converltiorlally been used, More 

111 this paper, we report a specific protein labeling systeln with 
an off-on fluorescellce switch. It involves covalent modification of 
a genetically ellgineeced hyclrolytic enxynle with a ratio~lally 
designed fluorogenic probe that exploits the principle of fluorescence 
resonance energy transfer (FRET), Using this system, we can 
achieve specific and fluorogenic protein labeling under physiological 
conditions. 

I 

I 

First, we designecl the tag protein. Plant or bacterial proteins are 
preferably ilsed to achieve bioorthogonal labeling in ma~llmalian 
cells. We focused on p-lactamase as the candidate tag because 
/3-lactamases are srnall bacterial enzyn~es that hydrolyze antibiotics 
containing a /I-lactam structure and have no eti'dogenous counterpart 
alnorig eultaryotic cells,9 /3-Lactanlase has been wiclely used as a 
reporter enzyme for examining gene expressio~l in living ma~ll- 
~nalian cells. l o  Class A p-lactarnases such as the 29 1cDa TEM- I ' ' 
have been extensively investigated with regard to their structures, 
etjzyme reaction Itinetics, substrate specificity, inhibitors, etc.I2 The 
reaction of TEM-1 with p-lactan~s involves acylation and cleacy- 
lation steps (Scheme 1). In the acylation step, Ser70 attacIts the 
amide botld of the /I-lactam ring to form an intermediate acyl- 
enzyme complex (ES*). In the deacylalion step, an activated water 
mblecule hydrolyzes tlie ester boncl of the inlennecliate to yield 
the product, Previous stirdies have shown that Glu166 is essential 
for the der~cylation step'%alcl that the El66N mutant of TEM-1 
(E'G"TEM) accitillulates the acyl-enzyme intertnediate by markedly 
slowing deacylation (k3) relative to acylation ( 1 ~ ) ~ ' "  We hoped to 
exploit the properties of the "IGmTEM mutant to covalently attach 
a fluorescent substrate to @-lactatnase, 

recently, techniques for labeling proteins with small molecules have 
attsacted the attenlion of many life scientists because tlley can extend 
the range of natural FPs, for exanlple, by incorporating near-inkxed 
fliiorescent dyes, MRI conlrast agents, or biorir~lctional ~nolecules 
such as biotin. Several approaches for modifying proteins with small 
inolecules have been commercialized, including methods based on 
the tetracysteine tag,' ~ a l o ~ a g , h a n d   SNAP-^^^.^ other protein 
labelillg methods irlvolving the use of biotin ligase,\ransglutami- 
nase,"~exahistidine,~ tetra-aspartic acid,' etc. have also been 
reported, Among the abovementioned labeling methocls, only the 
tetlacysteine tag exhi bits fluorogenic propesties. In the otlier labeling 
methods, it is necessary to wash the treated cells prior to 
microsco)pic measurements to elimitlate background fluorescence. 
Thus, new labeling techniques that satisfy the dual criteria or 
specificity and fluorogenicity are desirable. 
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Figure 1. (a, b) Fluoresce~lce (left) and CRR-staincd (sight) gcl ir~lages of 
"'""TEM aZter incubalion with (a) CA and (b) CCD. (c) Fluoresce~~ce R I I ~  

CBB-stained gel image.of MBP-".lWNTEM niixed with HEK293T cell lysslte 
after itlcubation with CCD. 

Scheme 1. Mechanism of p-Lactam Cleavage by Class A 
PLactamases; (E) Enzyme, (S) Substrate, and (P) Product 

Scheme 2. Structures and Labeling Mechanisms of the 
Fluorescent Probes (a) CA and (b) CCD 

To ilives tigate the feasibility of fluorescently labeling f i ' " N ~ ~ ~  

under physiological conditions, we clesig~ied ancl synthesizecl a 
penicillin-based fluorescent probe, coumatinyl ampicillin (CA). The 
labeling scheme is illustrated in Scheme 221. Since CA contains 
7-11ydroxyco1mlt~ri11, successfillly labeled "'""TEM should exhibit 
cyan fluorescence, E ' G G N ~ E ~  was i~~cubated with CA in 10 IIIM 
Tris-HCI buffer (pH 7.0) at 25 "C, and protein labeling was assessed 
by SDS-PAGE. Fluorescent proteins were detected by irradiating 
the gels with UV light at 365 nm, When purified E1"NTEM was 
mixed with CA, a prolein band of -29 kDa was observed that 
exhibited cyan fluorescence (Figure 1 a); Coonlassie Brilliant Blue 
(CBB) staining collfirnled that this batid corresponded to E'66NTEM. 
In contrast, when wild-lype (WT) TEM-I was incubated wiili CA, 
no cyan fluorescence was seen (Figure Sla). Although CA 
successfillly labels E16GNTEM, other fluorescent bands were also 
observed on the gel. Since these bands were also seen when only 
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The EsclzericAla coli Rcs rcgulon is triggered by antibiotic-mediated peptidoglycan stress and encodes two 
lysozytlle inhibitors, Ivy and MliC. Wc report activation of this pathway by lysozynlc and increased lysozyme 
sensitivity when Rcs induction is genetically blocked, This Iysozyme sensitivity could be alleviated by comple- 
xnentation with Ivy and MliC, 

In gram-negative bacteria, the cell envelope represents an 
important functional compartment that extends from tlie cy- 
toplaslllic incmbranc to the outer membrane and supports a 
number of essential processes, such as solute transport, protein 
translocation, and respiratory energy generation (15). In addi- 
tion, the cell envelope acconlmodates the bacterial peptidogly- 
can layer, a distinct and structurally vital elenlent of the cell. 
Most recently, La~~bacher and Ades (10) have deinonstrated 
that the Rcs phosphorclay system of Escher.iclzia coli, originally 
described as regulator of capsule synthesis, is activated by 
p-lactain antibiotics that inhibit penicilliil-biildiilg proteiils and 
consequently interfere with peptidoglycan synthesis. More- 
over, nlutatiollal activation of the Rcs pathway provided sig- 
~iificallt protectioi~ against these antibiotics, indicating that 
nlcmbcrs of this rcgulon can prevent or repair thc peptidogly- 
can damage caused by p-lactam antibiotics (1 0). 

Interestingly, ivy and ydld,  two genes encoding speciiic ly- 
sozyine inhibitors, were found to reside tulder this Rcs reguloi 
(8, 10). Ivy (inhibitor of vertebrate lysozyme, forinerly kilown 
as YlzfE) was discovered in 200 1 as the first bacterial lysozyme 
inhibitor (1, 14), while the inhibitory activity of YdhA was only 
recently revealed by our research group (3). Although Ivy and 
YdhA are both able to inhibit c-type lysozymes, such as human 
lysozynle and hen egg white lysozyn~e (HEWL), they are struc- 
turally unrelated (I,  16), Intcrcstingly, YdhA bclongs to a 
group of proteins with a coinrnon conserved COG3895 domain 
that arc widely spread among the Proteol~aclericr (3, LG). Unlike 
Ivy, which resides in the periplasnl, YdhA is a lipoprotein and 
was therefore renamed MliC (~~ternbrane-bound lysozyine 
inhibitor of c-type lysozyme) (3). 

Given the clenlentary obscrvatioi1 that the two currently 
Itnow11 lysozynle inhibitors of E. coli are both part of the Rcs 
rcgulon that call in turn be induced by alltibiotic-mcdirzlcd 
peptidoglycan stress, we wondered whether Rcs illduction 
could also result from exposure to lysozyme itself. To test this, 
we introduced a toZA knocltout fro111 MG1655 tobl (3) into 
strain DH300 that is equipped with a genolnic 0x4-lac2 fusion 
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crobiology, ICasleelpark Asenberg 22, B-3001 Leuven, Belgium. 
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able to report Rcs activation (12), in 01-der to increase outer 
rneinbranc permeability for HEWL (Table 1 lists all strains). A 
stationary-phase culture of tlie resulting strain, designated 
LC100, was diluted 1/100 in 4 ml fresh LB nlediuin with dif- 
ferent final co~~centratiol~s of HEWL (0, 5, 10, 25, and SO 
j~g/ml), and after 2,5 h of further growth at 37OC, P-galactosi- 
dase activity was measured (13). Interestingly, rprA-lac2 was 
signillcant ly indilccd at HEWL conccntrations of > 10 pg./ml, 
up to 4.4-fold at 50 pg/ml (Fig. 1A). This induction could be 
con~plctcly abolished upon the additional introduction of a 
knockout of rcsR (strain LLC'l02), the respoilse regulator re- 
quired to activate gene expression in the Rcs pathway. More- 
over, knocking out rcsF (strain LClOl), the outer membrane 
lipoprotein sensor that triggers the Rcs pathway upon antibi- 
otic-mediated peptidoglycan stress (lo), also resulted in a loss 
of lysozyine induction. As a comparison, rprA-lac2 inductioil in 
DH300 treated with amdiilocillin (Sigma-Aldrich, Bornem, 
Belgium), as previously described (lo), resulted in a 16-fold 
increase in P-galactosidase activity (Fig. 1B). Please note that 
the diKerence in basal p-gitlactosidase levels between LC100 
and DH300 (Fig. 1A and B) is probably due to tlle toDi mu- 
tation in LC100, which is known to result in a higher basal 
exprcssioil of the Rcs patl~way (5) These data clcarly deinon- 
strate that the Rcs phosphorclay can indeed bc activated by 
exposure to lys0zy11~c and that this induction is ~necliated by the 
outer membrane sensor rcsF. This also i~nplies that the Rcs 
pathway responds to different types oS peptidoglycan stress, as 
p-lactain antibiotics block the forinatioil of peptide side-chain 
cross-linlcs by billding irreversibly to the transpeplidases, while 
lysozyme hydrolyzcs the heteropolysaccl~aridc backbone. 

Wc subsequently wondered wliethcr an Rcs-compromiscrJ 
niulant would display a higher sensitivity to lysozyme due to its 
inability to induce lysozyme inhibitor production, In fact, dur- 
ing optirilization of the previous experiment, we had alreacly 
noticed that the RcsB- and RcsF- strains (LC102 and LClO1) 
both showed a slight concentration-depe~lden(. growth retarda- 
tion compared to the growth of the Rcs+ strain (LC300) in the 
presence of E-IEWL (data not shown). To further investigate 
this effect of the Rcs pathway on growth inhibition by HEWL, 
and especially the role of lysozyine inhibitors in this pl-lenotype, 
the rates of growth of strains LC100, LC101, and LC102 car- 
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In their seminal work, Slanier and van Niel (47) proposed 
that bacteria are distinguished from other forins of life, includ- 
ing viruses, protists, fungi, algae, plants, and animals, by their 
procaryotic cell structure, They defined the procaryotic cell by 
three n~ajor criteria: the absei~ce of internal menibranes that 
coinpartmentalizc the nuclear material and tlie enzymatic ma- 
chinery for respiration and photosynthesis, nuclear division 
which occurs by fission and not mitosis, and the presence of 
peptidoglycan in the cell wall, They also recognized that pro- 
caryotcs possess enormous diversity, silnilar in scope to that of 
eucaryotic protists, and further proposed that the procasyotcs 
rcprcscnt a rlistinct modc ol' evolutionary divcrsificalion par- 
allel to that found in the eucalyotes (47). Thus, the procary- 
otic-eucaryotic dichotoiny was founded upon the recognition 
of two very different types of cellular organisms and not the 
phylogenetic relationships between thein. 

Recently, five majos criticisms of the conccpt of thc pro- 
caryote have been proposed (36, 55): it fundamentally contra- 
dicts the three-domain inodel of life, the procaryotes are not 
monopliyletic, the procaryotes are defined by negative charac- 
teristics, tlie term procaiyote "sustainls] the conccpt that pro- 
caryotes evolved into eucalyotes," and tlic tern1 is imprecise. 
As shown bclow, these criticisms are inisstateniciits of the 
original proposal and modern descriptioils of the concept or 
otherwise erroneous (47,27), In fact, since its original proposal 
in 1962, the experinlental evidence for the procaryote concept 
has been enormously enriched, 

Today, the conccpt of tlie procaryote iilcludes a much 
greater understanding of tlie molecular basis for the diffcr- 
ences between procaryotic and eucaryotic cells. I11 addition, it 
recognizes the antiquity, abundance, and diversity of pro- 
caryotcs. Procasyotcs likely dominated lifc on the oarly earth 
for over a billion years prior to the appearance of eucaryotes. 
Today, tllc biomass of tlie procaryotes is con~parable to that of 
eucaryoles, The procaryotes are also extreinely diverse, and 
representatives of two ancient domains, Bcrcterici and Arcizaea, 
are colnnlon today. Each domain includes organisms with many 
diffcsent ~netabolic and physiological capabilities, and the 
8nun~bel* of species is corrcspondingly so large that it has never 
been cs timated accurately. 

Tlie procaiyotic cell. The cellular organization of pro- 
caryotes is of funda~nental importance to their physiological 
and biocheinical'processes, and their diEerences from those of 
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eucaryotes are well described (27). Three features are espe- 
cially relevant. (i) Nuclear membranes are absent, which allows 
coupled transcription and translatioil (13, 33). Because the 
DNA is not segregated to the nucleus, it is also possible to 
regulate trailscription with repressors and activators that bind 
metabolites. In this sense, transcriptional regulation is further 
coupled lo metabolism. In the eucaryotes, the major nletabolic 
processes occur in the mitochondria, chloroplast, and tllc cy- 
toplasm and arc isolated from transcription in the nucleus, 

(ii) Procaryotic cells are usually smaller than eucaryotic cclls. 
There are some notable exceptions. The sulfur-oxidizing bac- 
terium Thiomnrgnri~a has a diaineter up to 750 p n ~  (44), which 
is larger than that of many protists. The eucaryotic marine 
picoalgae, which are 1 to 2 pin in diameter, are similar in size 
to many procaryotes (41). In spite of this diversity, size remains 
an inlportant distinguishing characteristic (58). Size establishes 
the surface-to-volume ratio of the cell, which limits the rate 
and type of nutrient uptake, It also allows for rapid dinusion of 
small inolecules and proteins throughout the entire cell, which 
provicles a nlechanisn~ for coupling metabolism and regulation, 

(iii) The cytoplasniic incmbranc is inultifunctional in pro- 
caiyotcs and represents the defining structure of the cell. A 
proton motive force is generated on the cytoplasniic mem- 
brane by respiration, photosynthesis, or ATP hydrolysis to cm- 
power ltcy cellular processes such as ATP biosynthesis, NAD' 
reduction by revewe electron transport, n~~tr ienl  uptake, mo- 
tility, and secretion. Procaryotes utilize ine~nbrane transporters 
on the cell surlace to assimilate nutrients dissolved in their 
environment. In many procaryotes, the cytoplasinic nleinbrane 
possesses a conlplex topology conlposed of lamellae, tubules, 
or other cytoplaslnic illtrusions (27). In contrast, the cyloplas- 
n~ic  membrane of eucalyotes is vely different in structurc and 
function. Etlcasyotes colninoiily take up particulate material by 
phagocytosis, a process that does not occur in procaryotes, 

Evolution of procalyotes. Gcocl~cmical and fossil evidence 
iildicates that lifc on earth is at least 3,s billion years old (1,42, 
43). While the form of ancient niicrofossils resembles that of 
niodcrn procaryotes, thcrc is little additional evidence it1 the 
fossil record for their molecular tzaturc. However, by 2.5 billion 
years ago, there is evidence for abundant procaryotic lifc, in- 
cluding widespread inicrofossils and stromatolites or fossilized 
niicrobial mats, and major signatures of biological processes in 
the geochemical record, such as depletion of inoi.ganic carbon- 
ates for ''c and deposits of colnplex organic carbon enrichcd 
in I2c (42). By this time, the oxygenation of the earth was also 
well under way (9), and it is likely that oxygenic photosynthesis 
was fully evolved within the dolnain Racleria, 

Molecular clocks based upon both rRNA and protein-en- 
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Contact-dependent growth inhibition (CDI) is a inechanis~n identified in Escherichin coli by whicli bacteria 
expressing two-partner sccretioii proteins encoded by cdiA and cdiB bind to BamA in the outer n~ct~ibranes of 
target cells and inhibit their growth, A third gene in the clustcr, c&, encodes a small protein that is necessary 
and sufficient to confer immunity to CDI, thereby preventing cells expressing the ccliBA genes fro111 inhibiting 
their own growth, In this study, the cdiI gene was placed under araBAD pronloter control to nlodulate levcls 
of the immunity protcin and thereby induce CDI by relnoval of arabinose, This CDI autoinhibition system was 
used for metabolic analyses of a single population of E. coli cells undergoing CDI, Contact-inhibited cells 
showed altered cell nlorphology, including the presence of filaments, Notably, CDI wss reversible, as evidenced 
by resumption of cell growth and normal cellular morphology following induction of the CdiI i~ninunity protein, 
Recovery of cells from CDI also required an energy source. Cells undergoing CDI showed a significant, 
reversible downregulation of metabolic parameters, including aerobic respiration, proton motive force (Ap), 

F 
and steady-state ATP levels, I t  is unclear whether the decrease in respiration and/or Ap is directly involved i n  

i+ 
nl n 

growth inhibition, but a role for ATP in the CDI inechanistn was ruled out using an atp mutant, Consistent with (D n 
thc observed decressc in Ap, the phage shock response was induced in cclls undergoing CDI but not in 
recovering cells, based on analysis of levels ofpspA mRNA, $ 

L. 

K 
Interccllular corninunication lnechanislns enable bacteria to 

coordinate biological pl~cnomena sucl~ as DNA uptake, differ- 
entiation lor Sruiting body development, light production, and 
swar~ning (7, 8). These cell-to-cell illteractioils enable individ- 
ual bacteria to form a lnulticellular community, such as in a 
biofilm on i~ solid surface, undcr specific ellvironmental con- 
ditions (20, 52). Silnilarly to inulticellular organisms, bacteria 
have signal transduction ilzcchanislns to facilitate cellular cross 
talk, illcluding two-component regulatory systems and other 
cell surface ligand-receptor interactioiis that coiltrol cellular 
processes. 

We previously described a cross talk phenomenon dcsig- 
natecl as contact-dependent growth inliibition (CDT) in which 
oilc bacterial isolate (CDI ' ) bloclts the growth of ailother 
bacterium when mixed together (4), CDI requires two contig- 
uous genes, cdiB and ccZiA, which encode proteins that are in 
the two-partner secretion (TPS) family. Overlapping the stop 
codon of cdiA is a downstream ope11 reading fraine designated 
cdiI, which encodes a 79-amino-acid protcin that provides im- 
111unity to growth inhibition from cells expressing cdiBA (4). 
Evidence strongly indicates that cell-lo-cell contact is required 
for growl11 inhibition. First, separation of CDI-'- imillibitor cells 
and target cells by a 0,4-pnl nitrocellulose nlembraile blocked 
CDT, distinguislling CDT from the class of soluble bacterial 
growth inliibitors ltnown as bactcriocins. Sccond, to addrcss 
the possibility tllat a very short-livcd bactcriocin-like inolecule 
might be released from CDI-' inhibitor cells, we separated 
inhibitor-target cell aggregates by fluorescence-activated cell 
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sorting. Target cclls within aggregates with CDIt inhibitor 2 
cells lost viability, as measured by growth on LB medium, more El 
rapidly than did ui~bouild targct cells, supporting the conclu- 

I 
sion that ccll-to-cell coiltact is required for CDI (4). a, 

2 Tn our previous work, analysis of CDI was carried out with a 
E;. 

bipartite system using Escherictzin coli inhibitor cclls containing 
ccliB, -A, and -I on a mnulticopy plasmid that constitutively 
expressed CDT activity, cocultured with E. coli I<-22 targct z. 
cells. Mixing inhibitor cells with E. coli K-12 target cells re- 9 
sulted in a 5- to G-log decrease in target cell number after oilly > 

U 
1 to 2 h (4). Because this bipartite CDI assay contains both 2 
inhibitor and larget cells, lnoilitoring of target cell growth in PO 

real time is not possible. Thus, we have not been able to 
determine if CDI is a reversible process or a ~loi~reversible 
toxin-like system. This is important in assessing the role of CDI 
in the biology of E, coli as well as its potential role in inany 
grain-negative bacteria, including uropathogenic E. coli, Btrrk- 
lzolderia pseudor?lullei, and Yersinicl yestis that contain genes 
with signilicanl sequence identity to ccliB and cdiA (4). 

Recently, in collaboratiom~ with J. Malinverni and T. Silhavy 
(Princeton University), we showed that the target cell receptor 
for CDI is BamA, an essential outer membrane protein 
(OMP). Hoinologires of OainA are conserved in gelloines lroin 
bacteria to lnitochonclria (3, BainA is a key componenl of the 
p-barrel assembly inachine required for biogeilesis of nlaily 
other OMPs (34,43, 53). Our results indicated that the BalnA 
receptor facilitates CdiBICdiA-dependent cell-to-cell binding 
and growth inhibition since ailtibodies to BanlA blocked for- 
mation of inhibitor-target cell aggregates and CDI (3). The 
ligand lor BainA is not known, but il seems probable that it is 
CdiA, whicli is at the surface of inhibitor cells (4), and may 
forin a short 40- to 50-nm iiber, such as filamentous hemag- 
glutinill in Bordetella pertus,si,s, based on sequeilce sinlilarities 
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Superdormant spores of Bncilllcs szcbtilis and Bacillrcs inegaterizim were isolated in 4 to 12% yields 
following germination witli high nutrient levels that activatcd one or two gerniinant receptors, These 
superdorniant spores did not germinate witli the initial nutrients or those that stimulated other germinant 
receptors, and the supcrdorniant spores' defect was not genetic, The superdormant spores did, liowcvcr, 
geriilinate with Caz+-dipicolinic acid or dodecylainine, Although these superdornlant spores did not 
gerininate with high levels of nutrients that activated one or two nutrient germinant receptors, they ger- 
minated with nutrient iiiixtures that activated iiiore receptors, and using high levels of nutrient mixtures 
activating more germinant receptors decreased superclorlnant spore yields, The use of moderate nutrient 
levels to isolate superdornlant spores increased their yields; the resultant spores germinated poorly with 
the initial iliodcrate nutrient concentrations, but they germinated well with high nutrient concentrations, 
These findii~gs suggest that the levels of superdorniaiit spores in populations depencl on the gerniination 
conditions used, with fewer superdorniant spores isolated when better germination conditions are used. 
These findings further suggest that superdormant spores require an  increasecl signal for triggering spore 
gerniination compared to most sporcs in populations. One factor determining whether a spore is super- 
dorinant is its level of germinant receptors, since spore populations with higher levels of gernlinant 
receptors yielded lower levels of swperdorn~ant spores, A second important factor nlay be heat activation 
of spore populations, since yields of superdorinant spores from non-heat-activated sporc populations were 
higher than those from optilnally activated spores, 

Spores of various Bacill~rs species are formed in sporula- prior activation step, generally a sublethal heat treatment, al- 
lion and are inetabolically dormant and very resistant to 
environmental stress factors (21, 37). While such spores can 
remain in this dormant, resistant state for long periods, they 
can return to life rapidly thro~zgh the process of gcrn~ina- 
tion, during which the spore's dormancy and extreme rcsis- 
lance are lost (36). Spore germination has long been of 
intrinsic interest, and continues to attract applied interest, 
because (i) spores of a number of Bacillus species are major 
agents of food spoilage and food-bornc disease and (ii) 
sporcs of Racillcls nnlizracis arc a major biotcrrorisin agent, 
Siiicc sporcs are much easier to kill aftcr tliey have gcrmi- 
nated, it would be advailtageous to trigger gern~inatioll of 
spores in foods or the ei~vironlnent and the11 readily inacti- 
vate the much less resistanl germinated spores. However, 
this simplc stratcgy has been largely ~i~lllificcl because gcr- 
~niilation of spore populations is lictcrogeneous, with sonic 
spores, often callcd supcrdorn~ant spores, gcr~ninatii~g ex- 
trenlely slowly and potentially coming back to life long after 
treatlneilts are applied to inactivate gernlinated spores (8, 9, 
16). The concern over superdorinailt sporcs in populations 
also affects decisions such as how loiig individui~ls exposed 
to B. crnriz~~acis spores should continuc to take antibiotics, 
since spores could renlain dorinaill in an individual for loilg 
periods and then gerininate and cause disease (3, 11). 

I11 many species, spore gerininalion can be increased by a 
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though the changes taking place during heat activatioil are not 
known (16). Spore gernliiiation in Bacill~ls species is norinally 
triggered by nutricllts such as glucosc, amino acids, or purine 
ribosides (27, 36). Tliesc agents bind to germinant receptors 
located in the sporc's inner memb1:ane that arc specific for 
particular ilutricnts. Tn Bclcill~ls szlbtilis, the GerA receptor 
responds to L-alanine or L-valine, while the GerB and GerIC 
receptors act cooperatively to respond to a mixture of L-aspar- 
agine (or L-alanine), D-glucose, u-fructose and ICi ions (AGFIC 
[or Ala-GFI(I) (1, 27, 36). There arc even more functioilal 
gcrnlinant receptors in Bacillus rrtegateritlnz sporcs, and tliesc 
respond to D-glucose, I,-prolinc, L-leucine, 1,-valinc, or even 
salts, such as KBr (6). Glucosc appears to trigger germinalion 
of B. nzegaieriunl spores througl~ either of two gcrlninant re- 
ceptors, GerU or GerVB, while L-proline triggers gernliilalion 
through only the GerVB receptor, and I(Br gern~ination is 
greally decreased by the loss of either GerU or GerVB (6). 
Nutrient binding to the germillant receptors triggers the re- 
lease of sinall nlolecules froin the spore core, inosl notably the 
huge depot (-10% of' spore dry weight) 01 pyridine-2,6-dicar- 
boxylic acid (dipicolinic acid [DPA]) present in spores predoin- 
iilailtly as a 1:1 diluted cllelale with Ca2" (Ca-DPA) (35, 36). 
Ca-DPA relcasc then triggers thc activatioti of one of two 
redundailt cortex lytic cnzylnes (CLEs) that degrade the 
spore's peptidoglycail cortex, and cortex degradation corn- 
pletcs spore germination and allows progression into out- 
growth and then vegetative growth (27, 33, 36). 

Spore gern~ination can also be triggered by nonnutricnt 
agents, inclucling Ca-DPA and cationic surfactants (27, 33, 36). 
With B, stlbiilis spores, Ca-DPA triggers gerlninatioil by acti- 



contrast, under conditions of rapid growth, when the time required to duplicate a 

chromosome is longer than the generation time, bacteria inherit chromosomes undergoing 

active replication with multiple replication forks. In this case, replication initiation 

occurs synchronously across aU origins, leading to multifork replication with 2' (n=1,2,3) 

copies of oriC present in each cell (15). Multifork replication ensures that each newly 

divided cell will receive at least one chromosome. The transition from one growth 

condition to another, such as when nutrients become limiting and cells enter stationary 

phase, requires mechanisms to adjust the frequency of replication initiation (10). One 

noteworthy but poorly understood example of replication control is exhibited by Bacillus 

subtilis during the entry into sporulation. Sporulating cells complete a final round of 

replication before undergoing a process of asymmetric division that results in a forespore 

and a mother cell (11, 14). Each of these progeny cells ordinarily inherits a single 

chromosome, and mature spores, which are derived from the forespore, are known to 

only contain one chromosome (9,14). 

Cells normally enter the pathway to sporulate in response to nutrient limitation. 

We have previousIy shown, however, that artificial induction of synthesis of the kinase 

KinA causes efficient spomlation even during growth in rich medium (7). KinA transfers 

phosphate goups into a multi-component phosphorelay that phosphorylates the response 

regulator SpoOA, the master reaplator for entry into sporulation (2). The discoveq that 

rapidly growing cells can be triggered to sporulate with hi& efficiency implies that B. 

subtilis must have an active mechanism to shut down DNA replication, given that rapidly 

growing cells contain multiple replication forks. An appealing hypothesis for how such a 

mechanism might work stems £rom the observation that the B. szcbtilis origg of 
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Cells of B d u s  subtilis triggered to sporulate under conditions of rapid growth 

undergo a marked decrease in chromosome copy number, which was partially 

relieved by a mutation in the sporulation-induced gene yneE. Cells engineered to 

express yneE during growth were impaired in viability and produced anucleate 

cells. We conclude that YneE is an inhibitor of DNA replication. 

The ability of bacteria to adapt to a variety of growth conditions demands 

mechanisms for controlling DNA replication and coordinating chromosome duplication 

with the cell cycle. Bacteria initiate one and only one round of DNA replication at the 

origin of chromosomal DNA replication, onC, for each cycle of cell division (1). During 

slow ,pwth the single copy of onC is duplicated to create two copies of oriC. In 
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The multinomial simulation algorithm for discrete stochastic simulation 
of reaction-diffusion systems 

Fotiria ~arn~oud i , ' . ~ )  Dan T. ~ i l l esp ie ,~  and Linda R. ~etzold' 
,Dep(~rtn?ent of Coi~zputel* Scieace, U~zivemity of Crrl$o,nicr, Srr~~tn Barbtrm, Cc~l$orriia 9.5'106, USA 
*Dan 7: Gillespie Consultitzg, C(wtl~ic, C ~ ~ l ~ o r n i a  Y 13~74, USA 

(Received 25 September 2008; accepted 2 January 2009; published online 4 March 2009) 

The Inhornogeneous Stochastic Simulation Algorithm (ISSA) is a variant of the stochastic 
si~nulation algorithm in which the spatially inhon~ogeneous volume of the system is divided into -- 
hoinog~~eous-~~:~bvo-I~~~nes~ and the chelnEca1 reactions in those s ~ i b v o l u m e t t X 6 y  .-- 
diffiisive transfers of lnolecules between adjacent subvolun~es. The lSSA can be prohibitively slow 
when the systern is such that diffusive transfers occur much inore frequently than chemical 
reactions. In this paper we present the Multillon~ial Sin~ulatioil Algoritl~n~ (MSA), which is designed --- 
to, on the one hand, outperform the TSSA when diffusive transfer events outnumber reaction events, 
and on the other, to handle small reactant populations with greater accuracy than 
deterministic-stochastic hybrid algorithms. The MSA treats reactions in the usual TSSA fashion, but 
uses appropriately conditioned bi~lolnial random .variables .for. .'ep~esi$i!?g.~t~n_e_t tllun~b>rs of 
inolecules diffusi~lg - from any- given subvoluine to " a 1ieighbor'-wit1iii~"~':i- 'prescribed . distance, 
Siinulation results illustrate the benefits of the algorithm. O 2009 Ai?lericun Irlstitute of Plty,sics. 
[DOl~--lo~C)6371".3()74302] -. ----.-- -=.-I- ---..-.._ -.- --.-I- -.-I c---- 

I. INTRODUCTION 

The idea of treating a spatially inhoinogeneous chemi- 
cally reacting system as a collectioil of smaller interacting 
subsysteins has appeared in literature since the 1970s mlcler a 
few names, notably tl-ie "Reaction Diff~ision Master 
 quat ti on"^ (RDME) and - the "Moltivarit~te Master 
  qua ti on."^ The theory was explored by Nicolis and 
prigogineS2 The reaction-diftusion approach has been con- 
firmed against results obtained by direct simulation Monte 
carlo' and reactive harcl sphere molecular dynamics.4 Wide- 
spread awareness of the n~ultivariate master ecluation ap- 
proach was achieved through its inclusion in the classic texts 
of ~ a r d i n e r ~  and Van ~a1npen.b 

At this nlesoscopic level of description, a system con- 
sists of a list of molecular species, and reactions which 
couple them as reactants or proclucts, The system state, x, is 
given by the numher of inolecules of each species. 11 evolves 
from the initial concli tion throilgk the firing of' reactions, 
whose stochastic rates are lcnown as p~qverisitj) Jiu~ctiorz,~. 
The forward I<olnzogorov equatio~l governing the flow of 
probability from one state to another in time is called the 
Muster Equlition. 

The Stochi~stic Si~n~ilation ~ l ~ o r i t h m ~ ' " ~ ~ ~ )  is the 
technique comlnoilly used to salnple the Cl?e~~zical Muster. 
Equatio~z (CME), which governs the evolution of horl~oge- 
neous, or well-stisred, systems, There exist several inlple- 
mentations of the exact SSA, for exan~ple, the direct method, 
the first reaction  neth hod,^ and the next reaction n~ethod.~ 
Much effort has gone into developing approximations to the 
exact SSA, e.g,, r-leapii~g'u and the Slow Scale SSA." 

" ~ u l h o r  to wl~oln correspondence should be addressed. Dleclronic mail: 
slan~poud @cs.ticsb.edu. 

In the il~lzor~~oger?eol,rs setting, a system is divided into 
subvolun~es, each of which is assunled to be homogeneous. 
Reactions occur in each subvolume as in the llonlogeneous 
case, and the populations in neighboring subvolunles are 
coupled by diffusive trmsfers, treated as unin~olecular 
rnactioi~s.'~"~'~ The probability of the systern being in any 
given state at ally time is then given by the MME'*%~ 
RDME.' We call the SSA as applied to the inhon~ogeileous 
setting the "Inl~omogeneous SSA" (ISSA). Analogously to 
the SSA, the TSSA can also be iinplenlented in different 
ways. An in-~plementation based on the Next Reaction 
Method was used by Isancson and peskin,14 the Next Sub- 
volunie Method was developed by Elf and co-worker~, '~ '~~ 
and the null process technique was cleveloped by Hanusse 
and ~1anche . l~  However, even optimized versions of the 
lSSA can be prohibitively slow for sonle systeins and, in 
pasticular, in the presence of fast cliffusion. 

I11 this paper we present the Multinomial Simulation Al- 
gorithm (MSA), which is desigllecl to outperfor~n the lSSA in 
just this type of scenario: when diffusive transfers greatly 
outnulnber reaction events, The MSA is a stochastic- 
stochastic hybrid method which is based on separating 
chen~ical reactions, which are treated in the us~~al SSA way, 
fi40in cliffilsive transfess, which are treated by an approximate 
stochastic p140cess. The MSA colnp~~tes the net diffusive 
transfer fsom each subvol~~nle to its neighbors in a given 
time step, In this sense it is similar to the r-leal~ing method, 
but with some in~portallt differences, In r-leaping, each re- 
action cha~lilel which consumes a given species fires inde- 
pendently of the other channels consuming that species, so it 
is possible that the sillll of the lnolecules of a species re- 
moved by all chanilels which consume it will be greater than 
the nunlber of inolecules that were present in the begillniilg 

0021 -9606/2009/130(9)/094104/16/$25,00 130, 0941 04-1 O 2009 American Institute of Physics 
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An exact accelerated stochastic simulation algorithm 
Eric ~ j o l s n e s s , ' ~ ~ '  David ~rendorff, '  Philippe   hate la in,^ and Petros ~ o u m o u t s a k o s ~  
'~e~arfr trent  of C017lputer Science, Univerrity of. Crllifnrnin, lrvine, U. C Irvine, C~lifurnio 92697, USA 
2~on~l~ufcltiu~?nl Science, ETH Ziirich, CH-8092 Z~~riclz, Stvitzerlrnd 

(Received 16 June 2008; accepted 15 Jruluary 2009; published onli~ie 13 April 2009) 

An exact method for stochastic si~nulatioii of clle~nical reaction networks, which accelerates the 
stochastic - simulation algorithm (SSA), is proposed, The present "ER-leap" algorithm is derived 

sampled by SSA, together 
algorithm is tested on a 

o be very accurate on test 
problenls including a chaotic reactio~i network, At the same time ER-leap offers a substantial 
speedup over SSA with a sirnulation time proportional to the-213 pmer of the number of reaction , 
events in a Galton-Wdtson process, O 2009 Aljzericnlz I~zsliture ~~Ylzysics. 
[D-I ~~~i3713D76'393]------- "- 

I. INTRODUCTION 

The stochastic simulation algorithm1 (SSA) is a widely 
used n~ethoct for siinulating the stochastic clynainics of 
chemical reaction networks, SSA executes every reaction 
event and provides an accurate view of the system dynamics, 
albeit at a significant con~putational cost over thc corre- 
sponding mass-action differential equations that approximate 
the mean nunibers of each inolecular species. A number of 
algorithnls have been proposed for the acceleration of the 
SSA at the expense of its accuracy, The T-leaping algorithm2 
and its recent variants"' simulate leaps over several reaction 
events cluring a preselected time increment, Further develop- 
ments include niultiscale SSAs such as "nested stocliastic 
~irnulation,"~ the rnultiscale m e t l ~ o d s ~ ~ ~  and the "slow-scale 
stochastic simulation" algoritlithm.~nother ilcceleration 
~nethod '~ uses rejection sampling to achieve coilstant time 
scaling with the nunlber of reaction channels; this differs 
fro111 the presellt work which uses re.jection sa~npling to im- 
prove scaliiig with respect to the nuniber of reaction events. 

A related work is the R-lecplping algorithm" which pro- 
poses the siinulalion of l>rcselectcd ~iu~nbcrs of' reaction lir- 
ings that occur over time intervals sarnplecl from an Erlang 
distribution. An essential aspect of these approxinlate metli- 
ods is the recluireinent that the changes to the reaction rate or 
"propensity" functio~is are sinall d~~ring each step, 

We present a SSA which, similar to R-leap, accelerates 
SSA by executing multiple reactions per algorithmic step, 
but which sainples the reactant trajectories from the same 
probability distributioi~ as the SSA, This "exact R-leap" or 

L"l;lX-lcap" algorithm is a ~nodification of thc R-lcap algo- 
rithm which is both exact and capable of substantial speedup 
over SSA. The simplest versions of both T-leap and R-leap 
have dil'ficultics witli the potcnlial ol' producing negative 
numbers of reactants, which can be fixed hy inodiiications 

leap is exact, it intrinsically avoids this potential pitfall; sto- 
chastic inoves to negative reactant states have zero probabil- 
ity and will be rejected, We demonstrate by co~nputational 
experinlents that ER-lea11 can execute in time sublinear in the 
iiumber of reactioii events to be sim~ilated, while renlainiiig 
exact. Tlle algorithm is based on the rejection sampling con- 
cept, using efficiently computable bounds on the SSA prob- 
ability distribution. 

The paper is organized as follows. 111 Sec, IT we derive 
upper ancl lower bouilcls on the SSA reaction probabilities 
after multiple reactions, expressed using matrix notation for 
Markov processes, ancl use rejection sampling to derive the 
ER-leap algorithm, The algorithm itself is stated, analyzed 
for cost, and illustrated in Sec. I1 E. In Sec. TIT we report on 
a series of numerical experiine~lts designed to evaluate the 
accuracy and speedup of the ER-leap algorithm. In  Sec, TV 
we discuss the results and conclude with. ail assessment of 
the method in the context of related works and an outline of 
directions for future work, 

II. THEORY 

This section is organized as follows, Sections 11 A-I1 C 
introduce the requirecl notations, reaction probabilities, ancl 
bounds on these probabilities, respectively. The ER-leap al- 
gorithm's ley upclate equations are derived fro111 these prob- 
sibility boillids in the calculations of Sec. 11 D, The resulting 
algorithm is assenlbled f'roin the key update ecluations, ana- 
lyzecl for cost, and illustrated in the case of a simple reaction 
network in Sec, TI E, 

We consider a set of reactions, i~~clexed by r ,  among 
chemical species C,,, indexed by a, 

{n~.:iC,} -t { ~ I I . ~ " c ( ~ } ,  with reaction rate p,.. 

such as biiiomial tau-lea1~' and modilied ~ a o - l e a ~ . ~  Since ER- Here nzl'= [nz:;] and nz "'= [HZ:,"] are the input ancl outpmt 
stoichion~et~ies of the reaction r, In the following we derive 

a} ~ ~ l ~ ~ l ~ . ~ ~ ~ i ~  mail; elll.j~uci,u~u, ~ l ~ ~ )  at ~nslil~lle of Gellon1ics till expression for the probability of states after ti number of 
Bioinlbnnalics. such reacti011 events, 
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Dynamics of the interloclced positive feedback loops explaining the robust 
epigenetic switching in Candida albicans 

I<. Sriram *, Sylvain Soliman, Fran~ois Fages 
Project-team Contraintes, INRIA Paris-Rocquencourt, France 

'. Y 

A R T I C L E  I N F O  , , A B S T R A C T  

Article history: The two element mutual activation and inhibitory positive feedback loops are a common motifs that 
Received 30 June 2008 occur in many biological systems in both isolated and interlocked form, as for example, in the cell 
Received in revised form division cycle and thymus differentiation in eukaryotes. The properties of three element interlocked 
29 November 2008 positive feedback loops that embeds both mutual activation and inhibition are studied in depth for their 
Accepted 13 January 2009 
Available online 24 January 2009 

bistable properties by performing bifurcation and stochastic simulations. Codimension one and two 
bifurcations reveal important properties like robustness to parameter variations and adaptability under 

Key words: various conditions by its ability to fine tune the threshold to a wide range of values and to maintain a 
Bifurcation analysis wide bistable regime. Furthermore, we show that in the interlocked circuit, mutual inhibition controls 
Interlocked positive feedback loop the decision to switch from OFF to ON state, while mutual activation enforces the decision. This view is 
Candida albicans 
Stochastic simulation supported through a concrete biological example Candida albicans, a human fungal pathogen that can 

exist in two distinctive cell types; one in the default white state and the other in an opaque form. 
Stochastic switching between these two forms takes place due to the epigenetic alternation induced by 
the transcriptional regulators in the circuit, albeit without any rearrangement of the nuclear 
chromosomes. The transcriptional regulators constitute interlocked mutual activation and inhibition 
feedback circuits that provide adaptable threshold and wide bistable regime. These positive feedback 
loops are shown to be responsible for robust noise induced transitions without chattering, persistence 
of particular phenotypes for many generations and selective exhibition of one particular form of 
phenotype when mutated, Finally, we propose for synthetic biology constructs to use interlocked 
positive feedback loops instead of two element positive feedback loops because they are better 
controlled than isolated mutual activation and mutual inhibition feedback circuits. 

o 2009 Elsevier Ltd, All rights reserved. 

1. Introduction 

In biological systems, positive feedbaclz loops are an ubiquitous 
motif that plays a strong dominant role in converting graded 
signals into binary one (Brandman et al,, 2005), acts as a buffer for 
propagating noise while at the same time increasing the 
sensitivity of the system (Hornung and Barlzai, 2007), exhibits 
ultrasensitivity (Ferrell and Machleder, 1998), is involved in the 
amplification of signals (Freeman, 2000) and memory generation 
(Hayer and Bhalla, 2005), induces phenotypic diversity (Smits et 
al,, 2006) and genetic competence (Maamar and Dubnau, 2005) 
and most importantly is a necessary condition for multistability 
(Thomas, 1981; Fages and Soliman, 2008; Soule, 2003). Bistability 
is the dynamical property observed in many biological systems 
that toggle between two stable steady states separated by an 
intermediate unstable steady state when appropriate parameters 
of the system are changed, 

* Corresponding author. Tel.: +33 69474431 ; fax: +33 69474437. 
E-mail address: sridelinQyahoo.co.in (I<, Sriram), 

This transition, and multistability in general, play a significant 
role in epigenetic modifications and inheritance (Keller, 1994; 
Thomas, 1998). Bistable systems can be reversible (hysteretic) or 
irreversible, which provides threshold response and memory. 
These properties are observed in many experimental systems (see 
Ferrell, 2002, for a review) and have a tremendous implication in 
robustness to parameter variations and fluctuations due to both 
internal and external noise. Even though the role of positive 
feedbaclz loop motifs in gene regulatory networlcs has been 
extensively studied both from experimental and modeling point 
of views (Ferrell and Xiong, 2001; Beclzsei et al., 2001), their study 
continues to attract a lot of interest to the systems biology 
community (Kim et al., 2006, 2007). 

Feedback loops are classified based on the parity of positive and 
negative interactions among the dynamical elements. If the 
number of negative interactions are even, the feedback loop is 
positive. Two interesting positive feedbaclz loops that are often 
encountered in both prokaryotic and eulzaryotic biological systems 
(Fig. la, b, c, and d) are mutual inhibition (MI) and activation (MA) 
and predominantly their interloclzed form (MAMI, see Fig. le). MI 
is also called double negative feedback loop (Fig. lg)  and MA 

0022-5193/$ - see front matter @ 2009 Elsevier Ltd. All rights reserved. 
doi: 10.1016/jJtbL2009.01.008 
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Long run coexistence in the chemostat with multiple speciesA 
Alain Rapaport Denis Dochain bs', J6r6me Harmand 
a UMR Analyse des Sysdmes et Biomktrie, INRA, 2 place Viala, 34090 Montpellier, France 
"ESAME, Universitk Catholique de Louvain, 4-6 avenue G. Lemaitre, 1348 Louvain-la-Neuve, Belgium 
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A R T I C L E  I N F O  A B S T R A C T  

Article history: In this work we analyze the transient behavior of the dynamics of multiple species competing in a 
Received 12 June 2008 chemostat for a single resource, presenting slow/fast characteristics. We prove that coexistence among a 
Received in revised form subset of species, with growth functions close to each other, can last for a substantially long time. For 
7 October 2008 these cases, we also show that the proportion of non-dominant species can be increasing before 
Accepted 18 November 2008 
Available online 6 December 2008 decreasing, under certain conditions on the initial distribution. 

o 2008 Elsevier Ltd, All rights reserved. 
Key words: 
Chemostat 
Competition 
Persistence 
Slow-fast dynamics 

A popular concept in microbial ecology is the competitive 
exclusion principle (CEP) which expresses the fact that when two 
or more microbial species grow on the same substrate in a 
chemostat, at most one species, i.e. the species that has the best 
affinity with the limiting substrate, will eventually survive. This 
coilcept has been first introduced by Hardin (1960),and has been 
widely mathematically studied in the literature since (e.g. Aris 
and Humphrey, 1977; Stephanopoulos e t  al., 1979; Arinstrong and 
McCeliee, 1980; Butler and Woll<owicz, 1985), Howeirer coex- 
istence of multiple species in chemostat is largely encountered in 
practical situations. Many efforts have been done to emphasize 
mathematically such coexistence behavior, either via periodic 
inputs (e,g, Smith, 1981; Butler et al., 1985) or via model rewriting 
(e.g, Cenens et al,, 2000 that considers the filainentous backbone 
theory to emphasize the coexistence of floclzs and filaments, or 
Lobry et al,, 2004; Lobry and Harmand, 2006; Lobry et  al., 2006 
where the specific growth rate models are also dependent on the 
biomass, via in particular ratio dependence). 

One should have in mind that the CEP characterizes an 
asymptotic property of the system, but does not provide any 
information on the transient dynamics, that has not yet been 
thoroughly investigated, to our Iznowledge. In the present paper, 
we propose to study the transient dynamics of multiple species 

growing on the same substrate, depending on the initial species 
distribution. When some of the species have close growth 
functions, on may observe a practical coexistence in the following 
sense: even if the species with best affinity will finally be the only 
surviving one, the transient stage before the other species have 
almost disappeared may eventually be substantially long. It 
appears that the different species may coexist for a long time 
before the competitive exclusion practically applies. More pre- 
cisely, some of species may be first increasing (before finally 
decreasing) depending on the initial distribution. 

The motivation of considering many species with close growth 
functions comes from the observations made by recent inolecular 
approaches. In microbial ecosystems, thousands of species are 
present whereas the nuinber of fi~nctioils is limited (Curtis and 
Sloan, 2004; Pace, 1997). Moreover, the structural instability of 
microbial communities shows that same function can be carried 
out by several different species (Zumstein et  al., 2000). It is also 
well Iznown that constant mutation rates lead to occurring new 
individuals with different traits and with different but close 
growth functions, that can be consider as new species from the 
modeling point of view, In cheinostat-like systems, the main 
function under consideration is usually the degradation of a given 
substrate, which is measured by the growth functions of 
each species. But only about 1% of the overall micro-organisms 
observed in real ecosysteins can be isolated and cultivated 
in laboratory (An~ann e t  al,, 1995). Thus micro-organisms 
whose growth functions can be clearly identified represent oilly * This work has been achleved within the INRA-INRIA project 'MERE'. 

* Corresponding author. a tip of the iceberg and it is most probable that among a huge 
E-tnail address: rapaport@supagro.inra,fr (A. Rapaport). number of species, many should have growth functions close to 

Honorary Research Director FNRS, Belgium. each other. 
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Plastic-PDMS bonding for high pressure hydrolytically stable 
active microfluidics 
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We explore the application.of organofhnctional silanes for bonding plastic substrates to PDMS membranes. 
Such devices would enable actuated membrane microfluidics in plastic devices. Bond strength degradation 
in aqueous environments can be reduced by using bis-silanes with larger alkoxy end groups to promote 
organohctional bond formation with the plastic substrate. Hydrolytic f8ilure can also result fi-om low silane 
crosslink density or interface hydrophilicity. A test device consisting of three-valve peristaltic pumps is 
fabricated out of polycarbonate (PC) and bonded to PDMS through isopropoxy modified bis-trirnethoxy- 
silyl-propyl-arnine. Vahres operated up to 60 psi in aqueous environments without & h e .  Solutions of DI 
water and 1 M HCl were also pumped through the device via peristaltic actuation at 18 psi for 2 weeks 
without bond failure. 1 M NaOH was also tested but resulted in bond & h e  after 1 15 hours. 

Introduction 

1 PDMS has greatly reduced the entrance barrier for research in rnicrofluidics based chemistry and biologv. 
The introduction of the elastic microvalve has led to the creation of highly integrated systems capable of 
automated experimentation, with examples such as whole blood PCR analysis,' microbial cell culture,u 
protein crystallization,i and multicellukr manipulation and adysis,L and particle production.6 However, for 
actuated rnicrofluidics to transition fi-om customized prototype devices to industrial scale device production, 
a transition must be made fi-om elastomers to plastics. Plastics can be manufactured using mass fabrication 
technologies such as injection molding and hot embossing with well established bonding processes.Z 
Plastics are also more dimensionally stable, rigid, and chemically resistant.8 

Plastics will provide many benefits for'microfluidic devices not offered by PDMS. Rigidity enables a 
variety of reliable external interface options, such as manifold integration, direct barbed tubing connections, 
and gasket connectors. Additionally, integrating flexile membranes into rigid plastics will enable a variety 
of new devices currently not possible in PDMS due to chip elasticity such as large area or high pressure 
membrane deformation, on-chip pressure regulators, fidl volume pumps, and reliable square channel 
memhrane valve narticle filters. 

... harvard.edu/ .../ ArticleLinking.cfm?Jo ... 1/14 
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Microfluidic means of achieving attomolar detection limits 
with molecular beacon probest 
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Received 4th November 2008 , Accepted 20th February 2009 

First published on the web 6th March 2009 

We used inline, micro-evaporators to concentrate and transport DNA targets to a nanoliter single molecule 
fluorescence detection chamber for subsequent molecular beacon probe hybridization and analysis. This 
use of solvent removal as a unique means of target transport in a microanalytical platform led to a greater 
than 5000-fold concentration enhancement and detection limits that pushed below the femtomolar barrier 
commonly reported using confocal fluorescence detection This simple microliter-to-nanoliter interconnect 
for single molecule counting analysis resolved several common limitations, including the need for excessive 
fluorescent probe concentrations at low target levels and inefficiencies in direct handling of highly dilute 
biological samples. In this report, the hundreds of bacteria-specific DNA molecules contained in -25 
microliters of a 50 aM sample were shuttled to a four nanoliter detection chamber through micro- 
evaporation. .Here, the previously undetectable targets were enhanced to the pM regime and underwent 
probe hybridization and highly-efficient fluorescent event analysis via microfluidic recirculation through the 
confocal detection volume. This use of microfluidics in a single molecule detection (SMD) platform 
delivered unmatched sensitivity and introduced compliment technologies that may serve to bring SMD to 
more widespread use in replacing conventional methodologies for detecting rare target biomolecules in both 
research and clinical labs. 

1 Introduction 

The development of microanalytical systems for biosensing is driven by advances in microfluidic control 
technologies for handling nano- to picoliter sample volumes.'-3 However, the use of small sample volumes 
in these platforms also requires highly sensitive analyte detection schemes and it is the development and 
! . - A  - - ..- L !  - .- - .L-11- - -. - -1 -1- - L !  - .. - .- .- .. - - -1. - -. 1-! -1- .- - .- - - 1.- -. - .- - - P 1 1 -  - .- - - !.. - 1. - 11 - .. - - -. P- .. .I. - .- ..- - A !  - - 1 
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A liquid-core waveguide is fabricated with water-ice, which has lower reeactive index than most of the 
solvents, as cladding, and provides a possibhty as an ice chip for flow analyses. 

Liquid-core waveguide (LCW) provides various options in separation and spectroscopic measurements. 
Enhanced sensitivity based on a long optical path is a typical example of analytical use.& Also, whole 
capillary imaging in electrophoretic systems has been enabled in various fashons; i. e. axial irradiation with 
radial detection and radial irradiation with axial detection for fluorescence modes and axial irradiation with 
axial absorption detection.4-? In addition, Raman spectroscopic measurements have been attempted with 
the LCW, which allows versatile optical alignrnents.8 These methodological advancements strongly rely on 
the development of an efficient cladding material, which should have a smooth surface and can guide the 
light over a long distance without the sigmficant loss of intensity. Liquid cladding has also been devised and 
has proved efficient for probing a liquidlliquid interfBce.2 Although this method may open a new facet of 
analytical chemistry, solid cladding is much easier to deal with in various applications of the LC W. The 
refiactive index of the clad should be smaller than that of a core to propagate the incident light effectively. 
The reiiactive indexes of solid materials (e.g. n~ = 1.458, 1.5 17, 1.5 1 and 2.4 18 for silica glass, optical 
glass, polyethylene, and diamond) are generally larger than those of the usual solvent (e.g. no = 1.3 3 3, 
1.362, and 1.375 for water, ethanol, and hexane).g Thus, common solid materials cannot be used as 
cladding for LCW. The invention of Teflon AF-2400 has allowed the exploitation of the LCW with the 
usual solvents including water as a core; actually, most of the current LCW devices are fabricated with this 
material Various types of Teflon AF-2400 capillaries are now commercially available and have allowed 
the application of the LC W to a number of analytical methods. However, this material adsorbs various 
substances on the surface and gets damaged even by weak mechanical contact; these severely reduce light 
guiding efficiency. A high cost as well as these disadvantages of Teflon AF-2400 has restricted the 
extensive utilization of the LC W. 

Water-ice can be a potential alternative to Teflon AF-2400 because of its relatively low refiactive index 
(P  CJ M~ = 1 1 1)91.!-!. TCe ic ~~hirriiitmic ~.n.rrirnnment~lhr fiiend hr 2nd r e d  ilV available and I ~tilimhle anvtime 
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Introduction 

I 

Over the past decade, inicrofluidic systems have led to significant breakthroughs in a variety of biological 
applications such as point-of-care diagnostics, bioterrorisin detection, and drug discovery through an 
interdisciplinary approach.'-? In particular, micro fluidic technology represents a new tool to manipulate biological 
samples such as blood, living cells, DNA, proteins, and sinall molecules by exploiting the dynamic properties of 
microscale transport phenomena.- Microfluidic technologies can inpact the field of biopreservation as well.- 

Minimizing cell dainage throughout the cryopreservation process is critical to enhance the overall outcome. Osmotic 
shock sustained during the loading and unloading of cryoprotectants (CPAs) is a major source of cell dainage during 

18 For instance, microfluidic channels have recently been used to isolate healthy sperm cel1s.E Also, innovative 
approaches were introduced to biopreserve oocytes in quartz capillary channel@ and to eject cell-encapsulating 

I cryoprotectant (CPA) droplets directly into liquid nitrogen for cryopreservation.E Several advances in 

I 

I 

I 
I 

1 biopreservation such as the use of electron microscopy grids, cryoloops, and nylon loops enable the 

the cryopreservation process. We introduce a rnicrofluidic approach to minimize osmotic shock to cek during 
cryopreservation. This approach allows us to control the loading and unloading of CPAs in microfluidic channels 
using diffbsion and laminar flow. We provide a theoretical explanation of how the micro fluidic approach minimizes 
osmotic shock in comparison to conventional cryopreservation protocols via cell membrane transport modeling. 
Finally, we show that biological experiments are consistent with the proposed mathematical model. The results 
indicate that our novel microfluidic-based approach improves post-thaw cell survivabildy by up to 25% on average 
over conventional cryopreservation protocols. The method developed in this study provides a platform to 
cryopreserve cells with higher viability, functionality, and ininjmal inter-technician variabhty. This method introduces 
microfluidic technologies to the field of biopreservation, opening the door to W r e  advancements at the interfitce of 
these fields. 
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The precise measurement of nucleation and non-equilibrium solidification are vital to fields as diverse as 
atmospheric science, food processing, cryopreservation and metallurgy. The emulsion technique, where the 
phase under study is partitioned into many droplets suspended within an immiscible continuous phase, is a 
powerhl method for uncovering rates of nucleation and dynamics of phase changes as it isolates nucleation 
events to single droplets. However, averaging the behavior of many drops in a bulk emulsion leads to the loss of 
any drop-specific idormation, and drop polydispersity clouds the analysis. Here we adapt a microfluidic 
technique for trapping monodisperse drops in planar arrays to characterize solidification of highly supercooled 
aqueous solutions of glycerol. This system measured rates of nucleation between 1 and 1 0-2 p ~ - '  s-l , yielded 
an ice- water interfacial energy of 33.4 mJ m-2 between -3 8 and -3 5 "C, and enabled the specific dynamics of 
solidification to be observed for over a hundred drops in parallel without any loss of specificity. In addition to the 
physical insights gained, the abihty to observe the time and temperature of nucleation and subsequent growth of 
the solid phase in static arrays of unlorm drops provides a powerfhl tool to discover thermodynamic protocols 
that generate desirable crystal structures. 

Introduction 

Although solidification fiom the melt is fkvorable at temperatures below the equilibrium melting point (T,,), some 
super-cooling typically occurs before a stable solid nucleus forms. This is because the poslive Gibbs gee energy 
associated with the solid-liquid interface inhibits solidification until a critical number of liquid molecules have 
arranged stochastically into the correct packing of the solid phase and then gain an additional molecule. From the 
point of nucleation onwards, the negative Gibbs fiee energy of phase change drives the system towards the 
equilibrium solid state. The rate of homogeneous nucleation (J, in m-3 s-l) is defined as the average number of 
stable solid nuclei that are produced during an increment of time and within a deked volume of the super- cooled 
fluid, without the aid of surfbce- or impurity-mediated (heterogeneous) nucleation. 
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We present a technique to locally and rapidly heat water drops in micro fluidic devices with microwave 
dielectric heating. Water absorbs microwave power more efficiently than polyners, glass, and oils due to 
its permanent molecular dipole moment that has large dielectric loss at GH2 frequencies. The relevant heat 
capacity of the system is a single thermally isolated picolitre- scale drop of water, enabhng very fast thermal 
cycling. We demonstrate microwave dielectric heating in a microfluidic device that integrates a flow- 
focusing drop maker, drop splitters, and metal electrodes to locally deliver microwave power fkom an 
inexpensive, commercially available 3.0 G E  source and amplifier. The ternperature change of the drops is 
measured by observing the temperature dependent fluorescence intensity of cadmium selenide nano crystals 
suspended in the water drops. We demonstrate characteristic heating t h e s  as short as 15 ms to steady- 
state ternperature changes as large as 30 "C above the base temperature ofthe microfhidic device. Many 
common biological and chemical applications require rapid and local control oftemperature and can benefit 
fkom this new technique. 

Introduction 

The miniaturization of the handling of liquid and biological samples has enabled great advances in fields such 
as drug discovery, genetic sequencing and synthesis, cell sorting, single cell gene expression studies, and 
low-cost portable medicine.'-? At the forefront of this technology are the micro-fabricated pipes, valves, 
pumps, and mixers of microfluidics that are leading to integrated lab-on-a-chip devices. These integrated 
micro fluidic devices are causing a paradigm shif€ in fluid handling that is analogous to what integrated circuit 
technology did for electronics half of a century ago.' A growing library of elements for lab-on-a-chip , 

systems have been developed in recent years for tasks such as the rnixing of reagents, detecting and 
counting of cells, sorting cells, genetic analysis, and protein detecti0n.E There is one function, however, 
$1 4 ' 1 ,  1. I 1  1 . 1  1  I 1 1 1  41 1  I 4 1  P ,  
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The main goal of this paper is to probe mechanical properties of living and dead bacteria via atomic force n~icroscopy 
(AFM) indentation experimentations. Nevertl~eless, the prereclilisite for bioAFM study is the adhesion of the biological 
sample on it surface. Although AFM has now been used in microbiology for 20 years, the immobilization of micro- 
orgallisins is still challenging. Immobilizing a single cell, without thc need for chclnical fixation has thcrcfore consti tilted 
our sccond purposc. Highly ordered arrays of single living byctcria were generated over the nlillilnetcr scale by seleclivc 
adsorption of bacteria onto micrometric chemical pattesns. The chemically engineered teinplate surfaces were prepared 
with a lnicrocontact printing process, and different firnctionali~ations of the patterns by incubatiol~ were investigated. 
Thanks to this original immobilization sirategy, the Young moduli of the scun~c cell were mcasurcd using forcc 
spectroscopy bel'ore and after l~cslting (45 OC, 20 inin), The cells with a damaged incmbrt~nc (alter heating) prcscnt a 
Youilg modulus twice as high as that of hcalthy bacteria. 

Introtluction found Young moduli in the range of 180-220 MPa. In our Study, 

A mt~jor concern in bactcriology is to detcrmnine whether a 
bacterium is dead or alive, Esl~ecially when cells are starved, or 
have beer1 subjectcd to an oxidative stress1 (e.g., in tap water 
networks), it is vcry difficult to make the difference between a cell 
that is unablc to grow and a dead cell. Several techniclues were 
developed to overcoine this pro blein, such as llle t hods based on 
the ability of a fluorophore to penetrate the bacterial cell wall. 
Neverilleless, the question of viability is still rl~lder debate, and we 
present, in this paper a new way to probe Eschcriclrill coliviability, 
using an atomic forcc nlicroscope (AFM) conducted in the force 
spectroscopy mode, Thanks to the AFM, operated in liquid, it is 
now possible to explore living cells at the nansoscale. Nanoin- 
dentalion experilnet1 ls have been applied on human pla telels,2 
living n ~ a c r o ~ h ~ e s , % ~ ~ ~ d  red blood cells%s wcll as on diatoms5 
and different bactcria or fungi."' l Tn 2007, Cross ct a1,12 showed 
that mechanical analysis can distinguish cancerous cells from 
normal ones, even wllen the cells show siinilar shape. They found 
a Y o u ~ ~ g  ~nodulus of 1.97 f 0,70 kPa on benign lnesotllclial cells, 
but of ollly 0.53 rt 0. I0 kPa Tor tumorcclls. As far as 8, coliis con- 
cerned, Eat011 et a1,I3 ]lave recently tcstcd the impact of cl~itosans 
(an antibacterial comyound) on the elqsticity of the cell wall, As 
the preparation of the AFM sample illcluded a drying stcp, they 
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the cells are never allowed to dry, and thc forcc spectroscopy 
experiinen ts are made in phosphate-buffered saline (PBS) buffer 
to avoid ally electrostatic i~lteractio~ls that can occur in low ionic 
strength b ~ f f e r s . ' ~  Nevertl~eless, their nanoindentation experi- 
inents rcvealed mechanical changes in the bacterial cell wall 
induced by the treatment. To another pal~cr, Volle ct al.15 worlted 
on the elasticity of E. coli as it is predated by Bdellovibr.io 
1~acfer.iovor.w. They show that the invaded cells are softer (spring 
constant: 0,064 N/m) than the healthy cclls (0.23 N/m). To 
measure the sl>ring constant, one has to focus on the end of the 
indentation curve, on high loading forccs. The behavior of thc ccll 
at high loading forces is known to be caused by osmotic pre- 
ssure.'"'17 As a conscquencc the modification observed by Vollc et 
al, is cssclltially due to a dramatic decrease of the ccll turgor 
pressure during the predation proccss, and not only to the cell wall 
modification. However, those three studies clearly (lemonstrate 
that inechailical properties of cells, which can be probed by force 
spectroscopy (cell wall elasticity or cell turgor pressure), are 
spccific for a condition (eg,: benign-cat~ccrous, antibacterial or 
not, predated or not). On this basis we have decided to explore the 
inodificatio~ls that co~ilcl occur in the nanon~echanical properties 
o f a  single E, coli bacteriiun, while it is dive and while it is dead, 
To reach this goal, it has beell of first importance to iinnlobilizc 
the living bacteria in an aqueous environment to avoid any ccll 
wall inodificatioils due to a drying stcp. Tn tllc litcraturc, this pro- 
ble~n has been overcome by creating posi lively cl~arged surfaces 
whcrc negatively charged micro-organisms can be elcct rosta ti- 
cally i1l11nobilizcd.'%~1t11cr solution, vcry convctlicnt for round 
slzape cclls, is to use an Isopore polycttrbonate mcmbranc." Thc 
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Summary 
Phenotypic diversification plays a central role in evo- 
lution and provides species with a capacity to survive 
environmental adversity. The profound impact of 
random molecular events on the shaping of life is  well 
accepted in the context of chance mutations and 
genetic drift; however, the evolution of the regulatory 
networks encoding microorganismal stress response 
and survival strategies might also have been signifi- 
cantly influenced by gene expression noise. This 
likelihood has inspired numerous investigations to 
characterize the sources of phenotypic diversity 
within isogenic populations, and to explore their 
direct and potential biological implications. Here, we 
discuss different scenarios where gene expression 
noise might bestow a selective advantage under 
stress, highlighting a potentially fundamental role of 
stochastic mechanisms in the evolution of microbial 
survival strategies. 

Introduction 

The term 'gene expression noise' is typically used in 
broad reference to observed variation in protein content 
among seemingly identical cells experiencing the same 
environment. This variation can be divided into intrinsic 
and extrinsic components (Elowitz eta/., 2002; Swain 
et al., 2002; Raser and O'Shea, 2004; Kaern etal., 2005; 
Raser and O'Shea, 2005; Pedraza and van Oude- 
naarden, 2005; Rosenfeld et al. , 2005; Volfson et a/., 
2006; Maheshri and O1Shea1 2007). Extrinsic gene 
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expression noise arises from variations in cell-specific 
factors that can be physiological and global in nature, 
such as the metabolic state of the cell, cell-cycle phase 
and cell age, or specific to certain subsets of genes, such 
as the variability in upstream signal transduction. Intrinsic 
gene expression noise refers to variation that arises 
from 'finite-number' molecular-level fluctuations inherent 
to reaction kinetics in the nanomolar range during the 
expression of individual alleles. 

While many molecular-level details remain to be uncov- 
ered, two mechanisms - transcriptional and translational 
bursting - are important sources of intrinsic gene expres- 
sion noise that have been directly linked to DNA-encoded 
parameters. In the translational bursting model, variability 
in protein content is a direct consequence of finite-number 
fluctuations in mRNA abundance. When the average 
protein content is kept fixed, inefficient translation of 
highly abundant mRNA results in steady protein produc- 
tion while efficient translation of low-abundance mRNA 
results in large random bursts of protein synthesis. In the 
transcriptional bursting model, slow reaction kinetics 
cause infrequent transitions between active and inactive 
promoter states, which, in turn, cause multiple mRNA 
templates to be synthesized in rapid succession at irregu- 
lar intervals. Noise generated by both of these mecha- 
nisms has been shown to depend on DNA-encoded 
parameters. Specifically, ribosome binding site mutations 
(Ozbudak etal., 2002) and codon usages (Blake etal,, 
2003) modulating translational efficiency, as well as pro- 
moter mutations modulating the stability of active pro- 
moter states (Raser, 2004; Blake etal., 2006) directly 
impact cell-cell variability. 

The direct evidence that genome sequence contributes 
to cell-cell variability indicates that gene expression 
noise, like other genome-encoded traits, is inheritable and 
evolvable; subject to selective pressures during the 
course of evolution. Indeed, the identification in yeast of 
quantitative trait loci influencing stochastic cell-cell vari- 
ability supports the concept that gene expression noise is 
a heritable genetic trait (Ansel et al., 2008). Moreover, the 
notion that gene expression noise has undergone signifi- 
cant evolutionary drifts is supported by differences in 
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The 'balance hypothesis' predicts that non-stoichiometric variations in concentrations of proteins 
participating in complexes should be deleterious. As a corollary, heterozygous deletions and 
overexpression of protein complex members should have measurable fitness effects, However, 
genome-wide studies of heterozygous deletions in  Saccharomyces cerevisiae and overexpression 
have been unable to unambiguously relate complex membership to dosage sensitivity. We test the 
hypothesis that it is not complex membership alone but rather the topology of interactions within a 
complex that is a predictor of dosage sensitivity. We develop a model that uses the law of mass action 
to consider how complex formation might be affected by varying protein concentrations given a 
protein's topological positioning within the complex. Although we find little evidence for 
combinatorial inhibition of complex formation playing a major role in overexpression phenotypes, 
consistent with previous results, we show significant correlations between predicted sensitivity of 
complex formation to protein concentrations and both heterozygous deletion fitness and protein 
abundance noise levels. Our model suggests a mechanism for dosage sensitivity and provides 
testable predictions for the effect of alterations in protein abundance noise. 
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Introduction 

Essentially all biological processes involve proteins frequently 
acting as multi-component complexes (Eisenberg et al, 2000; 
Vidal, 2005; Gavin et al, 2006; Krogan et al, 2006), However, it 
remains a challenge to characterize how quantitative interac- 
tion parameters, such as rates, affinities and protein concen- 
trations, affect function at the cellular and organismal levels 
(Kuriyan and Eisenberg, 2007). The balance hypothesis posits 
that an imbalance in the relative concentrations of proteins 
involved in a protein complex can disrupt complex formation 
and should thus be deleterious. As a corollary, it has been 
suggested that proteins involved in complexes should be more 
likely to be dosage sensitive than other proteins (Papp et al, 
2003), 

Several, means exist by which stoichiometric imbalances 
could disrupt complex formation and lead to adverse 
phenotypic effects: first, reducing the abundance of a 

component of a protein complex, as might occur through a 
heterozygous deletion mutation, would be predicted to have a 
measurable effect on fitness. Accordingly, it has been shown 
that a twofold reduction in the amount of a component protein 
can result in a many fold reduction in complex formation, and 
thus have an amplified effect on cell phenotype (Veitia, 2002, 
2003), A second, somewhat less intuitive mechanism is 
referred to as the pro-zone effect or combinatorial inhibition 
(CI) (Bray and Lay, 1997; Burack and Shaw, 2000; Ferrell, 
2000; Levchenko et al, 2000). CI can occur when a stoichio- 
metric excess of one component of a protein complex is added 
to a solution containing only moderate amounts of the other 
components. If the component in excess satisfies certain 
topological conditions in its interaction with other compo- 
nents from the complex, and particularly if it acts as a bridge 
between two separate parts of the complex, then this excess 
will typically inhibit the formation of the full complex, by 
instead favoring the formation of many incomplete subspecies 
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Microtubules (MTs) are central to the organisation of the eukaryotic intracellular space and are 
involved in the control of cell morphology. For these purposes, MT polymerisation dynamics are 
tightly regulated. Using automated image analysis software, we investigate the spatial dependence 
of MT dynamics in interphase fission yeast cells with unprecedented statistical accuracy. We find 
that MT catastrophe frequencies (s-witches from polymerisation to depolymerisation) strongly 
depend on intracellular position. d e  prbvide evidence that compressive forces generated by MTs 
growing against the cell pole locally reduce MT growth velocities and enhance catastrophe 
frequencies. Furthermore, we find evidence for an MT length-dependent increase in the catastrophe 
frequency that is mediated by kinesin-8 proteins (KlpS/G). Given the intrinsic susceptibility of MT 
dynamics to compressive forces and the widespread importance of kinesin-8 proteins, we propose 
that similar spatial regulation of MT dynamics plays a role in other cell types as well. In addition, our 
systematic and quantitative data should provide valuable input for (mathematical) models of MT 
organisation in living cells. 
Molecular Systems Biology 17 March 2009; doi: 10.1038/msb.2009.5 
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Introduction 

Microtubules (MTs) are dynamic protein polymers that change 
their length by switching between growing and shrinking 
states in a process termed 'dynamic instabilityJ (Mitchison and 
Kirschner, 1984; Desai and Mitchison, 1997). It is important to 
understand how dynamic instability is regulated, because this 
affects MT length (Verde et al, 1992; Dogterom and Leibler, 
1993) and intracellular organisation (Kirschner and Mitchison, 
1986; Hayles and Nurse, 2001), as well as the ability of MTs to 
exert pushing and pulling forces (Inoue and Salmon, 1995; 
Dogterom et al, 2005). Several proteins have been charac- 
terised that globally affect MT dynamics and catastrophe rates 
(Howard and Hyman, 2007), but it is a largely open question 
how such regulation is achieved locally, in response to 
spatially varying biochemical cues and/or mechanical effects 
induced by the shape and size of cells. In fact, in addition to 
global regulation, it has been reported that catastrophe 
frequencies can be locally enhanced, for example close to the 
periphery of animal cells (Komarova et a!, 2002; Mimori- 

Kiyosue et al, 2005). There are several ways by which such a 
local catastrophe enhancement could be accomplished: 
(activity) gradients of destabilising MT-associated proteins 
(Niethammer et al, 2004) and/or MT length-dependent 
mechanisms (Dogterom et al, 199G) would lead to a gradual 
catastrophe enhancement when approaching the cell bound- 
ary. On the other hand, force-induced effects that may result 
from growing MTs pushing against the cell boundary 
(Dogterom and Yurke, 1997; Janson et al, 2003; Janson and 
Dogterom, 2004) would lead to an abrupt catastrophe 
enhancement once contact with the cell boundary has been 
made, A similar abrupt change would be expected in case there 
is an MT-destabilising factor associated locally with the 
membrane (Mimori-Kiyosue et al, 2005), To distinguish 
between long- and short-range mechanisms requires quanti- 
tative and spatially resolved measurements of the catastrophe 
frequency inside living cells. In mammalian cells, this is often 
a challenging task because MT networks are quite dense and 
reference points,such as the cell boundary in interphase or 
chromosomes in mitosis are dynamic structures themselves. 
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The cytoskeleton is essential for the maintenance of cell morphology in eukaryotes, In fission yeast, 
for example, polarized growth sites are organized by actin, whereas microtubules (MTs) acting 
upstream control where growth occurs. Growth is limited to the cell poles when MTs undergo 
catastrophes there and not elsewhere on the cortex. Here, we report that the modulation of MT 
dynamics by forces as observed in vitro can quantitatively explain the localization of MT 
catastrophes in Schizosaccharomyces pombe. However, we found that it is necessary to add length- 
dependent catastrophe rates to make the model fully consistent with other previously measured 
traits of MTs. We explain the measured statistical distribution of MT-cortex contact times and re- 
examine the curling behavior of MTs in unbranched straight tealA cells. Importantly, the model 
demonstrates that MTs together with associated proteins such as depolymerizing kinesins are, in 
principle, sufficient to mark the cell poles. 
Molecular Systems Biology 17 March 2009; doi:10.1038/msb.2008.76 
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The fission yeast Schizosaccharomyces pombe is a convenient 
model to study cell morphogenesis (Hayles and Nurse, 2001). 
Wild-type cells are simple elongated rods growing at the cell 
poles and dividing in the middle. Yet, previous studies have 
outlined an interesting interplay between shape, growth and 
cytoskeletal organization. The first component is the rigid cell 
wall surrounding yeast cells that maintains cell shape 
independently of the cytoskeleton. Second, the actin cytoske- 
leton is essential for cell growth and cell wall remodeling 
(La Carbona et al, 2006). Lastly, although microtubules (MTs) 
are not required for growth per se, they control the location of 
growth sites by depositing specific marker proteins (Mata and 
Nurse, 1997; Brunner and Nurse, 2000; Sawin and Snaith, 
2004), Abnormal deposition, occurring for example in mutants 
where MTs are shortet results in cells that are either bent or 
branched JSawin and Nurse, 1998; Snaith and Sawin, 2005). 
MTs also position the nucleus (Ran et al, 2001; Loiodice et al, 
2005) and thus define the site of cytokinesis (Daga and Chang, 

2005; Tolic-Norrelykke et al, 2005) and the partitioning of the 
cell into daughter cells. Hence, by controlling cell 
growth and division, MTs impact the evolution of shape 
in the cell lineage. As MTs are constrained within the cell, 
the converse is also true with MT organization being 
dependent on cell shape. For the rigid S, pornbe cells, 
the two processes occur on very different timescales; with 
MT lifetimes being in the order of minutes, whereas cells 
typically double in size after 3 h. Consequently, individual 
MTs are enclosed in a boundary that is effectively constant 
during their lifetime. This means that it is valid to first study 
how MTs depend on cell shape, and to later include cell shape 
changes, We use here computer simulation for the first step, 
calculating the dynamic spatial organization of MTs within a 
fixed cell shape. This approach complements other efforts 
where cell morphogenesis is modeled with reaction-diffusion 
equations (Csikasz-Nagy et al, 2008) by focusing on the MT 
cytoskeleton. 
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Genetically identical cells in a uniform external environment can exhibit different phenotypes, 
which are often inasked by conventional measurements that average over cell populations, 
Although most studies on this topic have used microorganisms, differentiated mammalian cells 
have rarely been explored, Here, we report that only approximately 40% of clonal human embryonic 
kidney 293 cells respond with an intracellular ca2 + increase when ryanodine receptor ca2 + release 
channels in the endoplasmic reticulum are maxiinally activated by caffeine. On the other hand, the 
expression levels 'of ryanodine receptor showed a unimodal distribution, We showed that the 
difference in the caffeine sensitivity depends on a critical 'balance between ca2 '- release and ca2 
uptake activities, which is amplified by the regenerative nature of the ca2 '" release mechanism, 
Furthermore, individual cells switched between the caffeine-sensitive and caffeine-insensitive 
states with an average transition time of approximately 65 h, suggestive of temporal fluctuation in 
endogenous protein expression levels associated with caffeine response. These results suggest the 
significance of regenerative lnechanisms tlzat amplify protein expression noise and induce cell-to- 
cell phenotypic variation in inarnmalian cells. 
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Introduction 

Biochemical processes in cells inevitably fluctuate owing in 
part to the stochastic nature of gene expression systems, which 

, typically involve small, ilu~nbers of ~nolecules such as DNA, 
mRNA and proteins (Kaern et al, 2005; I<aufmann and van 
Oudenaarden, 2007; Pedraza and Paulsson, 2008). In addition 
to such 'int14insic noise', the internal states of cells and the 
structure of the signalling pathway also contribute to the 
fluctuation in the concentration of n~olecules, collectively 
termed 'extrinsic zloise' (Hooshangi et ul, 2005; Pedraza and 
van Oudenaarden, 2005; Rosellfeld et al, 2005; Shahrezaei 
et nl, 2008). In some cases, intracellular noise in individual 
cells is filtered so that the systenl as a whole is precisely 
regulated, as is observed in the segmentation of a Drosophila 
rriela7zogaster embryo (Houcl~mandzadel~ et ul, 2002; Gregor 
et al, 2007) and in circadian rllythms (Forger and Peskin, 2005; 
Gonze and Goldbeter, 2006). Yet in other cases, intracellular 
noise can be exploited to play roles such as in the amplification 
of signals, the divergence of cell fates and the diversification of 
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phenotypes, as seen in the lysis/lysogeny decision circuit of 
the bacteriophage lambda (Arlzin et al, 1998; Skupin et al, 
2008). In support of this idea, several recent reports suggested 
that individual clonal cells in the same external environinent 
can exhibit qualitatively different phenotypes, which may 
confer a selective advantage in adapting to chaiigil~g external 
environments (Rao et al, 2002; Raser and O'Sllea, 2005; 
Acar et al, 2008), Such phenonlena question the inlplicit 
assumption behind cell-population-wide experiments that 
genetically identical cells are phenotypically identical (Levsky 
and Singel; 2003) and highlight the need for measuring 
individual cells, 

Thus far, illost studies of intracellular noise have focused on 
uxlicellular organisms such as Esclzeridzia coli or Sacdzar'o- 
rrtyces cerevisiae. Earlier studies explored the origin of 
intracellular noise using artificial gene circuits (Elowitz et al, 
2002; Ozbudak eta!, 2002; Blake el ul, 2003; Raser and O'Shea, 
2004), whereas recent studies showed. various pllenotypic 
diversities in naturally arising biological systenls (Samadani 
et al, 2006; Di Talia et al, 2007; Maamar et al, 2007; Nachlnan 
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Cell-to-cell communication in bacteria is  a process known as quorum sensing that relies on the production, detection, 
and response to the extracellular accumulation of signaling molecules called autoinducers. Often, bacteria use multiple 
autoinducers to obtain information about the vicinal cell density. However, how cells integrate and interpret the 
information contained within multiple autoinducers remains a mystery. Using single-cell fluorescence microscopy, we 
quantified the signaling responses to and analyzed the integration of multiple autoinducers by the model quorum- 
sensing bacterium Vibrio harveyi. Our results revealed that signals from two distinct autoinducers, Al-1 and Al-2, are 
combined strictly additively in a shared phosphorelay pathway, with each autoinducer contributing nearly equally to 
the total response. We found a coherent response across the population with little cell-to-cell variation, indicating that 
the entire population of cells can reliably distinguish several distinct conditions of external autoinducer concentration. 
We speculate that the use of multiple autoinducers allows a growing population of cells to synchronize gene , 

expression during a series of distinct developmental stages. 

Citation: Long T, Tu KC, Wang Y, Mehta P, Ong NP, et al. (2009) Quantifying the integration of quorum-sensing signals with single-cell resolution. PLoS Biol 7(3): e1000068. 
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Introduction 

In a process called quorum sensing, bacteria communicate 
with one another using extracellular signaling molecules 
called autoinducers. Quorum sensing allows groups of 
bacteria to track their cell numbers, synchronize gene 
expression on a population-wide scale, and thereby carry 
out collective activities. In quorum sensing, bacteria produce, 
release, and detect autoinducers that accumulate in a cell- 
density-dependent manner, and, thus, autoinducer concen- 
tration serves as a proxy for cell number. Quorum-sensing 
systems are widespread in the bacterial world, existing in 
both Gram-negative and Gram-positive bacteria, and quorum 
sensing is used to control such diverse functions as bio- 
luminescence, virulence-factor secretion, biofilm formation, 
conjugation, and antibiotic production [I-31. 

Typically, Gram-negative bacteria use acyl-homoserine 
lactones and Gram-positive bacteria use peptides as auto- 
inducers. To our knowledge, these two kinds of molecules 
most often promote intraspecies cell-cell communication, 
because a particular acyl-homoserine lactone or particular 
peptide can be detected only by the bacterial species that 
produces it [2], In addition, a non-species-specific autoinducer 
called AI-2, which is a family of interconverting molecules all 
derived from the same precursor 4,s-dihydroxy 2,3-pentane- 
dione, is produced and detected by a large variety of both 
Gram-negative and Gram-positive bacteria [4,5]. Interestingly, 
many bacterial species use more than a single autoinducer 
molecule for quorum sensing, For example, Gram-negative 
bacteria (e.g., Rhizobium) can use multiple homoserine lactones 
and likewise, Gram-positive bacteria (e.g., Bacillus) can use 
several peptides for communication [2,6]. These bacteria have 
evolved sophisticated quorum-sensing circuits to detect and 
integrate the information contained in multiple autoinducers. 

It remains a mystery how and why bacteria integrate 
multiple autoinducer signals and what additional information 

multiple autoinducers reveal about the cells' environment 
that one autoinducer cannot reveal [TI. Furthermore, while in 
principle, quorum sensing enables bacteria to act in 
synchrony, the behavior of the entire population is ultimately 
dictated by events inside single cells. Recent single-cell studies 
of gene expression in bacteria have revealed that noise is 
inevitable even for isogenic cells in essentially homogeneous 
environments, and that noise can result in heterogeneous 
phenotypes within a population 18-141. Likewise, in quorum 
sensing, noise could make individual cells behave differently 
from one another even if they receive identical autoinducer 
inputs. To understand quorum-sensing signal integration 
and, ultimately, the evolution of cooperative behaviors at the 
population level, it is imperative to understand how cells 
behave individually. Specifically, do cells respond in unison or 
do they maintain population diversity? Bulk measurements- 
which focus on the population's response-generally mask 
the behavior of individual cells and thus lose information 
about cell-to-cell variation, To fully understand the molecular 
mechanism underlying quorum sensing as well as the general 
principles underlying bacterial communication and cooper- 
ation, we must study this process at the single-cell level. 

To begin to explore the above questions, we investigated 
the network of the model quorum-sensing bacterium Vibrio 
harmeyi, the first bacterium shown to use more than one 
autoinducer for quorum sensing [15,16]. V. hanleyi has a 
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Bistable epigenetic switches are fundamental for cell fate determination in unicellular and multicellular organisms. 
Regulatory proteins associated with bistable switches are often present in low numbers and subject to  molecular noise. 
It is becoming clear that noise in  gene expression can influence cell fate. Although the origins and consequences of 
noise have been studied, the stochastic and transient nature of RNA errors during transcription has not been 
considered in  the origin or modeling of noise nor has the capacity for such transient errors in information transfer t o  
generate heritable phenotypic change been discussed. We used a classic bistable memory module t o  monitor and 
capture transient RNA errors: the lac operon of Escherichia coli comprises an autocatalytic positive feedback loop 
producing a heritable all-or-none epigenetic switch that is sensitive t o  molecular noise. Using single-cell analysis, we 
,show that the frequency of epigenetic switching from one expression state t o  the other is increased when the fidelity 
of RNA transcription is decreased due t o  error-prone RNA polymerases or t o  the absence of auxiliary RNA fidelity 
factors GreA and GreB (functional analogues of eukaryotic TFIIS). Therefore, transcription infidelity contributes t o  
molecular noise and can effect heritable phenotypic change in genetically identical cells in the same environment. 
Whereas DNA errors allow genetic space t o  be explored, RNA errors may allow epigenetic or expression space to  be 
sampled. Thus, RNA infidelity should also be considered in  the heritable origin of altered or aberrant cell behaviour. 
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Introduction erroneous messages [3]. It has been shown in bacteria, teast, 
and mammalian cells that gene expression, and the accom- 

Altered proteins can result from errors incurred at any panying noise, occurs in stochastic bursts dominated by the 
step during information transfer from DNA to protein, production of mRNAs [lo-121. Since one mRNA is translated 
Errors in DNA, RNA, and protein synthesis occur at rates of, many times, RNA errors become amplified, challenging the 
very roughly, lo-', and errors per residue, cell with erroneous proteins that may exhibit partial 
respectively [I]. Although rare, errors in DNA synthesis can function, loss-of-function, gain-of-function, or dominant- 
be fixed as permanent errors-mutations-which can gen- negative properties. Therefore, any cell at any time may be 
crate heritable change in cellular phenotype. Transcription transiently impaired for a function encoded in a rarely made 
and translation errors occur more frequently, but are transcript [3]. 
considered transient and their effects fleeting, since the 
altered molecules are present for a limited time. It has been 
shown that transcription over a damaged DNA template can 
generate altered proteins in nondividing DNA repair- 
deficient cells [2], and it has been suggested that transient 
errors can produce transient mutators, thereby generating 
phenotypic change by introducing mutations [3,4]. However, 
the capacity for transient errors to generate heritable 
epigenetic phenotypic change has not been considered. 

The stochastic nature of gene expression results in random 
fluctuations in protein numbers per cell [5,6]. Theoretical and 
experimental studies have culminated in stochastic chemical 
kinetic models that describe the statistics of molecular noise 
[7-91. Many aspects of gene expression have been considered, 
including rates of transcription and translation and rates of 
destruction of the corresponding mRNA and protein 
products. These models address protein quantity; the quality 
of the protein produced is not considered with transcription 

As first suggested by Delbruck [I 31, epigenetic differences 
can be understood in terms of multistability: a given cell can 
persist in one of many stable steady states, which differ from 
each other by the genes that are ON and those that are OFF. 
This multistable nature of biological switches is fundamental 
for the determination of cell fate in unicellular and multi- 
cellular organisms [14-211. Bistability can arise in gene 
networks that contain a positive-feedback loop [15]. Such 
gene networks are often regulated by transcription factors 
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It is widely accepted that  the growth and regeneration o f  tissues and organs is t ight ly controlled. Although 
experimental studies are beginning t o  reveal molecular mechanisms underlying such control, there is stil l very l i t t le 
known about the control strategies themselves. Here, we consider how secreted negative feedback factors 
("chalones") may be used t o  control the output  o f  multistage cell lineages, as exemplified b y  the actions o f  GDF11 
and activin in a self-renewing neural tissue, the mammalian olfactory epithelium (OE), We begin b y  specifying 
performance objectives-what, precisely, is being controlled, and t o  what degree-and g o  on  t o  calculate how well 
different types o f  feedback configurations, feedback sensitivities, and tissue architectures achieve control. Ultimately, 
we show that many features o f  t he  OE-the number o f  feedback loops, t he  cellular processes targeted b y  feedback, 
even the location o f  progenitor cells within the tissue-fit w i th  expectations for  the best possible control. In  so doing, 
we also show that certain distinctions that  are commonly drawn among cells and molecules-such as whether a cell is a 
stem cell or transit-amplifying cell, or  whether a molecule is a growth inhibitor o r  stimulator-may be the 
consequences o f  control, and not  a reflection o f  intrinsic differences i n  cellular or  molecular character. 
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Introduction 

In recent decades, biologists have come to view cell lineages 
as f~~ndainental units of tissue and organ development, 
maintenance, and regeneration. The highly differentiated, 
often nondividing cells that characterize the mature func- 
tions of tissues are seen as end products of orderly, tissue- 
specific sequences of cell divisions, during which progenitor 
cells pass through distinct stages, marked by expression of 
stage-specific genes (e.g., [I-41). At the starting points of 
lineages-particularly those in self-renewing tissues such as 
blood, epidermis, and the intestinal lining-one finds stein 
cells, characterized both by multipotency (ability to produce 
many cell types) and their ability to maintain their own 
numbers through self-replication [5-81. As scientists and 
clinicians have become increasingly interested in harnessing 
these features of stem cells to repair iijuiy and cure clisease, 
there has been a resurgence of interest in the inechanislns 
underlying the execution and regulation of cell lineages (e,g., 
[9-121). 

The functions of lineages are often presented in terms of 
progressive allocation of developmeiltal potential: Thus, 
pluri~otent  stein cells often give rise to oligopotent progen- 
itors, which in turn give rise to unipotent (committed) 
progenitors. The sequential expression of inarker genes at 
different lineage stages may be related to transcriptional 
"priming" events needed to lock cells into specific patterns of 
gene expression [13,14]. 

Not all lineage stages correlate with restriction of cell fate, 
l~owever, raising the question of what else lineages do. The 
fact that lineage intermediates often display "transit-amplify- 
ing" behavior, i.e,, are capable of at least some degree of self- 
replication, has led to the suggestiol~ that lineage stages play 
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essential roles in the control of tissue and organ growth (with 
growth referring in this case to increase in cell number), 
Here, we seek to discover what those roles are, We approach 
this question from the perspective of lineages in general, and 
within the coritext of the mainmalian olfactory epithelium 
(OE), the neural tissue that senses odor and transinits 
olfactory inforinatioil to the brain. The OE is a continually 
self-renewing tissue, even in man, and is capable of rapid 
regeneration [15]. As discussed below, a wealth of exper- 
imental data on  the OE lineage and the lnolecules that 
regulate it makes the OE an attractive system in which to 
investigate the relationship between lineages and growth 
control, 

Performance Objectives of Growing Tissues 
In biology, "control" is often used iilterchangeably with 

"regulation," but in engineering, control has a precise 
meaning: It refers to the strategies that enable a system to 
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I I / Abstract I 
1 i 

/ The glyoxylate bypass allows Escherichia coli to grow on carbon sources with only two carbons by bypassing the loss of 1 
1 carbons as C02  in the tricarboxylic acid cycle, The flux toward this bypass is  regulated by the phosphorylation of the enzyme ; 1 isocitrate dehydrogenase (IDH) by a bifunctional kinase-phosphatase called IDHKP. In this system, IDH activity has been [ 
I found to be remarkably robust with respect to wide variations in the total IDH protein concentration,.Here, we examine 
/ possible mechanisms to explain this robustness. Explanations.in which IDHKP works sirnuhanepusly as a first-order kinase I 

/ and as a zero-order phosphatase with a single IDH binding site are found to be inconsistent,with robustness. Instead, we j 
1 suggest a robust mechanism where both substrates bind the bifunctional enzyme jo  form a ternary complex. I 

1 
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Introduction 

Robustness in biological systems has seen a renewal of research 
interest in recent years [I-1 21. To define robustness, one needs to 
specify what feature is robust and with respect to which variations. 
Classic experimental studies have shown that metabolic fluxes are 
often insellsitivc to the levels of enzymes in the patllway, as 
reviewed in [13], Metabolic control theory addresses this by 
suggesting that coiltrol of flux is distributed ainollgst many 
enzyincs, and thus no single enzyme is rate limiting. 

In the last decade, studies have added a new level of 
uilderstanding on robustlless by providiilg detailed molecular 
mechanisms that can preselve the essential function of a system in 
the face of large variations in the protein lcvels. For example, specific 
~~~echa~lisins explain how exact adaptation in bacterial chemotaxis is 
robust with respect to cheinotaxis protein levels [2,3], and how 
patterning in clrosophila einb~yos is robust with ~ s p e c t  to 
inol-phogen production rates [I 2,14,15]. A recent revicw summa- 
rizes cxperiinents and theoretical inechanisins for robustness [I 01. 

Recently, an intriguing class of robust ~nechanisms has been 
found, based on bifunctional enzylnes that carly out two opposing 
reactions (such as both lnodifying a targct protein, and removing 
the modification) [8,11]. These robust inechai~is~ns seein to apply 
to a class of bacterial two-component signaling system, These 
systems show robustness of input-output relations, in the sense that 
output responds to input signals ill a way that is not disrupted by 
variations in protein levels. 

Here, we extend this line of research to one of the best studied 
regulation steljs ill E, coli metabolistn, the IDHI<P/IDH system, 
This system raised our interest because it e~nploys a bifu~lctioilal 
enzyme that carries out two opposiilg reactions, hinting at a robust 
mechanism. However, it has several biochemical differences fi-om 
previously studied systems [8,11], suggesting that it may show a 
new type of robust mechanism. 

The need for precise regulatioil in the IDHICF'/LDH systeln is 
evident from its biological function. The LDH systeln regulates the 
partitioning of carboil flux between the TCA cycle and the 
glyoxylate bypass (Figure I). Precise regulation of flux to the 
glyoxylate bypass is essential wllen the bacterium grows on 
substances such as acetate that contain only two carbon atoms. 
Without the glyoxylate bypass, both carbon atoms would be 
converted to GO2 by the TCA cycle, thereby leaving no carbon 
available for biosyi~thesis of cell constituents. Hence, growth on 
acetate and other two-carboil compounds requires directing some of 
the casbon flux to the glyoxylate bypass, thereby avoiding casbon 
loss. 

The precise partitioning of carbon flux between the cycle and 
the bypass is achieved by regulating the activity of the enzyme 
IDH (isocitrate dehydrogenase), which stands at the ent1-y to the 
bypass. The activity of IDH is deterinined by its phosphoiylation 
state: only ui~phosphorylated IDH is active. During growth on 
substances with more thail two carbon atoms, IDH is mostly 
u~~phospl~o~ylated and hence active. Thus, most of the carbon flux 
is directed to the inore efficient TCA cycle. 011 the coiltrary, 
during growth on acetate, most of IDH is phosphoiylated and 
hence inactive, so that a large part of the carbon flux is directed to 
the bypass [16-191. 

T o  regulate the IDH phospllorylatioil level, E. coli etnploys a 
bifunctional enzyme. This enzyme catalyzes both the phosphoryla- 
tioil of IDH, and its depl~ospllolylation, and is called IDHISE' (IDH 
ICinase/Phosphatase) [20]. IDHICP uses ATP as the phospholyl 
donor for the kinase reaction, and also requires ATP as a cofactor for 
the dephosphoiylation reaction [20-221. The activity of IDHIG' is 
allostelicdy regulated by the levels of various metabolites in the cell 
that act as the input signals to this system [21]. 

The robustness of IDH activity has been experilnentally tested 
by Laporte et. al. [23]. It was found that during growth on acetate, 
the coilcentration of active (ui~phosphoiylated) IDH is extremely 

Q .  
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Abstract 

DEF-like and GLO-like class B floral homeotic genes encode closely related MADS-domain transcription factors that act as 
developmental switches involved in specifying the identity of petals and stamens during flower development, Class B gene 
function requires transcriptional upregulation by an autoregulatory loop that depends on obligate heterodimerization of 
DEF-like and GLO-like proteins, Because switch-like behavior of gene expression can be displayed by single genes already, 
the functional relevance of this complex circuitry has remained enigmatic, On the basis of a stochastic in silico model of class 
B gene and protein interactions, we suggest that obligate heter~dimerization of class B floral homeotic proteins is not 
simply the result of neutral drift but enhanced the robustness of cell-fate organ identity decisions in the presence of 
stochastic noise. This finding strongly corroborates the view that the appearance of this regulatory mechanism during 
angiosperm phylogeny led to a canalization of flower development and evolution. 
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Introduction 

Depending on the nature of the interactions of their 
constituents, gene regulatory circuits can display a variety of 
dynamical behaviors ranging from simple steady states, to 
switching and multistability, to oscillations. Temporal or spatial 
patterning during development requires activatioil of genes at a 
particular time or position, respectively, and the inhibition in the 
remaining time or part. Regulatory genes involved in such 
processes often show a switch-like temporal or spatial dynamics, 
which requires a direct or indirect positive non-linear feedback of 
the genes on their own expression, e.g. via dilners of their own 
product [I]. Switch-like behavior can be displayed by a single gene 
[2,3], but Inally gene regulatory switches have a more complex 
structurc, Due to the small iluinber of illolecules involved, these 
switches are inherently stochastic and their behavior under noisy 
conditioils call stroilgly depend on their gcnetic architecture [&GI. 
In some cases the complex regulatoly illteractions have been quite 
wcll documented, but the functional iinplications of the corrc- 
spollding regulatoly circuitly have remained enigmatic. A good 
case in point is provided by some floral l~omeotic (or orgall 
identity) genes fiom model plants such as Arabidofisis tlzaliana (thale 
cress; hencefort11 terined Arabidopsis) and A?zti~r.lzi~lunz nzajus (snap- 
dragon; henceforth called Anlirrlzinuin). 

Floral holneotic genes act as developmental switches iilvolved in 
specifying organ identity during flower development. According to 
the 'ABC model', three classes of floral organ identity (or 
homeotic) genes act in a combinatol+ial way to specify the identity 
of four types of floral organs, with class A genes specif;jing sepals in 
the first floral whorl, A+B petals in the second whorl, B+C stalneils 
(male reproductive organs) in the third whorl, and C alone cai~els  

(female organs) in the fourth floral whorl [7]. The combinatorial 
genetic interaction of floral hoineotic genes may involve the 
formatioil of lnultilneric transcription factor complexes that also 
include class E (or SEPALLATA) proteins, as outlined by the 
'floral quartet' model [8], 

In AntirrlEi~zum, there are two different class B genes termed 
DEPICIMS (DEq and GLOBOSA (GLO). In Arabidopsis these genes 
are represented by APETALA3 (AP3), the putative orthologue of 
DElj; and PISTILLATA (PI), the putative GLO orthologue. For 
simplicity, we will refer to DEF-like and GLO-like genes from here 
on. DEP-like and GLO-like genes represent paralogous gene clades 
that origiilated by the duplicatioil of a class B gene precursor 200- 
300 lnillioil years ago [9,10]. All class B genes identified so far, like 
most other floral homeotic geilcs, bclong to the family of MADS- 
box genes, encoding MADS-domain transcriptioll factors [1 1 ,121. 

Mutant phenotypes reveal that DW-like a id  GLO-like genes are 
essential for the development of petals and stamens, since dgand 
glo loss-of-function mutants all produce flowers with petals 
convertcd into sepals and stainens transformed into carpcls [13- 
171. When co-expressed in the context of a flower, DEF and GLO 
are not only required, but even sufficieilt for specifying petal and 
stamen identity, as revealed by trailsgenic studies (c.g., [18]). 

Induction and stable lnaintenallce of switch-gene expressioil are 
typically two independent processes, depending on a trailsient 
exteimal signal and autoregulation, respectively [19]. Whenever a 
trailsieilt activating signal is above a threshold, the gene activity 
switches from the OFF- to the ON-state. The signal is required 
only for initiation, but not for maintenance of gene activity. Due to 
the autoregulation, the gene's response becomes in a wide rangc 
indepelldeilt of the exact strellgtll of the input signal. During later . 
stages of flower development (in Ambidofis& fi-om stage 5 on), 
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Abstract ' 

Promoters process signals through recruitment of transcription factors and RNA polymerase, and dynamic changes in 
promoter activity constitute a major noise source in gene expression, However, it is barely understood how complex 
promoter architectures determine key features of promoter dynamics. Here, we employ prototypical pronioters of yeast 
ribosomal protein genes as well as simplified versions thereof to analyze the  relation,^ among promoter design, complexity, 
and function. These promoters combine the action of a general regulatory factor with that of specific transcription factors, a 
common motif of many eukaryotic promoters. By comprehensively analyzing stationary and dynamic promoter properties, j 
this model-based approach enables us to pinpoint the structural characteristics underlying the observed behavior, / 
Functional tradeoffs impose constraints on the promoter architecture of ribosomal protein genes. We find that a stable 1 
scaffold in the natural design results in low transcriptional noise and strong co-regulation of target genes in the presence of i 
gene silencing. This configuration also exhibits superior shut-off properties, and it can serve as a tunable switch in living 1 
cells, Model validation with independent experimental data suggests that the models are sufficiently realistic. When j 
combined, our results offer a mechanistic explanation for why specific factors are associated with low protein noise in vivo. , 
Many of these findings hold for a broad range of model parameters and likely apply to other eukaryotic promoters of similar 1 

structure. i 
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Introduction 

Co~nbi~latorial regulatioil of gene expression is an important 
mechanism for signal intepation in prokaiyotes and eukalyotes 
(reviewed in [I]). Typically, specific motifs in the DNA sequence 
favor biildiilg of particular transcription factors (TFs) and thus 
cncode a cis-regulatory input functio~l [Z ] .  Protein-protein 
interactions aillong different TFs, which do not i~ecessarily involve 
direct contacts with DNA, contribute to-frequently synergistic- 
regulatoiy function [I]. This is a vely versatile mechanis~n for 
hierarchical control, e.g., when TFs call o11ly be recruited in a pre- 
defined sequence or when they are excluded under specific 
conditioils [3]. Chromatin state and chromatin-moclifyiilg activ- 
ities provide yct another layer of regulation, and recruittneilt of the 
latter is typically also mediated by TFs [4]. Hence, multiple, 
co~nplex levels of combiaatorial control characterize transcrip- 
tional regulation [5]. 

New higll-througl~put ineasurelnent methods have generated a 
wealth of inforinatioil on transcriptional regulatoly circuits at 
different levels such as cllro~natin states, prolnoter occupancy by 
TFs, and mRNA expression dynamics as the system's output. 
Analysis of colnbinatorial regulation at the genome-scale points to 
a modular orga~lizatioil of transcril~tioaal regulatory networks, 
which could facilitate data integration, However, this requires a 
~nulti-level analysis [6] and dynainic processes may lead to large 
fullctional re-arrangements of transcriptio~lal regulatory networks. 

Concomitantly, understanding network design principles needs a 
detailed investigation of dynamic processes [7,8]. 

Corresponding computational models aid in disetltangliilg 
tra~lscriptio~lal network structures and in quantitatively analyzing 
the impact of prolnoter architecture on the regulato~y outcome. 
Dependiilg on network size, available experimeiltal data, and 
model puspose, model types range from qualitative logical inodels 
to quantitative approaches based on thermoclynamic consider- 
ations or ordinary differential equations (ODES) (reviewed in [9- 
111). However, most prcvious work focused on stationaly gene- 
regulatory input functions in real-life orgallisms and in ratioilal 
pro~noter design [2,12-141, Recently, stochastic kinetic ~nodels 
have received increased attenlion because we lack a deeper 
ullderstailding of how gene network architecture shapes gene 
expression noise [15]. Stochasticity in gene expression arises froln 
environinental effects and fi-om intrinsic sources. It can have 
benefits and adverse effects for gene network function (reviewed in 
[l 6,171). Hence, noise in gene expression may be an evolvable trait 
that is intimately linked to promoter architecture [IG]. For 
eukaryotic systems, irregular prolnoter activation due to chroma- 
tin modifications or transcril~tional rc-initiation are the nlain 
intrinsic noisc sources [15,18]. Despite recent progress [15,18,19], 
our ulldersta~lding of how the dynamic intesplay of transcription 
factors, cl~roinosomal positioning, epigenetic control, and cG 
regulatory promoter eleinents shapes expression dynamics and 
noise properties is still limited. Moreover, muc11 of our knowledge 
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I 

I 

I A defining characteristic of living cells is the ability to respond dynamically to eiternal stimuli while b&taining horneostas!s / 
1 under resting conditions. Capturing both of these features in a single kinetic model is difficult because the model must be able i 

I to reproduce both behaviors using the same set of molecular components, Here, we show how combining small, well-defined 
steady-state networks provides an eMcient means of constructing large-scale kinetic models that exhibit realistic resting and 
dynamic behaviors. By requiring each kinetic module to be homeostatic (at steady state under resting conditions), the method, 1 

I proceeds by (11 computing steady-state solutions to a system of ordinary differential equations for each module, (io applying I 
I principal component analysis to each set of solutions to capture the steady-state solution space of each module network, and 1 
I (110 combining optimal search directions from all modules to form a global steady-state space that is searched for accurate ' s j  

simulation of the time-dependent behavior of the whole system upon perturbation, Importantly, this stepwise approach 1 1 retains the nonlinear rate expressions that govern each reaction in the system and, enforces constraints on the range of 
: allowable concentration states for the full-scale model. These constraints not only reduce the computational cost of fitting 
: experimental time-series data but can also provide insight into limitations on system concentrations and architecture. To , 

I demonstrate application of the method, we show how small kinetic perturbations in a modular model of platelet P2Yl / 
i signaling can cause widespread compensatory effects on cellular resting, states, , 

I I ,  
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Introduction 

Computational inodels help quantify the reaction dynamics and 
regulatory modes in complex biochemical systems [I-51, partic- 
ularly when a systein is so intricate that its behavior cannot be 
predicted by intuition alone. The building blocks for constructing 
large reaction networks are often available in numerous databases 
[G-91 and journal arcl~ives. Here, one can obtain inally of the 
experimentally-derived elementary reaction steps, kinetic con- 
stants, or rate laws for individual steps in a given biochemical 
system or pathway. Despite this wealth of information, however, 
compiling these data to construct models with accurate system- 
wide behavior represents a significa~lt challenge in systeins biology 
[lo, 1 11. Coinprehensive lnodels of nletabolisln have been 
successfully developed for inicrobial systems [5,12,13] and certain 
eukalyotic cell types [14-1 GI .  These constraint-based inodels 1171 
are often represented by stoicl~ioinetric networks that lack an 
explicit description of substrate concentrations, reaction mecha- 
nisms, or the trallsient behavior of the system. Although various 
strategies have been proposed to incorporate these features into 
large-scale lnodels [18,19], the task of assembling colnplex kinetic 
models with nonlinear dynamics reinaiils a difficult problem. One 
of the major obstacles to building accurate kinetic models is the 
nuinber of unknown paraineters in tlze model that must be 

estimated using experiineiltal datasets [lg], which themselves are 
often massive, incomplete, noisy, and/or imperfect [20]. A 
number of parameter estimation methods, such as genetic 
programming, simulated a~mealing, and various gsadient-based 
routines [21,22], have been proposed to infer unknow~~ quantities 
in biochemical models. Most of these methods address the 
problem of estilnation in purely abstract terins and do not take 
into account the uniquc Inathematical features of biochemical 
systems, such as a wcll-characterized kinetic subsysteln (e.g., the 
dynalnics properties of an ion channel [23]). Estilnatcd parameters 
must still meet collstraints imposed by the other experi~neiltally 
measured parameters in the model. 

' 

To address these challenges, we propose a strategy for 
assembling large kinetic tletworks that retain the llonlinear 
dynalnics governing individual reactions in the system, The key 
features of the method are: (2) restriction of steady-state values by 
subsysteln kinetics, (iz) reductioil of the steady-state solution space 
by principal coinpo~lent analysis (PCA), and (iiz) conlbination of 
independently constructed sublnodels (modules). The first fcature 
is a Monte Carlo sainpling over unknown conce~ltrations with 
fixed kinetic parameters derived fkom the literature. The opposite 
strategy has been used in microbial systeins to restrict kinetic 
paraineters based on species coilcentrations [12]. The second 
feature, reduction of the steady-state space by PCA, has been 
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1 Abstract ! 

/ 

I Genetically identical populations of unicellular organisms often show marked variation in some phenotypic traits. To 
/ investigate the molecular causes and possible biological functions of this phenotypic noise, it would be useful to have a 
j method to identify genes whose expression varies stochastically on a certain time scale. Here, we developed such a method 
1 and used it for identifying genes with high levels of phenotypic noise in Salmonella enterica ssp. I serovar Typhimurium (S. 
1 Typhimurium), We created a genomic plasmid library fused to a green fluorescent protein (GFP) reporter and subjected 
1 replitate populations harboring this library to fluctuating selection for GFP expression using fluorescent-activated cell 

sorting (FACS). After seven rounds of fluctuating selection, the populations were strongly enriched for promoters that 1 
showed a high amount of noise in gene expression. Our results indicate that the activity of some promoters of S, ' 

i 
, Typhimurium varies on such a short time scale that these promoters can absorb rapid fluctuations in the direction of 
' 

selection, as imposed during our experiment. The genomic fragments that conferred the highest levels of phenotypic / 
1 variation were promoters controlling the synthesis of flagella, which are associated with virulence and host-pathogen I I interactions. This confirms earlier reports that phenotypic noise may play a role in pathogenesis and indicates that these 

1 promoters have among the highest levels of noise in the S, Typhimurium genome. This approach can be applied to many 1 
; other bacterial and eukaryotic systems as a simple method for identifying genes with noisy expression. I i 
l I 
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Introduction 

Clonal populations of unicellular organisms gsowing under 
constant coilditions often show substantial variatioil in phenotypic 
traits. The rate at which some of these traits vary is so higll that it 
cannot result fioin mutational chailge, Rather, this phenotypic 
noise has been shown to result fiom chance events in the cells, 
nainely random fluctuation in the transcriptioll and translation of 
gencs [l-31. Most of the research on phenotypic noise focuses on 
two questions. First, what are the inolecular processes underlying 
this phenomenon? Second, are there cases in which phenotypic 
noise is beneficial? Call it provide a genotype with new biological 
f~~nctions and improve the chance that it will survive and 
rcproduce? 

To  further our understanding of the biological significance of 
phenotypic noise, it would be lzelpful to have a simple method to 
identify genes whose exl~ression varies stochastically at a given 
tiinescale and under specific enviroilinental conditions. So far, 
most of the research on phenotypic noise was based on the 
detailed analysis of individual biological traits Ip.-61. It is 
interesting to coinplement these studies with a global analysis, 
so that one can ask whether the traits studied so far are indeed 

particularly noisy, or whether a substantial fraction of all genes 
sllow such high levels of noise. One possibility for a global 
analysis of phenotypic noise is the exhaustive cl~aracterization of 
ordered libraries of strains marked with reporter proteins [7]. 
Here, we have established a siinplc alternative that allows 
icleiltifyii~g proinoters whose activity varies on a specific time- 
scale; we used this method to identify promoters in the bacterial 
pathogen S. Typl~imuriuin that switch between active and 
inactive over the course of a few generations.,, 

The method is based on subjecting a promoter library to 
selection for higll levels of random variation on a short time scale. 
The screen was initiated with a genoinic library consisting of short 
geiloinic fragments upstream of a gene encoding green fluorescent 
protein (GFP). Cells car~ying a fiagrnent with an active promoter 
expressed GFP. 111 order to select for promoters with a high level of 
phenotypic noise, we used fluorescence-activated cell sorting to 
select cells based on the cellular concentration of GFP, and 
alternated between selecting for lligl~ levels of GFP, and selectiilg 
for low levels of GFP. There was no signal indicating the direction 
of selection during a given round of the selection exl~eriment; one 
would thus expect that promoters that randomly switch between 
expressing and not expressing GFP would increase in frequency. 
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Versatile selection technology for intracellular 
protein-protein interactions mediated by a unique 
bacterial hitchhiker transport mechanism 
Dujduan Waraho and Matthew P. DeLisal 
School of Chemical and Biomolecular Engineering, Cornell University, Ithaca, NY 14853 1 Edited by David Baker, University of Washington, Seattle, WA, and approved January 7, 2008 (received for review May 2, 2007) 

We have developed a reliable genetic selection strategy for isolating 
interacting proteins based on the "hitchhiker" mechanism of the 
Escherichia coli twin-arginine translocation (Tat) pathway. This 
method, designated FLI-TRAP (functional ligand-binding identifica- 
tion by Tat-based recognition of associating proteins), is based on the 
unique ability of the Tat system to efficiently cotranslocate nonco- 
valent complexes of 2 folded polypeptides. In the FLI-TRAP assay, the 
protein to be screened for interactions is engineered with an N- 
terminal Tat signal peptide, whereas the known or putative partner 
protein is fused to mature TEM-1 p-lactamase (Bla). Using a series of 
c-Jun and c-Fos leucine zipper (JunE and FosLZ) variants of known 
affinities, we observed that only those chimeras that expressed well 
and interacted strongly in the cytoplasm were able to colocalize Bla 
into the periplasm and confer p-lactam antibiotic resistance to cells. 
Likewise, the assay was able to efficiently detect interactions be- 
tween intracellular single-chain Fv (scFv) antibodies and their cognate 
antigens. The utility of FLI-TRAP was then demonstrated through 
random library selections of amino acid substitutions that restored (0 
heterodimerization to a noninteracting FosE variant, and (ii) antigen 
binding to a low-affinity scFv antibody. Because Tat substrates must 
be correctly folded before transport, FLI-TRAP favors the identifica- 
tion of soluble, nonaggregating, protease-resistant protein pairs and, 
thus, provides a powerful tool for routine selection of interacting 
partners (e.g., antibody-antigen), without the need for purification or 
immobilization of the binding target. 

ligand binding proteins ( protein folding quality control I 
signal peptide I twin-arginine translocation 1 2-hybrid system 

P rotein-protein interactions are key molecular events that inte- 
grate multiple gene products into functional complexes in 

virtually every cellular process. Because such interactions mediate 
numerous disease states and biological mechanisms underlying the 
pathogenesis of bacterial and viral infections, identification of 
protein-protein interactions remains one of the most important 
challenges in the postgenomics era. The yeast 2-hybrid (Y2H) 
system (1) has been the tool of choice for revealing numerous 
protein-protein interactions, underlying diverse protein networks 
and complex protein machinery inside living cells. To date, Y2H has 
been used to generate protein interaction maps for humans (2), 
Drosophila rnelanogaster (3), Caenorhabditis elegans (4), Saccharo- 
myces cerivisiae (5, 6) ,  vaccinia virus (7), and Escherichia coli 
bacteriophage T7 (8). Another important application of the Y2H 
methodology is the discovery of diagnostic and therapeutic pro- 
teins, whose mode of action is high-affinity binding to a target 
peptide or protein. For example, several groups have isolated 
antibody fragments that are readily expressed in the cytoplasm of 
cells where they bind specifically to a desired target (9, lo), and in 
certain instances ablate protein function (11, 12). 

Although the 2H system was initially developed by using yeast as 
a host organism, numerous bacterial (B)2H systems are now 
common laboratory tools and represent an experimental alterna- 
tive with certain advantages over the yeast-based systems (13,14). 
A number of these bacterial approaches employ split activator/ 
repressor proteins; thus, they are functionally analogous to the 
GAL4-based yeast system (15-17). Unfortunately, both Y2H and 

B2H GAU-type assays are prone to a high frequency of false 
positives that arise from spurious transcriptional activation (18), 
and complicate the interpretation of interaction data. As proof, a 
comparative assessment revealed that >50% of the datasgenerated 
using Y2H were likely to be false positives (19). To address this 
shortcoming, several groups have exploited oligomerization- 
assisted reassembly of split enzymes such as adenylate cyclase (20), 
p-lactamase (Bla) (21), and dihydrofolate reductase (22,23), as well 
as split fluorescent proteins (24, 25). Alternatively, a number of 
methodologies for detecting interacting proteins in bacteria have 
been developed that do not rely on interaction-induced comple- 
mentation of protein fragments, but instead use phage display (26), 
FRET (27), and cytolocalization of GFP (28). 

In this study, we have developed a genetic selection for protein- 
protein interactions in E. coli based on the native ability of the 
twin-arginine translocation (Tat) pathway to both proofread (29- 
31) and colocalize (32) folded protein complexes across biological 
membranes. In the latter instance, Wu and coworkers (32) revealed 
that the Tat pathway exports heterodimers whereby only 1 protein 
subunit carries an N-terminal Tat signal peptide (ssTorA), a process 
referred to as "hitchhiker" export. More recently, we exploited this 
natural hitchhiker mechanism for the periplasmic expression of a 
murine FAB antibody fragment (30). In this earlier study, an ssTorA 
was fused to the FAB heavy chain, whereas the FAB light chain was 
expressed without any signal peptide. After coexpression of the . 
individual heavy and light chains in E, coli, the FAB subunits 
assembled in the cytoplasm and were colocalized to the periplasm 
via the Tat machinery. Along similar lines, a genetic reporter of 
protein-protein interactions using the Tat system was described 
recently by Strauch and Georgiou (33); however, the assay relied on 
complex phenotypic complementation that potentially limits the 
effectiveness of the approach. Here, we show that Tat-mediated 
colocalization of the reporter enzyme Bla enabled semiquantita- 

. tive, high-throughput selection of a wide range of interacting 
polypeptide pairs that were stably expressed, and interacted with 
high affinity in the bacterial cytoplasm. By using this method, 
termed FLI-TRAP (functional ligand-binding identification by 
Tat-based recognition of associating proteins), we were able to 
efficiently isolate high-affinity binding proteins from large combi- 
natorial libraries after just a single round of mutagenesis and 
selection. 

Results 
Reconstitution of the Tat-Dependent Hitchhiker Mechanism for a 
Native Tat Substrate. To verify whether the Tat hitchhiker mecha- 
nism could be developed as a general platform for detecting 
intracellular protein-protein interactions (Fig. M), we first at- 
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Kinetochore geometry defined by cohesion 
within the centromere 
Takeshi ~akuno'.~, Kenji ~ a d a ' %  Yoshinori ~ a t a n a b e " ~  

During cell division microtubules capture chromosomes by binding to  the kinetochore assembled in the centromeric region 
of chromosomes. In mitosis sister chromatids are captured by microtubules emanating from both spindle poles, a process 
called bipolar attachment, whereas in meiosis I sisters are attached to  microtubules originating from one spindle pole, called 
monopolar attachment. For determining chromosome orientation, kinetochore geometry or structure might be an important 
target of regulation. However, the molecular basis of this regulation has remained elusive. Here we show the link between 
kinetochore orientation and cohesion within the centromere in fission yeast Schizosaccharomyces pombe by strategies 
developed to visualize the concealed cohesion within the centromere, and to  introduce artificial tethers that can influence 
kinetochore geometry. Our data imply that cohesion at the core centromere induces the mono-orientation of kinetochores 
whereas cohesion at the peri-centromeric region promotes bi-orientation. Our study may reveal a general mechanism for the 
geometric regulation of kinetochores, which collabora.tes with previously defined tension-dependent reorientation 
machinery. 

A well-defined inecha~lisn~ for the regulation for kinetochore orienta- peri-centromeric regionsL4--'" wllereas lneiotic Rec8-contai1li11g 
tion is the tension-depeildent stalilization of ltinetochore-microtuubt~le cohesin localizes additionally to the core centromerel" Crucially, 
attaclmeilt; unstable syiilclle n~icrotubules repeatedly attach and release the abolishment of Rec8 only at the core centromere results in equa- 
(reorient) lunetochores until they capture paired kinetocl~ores from tional rather tllan reductional division at ineiosis I, advocatiilg a 
opposite sides, thus generating tension across cohered centron~eres'>~, inodel whereby the establishlnellt of cohesion at the core centronlere 
During meiosis I, however, hoinologous c1~ron~osoines are connected coiljoiils the two lunetocl~ore domaills at meiosis I, whereas the core 
by a reciprocal reco~nbi~lation (chiasmata) and, therefore, tension regions inay open to opposite sides when not establishing this cohe- 
can be generated not only when sister chron~atids are captured from sio11'~. Fission yeast Moal, a 111eiosis-specific lzinetochore protein, 
opposite sides but also when hon~ologous chroinosolnes are pulled also has an essential role in establishing the mono-orieiltation of 
fsom opposite sides'"". Indeed, meiotic cells always talte the latter lzinetochores, whereas centromeric Rec8 localization increases, 
option at the first meiotic division. Importantly, even if reconlbination rather tllan decl-eases, in r~loalA cells'7, Moreover, the contribution 
is genetically abolislled during meiosis, sister lzinetocl~ores apparently of cohesill to lunetocl~ore orientation has been disputed in budding 
refuse bipolar attacl~ment, although tension-generating attachnleilt call yeast'"". Thus, the lack of observatioil of actual cohesion at the core 
be established o111y in this way. Therefore, the sti~ucture or geometry of celltroiilere in any orgallisin leaves the cohesion-mediated mono- 
sister lunetocl~ores may be modified to allow orientation towards the orientation model largely llypothetical. 
same surface at this stage of meiosis, 

The geoinetric aspect of kinetochore orje~ltation has long been Visualization of core centr0mel.e cohesion in meiosis 
recognized in vertebrates? The staining of humall interphase nuclei To visualize the cohesion of DNA sequences lying under ltineto- 
with anti-centronwe antibodies revealed that the centromere is chores, we inserted a Inc operator (1ncO) array into the centre of 
duplicated a i d  resolved by tlle end of interphase6, This physical sepa- the core centromere and expressed green fluorescent protei~l-lactose 
ration or resolutioll of sister cc~ltronlercs would be inlportailt for repressor (GF13-LacI) fusion proteins (cntl-GFI)) within the cell 
back- to-back assembly of sister Itinetocl~ores, thus facilitating bipolar (Fig, la), The engineered centromere was showil to preseive intact 
attacli~nent to microtubules inmitosis. I11 contrast to mitosis, electroil fullction (Supplen~entary Fig, I), Howevcr, this fluo~~escence madter 
lllicroscopic analyses of several animal germ cells have shown that n ~ i g l ~ t  not reveal the cohesion state at the core ceiltro~nere in the 
sister kinetochores orient side-by-side and fuse in meiosis I"7-9. context of the c11roii~osoil1e because of the intact cohesioi~ at neigh- - llespite its parainouilt importailce for chromosome segregation, the boilring sites, To overconlc this problem, we excised the TINA from 
molecular inechanisnl underlying the regulatioil of lzinetocllore geo- the neighbouring cl~romosoinal domaills by a site-specific recoinbi- 
nletry has remained largely elusive'", ilase (li recoinbinase of Z)~gosncchar.o~rt)~cc)s 1.0 uxii) and circularized 

Fission yeast centromeres, like metazoail centsomeres, are com- it2"*" (Fig, la), Given that cohesion is usually established during 
posed of two domains, a lunetocl~ore-asseinbling core centroinere S phase, we excised the DNA region during post-DNA replication 
and heterochromatic peri-centromeric regions; a single kii~etochore in ineiosis by expressing R recoinbiilase with a meiosis-specific spo5' 
can attach several n~icroti~bules'-'~''. One plausible model for the promoter", A Souther~l blot assay confirmed the proper excision of 
geonletric regulation of ltinetocl~ores arose froin the analysis of the thc DNA duplex as a circle in zygotes (Fig. la),  To visiialize the 
sister chromatid cohesiorl mo1,ecule (cohesin) in this organisn~'" uullcouplii~g of the core centromere marlted with GFP signals, we 
Mitotic Iiad21-containing cohesin localizes preferentially to the coloured the outer flailking dhlL site differently with the iilsertio~l 

'Laboratory of Chromosome Dynamics, lnstltute of Molecular and Cellular Biosciences, 2~romot ion  of Independence for Young Investigators, 3 ~ r a d u a t e  Program in Biophysics and 
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Cdcl4 inhibits transcription by RNA polymerase I 
during anaphase 
Andrks ~lemente-61anco1, Maria ~ a ~ i n - ~ a n t o s ' ,  David A. schneider2, FBlix ~ a c h i n ' t ,  Adam ~armuz', 
Herbert ~schochner~ & Luis ~ r a g b n '  

Chromosome condensation and the global repression of gene tran- CDC14 from the GAL1 -1 0 promoter in metaphase cells causes a four- 
scription' are features of mitosis inmost eukaryotes. The logic behind fold reduction in rRNA synthesis (Fig. 2a) and the effect is dependent 
this phenomenon is that chromosome condensation the 
activity of RNA polyrnerases. In budding yeast, however, transcrip- 
tion ed to be continuous during mitosis2. Here we show 
that tein phosphatase required for nucleolar segregation3 
and mitotic exit4, inhibits transcri tion of yeast ribosomal e s  + (rDNA) during adp ase. The phosphatase activity of Cdcl4 is 
r e + E i i l ~ ~ p r s ~ ~ e  I (Pol I) inhibition in vitro and in viva 
Moreover C i l ~ 9 = & ~ ~ ~ m o n ' ~ 1 ~ n u ~ 1 e ~ 1 a r  exclusion,. 
of J!olh-ts.-We demonstrate that transcription inhibition is 
necessary for complete chromosome disjunction, because ribosomal 
RNA (rRNA) transcripts block condensin binding to rDNA, and 
show that bypassing the role of Cdcl4 in nucleolar segregation 

\ requires in vivo degradation of nascent transcripts. Our results show 
that transcription interferes with chromosome condensation, not the * reverse. We -conclude that b u d d i n g ~ ~ , J i l e - - m o s t e ~ ~  
inhibit Pol I transcription befor--wegation as a prexeguisite for 
c ~ ~ r n ~ m ~ n d e n s a ~ ~ d . f a i t h f u l . . ~ e n o m e . s e p ~  

In most eukaryotic cells, a dramatic structural reorganization of the 
b 

genetic material into highly condensed chromosom~s and the global 
silencing of gene transcription1 accompany entry into mitosis. This 
might reflect an incompatibility between transcription and chro- 
mosome condensation and/or segregation processes~~he most highly 
transcribed regions in eukaryotic genomes are the ribosomal gene 
arrays (rDNA), which require a dedicated polymerase named RNA 
Pol I. A study in budding yeast using cell size as an indicator of cell- 
cycle stage and cellular RNA transcript levels established that transcrip- 
tion, including rDNA, is not inhibited at any stage during mitosis2. 
This is surprising because rDNA becomes hyper-condensed during 
anaphase516. We thus revisited whether transcription is inhibited 
during yeast mitosis using more sensitive assays. 

We measured total RNA synthesis in synchronised yeast cultures 
undergoing an entire cell cycle using incorporation of [3~]urac i l  into 
total RNA and found that cells downregulate RNA synthesis during 
anaphase (Fig. la). Analysis of nascent 35s rRNA transcripts also 
showed significant reduction during anaphase (Fig. lb; 75 min and 
Supplementary Fig. 1). The anaphase inhibition of rRNA transcrip- 
tion correlates with the exclusion of the Pol I subunit Rpa43 from the 
35s gene region (Fig. Id and Supplementary Figs 2 and 3). Therefore, 
yeast cells, like most eukaryotes, inhibit transcription during mitosis; 
however, whereas transcription inhibition in most eukaryotic cells 
takes place in metaphase, in yeast it occurs during anaphase. 

In early anaphase the conserved phosphatase Cdcl4 becomes 
activated7. Cdcl4 is required for the resolution of transcription- 
dependent linkages in the ribosomal gene a r r ay .  Expression of 

on its phosphate activity (Fig. 2a). Cfil (also known as Netl), the 
nucleolar inhibitor of Cdcl4 and a CDKl target1"-12, interacts directly 
with Pol I and stimulates transcription in vitro13. Expression of a 
stabilized form of cyclin B2, CLB2-DP4, causes a mitotic arrest where 
Cdcl4 is maintained at the fully released and active stage12. CLB2-DK 
expression also causes reduction in rRNA synthesis in the presence of 
wild-type Cdcl4 (Fig. 2b), confirming that rDNA transcription 
inhibition is directly dependent on the phosphatase and not Cfil. 
Moreover, CLB2-DKexpression in the presence of Cdcl4 causes delo- 
calization of the essential Pol I subunit Rpa43 from the nucleolus 
(Fig. 2c, d and Supplementary Fig. 4). However, this is not the case 
for the entire Pol I holocomplex because the Rpal9O subunit is not 
delocalized when CLB2-DK is expressed in the presence of Cdcl4 
(Supplementary Fig. 5), despite the fact that Pol I transcription is 
inhibited (Fig. 2b). Therefore Cdcl4 probably inhibits Pol I 
transcription by destabilization of specific subunits. These findings 
suggest that Cdcl4 is a Pol I transcriptional repressor. Indeed, purified 
Cdcl4 inhibits Pol I transcription in vitro (Fig. 3a) whereas the phos- 
phatase-dead mutant does not (Fig. 3a). Cdcl4 does not prevent 
stimulation Pol I transcription by Cfil (Fig. 3b). Therefore the activ- 
ities of Cfil and Cdcl4 in the activation and repression of Pol I 
transcription are independent. 

Phosphorylation of Pol I has been linked to active transcription15. 
In metaphase-arrested cells at least two phospho-forms of Rpa43 can 
be detected (Supplementary Fig. 6). Expression of Cdcl4 causes the 
loss of one of the Rpa43 phospho-bands (Supplementary Fig. 6). 
Therefore Cdcl4 promotes dephosphorylation of Rpa43. Deletions 
in the carboxy-terminal region of Rpa43, where most phospho-sites 
are located16, prevent Cdcl4-dependent nucleolar delocalization but 
do not affect transcription inhibition (Supplementary Fig. 7). 
Therefore additional Cdcl4 targets in the regulation of Pol I transcrip- 
tion repression must exist, Nonetheless, Rpa43 seems to be a key factor 
because a phospho-mimicking mutant of Rpa43 shows defects in 
transcription inhibition (Supplementary Fig. 8). 

The requirement of Cdcl4 for rDNA c~ndensation'~*'~ and 
~egregation'~-~O is thought to stem from a defect in condensin local- 
i ~ a t i o n ' ~ * ~ ~ .  Condensin binding is incompatible with rDNA transcrip- 
tion21, and inactivation of Pol I allows rDNA segregation in the 
absence of Cdcl4 (refs 8 and 9). Therefore transcription inhibition 
by Cdcl4 is probably sufficient to promote condensin binding to 
rDNA. Indeed, in the absence of Cdcl4 removal of rRNA transcripts 
by expression of the RntA RNase TI from Aspergillus oryzaeZ2 
(Supplementary Fig. 9) promotes condensin binding to rDNA 
(Fig. 4a). 

'cell Cycle Group, MRC Clinical Sciences Centre, Imperial College, Bu Cane Road, London W12 ONN, UK. 2~epartment of Biochemistry and Molecular Genetics, University of Alabama 
at Birmingham, 442 Kaul Human Genetics Building, 720 20th Street South, Birmingham, Alabama 35294, USA. 31nstitut far Biochemie, Mikrobiologie und Genetik, Universitat 
Regensburg, Munich, Germany, ?Present address: Unidad de Investigaci6n1 Hospital Universitario Candelaria, Carretera del Rosario, 38010 Tenerife, Spain. 
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The yeast global transcriptional co-repressor protein 
Cvc8 can ~ r o ~ a g a t e  as a ~ r i o n  
Basant K. Patel1, Jacltie Gavin-Snlyth1p2 and Susan W. Liebman113 

Although many proteins can misfold into a self-seeding 
amyloid-like conformation1, only six are known to be infectious, 
that is prions. The prions [PSIt], [PINt], [URE31, [SW/+] and 
[HET-sl cause distinct heritable physiological changes in 
f ~ n g i * ~ ,  whereas PrPSc causes infectious encephalopathies in 
mammals5. It is unknown whether 'protein-only' inheritance 
is limited to these exceptional cases or whether it represents 
a widespread mechanism of epigenetic control. Towards this 
goal, we now describe a new prion formed by the Cyc8 (Ssn6) 
protein of Saccharomyces cerevisiae. Analogously to other yeast 
prions, transient overproduction of a glutamine-rich region of 
Cyc8 induced a heritable dominant cyc8 phenotype that is 
transmitted cytoplasmically and is dependent on the chaperone 
HsplO4 and the continued presence of the Cyc8 protein. The 
evolutionarily conserved Cyc8-Tupl global transcriptional 
repressor complex6 forms one of the largest gene regulatory 
circuits, controlling the expression of more than 7% of yeast 
genes7. Our finding that Cyc8 can propagate as a prion, 
together with a recent report that Swil of the Swi-Snf global 
transcriptional regulatory complex also has a prion form4, shows 
that prionization can lead to mass activation or repression of 
yeast genes and is suggestive of a link between the epigenetic 
phenomena of chromatin remodelling and prion formation. 

We previously identified 11 yeast proteins whose overexpressioil facili- 
tated the cle novo appearance of the [PSI'] prion in an unbiased screen: 
Cyc8, Lsm4, Newl, Nupl lG, Pin2, Pin3, Pin4, Stel8, Swil, Ure2 and Yckl 
(ref. 8), As the appearance of [PSI'] was also facilitated by the presence 
of the established prions [PIN'] or [URE3], and the protein determinalli 
of [URE3] was alllong the 11 proteins identified, we llypothesized that 
some of the other 10 proteins could also form prions8. This was further 
supported by the observation that all 11 proteins contained domains 
with an unusually high gluta~nine and asparagine (QN) content. Such 
QN-rich domains are found in all known yeast prioils as part of the 
'prion domain' required for prion formation and propagatiod14. Here we 
show that one of these proteins, Cyc8, can indeed form a prion. 

Mutations in CYC8 cause slow growth, defects in sporulation and mat- 
ing, high iso-2-cytocl~rome c, flocculatioi~, and invertase derepressi~d~~J" 
Because inactivation of Cyc8 either by nlutation or prion formation 
should be manifested as a loss-of-function phenotype2, we used the cyc8 
mutant phenotype of increased levels of iso-2-cytocllrome c (ref. 9) to 
select initially for the prion. Yeast needs cytochrome c to grow on the non- 
ferinentable carbon source lactateg. Because 95% of a cell's cytochrome c 
(iso-1) is encoded by CYCl, cycl mutants cannot grow if lactate is the only 
carbon source. However, a cycl mutant call grow on lactate if the level 
of iso-2-cytochrome c, encoded by CYC7, is increased by inactivating 
the Cyc8-Tupl repressor complex that represses the syntl~esis of iso-2- 
cytochro~ne c (refs 7,9; Fig, la). Thus, to screen for cells propagating a 
Cyc8 prion, we selected for cyclA yeast cells that grew well on lactate, 

The appearance of a prion de tzovo is generally a rare event, but the 
transient overproduction of the protein's prion domain greatly enhances 
its chance of misfolding into a prion2J. rl'hus, we overexpressed the 
C-domain of Cyc8 (residues 465-966), which is not essential for Cyc8 
fiinctio~l and contains a highly Q-rich segment (52% of residues 491-668 
are Q)11J2. This donlain organization is reminisceilt of the known yeast 
prion proteins, in wl~icll the functional and QN-rich prion domains 
are separate and distinct3, Althoug11 lactate' (Lac+) colonies appeared 
spontaneously in a cyclA haploid strain, presumably as a result of reces- 
sive spontaneous Laci mutations such as cyc8 inutations" we found that 
overproduction of Cyc8 (465-966) enhanced the appearance of Lac+ 
derivatives more than 100-fold (data not shown). When the screep was 
repeated in a cyclAlcyclA diploid, Lact derivatives appeared at a fre- 
quency of (1.7 rt 0.4) x 10-"rl= 3), whereas virtually no Laci derivatives 
were seen in control plates witl~out Cyc8 overexpression (Fig, lb) because 
recessive spontaneous Laci lnutations were hidden in the diploid. The 
proposed, Lac*, prion form of Cyc8 is designated as [OCT']. Because 
inactivation of Cyc8, either by mutation or by prion formation, would 
inhibit the sporulation of MATalMATa diploid cells6 and co~nprolnise ' 
the ability of MATaIMATa cells to mate6, we isolated [OCP]  candi- 
dates from a cycl AlcyclA MATaIMATa diploid, which can mate and thus 
allow genetic manipulations to exalnine prion propagation. We exam- 
ined three illdependent [OCP] isolates from MATaIMATa cells, and 
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Prions hijack tunnelling nanotu bes for intercellular 
spread 
Kar ine  G o u ~ s e t l ' ~ ,  Edwin S c h i f f r ~ ~ > ~ ,  Christelle Langevinl, Zrinka Marijanovicl, Anna Caputo13, D u n c a n  T. Browman', 
Nicolas Chenouard4, Fabrice de Cl~aumont" Angelo Martino5, Jost Enninga6, Jean-Chr i s tophe  Olivo-Marin4, 
Daniela Manne12 and Chiara Z U ~ Z O ~ O ~ ' ~ ' ~  

In variant Creutzfeldt-Jakob disease, prions (PrPSc) enter the We found that CAD cells readily form membrane bridges'!' that contain 
body with contaminated foodstuffs and can spread from the actin and do not toucll the s~~bstratumn~-'* (Fig. la). To determine the fre- 
intestinal entry site to the central nervous system (CNS) by cluency of these structures and to exclude incoinplete cytokinesis of daugh- 
intercellular transfer from the lymphoid system to the peripheral ter cells, we co-cultured cells transfected with green fluorescent protein 
nervous system (PNSI1. Although several means24 and different (GFP)-actin and Cherry-actin (Fig. lb). Overall, these experiinentsindi- 
cell  type^^-^ have been proposed to have a role, the mechanism cated that 44 + 6% (s.d.) of the observed  cells could efficiently form 
of cell-to-cell spreading remains elusive. Tunnelling nanotubes actin-containing membrane bridges of different lengths and diameters 
(TNTs) have been identified between cells8-12, both in  vitro and between differeiitiallylabelled populations (Fig. lb-d; see Supplementary 
in vivd0J1113, and may represent a conserved means of cell-to- Methods). To determine whether some of these connections were tun- 
cell cornmur~ication~~-~~. Here we show that TNTs allow transfer nelling nanotubes that would permit intercellular vesicle transfer, we 
of exogenous and endogenous PrPC between infected and naive co-cultured untransfected CAD cells with GFP-actin-transfected cells. 
neuronal CAD cells17. Significantly, transfer of endogenous After 24 h, the cells were labelled with LysoTraclcer red and imaged by 
PrPSc aggregates was detected exclusively when cells chronically spinning-disk confocal microscopy (Fig. 2a). Figure 2a shows a GFP- 
infected with the 139A mouse prion strain were connected to actin-transfected CAD cell (green) that has extended a tubular structure 
mouse CAD cells by means of TNTs, identifying TNTs as an to a cell stained with Lyso'I'racker (red). Over time, a I,ysorI'raclcer-positive 
efficient route for PrPSc spreading in neuronal cells. In addition, vesicle can be seen moving toward the GFP-actin-transfected cell and 
we detected the transfer of labelled PrPSc from bone marrow- entering its cytoplasm (Fig. 2b; Supplementary Movie Sl), indicating 
derived dendritic cells to primary neurons connected through that this tube was ill fact a fiinctional TNT. Measurements of the mean 
TNTs. Because dendritic cells can interact with peripheral neurons square displacemellt of vesicles deinoilstrate that the vesicle has a directed 
in lymphoid organs, TNT-mediated intercellular transfer would lnovemel~t towards the recipient cell, as opposed to random Brownian 
allow neurons to transport prions retrogradely to the CNS1. We movement (S~lpplementary Inforil~ation, Fig. Sla). 'fie estimated velocity 
therefore propose that TNTs are involved in the spreading of PrPC of the traclced vesicle (Fig. 2c; Suppleil~entary Movie S2) isverysimilar to 
within neurons in the CNS and from the peripheral site of entry to that calculated for a con~plex of inyosill VI and the GLUT1 transporter 
the PNS by neuroimmune interactions with dendritic cells. binding proteillZ0, indicating the possible involvement of actin-mediated 

motors, as previously suggested for TNT vesicular transport8. Thus, in 
To examine wl~ether TNTs represent a biological method for prion CAD cells, vesicles of lysosoinal origin are actively transferred intercel- 
spreading in ~leuronal cells we used CAD cells, a mouse neuronal cell line lularly through TNTs. 
of catecl~olaminergic origin that expresses neuron-specific proteinsI7, To analyse whether CAD cells could use TNTs to transfer P r P  in 
These cells have been shown to be an excelleilt neuronal cell culture live conditions, we transfected thein with GFP-tagged wild-type PrP 
model because they can differentiate17 and they have also been shown (GFP-PrPwt). Interestingly, GFP-PrPwl could be seen in TNTs, includ- 
to efficiently replicate prion straitls18. ing in networlcs bridging multiple cells (Fig. 2d), both at the surface and 

'Unit6 de Trafic Membranaire et Pathogenbse, lnstitut Pasteur, 25 rue du Dr Roux, 75724 Paris Cedex 15, France. 2Departrnent of Immunology, University of 
Regensburg, F.-J.-Strauss-Allee, 93042 Regensburg, Germany. 3Dlpartimento d i  Biologia e Patologia Cellulare e Molecolare, Universita degli Studi di Napoll 'Federico 
II', via Pansini 5, 80131 Naples, Italy. "nit6 dlAnaiyse d'lmages Quantitative, lnstitut Pasteur, 25  rue du Dr Roux, 75724 Paris Cedex 15, France. "nit(! de 
recherche de GBnktique Mycobacterienne, lnstitut Pasteur, 25  rue du Dr Roux, 75724 Paris Cedex 15, France. 6Groupe "Dynamique des interactions h6te-pathog8neM, 
lnstitut Pasteur, 25 rue du Dr Roux, 75724 Paris Cedex 15, France. 
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Nuclear transport factor directs localization of protein 
synthesis during mitosis 
G e e r t  van den Bogaart'~~]~, Ailne C. Meinema113, Victor Krasnikov2, L iesbe th  M. Veenhoffl14 and B e r t  P o o l n ~ a n ' ~ ~ ~  

Export of messenger RNA from the transcription site in the 
nucleus and mRNA targeting to the translation site in the 
cytoplasm are key regulatory processes in protein synthesis. 
In yeast, the mRNA-binding proteins Nab2p and Nab4pI 
Hrplp accompany transcripts to their translation site, where 
the karyopherin KaplO4p mediates both their dissociation 
from the mRNA and their transport back into the nucleus. We ' 

found that Kapl04p localized to the distal bud tip and the 
bud neck during cell division, resulting in a localized release of 
translation-competent mRNA and increased protein synthesis in 
the emerging daughter cell. Temporally and spatially coordinated 
localization of KaplO4p is a new mechanism for the asymmetric 
distribution of protein synthesis in dividing cells. 

During its maturation, mliNA is complexed with a cllanging repertoire 
of proteins, a fraction of which act co-transcriptionally 'l'hese proteins 
are involved in the modification of mRNA, including 5 '-end capping, 
splicing, 3 '-end cleavage and poly(A) addition, and only fully proc- 
essed transcripts are exported from the nucleus1. In addition to inRNA 
processing, a coinplex of proteins bound to a single mRNA, called mes- 
senger ribonucleoprotein (mRNP), also regulates the export, targeting, 
stability and translatability of the transcript2-" rl'rafficlting of mRNP to 
distinct cellular sites is a common inecllanisln for ensuring protein syn- 
thesis at defined subcellular sites, and it has been found to regulate cell 
polarity as well as asyminetry during developnlent and diifere~ltiation 
in animals, plants and fungi7, 

The transport of nlolecules between the cytoplasinic and nuclear coin- 

partlnents occurs through nuclear pore colnplexes (NPCS)~ and involves 
the for~nation of a carrier-cargo complex, translocation through the 
NPC, release of the cargo molecule at the tt*uns side, and recycling of 

. the carrier, Most ntrclear transport involves the binding of a carrier of 
the P-karyopherin st~perfainily to. a nuclear localization signal (NLS) 
present on the cargo. In contrast, inRNA export employs several pro- 
teins unrelated to karyopherins, such as the Mex67-Mtr2 heterodime?f3 
and iluclear polyadenylated RNA-binding proteins 2 and 4 (Nab2p and 
Nab4p/Hrplp), Nab2p is a protein related to 11u1nan heterogeneous 

nuclear RNP (11nRNP) that binds poly(A) RNA with high affinity, as 
denlonstrated by its dissociation constant of about 30 nM (refs 9-12). 
Nab2p is essential for mRNA export of a subset of transcripts, and its 
absence leads to the accumulation of poly(A) RNA in the i~ucleus '~-~~.  
Nab4plHrplp is the yeast protein most similar in sequence to marnina- 
lian hnRNP Al. In addition to being a factor for the export of mRNA, 
Nab4p is a component of the cleavage factor I complex'" Another 
abundant inlWP coinponent is poly(U)-binding protein (Publp). In 
t l~e  cytoplasm, tlle bulk of Nab2p interacts directlywitll Publp, and this 
interaction modulates transcript stability16. Before translation, Nab2p 
and Nab4p are released from the mRNA, T11e binding of cytosolic 
karyopherin Kap104p (ICapp2lTrn in metazoans) to the NLSs of Nab2p 
(rgNLS) and Nab4p has been implicated it1 this release"'7-1" The release 
of Nab2p from the mliNA is also mediated by the ADP-bound form of 
the DEAD-box RNA helicase Dbp5pI2. After the release of Nab2p and 
Nab4p, t l~e  ICaplO4-cargo complex is iinp orted into the nucleus, where 
RanGTP and mRNA act cooperatively to dissociate both Nab2p and 
Nab4p fro~n Kapl04p, probably resulting in only a small fraction of 
Nab2p not being bound to mRNA or ICap104p9. 

Because of its function as a nuclear transport factor, ICaplO4p was 
expected to be uniformly distributed in the cytoplasm. We determined 
the subcellular localization of ICaplO4p in a Sacchuromyces ccrevisine 
strain that produces a carboxy-terminally tagged ICap104p-GFP (green 
fluorescent protein) from the genomic KAY104 locus. Surprisingly, 
Kap l04p-GFP acculnulated roughly 10-fold compared with the cyto- 
plasnl at the distal tip of the daughter cell during early mitotic phase 
of the'cell cycle (referred to hereafter as M phase) and about 50-fold at 
the bud neck during late M phase; that is, at and after nuclear division 
(Fig, la-c; Supplementary Information, Movie Sl). ICaplO4p was the 
only one of the 14 ktlown karyopherins in yeast that localized to the 
bud neck or distal tip (not sl~own). A FRAP (fluorescence recovery after 
photobleacl~ing) study indicated that ICaplO4p-GFP was still lnobile at 
the bud neck and the bud tip, with a half time of recovery (t,,,) of 4-8 s 
(Fig. Id). The cytoplasmic concentration of Kapl04p-GFP during GI 
phase (no bud present) was about 1 pM (Fig. le) as determined from 
the fluorescence intensity, wllich corresponds to about 25,000 11101- 
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Monomeric fluorescent timers that change color from 
blue to red report on cellular trafficking 
Fedor V ~ubach l )~ ,  0ksana.M ~ u b a c h ' , ~ ,  Illia S ~undorov', Kateryna S ~ o r o z o v a l ,  Kiryl D ~iatkevich', 
Ana Maria cuervol & Vladislav V verkhushal 

Based on the mechanism for chromophore formation in red fluorescent proteins, we developed three mCherry-derived 

d monomeric variants, called fluorescent timers (FTs), that change their fluorescence from the blue to red over time. These variants 
exhibit distinctive fast, medium and slow blue-to-red chromophore maturation rates that depend on the temperature. At 37 'C, 

- the maxima of the blue fluorescence are observed at 0.25, 1.2 and 9.8 h for the purified fast-FT, medium-FT and slow-FT, 
8 respectively. The half-maxima of the red fluorescence are reached at 7.1, 3.9 and 28 h, respectively. The FTs show similar timing 
L 

u, behavior in bacteria, insect and mammalian cells. Medium-FT allowed for tracking of the intracellular dynamics of the lysosome- 
associated membrane protein type 2A (LAMP-2A) and determination of its age in the targeted compartments. The results indicate 

'= - that LAMP-2A transport through the plasma membrane and early or recycling endosomes to lysosomes is  a major pathway for 
LAMP-2A trafficking. 

Lj 
c - 
$ Monomeric fluorescent proteins of various emission wavelengths have LAMP-2A to lysosomes. LAMP-2A is encoded by a spliced variant of 
" become invaluable tools for studying the spatial behavior of intra- the lamp2 gene and acts as a lysosomal receptor for chaperone- 

cellular molecules, including their localization and interaction1. To mediated autophagy (cMA)~~~.  LAMP-2A is sorted to endosomes 
a visualize temporal and spatial molecular events, FTs~, which change and lysosomes through a tyrosine-based signal in its cytosolic 

their emission wavelengths over time, could be especially valuable. C terminus, but a fraction of the protein is also observed at the 
w a The only currently available FT is DsRed-Timer FT (also known as plasma memb~ane'~. This dual location led investigators to propose 

~ s ~ e d - ~ s ) ) ;  however, it is a tetramer, which prevents its application as the existence of both direct (Golgi to lysosomes) and indirect (through 
a protein fusion tag. Nevertheless, the tetrameric state of the DsRed- endocytosis from the plasma membrane) targeting of LAMP-2A to 
Tiiner does not limit its use to study gene activities4, relative age of lysosomesll. The use of FTs has allowed us to study the sequence of 
organelles5 and cell differentiation3. events involved in transport of LAMP-2A to lysosomes and to 

It has been suggested that a red DsRed-like chromophore in the red determine the preferential pathway followed by LAMP-2A for 
@ fluorescent proteins (RFPs) results from an oxidation of a protonatrd its trafficking, 

% blue form of the GFP-like chromophore, not fiom the green anionic 
form, which is a dead-end product6. This suggested scheme for red RESULTS 
chromophore maturation provides a basis for developing monomeric Development of monomeric FTs 
FTs that change their color from blue to red. The most suitable The gene encoding mCherry was used as a template for the multiple 
templates for this appear to be the monomeric variants of ~ s ~ e d ~ ,  saturated inutagenesis at positions 42, 44, 65, 69, 106, 148, 203 and 
One of these variants, mChersy, was chosen for a directed molecular 224 (amino acid numbering follows that of Aequorea victot-in GFP; see 
evolution to develop three monomeric FTs with different maturation Fig. la). These positions were identified either according to the X-ray 
rates between the protonated blue GFP-like and the anionic red structure of r n ~ h e s s ~ ' ~  or using experimental data regarding amino 
DsRed-like chromophore states. acid substitutions affecting maturation of DsRed  variant^'^-^^. It has 

FTs call be used as molecular genetically encoded tools to study been shown that substitutions at these positions slow or accelerate 
trafficking of different cellular proteins and to provide accurate insight formation of the red chromophore. According to the incherry 
into the timing of intracellular processes, The sequence of events structure, residues 42 and 44 are close to the Met65 residue of the 
during trafficking of different cellular proteins before they reach their mCher1-y chromophore, and residues 69, 148 and 203 are close to the 
final coinpartinent has often been the subject of contradictoiy phenolic and/or iinidazolinoi~e rings of the chromophore. Residue 224 
investigations. An example of a long-standing dilemma is the con- was found in close proximity to residue 203 and has been suggested to 
tribution of different pathways to trafficking .and final delively of indirectly influence chromophore positioning. Therefore, a bacterial 
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Transient ribosomal attenuation coordinates protein 

I synthesis and co - translational folding 
Gong Zhang1s2, Magdalena ~ubalewska' & Zoya ~ ~ n a t o v a ' , ~  

< 

Clustered codons that pair to low-abundance tRNA isoacceptors can form slow-translating regions in the mRNA and cause 
transient ribosomal arrest. We report that folding efficiency of the Escherichia coli multidomain protein Sufl can be severely 

ri perturbed by alterations in ribosome-mediated translational attenuation. Such alterations were achieved by global acceleration 
of the translation rate with tRNA excess in vitro or by synonymous substitutions to codons with highly abundant tRNAs both 
in vitro and in vivo. Conversely, the global slow-down of the translation rate modulated by [ow temperature suppresses the 
deleterious effect of the altered translational attenuation pattern. We propose that local discontinuous translation temporally 

rn separates the translation of segments of the peptide chain and actively coordinates their co-translational folding. E 
m 
I- 
L - - 
4 The full set of 20 amino acids is encoded by 61 sense codons and, whereas p-structures, loops and disordered structures are enriched 

except for methionine and tryptophan, all other amino acids are in infrequent codons". The underrepresented triplets pair to low- - encoded by several synonymous triplets. These are read by several abundance isoacceptor tRNAs, and therefore it is likely that they will 
8 isoaccepting tRNAs that vary substantially (at least ten-fold) in their be slowly translated12. Local slow-down of the elongation rate is .- 

cellular concentration~''~. Consequently, the asymmetric tRNA abun- involved in translational regulation13, or specific sequences in the 
E 
4 dance can cause variation in the rate of translation of each single mRNA may have coevolved to cause transient translational arrest, 

g codon. The translation rate is maximized at codons with highly which can guide interactions with other proteins and regulate expres- 
2 abundant cognate tRNA and minimized at codons read by rare sion or facilitate membrane i n ~ e r t i o n l ~ ~ ~ ~ .  Previous work proposed 
(d 
z ~ R N A S ~ .  Importantly, the concentration of isoaccepting tRNAs for a that discontinuous translation might be needed to temporally 

set of synonymous codons varies among organisms, tissues and stages separate the translation of defined protein segments to facilitate their 
of differentiation2d, and the codon-reading program can be drama- co-translational folding1=. This hypothesis is difficult to prove in vivo 

@ tically altered upon amino acid starvation5. because the dynamics of individual ribosomes are stochastic and 
The concentrations of the full set of tRNAs are known for only few nonsynchronized, and re-initiation of translation cannot be efficiently 

organisms, among them Escherichia coli and Bacillus ~ubtilis''~; how- prevented, So far, experimental evidence supporting this hypothesis 
ever, the tRNA copy number has been shown in general to positively has been s ~ a r c e ' ~ ~ ~ ~ ,  and the precise effect of the nonlinear translation 
correlate with the frequency of synonymous codon usage2, and the rate on the early steps of folding of nascent chains remains a 
effect of translational rate on any process downstream of translation fundamentally unresolved issue. 
has been interpreted in the context of codon usage, Some codons from Taking advantage of the vast amount of data (proteomic, tran- 
each synonymous set of codons are more frequently used ('codon scriptomic, tRNA and protein abundance) available for E, coli, we have 
bias') and tend to dominate in highly expressed genes7. Codon bias used a sensitive system that allows us to map the folding status of 
differs in various organisms, and the failure of recombinant gene translation intermediates to determine whether the local discontin- 
expression in heterologous hosts is often attributed to incompatibility uous translation at certain regions in the mRNA sequence is needed to 
of the codon-usage programs among the ~ r ~ a n i s t n s ~ ~ ~ .  efficiently coordinate thk rate of elongation of the peptide chain and 

Although it is not clear why some codons are preferred over others, its co-translational folding. 
single-nucleotide polymorphisms causing synonymous substitutions 
(that is, changing the codon-usage pattern without any amino acid RESULTS 
substitution) in one or more codons can alter substrate specificity, Algorithm to predict translational attenuation sites 
viral virulence or differentiation-dependent protein e x p r e s s i o i ~ ~ ~ ~ ~ ' ~ .  To determine whether the rate of translation could be part of a control 
The codon distributions might be related to secondary-structural loop for co-translational folding, we first performed a transcriptome- 
elements in proteins: a-helices are encoded by more frequent codons, wide search to identify putative regions for translational attenuation in 

l~epartment of Cellular Biochemistry, Max-Planck-Institute of Biochemistry, Am Klopferspitz 18, 82152 Martinsried, Germany. 2Department of Biochemistry, 
Institute of Biochemistry and Biology, University of Potsdam, Karl-Liebknecht-Str 24-25, 14476 Potsdam-Golm, Germany. Correspondence should be addressed to 
Z.1, (ignatova@unl-potsdam,de). 
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Intrinsic variability of gene expression encoded 
in nucleosome positioning sequences 
Jung Kyoon Choi & Young-Joon Kim 

Variation in gene expression is an essential material for 
biological diversity among single individuals4-' and 
populations or Here we show that expression 

$ variability is an intrinsic property that persists at those different 
levels. Each promoter seems to have a unique capacity to 

u, respond to external signals that can be environmental, genetic 
.c, 

C, or even stochastic. Our investigation into nucleosome '= organization of variably responding promoters revealed a 
commonly positioned nucleosome at a critical regulatory 
region where most transcription start sites and TATA elements 

L are located, a deviation from typical nucleosome-free status. 
The nucleotide sequences i n  this region of variable promoters 
showed a high propensity for DNA bending and a periodic 

E distribution of particular dinucleotides, encoding preferences 
for DNA-nucleosome interaction. Variable expression is 
likely to occur during removal of this nucleosome for gene 

CI a activation. This i s  a unique example of how promoter 
sequences intrinsically encode regulatory flexibility, which is 

8 vital for biological processes such as adaptation, development 
a and evolution. 

It has recently been suggested that there is a common genetic signature 
that is associated with genetic expression variations at different 
 level^^^'^. Moreover, geiletically variable genes are also sensitive to 
chailgiirg internal and external conditions, regardless of whether they 
are specific ellvironinental cues or stochastic fluctuations. The pre- 
sence of a TATA box has been suggested to enhance the sensitivity of 

Table 1 Genome-wide studies on gene expression variation in yeast 

gene expression to both genetic and environmental pe~turbations~~'~, 
but the underlyil~g mechanism remains to be elucidated. 

Here we collected a variety of genome-wide studies in yeast that 
reported expression variation arising from various origins as measured 
among single cells, different conditions, individuals, strains and 
species (summarized in Table 1 and given in Supplementary 
Table 1 online). Comparison of the seven variability measures showed 
a highly significant correspondence among them (Fig. la) .  For 
example, as a general variability measure with a large sample size 
( > 1,500 experimen ts7), responsivenessis intimately related to stress 
response, trans variability and expression divergence (Spearman's rank 
correlation, R>0,50 and P w 0). 

We have previously shown that trans variability explains about 70% 
of individual variation observed among segregants of a cross between 
two strains1'. Notably, trans variability was mostly accounted for by 
chromatin regulation. Chromatin regulation effect was measured by 
deletion effects of chromatin regulators on the expressioil of each 
gene. Transcription-factor regulation effect, as measured by deletion 
effects of trailscription factors, was not significant compared to 
chromatiil regulatioil effect, 

Given these findings, we measured the impact of chromatiil 
regulation effect on the various variability measures. As expected, 
chromatill regulatioil effect was closely associated with all the mea- 
sures, especially with responsiveness, trans variability and expression 
divergence ( R  2 0.40 and P < Pig, la) .  When collsidered 
simultaneously, the iilflueilce of chromatiil regulation effect was 
markedly higher than that of transcription-factor regulation effect 

Source of variation Observation level Datasets and descriptions 

Stochasticity Single cells Stochastic noise: variation measured among genetically, environmentally identical single cells3 

Environmental perturbations Conditions Responsiveness: variability measured from curated datasets representing various conditions7 
Stress response: differences in response to diverse defined stress ~ond i t i ons *~  

Genetic perturbations Individuals or lines trans variability: variability caused by different trans-acting genetic loci among individuals1' 
Mutational variance: variance among mutation accumulation lineslo 

Evolution Strains or species interstrain variation: variation among four natural isolates8 
Expression divergence: variation between yeast species under controlled environmental conditions7 

- - 
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Gene expression divergence in yeast is coupled to 
evolution of DNA-encoded nucleosome organization 
Yair ~ i e l d ' ) ~ ,  Yvonne ~ondufe -~ i t t endor f~ )~ ,  Irene K ~ o o r e ~ ,  Piotr Mieczkowski3, Noam ~aplan l ,  
Yaniv ~ubling', Jason D ~ i e b ~ ,  Jonathan widom2 & Eran segal'p4 

Eukaryotic transcription occurs within a chromatin environment, whose organization has an important regulatory function and is  
$ partly encoded in cis by the DNA sequence itself. Here, we examine whether evolutionary changes in gene expression are linked 

to changes in the DNA-encoded nucleosome organization of promoters. We find that in aerobic yeast species, where cellular 
$ respiration genes are active under typical growth conditions, the promoter sequences of these genes encode a relatively open 
e) (nucleosome-depleted) chromatin organization. This nucleosome-depleted organization requires only DNA sequence information, 
u) 

2 is independent of any cofactors and of transcription, and is a general property of growth-related genes. In contrast, in anaerobic 

,9 L 
yeast species, where cellular respiration genes are relatively inactive under typical growth conditions, respiration gene promoters - encode relatively closed (nucleosome-occupied) chromatin organizations. Our results suggest a previously unidentified genetic 
mechanism underlying phenotypic diversity, consisting of DNA sequence changes that directly alter the DNA-encoded 
nucleosome organization of promoters. 

I 

Changes in transcriptional regulation are important for generating 
phenotypic diversity among species, but the mechanisms underlying 

e) these regulatory changes are not well understood. Consistent with 
the centrality of transcription factors to transcriptional control, 

Z some phenotypic changes have been associated with changes in the 
8 binding-site content of promoters1 or with changes in the targets 
0 
cu bound by transcription factors2. However, modulation of other 
@ processes ley to transcriptional regulation may also lead to phenotypic 

diversity, Recent studies that measured nucleosome occupancy 
genome-wide have revealed strong associations between chromatin 
organization and gene expres~ion~-~, and other studies have shown 
that the organization of nucleosomes is partly encoded in the 
genome through the sequence preferences of n u ~ l e o s o m e s ~ ~ ~ ~ - ~ ~ .  
However, the relationship between evolutionary changes in DNA- 
encoded nucleosome organization and expression divergence has not 
been examined. 

Here, we study the relationship between gene expression and the 
DNA-encoded nucleosome organization of promoters across two yeast 
species, the budding yeast Saccharonzyces cerevisiae and the human 
pathogen Candida albicans, for which large compendia of gene 
expression data are available. These species show several phenotypic 
differences, Most notably, in high glucose, C, albicans grows by 
respiration and correspondingly activates transcription of genes 
required for the TCA cycle and oxidative phosphorylation, whereas 

S, cerevisiae grows primarily by fermentation and correspondingly 
reduces transcription of respiration genes. We henceforth term the 
respiratory growth 'aerobic' and the fermentative growth 'anaerobic', 
Our approach consists of three steps. First, we quantify the extent to 
which the gene expression patterns of biologically meaningful gene 
sets are conserved across the two species. Next, we examine the 
DNA-encoded nucleosome organization of these gene sets using 
both a computational model and in vitro reconstitutions of nucleo- 
some on purified DNA from each species, Finally, we test whether 
orthologous gene sets with divergent expression patterns between the 
two species show corresponding changes in their DNA-encoded 
nucleosome organization, 

RESULTS 
Expression changes linked to aerobic versus anaerobic growth 
We downloaded two large collections of microarray-based gene 
expression data Erom - 1,000 and -200 different cellular states and 
environmental conditions in S, cerevisiae and C, albicans, respectively, 
compiled in ref. 1. To compare the expression patterns of orthologous 
genes, we downloaded a yeast orthology map14 and quantified the 
degree to which the co-expression relationships of a gene in one 
species are similar to the co-expression relationships of its orthologous 
counterpart in the other species. Such an approach has been success- 
fiilly used to compare expression patterns across distant ~ ~ e c i e s ' ~ ) ~ ~ .  
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Human mutatio rate associated divergence and human SNPS, respectively). Additionally, we repeated 
all analyses with an independent set of rai7domly ascertained SNPs 

with DNA replication timing (Celera individual A versus NCBI build 35), with nearly identical effect 
(P < 9.69 x 

John A ~ t a m a t o ~ a n n o ~ o u l o s ~ ~ ~ ,  Ivan ~ d z h u b e i ~ j ~ ,  Next we examined whether the observed correlation between 
Robert E ~hurman' ,  Gregory V ICryukov2, Sergei M   irk in^ h mutation rate and replication time could be explained by variation 
Shamil R sunyaev2 in another genomic feature for which replication timing might be 

Eukaryotic DNA replication i s  highly stratified, with different 
genomic regions shown to replicate at characteristic times 

.d during S phase, Here we observe that mutation rate, as 
2 reflected in recent evolutionary divergence and human 
L 

nucleotide diversity, is markedly increased in later-rep(icating 
E regions of the human genome. All classes of substitutions are 
Y affected, suggesting a generalized mechanism involving 
C 

replication time-dependent DNA damage, This correlation .- 
L - - between mutation rate and regionally stratified replication 
4 timing may have substantial evolutionary implications. 
cS 
c - 

Evolutionary divergence and inferred mutation rates are known to 8 vary across the human genome1", and it has long been speculated that 
this is a consequence of covariance with an epigenetic feature1j2. In 
human cells, the temporal order of DNA replication during an S phase 

E lasting approximately 10 h shows marked regional variability across 
3 
3 the genoine4j5. To parallel the conventional division of S phase into 
Z four sequential temporal states (Sl-S4), we used a hidden Markov 

model6 to perform unbiased four-state partitioning of continuous, 
0 
cu high-resolution replication timing measurements across 1% of the 
@ huinan genome7. We then determined human-chimpanzee sequence 

divergence rates and the density of well-ascertained SNPS~ at puta- 
tively neutrally evolving sites within each temporal state, excluding any 
bases within annotated exons, repetitive elements, CpG islands, 
transcriptional start sites (k 2 lb) ,  intronic splice sites and conserved 
noncoding sequencesg (Supplementary Tables 1 and 2 online). 

We observed a pronounced trend relating the rate of evolutionary 
divergence and the density of human SNPs to the progress of DNA 
replication (Pig. I), Human-chimpanzee substitutions and huinan 
SNP density increase 22% and 53%, respectively, during the temporal 
course of replication, both of which are highly statistically significant 
(P < 8,43 x Cochran-Armitage; Fig, la-c,g-i). To rule out 
potential confounding by the overall low genome-wide rate of huinan- 
chimpanzee divergence, we also analyzed human-macaque divergence, 
with siivilar results (P < 2.7 x Fig. Id-f), We confirmed the 
absence of bias due to a sampling or stratification effect across 
different genomic regions by testing (Cochran-Mantel-Haenszel) for 
three-way interactions, treating region assignment as controlling 
variable (P < 7.2 x 10-12, P < 0.00026 for human-chimpanzee 

acting as a surrogate. Regional variation in G t C  conient2i and, 
independently, recombination rate2j3 have been invoked as potential 
causes of human mutation rate variation. We therefore obtained the 
distribution of G+C content, CpGs, recombination hot spots9, and 
gene, exon and conserved noncoding sequence9 densities in sliding 
nonoverlapping 50-kb windows (approximating the size of chromo- 
somal domains linked to replicons) across each temporal replication 
state (Supplementary Fig. 1 online). We binned each distribution into 
three classes (low, medium and high content), with an equal number 
of windows at each level and carried out separate tests for three-way 
interactions using each factor as a controlling variable (total 12 tests), 
All were highly significant, with P values n i t  exceeding 3.0 x 10-l2 
(Table I), as were repeated tests with the additional permutation 
resampling of temporal states (P < 5.0 x for divergence; P < 
2.2 x for SNPs; Table I).. 

To address potential interplay between more than one variable, we 
developed multiple regression models of both divergence and diversity, 
confirming the independent effect of replication timing (Supplemen- 
tary Tables 1 and 2 and Supplementary Fig. 2 online). These models 
suggest that replication time alone may explain 40-7096 of the 
variability explained by the full model, and - 8% of overall variability 
in diversity and divergence. The observed correlation between rates of 
nucleotide change and replication timing is therefore highly unlikely to 
be caused by variation in G t C  content or by a mutagenic effect of 
recombination, To rule out any hidden dependence on window size, we 
repeated all analyses conditioned on smaller (30 l b )  and larger (100 
kb) windows, with equivalent results (Supplementary Pig. 3 online). 
The direction of effect of replication timing on evolutionary divergence 
and SNP density is highly similar when other genomic features are 
controlled, These findings are compatible with a process that influences 
mutation rate, which should affect both diversity and divergence in a 
stable fashion over evolutionary time. Furthermore, the findings persist 
across the spectrum of selected sites, from ancestral repeats and 
fourfold degenerate sites to conserved noncoding sequences and 
nondegenerate coding sites (Supplementary Fig, 4 online), and across 
the human and chilnpanzee lineages following the split from macaque 
(Supplementary Fig, 5 online). We note, however, that the effect on 
SNP density appears larger than that on evolutionary divergence. 

A 

We next considered whether the relationship with mutation 
rate might be due to a consequence of transcription such as 

- - 
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