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Related organisms typically respond to a given cue by altering the level or activity of ot-thologous 
transcription factors, which, paradoxically, often regulate expression of distinct gene sets. Although 
promoter rewiring of shared genes is primarily responsible for regulatory differences among related 
eukaryotic species, in bacteria, species-.specific genes are often controlled by ancestral transcrip- 
tion factors, and regula'toty circuit evolution has been further shaped by horizontal gene transfer. 
Modifications in transcription factors and in promoter structure also contribute to divergence in 
bacterial regulatory circuits. 

l~~lroduction 
Free-living organisms typically respond to a change in their 
surroundings or in cellular components by modifying the 
expression of multiple genes. In addition to sensors that detect 
chemical or physical cues and signaling molecules that trans- 
duce these stimuli within a cell, the responses to such changes 
often rely on DNA-binding proteins that interact witK specific 
DNA sequences in promoters to  activate or repress gene tran- 
scription. Thus, the regulatory circuit defined by the "wiring" 
between regulatory proteins and target genes determines the 
repertoire of gene products that an organism synthesizes upon 
encountering a particular signal or experiencing a develop- 
mental cue. 

Related species usually rely upon orthologous regulatory 
systems to orchestrate responses to a given signal. In certain 
circumstances, the elicited responses are largely similar across 
species, indicative that orthologous regulatory systems control 
common cellular functions across species even if the species 
occupy different niches. In other circumstances, the responses 
are distinct, either in qualitative or quantitative terms, suggest- 
ing that the regulatory systems adopted by individual species 
are suited to particular habitats and lifestyles. 

The different responses that orthologous regulatory systems 
can elicit when experiencing a given signal indicate that tran- 
scription circuits experience modifications in the interactions 
between regulators and their targets. These modifications may 
result in abilities that enable organisms to occupy new niches, 
thus contributing to the phenotypic diversity that exists among 
related species (McAdams et al., 2004). Ybt, the observed 
rewiring of regulatory cirquits does not necessarily result from 
adaptive processes, even when it causes significant changes 
in gene expression outputs (Lynch, 2007). 

Until very recently, the knowledge of transcription regula- 
tory circuits was limited to a few model organisms belonging 
to phylogenetically distant groups and sharing relatively few 

genes. This prevented the comparative analyses of ortholo- 
gous regulatory circuitries across closely related organisms. 
Thus, the extent of modifications undergone by regulatory 
circuitries remained largely unknown. However, the availabil- 
ity of an increasing number of genome sequences, the use of 
genome-wide computational and experimental approaches to 
uncover entire sets of regulatory interactions in multiple spe- 
cies, and the engineering of organisms harboring the regula- 
tory architecture from a related species have made it possible 
to study empirically the patterns of evolution of regulatory cir- 
cuits. These studies have revealed that. differences in regula- 
tory circuitry can play a significant role in the morphological 
and developmental evolution in animals (Carroll, 2005, 2008; 
Davidson, 2006), are responsible for the distinct expression of 
antibiotic resistance determinants in bacteria (Kato et at,, 2007; 
Winfleld and Groisman, 200t; Winfleld et at., 2005), and may 
direct the colonization of new niches in unicellular eukaryotic 
organisms (Borneman et at., 2007; Tuch et al., 2008a). There- 
fore, tinkering with transcription factors, promoter sequences, 
and circuit architecture, which are often referred to as "the 
regulatory genome" (Carroll, 2005, 2008; Davidson, 2006), has 
given rise to a variety of traits both in bacteria and eukaryotes, 

The investigation of bacterial regulatory circuits has focused 
on a relative small number of extant species (consider that 
most bacterial species cannot be cultured in the laboratory). 
Yet, these investigations suggest that the evolution of regula- 
tory circuits in bacteria proceeds in a different manner from 
what has been described thus far in eukaryotes (Carroll, 2005, 
2008; Davidson, 2006; Tuch et at., 2008b). The reasons for 
the differences are the following: First, unlike closely related 
eukaryotic organisms, closely related bacterial species exhibit 
significant differences in gene content due to the pervasive- 
ness of horizontal gene transfer. This means that the spectrum 
of targets controlled by orthologous transcription factors can 
be quite different among related bacteria, Moreover, it can cre- 
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SUMMARY 

Proteins display a hierarchy of structural features at 
primary, secondary, tertiary, and higher-order levels, 
an organization that guides our current understanding 
of their biological properties and evolutionary origins. 
Here, we reveal a structural organization distinct from 
this traditional hierarchy by statistical analysis of 
correlated evolution between amino acids. Applied 
to the S I A  serine proteases, the analysis indicates 
a decomposition of the protein into three quasi-inde- 
pendent groups of correlated amino acids that we 
term "protein sectors." Each sector is physically con- 
nected in the tertiary structure, has a distinct func- 
tional role, and constitutes an independent mode of 
sequence divergence in the protein family. Function- 
ally relevant sectors are evident in other protein fami- 
lies as well, suggesting that they may be general 
features of proteins. We propose that sectors repre- 
sent a structural organization of proteins that reflects 
their evolutionary histories. 

INTRODUCTION 

How does the amino acid sequence of a protein specify its bio- 
logical properties? Here, we intend the term "biological proper- 
ties" to broadly encompass chemical activity, structural stability, 
and other features that may be under selective pressure. A stan- 
dard measure of the Importance of protein residues is sequence 
consewation-the degree to which the frequency of amino acids 
at a given position deviates from random expectation in a well- 
sampled multiple sequence alignment of the protein family 
(Capra and Singh, 2007; Ng and Henikoff, 2006; Zvelebil et al., 
1987). The more unexpected the amino acid distribution at 

Neher, 1994). A more informative formulation of sequence 
conservation should be to include pairwise or even higher-order 
correlations between sequence positions-the statistical signa- 
ture of conserved interactions between residues. Indeed, anal- 
yses of correlations have contributed to the identification of 
allosteric mechanisms in proteins (Ferguson et al., 2007; Hatley 
et at., 2003; Kass and Horovitz, 2002; Lee et al., 2008, 2009; 
Peterson et at., 2004; Shulman et al., 2004; Skerker et al., 
2008) and were found to be sufficient for recapitulating native 
folding and function in a small protein interaction module (Russ 
et al., 2005; Socolich et al., 2005). 

These findings motivate a deeper theoretical and experimental 
analysis of correlations of sequence positions with the goal of 
understanding how protein sequences encode the basic 
consewed biological properties of a protein family. Here, we 
carry out this analysis using a classic model system for enzyme 
catalysis, the SIA family of serine proteases (Hedstrom, 2002; 
Rawlings and Barrett, 1994; Rawlings et al., 2008). We find that 
the nonrandom correlations between sequence positions indi- 
cate a decomposition of the protein into groups of coevolving 
amino acids that we term "sectors." In the SIA proteases, the 
sectors are nearly statistically independent, are physically con- 
nected in the tertiary structure, are associated with different 
biochemical properties, and have diverged independently in 
the evolution of the protein family, Functionally relevant and 
physically contiguous sectors are evident in other protein 
domains as well, providing a basis for directing further experi- 
mentation using the principles outlined in the serine protease 
family. Overall, our data support two main findings: (1) protein 
domains have a heterogeneous internal organization of amino 
acid interactions that can comprise multiple functionally distinct 
subdivisions (the sectors), and (2) these sectors define a decom- 
position of proteins that Is distinct from the hierarchy of primary, 
secondary, tertiary, and quaternary structure. We propose that 
the sectors are features of protein structures than reflect the 
evolutionary histories of. their conserved biological properties. 

a position, the stronger the inference of evolutionary constraint 
and therefore of biological importance. However, protein struc- RESULTS 
ture and function also depend on the cooperative action of amino 
acids, indicating that amino acid distributions at positions From Amino Acid Sequence to Sectors 
cannot be taken as independent of one another (Gobel et al., The SIA family consists primarily of enzymes catalyzing peptide 
1994; Lichtarge et al., 1996; Lockless and Ranganathan, 1999; bond hydrolysis through a conserved chemical mechanism, but 
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SUMMARY 

The bacterial transposon Tn7 directs transposition 
into actively replicating DNA by a mechanism 
involving the transposon-encoded protein TnsE. 
Here we show that TnsE physically and functionally 
interacts with the processivityfactor of the DNA repli- 
cation machinery in vivo and in vitro. Our work estab- 
lishes an in vitro TnsABCi-E transposition reaction 
reconstituted from pi~rified proteins and target DNA 
structures. Using the in vitro reaction we confirm 
that the processivity factor specifically reorders 
TnsE-mediated transposition events on target DNAs 
in a way that matches the bias with active DNA repli- 
cation in vivo. The TnsE interaction with an essential 
and conserved component of the replication machin- 
ery, and a DNA structure reveals a mechanism by 
which Tt77, and probably other elements, selects 
target sites associated with DNA replication. 

INTRODUCTION 

Transposons are genetic elements that are capable of moving 
from one location to another within a cell. The bacterial trans- 
poson Tn7 and its relatives are abundantly distributed among 
bacteria in a wide variety of medical and environmental settings 
(Parks and Peters, 2007, 2009), Tn7 has sewed as a model 
system for transposition, especially for the understanding of 
transposon target-site seiection (reviewed in Peters and Craig, 
2001 b; Craig et al., 2002). Target site selection is the process 
by which transposons assess new DNA molecules for potential , 
insertion. While most transposable elements possess a weak ' 

target DNA sequence preference that guides target site seiec- 
tion, Tn7 uses two distinct target site selection pathways. In 
one pathway a sequence-specific DNA binding protein directs 
transposition into a single site within the bacterial chromosome 
and in the other a separate protein recognizes a process 
associated with DNA replication. These two target selection 
pathways optimize vertical and horizontal transmission of the 

transposable element, respectively (Craig, 2002; Parks and 
Peters, 2009). 

Tn7 encodes five genes whose products conduct transposi- 
tion (Craig et al., 2002). TnsA and TnsB comprise the transpo- 
sase that catalyzes the DNA breakage and joining reactions at 
the transposon ends to mobilize the element. TnsC is an AAA 
regulator protein that activates the transposase when an appro- 
priate target DNA has been found (Stellwagen and Craig, 1998). 
TnsD and TnsE identify target DNAs and signal TnsABC to 
activate transposition (Craig, 2002). Target site selection is 
a prerequisite for activation of transposition with Tn7; trans- 
poson excision and insertion does not occur until an appropriate 
target has been identified. TnsD recognizes a specific site, called 
its attachment site or attTn7, by binding to a highly conserved 
DNA sequence within the 3' end of the glmS gene. The TnsE 
protein recognizes an incompletely defined feature associated 
with dis~~ontinuous DNA replication (Peters and Craig, 2001a) 
that is overrepresented or especially accessible in mobile plas- 
mids, called conjugal plasmids, as they enter a new host cell 
(Wilkins and Lanka, 1993; Wolkow et al., 1996). 

While TnsE-mediated transposition preferentially occurs into 
mobile plasmids undergoing conjugal DNA replication, the 
TnsABC+E machinery also recognizes sites within the bacterial 
chromosome at a lower frequency and with a preference for the 
region where DNA replication terminates and regions proximal 
to DNA double-strand breaks (Peters and Craig, 2000; Shi 
et al., 2008). The orientation of the transposon ends following 
TnsE-mediated transposition indicates that discontinuously 
replicated DNA is in some way recognized by TnsE (Peters 
and Craig, 2001a; Wolkow et al., 1996) As mobile plasmids 
enter a new host cell, they replicate in a single direction by a 
discontinuous process, similar to lagging-strand DNA synthesis 
(Willtins and Lanka, 1993). In both mobile plasmids and in the 
chromosome, transposition events occur in a single orientation 
correlating with the direction of replication progression (Peters 
and Craig, 2001a, 2001b; Woikow et ai., 1996). It has been 
shown that TnsE is a DNA binding protein that preferentially 
binds to DNA structures that present a' free 3'-recessed end 
(Peters and Craig, 2001 a). Given that TnsD relies in part on addi- 
tional host factors in activating transposition (Sharpe and 
Craig, 1998), it is conceivable that host factors associated 
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SUMMARY 

The rise of systems biology implied a growing 
demand for highly sensitive techniques for the fast 
and consistent detection and quantification of target 
sets of proteins across multiple samples. This is 
only partly achieved by classical Inass spectrometry 
or affinity-based methods. We applied a targeted 
proteomics approach based on selected reaction 
monitoring (SRM) to detect and quantify proteins 
expressed to a concentration below 50 copies/cell 
in total S. cerevisiae digests. The detection range 
can be extended to single-digit copies/cell and to 
proteins undetected by classical methods. We illus- 
trate the power of the technique by the consistent 
and fast measurement of a network of proteins 
spanning the entire abundance range over a growth 
time course of S. cerevisiae transiting through a 
series of metabolic phases. We therefore demon- 
strate the potential of SRM-based proteomics to 
provide assays for the measurement of any set of 
proteins of interest in yeast at high-throughput and 
quantitative accuracy. 

INTRODUCTION 

The ability to reliably identify and accurately quantify any protein 
or set of proteins of interest in a proteome is an essential task in 
life science research. This has been attempted by two general 
experimental approaches. The first is based on the generation 
of affinity reagents exemplified by highly specific antibodies 
and the development of an array of methods to deploy them 
for detecting and quantifying specific proteins in complex 
samples. The second is mass spectrometry (MS)-based quanti- 
tative proteomics that attempts to identify and quantify all 
proteins contained in a sample. 

Multiple versions of affinity reagent-based methods (e.g., the 
broadly used western blot or ELISA approaches) have been 
implemented. They differ in the type of affinity reagent and detec- 

tion system used (Uhlen, 2008). The methods with the highest 
sensitivity have the potential to detect, in principle, low-abun- 
dance proteins, with zeptomole detection limits already demon- 
strated (Pawlak et al., 2002). However, the development of sets of 
reagents of suitable specificity and affinity to support the conclu- 
sive detection and quantification of target protein(s) remains 
challenging, expensive, and arduous, and coordinated efforts 
to develop validated affinity reagents are just getting underway 
(Taussig et al., 2007; Uhlen and Hober, 2009). The methods 
based on affinity reagents are therefore limited by slow assay 
development and, usually, also by the inability to significantly 
multiplex detection of proteins in the same sample. 

Similarly to affinity-based methods, a wide range of MS-based 
proteomic methods have been developed. The most successful 
of these, in terms of number of proteins identified, use a shotgun 
strategy in which a subset of peptides present in a tryptic digest 
of a proteome is selected in an intensity-dependent manner for 
collision-induced dissociation by a tandem mass spectrometer 
(Aebersold and Mann, 2003). The resulting fragment ion 
(MSIMS) spectra are then assigned to sequences in a peptide 
database and the corresponding peptides and proteins are 
thus identified. This method provides accurate quantitative 
data if suitable stable isotope-labeled references are available 
and included in the analysis (Desiderio and Kai, 1983; Gerber 
et al., 2003). However, these methods are nontargeted, i.e., in 
each measurement they stochastically sample a fraction of the 
proteome that is usually biased toward the higher end of the 
abundance scale (Domon and Broder, 2004; Picotti et al., 
2007). Each repeat analysis required for comparing a proteome 
at different states will sample only a subset of the proteins it 
contains and not necessarily the same subset in each repeat, 
thus precluding the generation of complete and consistent 
data sets (Wolf-Yadlin et al., 2007). More extensive, although still 
incomplete and stochastic, proteome coverage can be achieved 
in large proteome mapping experiments, whereby the proteome 
is extensively fractionated by multiple approaches and the 
content of each fraction is sequenced to saturation (Chen 
et al., 2006; de Godoy et al., 2006, 2008). Such studies carry 
a significant experimental and computational overhead and are 
therefore timellabor consuming and can be performed only in 
highly specialized laboratories. In addition, they mostly retain 
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SUMMARY 

Protein-DNA interactions are fundamental to core 
biological processes, including transcription, DNA 
replication, and chromosomal organization. We 
have developed in vivo protein occupancy display 
(IPOD), a technology that reveals protein occupancy 
across an entire bacterial chromosome at the resolu- 
tion of individual binding sites. Application to Escher- 
ichia coli reveals thousands of protein occupancy 
peaks, highly enriched within and in close proximity 
to noncoding regulatory regions. In addition, we dis- 
covered extensive (>I kilobase) protein occupancy 
domains (EPODs), some of which are localized to 
highly expressed genes, enriched in RNA-poly- 
merase occupancy. However, the majority are local- 
ized to transcriptionally sjlent loci dominated by 
conserved hypothetical ORFs. These regions are 
highly enriched in both predicted and experimentally 
determined binding sites of nucleoid. proteins and 
exhibit extreme biophysical characteristics such as 
high intrinsic curvature. Our observations implicate 
these transcriptionally silent EPODs as the elusive 
organizing centers, long proposed to topologically 
isolate chromosomal domains. 

INTRODUCTION 

Replication, maintenance, and expression of genetic information 
are processes that are orchestrated through precise interactions 
of hundreds of proteins with chromosomal DNA. For decades, 
research has focused on the behavior and functional conse- 
quences of DNA-protein interactions at Individual loci. Howev,er, 
understanding systems-level behaviors, such as chromosomal 
organization, genome replication, and transcriptional network 
dynamics, requires observations at the scale of the entire 
system. Microarray-based chromatin immunoprecipitation 
(ChlP-chip) allows global measurements of chromosomal occu- 
pancy for individual proteins (Ren et al., 2000). In another global 
approach, methylase protection, a fraction of all occupied sites 
are monitored in vivo, independently of the identity of the bound 
proteins (Tavazoie and Church, 1998). However, there currently 
exists no comprehensive approach for simultaneous, high-reso- 
lution monitoring of all in vivo protein-DNA interactions across 

the genome. We have developed such a technology and used 
it to profile protein occupancy of the E. coli chromosome at the 
resolution of individual binding sites. 

RESULTS 

In Vivo Protein Occupancy Display 
In order to globally profile the occupancy of all proteins on chro- 
mosomal DNA, we first stabilize in vivo protein-DNA interactions 
through covalent crosslinking with formaldehyde (Figure IA). 

1 

After cell lysis and sonication, protein footprints are minimized 
to a mode of -50 bp through DNase I digestion (Figure IB). 
Phenol extraction is then used to trap amphipathic protein- 
DNA complexes at the interface between the organic and 
aqueous phases. Following interface isolation and crosslink 
reversal, short DNA fragments are end labeled and hybridized 
to a high-density tiling array containing 25-mer oligonucleotides 
at the resolution of one every four base pairs across the entire 
genome. After scanning and data normalization, a high-resolu- 
tion global protein occupancy profile is achieved. For each probe 
on the chip, protein occupancy enrichment or depletion levels 
are quantified using a z-score that represents the probe-by- 
probe relative signal intensity with respect to the mean, and 
normalized to the standard deviation, of signals from replicate 
hybridizations of whole genomic DNA (Experimental Proce- 
dures). 

Global Protein Occupancy Profile 
of the E. coli Chromosome 
The vast fraction of characterized protein-DNA interactions 
occur via sequence-specific interactions of transcription factors 
with DNA within, and in close proximity to, noncoding regulatory 
regions (Gama-Castro et al., 2008). Consistent with this, we see 
highly significant occupancy enrichment in noncoding regions as 
compared to coding regions (Figure 1 C). This difference in occu- 
pancy is clearly discernable in a local chromosomal view where 
high-amplitude peaks are largely confined to the regions 
between genes (Figure 2A). Independent biological replicates 
'demonstrate that the position and relative amplitude of these 
occupancy peaks show a high level of reproducibility (Figure 2A). 
Although there is, overall, relative depletion of occupancy within 
open reading frames (ORFs), occasionally this is interrupted by 
a sharp occupancy peak (Figures 2A and S1 [available online]). 
The functional role of these intragenic interactions Is not known 
but could represent a significant gap in our understanding of 
bacterial gene expression. At high resolution, occupancies of 
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SUMMARY 

Eukaryotic transcription is a dynamic process relying 
on a large number of proteins. By measuring the 
cycling expression of the pyruvate dehydrogenase 
kinase 4 gene in human cells, we constructed 
a detailed stochastic model for single-gene tran- 
scription at the molecular level using realistic kinetics 
for diffusion and protein complex dynamics. We 
observed that gene induction caused an approxi- 
mate 60 min periodicity of several transcription re- 
lated processes: first, the covalent histone modifica- 
tions and presence of many regulatory proteins at the 
transcription start site; second, RNA polymerase II 
activity; third, chromatin loop formation; and fourth, 
mRNA accumulation. Our model can predict the pre- 
cise timing of single-gene activity leading to tran- 
scriptional cycling on the cell population level when 
we take into account the sequential and irreversible 
multistep nature of transcriptional initiation. We pro- 
pose that the cyclic nature of population gene ex- 
pression is primarily based on the intrinsic periodicity 
of the transcription process itself. 

INTRODUCTION 

Eukaryotlc transcription is impaired by a repressive chromatin 
environment of the regulatory regions of genes (Wolffe, 1994). 
Prior to transcription initiation, several multisubunlt protein 
complexes have to be recruited to these regulatory regions 
(Cosma, 2002; Narlikar et al., 2002). DNA-binding transcription 
factors provide the specific link between the regulatory 
sequences and the large protein complexes. Nuclear receptors 

(NRs) are a special class of transcription factors that are acti- 
vated by steroid hormones or nutritional lipids (Chawla et al., 
2001) This property allows NRs to directly translate external 
signals into gene transcription (Carlberg, 1995). In the absence 
of ligand, most NRs already reside in the nucleus and recruit 
repressive complexes, including corepressor (CoR) proteins 
and histone deacetylases (HDACs), to the local chromatin region 
around their response elements (REs) (Burke and Baniahmad, 
2000). Ligand binding results in the dissociation of CoR 
complexes from the NR proteins and the subsequent recruit- 
ment of coactivator (CoA) complexes, Some of these complexes 
directly affect chromatin structure via histone acetyltransferase 
activity, while others act as mediators to interact with the basal 
transcription 'machinery (Roeder, 2005). ATP-dependent re- 
modeling complexes, containing proteins such as BRGI and 
SMARCA2 in their core, support both repression and activation 
of chromatin regions by increasing the mobility of nucleosomes 
(Trotter and Archer, 2007). Members of the p160 CoA family, 
such as RAC3 (Li et ai., 1997), and Integrator proteins, such as 
CBP (Chakravarti et al., 1996), covalently modify histone tails. 
Mediator proteins, like for instance TRAP220, stimulate phos- 
phoryiation of the RNA polymerase Ii (Pol II) at the transcription 
start site (TSS) (Berk, 1999). This event provokes the exchange 
of mediator and elongator complexes and allows the start of 
elongation (Otero et al., 1999). Thus, dozens of proteins wlth 
functions that typically rely on protein complex formatlon are 
required at both RE and the TSS to commence and complete 
transcription initiation. 

The precise temporal coordination of the mechanisms that 
govern transcription initiation remains poorly understood. 
Time-resolved chromatin immunoprecipitation (Chip) studies 
that address transcription initiation have been conducted for 
various NRs, including the androgen receptor (Kang et al., 
2002), the thyroid hormone receptor (Sharma and Fondell, 
2002), the estrogen receptor (M6tivier et al., 2003), and the 
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, SUMMARY may rely on one or both pathways to assemble a spindle. For 

In animal and plant cells, mitotic chromatin locally 
generates microtubules that self-organize into 
a mitotic spindle, and its dimensiotis and bipolar 
symrnetry are essential for accurate chromosome 
segregation. By immobilizing microscopic chro- 
matin-coated beads on slide surfaces using a micro- 
printing technique, we have examined tlie effect of 
ctiromatin on the dimensions and symnletry of spin- 
dles in Xenopus laevis cytoplasmic extracts. While 
circular spots with diameters around 14-1 8 pm trigger 
bipolar spindle formation, larger spots generate an 
incorrect number of poles. We also examined lines 
of chromatin with various dimensions. Their length 
determined the number of poles that formed, with 
a 6 x I8 pm rectangular patch generating normal 
spindle morphology. Around longer lines, multiple 
poles fortned and the structures were disorganized. 
While lines thinner than 10 pm generated symmetric 
structures, thicker lines induced the formation of 
asymmetric structures where all microtubules are on 
the same side of the line. Our results show that chro- 
inatin defines spindle shape and orientation. 

For a video summary of this article, see t11e Paper- 
Flick file available with the online Supplemental Data. 

The mitotic spindle performs an essential task during eultaryotic 
cell division: the segregation of sister chromatids. This function 
implies the establishment of a plane of symmetry, which is mate- 
rialized by the metaphase plate, orthogonal to the spindle axis 
and on which the chromosomes are positioned before being 
separated. During anaphase, chromosomes are segregated by 
mlcrotubules that bind to sister kinetochores, located on oppo- 
site sides of each chromosome. This requires the existence of 
two overlapping and connected arrays of antiparallel'microtu- 
bules, capable of resisting inward directed forces produced by 
the pulling forces of the kinetochore microtubules. 

Two pathways of spindle assembly have been identified, the 
centrosomal and the chromatin pathway (Walczak and Heald, 
2008). They are independent and complementary and cells 

example, two centrosomes and kinetochore pairs positioned 
back-to-back on sister chromatids may be sufficient to form 
a spindle in the small yeast cell (Winey et al., 1995). In contrast, 
in large cytoplasmic volumes such as in Xenopus laevis egg 
extracts, spindles can assemble in the absence of kinetochores 
and centrosomes (Heald et al., 1996). In this system, microtu- 
bules are generated near chromatin and organized into a bipolar 
spindle by associated proteins, hence the term "chromatin 
pathway" (also known as acentrosomal). Understanding this 
pathway is of major importance because it is found in higher 
eukaryotes, including frogs, green monkeys (Khodjakov et al., 
2000), Drosophila S2 cells (Goshima et al., 2008; Mahoney 
et al., 2006), Drosophila oocytes (Matthies et al., 1996), mouse 
oocytes (Schuh and Ellenberg, 2007), human cells (Bird and 
Hyman, 2008), and plants (Lloyd and Chan, 2006). 

Although the enzymatic mechanism by which the chromatin 
pathway controls local microtubule growth has been partly 
resolved (Walczak and Heald, 2008), the overall effects of chro- 
matin on spindle size and symmetry properties have not been 
examined. This issue has been addressed using spindles assem- 
bled around artificial chromosomes in X. laevis egg extracts, 
but there wqs no method to create chromatin in a defined shape. 
The other challenge was to obtain statistically meaningful data 
on the relationship between chromatin mass and spindle proper- 
ties. Only one study has examined the effect of chromatin 
geometry on spindle morphology (Gaetz et al., 2006), but the 
method was limited in the variety of chromatin patterns-that could 
be tested. 

We have devised a new method to control both the size and 
geometry of chromatin patterns and to study their impact on 
the morphology of mitotic spindles. We were also able to capture 
time-lapse movies of spindle assembly, including the initial 
nucleation phase. We found that chromatin size and geometry 
play a fundamental role in the determination of spindle size 
and define tlie characteristic symmetries of the structure. 

RESULTS 

Spindles Self-organize on Chromatin-Coated 
Immobilized Boads 
It has long been known that large DNA plasmids (about 10 kb or 
more) could trigger spindle assembly when injected into X. laevis 
eggs (Karsenti et al., 1984). However, the exact quantity of 
chromatin required to make a spindle remained unknown. For 
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SUMMARY 

Many signaling systems show adaptation-the ability 
to reset themselves after responding to a stimulus. 
We computationally searched all possible three-node 
enzyme network topologies to identify those that could 
perform adaptation. Only two major core topologies 
emerge as robust solutions: a negative feedback loop 
with a buffering node and an incoherent feedforward 
loop with a proportioner node. Minimal circuits contain- 
ing these topologies are, within proper regions of 
parameter space, sufficient to achieve adaptation. 
More complex circuits that robustly perform adaptation 
all contain at least one of these topologies at their core. 
This analysis yields a design table highlighting a finite 
set of adaptive circuits. Despite the diversity of possible 
biochemical networks. it inav be common to find that 

cell decisions (Branclman et at., 2005), and robust and tunable 
biological oscillations (Tsai et al., 2008). 

These findings suggest an intriguing hypothesis: despite the 
apparent complexity of cellular networks, there might only be 
a limited number of network topologies that are capable of 
robustly executing any particular biological function. Some 
topologies may be more favorable because of fewer parameter 
constraints. Other topologies may be incompatible with a partic- 
ular function. Although the precise implementation could differ 
dramatically in different biological systems, depending on 
biochemical details and evolutionary history, the same core set 
of network topologies might underlie functionally related cellular 
behaviors (Milo et al., 2002; Wagner, 2005; Ma et al., 2006; Hor- 
nung and Barkai, 2008). If this hypothesis is correct, then one 
may be able to construct a unified function-topology mapping 
that captures the essential barebones topologies underpinning 
the function. Such core topologies may otherwise be obscured 
by the details of any specific pathway and organism. Such 

only a finite set of core~opol~gies can execute a partic- a map would help organize our ever-expanding database of 

ular function. These design rules provide a framework biological networks by functionally classifying key motifs in 
a network. Such a map might also suggest ways to therapeutically 

for functionally classifying complex natural networks modulate a system. A circuit function-topology map would also be 
and a manual for engineering networks. invaluable for synthetic biology, providing a manual for how to 

a summary Of this article, see the robustly engineer biological circuits that carry out a target function. 
Pa~erFlick file wit11 the Supplemental Data available To investigate this hypothesis, we have computationally 
online. 

The field of systems biology is largely focused on mapping and 
dissecting cellular networks with the goal of understanding 
how complex biological behaviors arise. Extracting general 
design principles-the rules that underlie what networks can 
achieve particular biological functions-remains a challenging 
task, given the complexity of cellular networks and the small 
fraction of existing networks that have been well characterized. 
Nonetheless, growing evidence suggests the existence of 
design principles that unify the organization of diverse circuits 
across all organisms. For example, it has been shown that there 
are recurrent network motifs linked to particular functions, such 
as temporal expression programs (Shen-Orr et al., 2002), reliable 

explored the full range of simple enzyme circuit architectures 
that are capable of executing one critical and ubiquitous biological 
behavior-adaptation, We ask if there are finite solutions for 
achieving adaptation. Adaptation refers to the system's ability to 
respond to a change in input stimulus then return to its prestimu- 
lated output level, even when the change in input persists. 
Adaptation is commonly used in sensory and other signaling 
networks to expand the input range that a circuit is able to sense, 
to more accurately detect changes in the input, and to maintain 
homeostasis in the presence of perturbations. A mathematical 
description of adaptation is diagrammed in Figure IA, in which 
two characteristic quantities are defined: the circuit's sensitivity 
to input change and the precision of adaptation. If the system's 
response returns exactly to the prestimulus level (infinite precision), 
it is called the perfect adaptation. Examples of perfect or near 
perfect adaptation range from the chemotaxis of bacteria (Berg 
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The Systems Biology Graphical Notation 
Nicolas Le ~ovkre',  Michael Huc1a2, Huaiyu Mi3, Stuart ~ o o d i e ~ ,  Falk ~chreiber~>" Anatoly soro1un7, 
Emek a emir^, 1~atja wegnerg, Mirit I Aladjemlo, Sarala M ~imalaratnel' ,  Frank T Bergn~an12, Ralph ~ a u g e s ' ~ ,  
Peter Gl~aza l~) '~ ,  Hideya 1<awaji15, Lu ~ i ' ,  ~u luko  Matsuoka16, Alice ~ i l l 4 ~ e r ' ~ ~ ' ~ ,  Sarah E Boydlg, Laurence 
~ a l z o n e ~ ~ ,  Melanie Courtotzl, Ugur ~ o g r u s o z ~ ~ ,  Tom C  ree ern an'^)^^, Akira ~ u n a h a s h i ~ ~ ,  Samik Ghosh16, 
Akiya ~ o u r a k u ~ ~ ,  Sohyoung Hmlo, Fedor ~ o l ~ a k ~ o v ~ ~ ~ ~ ~ ,  Augustin Lunal O, Sven sahle13, Esther ~chmid t  ', 
Steven ~ a t t e r s o n ~ ) ~ ~ ,  Guanming W U ~ ~ ,  Igor Goryanin4, Douglas B ~ e 1 1 ~ ~ ) ~ ~ ,  Chris sander" Herbert sauro12, 
Jacky L ~ n o e ~ ~ ~ ,  Kurt l<ohnlo & Hiroalu ~ i t a n o ' ~ ) ~ ~ ) ~ ~  

Circuit diagrams and Unified Modeling Language 
diagrams are just two examples of standard visual 
languages that help accelerate work by promoting 
regularity, removing ambiguity and enabling software 
tool support for communication of complex information. 
Ironically, despite having one of the highest ratios of 
graphical to textual information, biology still lacks 
standard graphical notations. The recent deluge of 
biological knowledge makes addressing this deficit 
a pressing concern, Toward this goal, we present 
the Systems Biology Graphical Notation (SBGN), 
a visual language developed by a community of 
biochemists, modelers and computer scientists. SBGN 
consists of three complementary languages: process 
diagram, entity relationship diagram and activity flow 
diagram. Together they enable scientists to represent 
networks of biochemical interactions in a standard, 
unambiguous way. We believe that SBGN will foster 
efficient and accurate representation, visualization, 
storage, exchange and reuse of information on all 
kinds of biological knowledge, from gene regulation, to 
metabolism, to cellular signaling. 

"Ut7 bor~ croguis vatrl nziezrx qu'tirz Eorzg discolirs" ("A good sketch is 
better than a long speech"), said Napoleon Uonaparte, This claim is 
nowhere as true as for technical illustrations, Lliagrams naturally engage 
innate cognitive faculties1 tlzat humans have possessed since before the 
time of our cave-drawing ancestors, Little wonder that we find ourselves 
turning to them in every field of endeavor, Just as with written l ~ u n ~ a ~ z  
languages, con~n~unication involving diagrams requires that authors 
and readers agree on syn~bols, the rules for arranging then1 and the 
interpretation of the results, 'Che establishment and widespread use 
of standard notations have permitted many fields to thrive. One call 

A list of affiliations appears at the end of the paper. 
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hardly imagine today's electronics industry, with its powerfill, visually 
oriented design and automation tools, without having first established 
standard notatioils for circuit diagrams. Such was not the case in biol- 
om2. Despite the visual nature of much of the ihfornzation exchange, 
the field was permeated with nd hoc graphical notations having little 
in conznlon between different researcl~ers, publications, textbooks 
and software tools, No staildard visual language existed for describing 
biochemical interaction networks, inter- and i~ltracellular signaling 
gene regulatioil-concepts at the core of nluch of today's research in 
molecular, systen~s and syntlletic biology. The closest to a standard is 
the notation long used in many metabolic and signaling pathway mays, 
but in reality, even that lacks uniformity between sources and suffers 
from undesirable ambiguities (Fig. 1). Moreover, the existing tenta- 
tive representations, however well crafted, were anlbiguous, and only 
suitable for specific needs, such as representing inetabolic networl<s or 
signaling pathways or gene regulation, 

The nloleculnr biology era, and Inore recently the rise of genoinics 
and other high-throughput technologies, have brought a staggering 
increase in data to be interpreted. It also favored the routine use 
of software to help forinulate hypotheses, design experiments and 
interpret results. As a group of biochemists, nlodelers and colnputer 
scientists working in systenls biology, we believe establishing stan- 
dard graphical llotations is an ilnportant step toward more efficient 
and accurate tratlsnlission of biological knowledge among our dif- 
ferent communities. Toward this goal, we initiated the SBGN project 
in 2005, with the aim of developing and standardizing a systen~atic 
and unambiguous grayhick1 notation for applications in inolecular 
and systems biology. 

Historical antecedents 
Graphical representation of biochemical and cellular processes has 
been used in biocllelnical textboolzs as Fdr baclz as sixty years ago3, 
reaching an apex in the wall charts hand drawn by Nicholson4 and 
Micha15, Those graphs describe the processes that tra~lsforln a set of 
inputs into a set of outputs, in effect being process, or state transition, 
diagrams. This style was einulated in  the first database systems that 
depicted metabolic networlzs, incluhi~lg BMp6, EcoCyc7 and KEGG8. 
More notations llave beeil'defined'by virtue of their in-~plen~entation 
in specialized software tools such as pathway and network: design- 
ers (e.g., ~ e t ~ u i l d e r " ,  patiltalo,  designer'^, Cel lDe~igner~~),  Those 
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Increased RNA polymerase availability directs 
resources towards growth at the expense 
of maintenance 

Bertil ~ummesson", Lisa U Magnussonl'*, 
Martin ~ o v ~ a r ~ ,  Kristian Kvint, 
Orjan Persson, Manuel ~al lesteros~, 
Anne Farewell and Thomas Nystrom* 
Department of Cell and Molecular Biology, Gothenburg University, 
Goteborg, Sweden 

Nutritionally induced changes in RNA polymerase avail- 
ability have been hypothesized to be an evolutionary 
primeval mechanism for regulation of gene expression 
and several contrasting models have been proposed to 
explain how such 'passive' regulation might occur. 
We demonstrate here that ectopically elevating 
Escherichia coli RNA polymerase (EG~') levels causes an 
increased expression and promoter occupancy of riboso- 
mal genes at the expense of stress-defense genes and 
amino acid biosynthetic operons. Phenotypically, cells , 
overproducing E o 7 0  favours growth and reproduction 
at the expense of motility and damage protection; a 
response reminiscent of cells with no or diminished levels 
of the alarmone guanosine tetraphosphate (ppGpp) . 
Consistently, we show that cells lacking ppGpp displayed 
markedly elevated levels of free E G ~ '  compared with 
wild-type cells and that the repression of ribosomal RNA 
expression and reduced growth rate of mutants with 
constitutively elevated levels of ppGpp can be suppressed 

, by overproducing EG~'. We conclude that ppGpp modu- 
lates the levels of free Eo7' and that this is an integral part 
of the alarmone's means of regulating a trade-off between 
growth and maintenance, 
The EMBO Journal (2009) 28, 2209-221 9. doi: 10.1038/ 
emboj.2009.181; Published online 2 July 2009 
Subject Categories: chromatin & transcription 
Keywords: passive regulation; ppGpp; RNA polymerase; 
stringent control; transcriptional trade-off 

Introduction 
The most pervasive means of altering the relative abundance 
of transcripts in the cell is to control the efficiency at which 
the RNA polymerase initiates transcription at different pro- 
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moters. In Escherichia coli, RNA polymerase consists of the 
core enzyme (E) containing the a2PP10 subunits, and one of 
the seven possible sigma (o) factors conferring promoter 
specificity to E by making sequence-specific contacts to 
DNA (Gross et al, 1992). The majority of genes (housekeep- 
ing genes) expressed during exponential growth of E. coli 
require 0 7 0  (encoded by rpoD) for transcription initiation. 
This sigma factor directs E to genes encoding proliferation- 
related activities, including the genes of the protein synthe- 
sizing system (PSS; i.e. those encoding the ribosomes, tRNAs 
and factors required for translation). In addition, a large 
number of maintenance and stress-defense genes induced 
upon growth limitations are also dependent on the ~ 0 ~ '  

holoenzyme. Directing ~ o ~ '  to appropriate promoters (or 
inhibiting promoter contacts) under changing conditions is 
to a large part accomplished by specific activators and 
repressors. However, ~0~'-dependent genes have been ar- 
gued to be subjected to differential control also by changes 
in ~o~~ availability, a so-called passive regulation of gene 
expression. 

Ole Maalae was perhaps first in presenting a model for 
passive control of gene expression inspired by the conviction 
that the massive alterations of gene expression needed during 
drastically changing growth conditions, such as nutrient 
limitations, required a more robust control than those 
afforded by specific repression, de-repression, and activator 
circuits (Maalare, 1979). This type of gene regulation might 
have been operational before the evolution of specific reg- 
ulatory factors and maintained some of its importance in 
representing a regulatory baseline control on top of which 
more specific and pronounced effects can be achieved with 
activators and repressors. Maalare suggested, for example, 
that the synthesis of the PSS is regulated by ~o~~ availability, 
which changes with changing growth conditions (Bremer and 
Dennis, 1996), Although details of Maalare's original model 
has been found wanting, the assumption that individual 
promoters compete with each other for a limiting amount 
of free ~o~~ has been confirmed (Shepherd et all 2001; 
Jishage et al, 2002; Bremer et al, 2003; Magnusson et al, 
2003; Grigorova et al, 2006). 

Several authors have presented updated models for passive 
regulation and endorsed passive control as an integral part of 
stringent control by the nucleotide guanosine tetraphosphate 
(ppGpp) , Cells of E. coli elicit a swift down-regulation of the 
PSS during amino acid starvation-a response called the 
stringent response-and ppGpp, acting together with the 
protein DksA, is the effector molecule of this response 
(reviewed in Potrykus and Cashel, 2008). The nucleotide 
ppGpp is produced by RelA and/or SpoT, This occurs not 
only in response to amino acid limitation but also upon 
starvation for many different kinds of nutrients and in 
circumstances restricting growth (Cashel et al, 1996). A key 
feature in one passive model of gene regulation, referred to 
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Evolution of Stochastic Switching Rates in Asymmetric 
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Uncertain environments pose a tremendous challenge to populations: The selective pressures 
imposed by the environment can change so rapidly that adaptation by mutation alone would be too 
slow. One solution to this problem is given by the phenomenon of stochastic phenotype switching, 
which causes genetically uniform populations to be phenotypically heterogenous. Stochastic 
phenotype switching has been observed in numerous microbial species and is generally assumed to 
be an adaptive bet-hedging strategy to anticipate future environmental change. We use an explicit 
population genetic model to investigate the evolutionary dynamics of phenotypic switching rates. We 
find that whether or not stochastic switching is an adaptive strategy is highly contingent upon the 
fitness landscape given by the changing environment, Unless selection is very strong, asymmetric 
fitness landscapes-where the cost of being maladapted is not identical in all environments-strongly 
select against stochastic switching. We further observe a threshold phenomenon that causes 
switching rates to be either relatively high or completely absent, but rarely intermediate. Our finding 
that marginal changes in selection pressures can cause fundamentally different evolutionary 
outcomes is important in a wide range of fields concerned with microbial bet hedging. 
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Epigenetic Inheritance and the Missing Heritability 
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Epigenetic phenomena, and in particular heritable epigeneticchanges, or transgenerational effects, 
are the subject of much discussion in the current literature. This article presents a model of 
transgeneratlonal eplgenetlc Inheritance and explores the effect of epigenetlc inheritance on the risk 
and recurrence risk of a complexdisease. The model assumes that eplgenetic modifications of the 
genome are gained and lost at specified rates and that each modiflcatlon contributes multiplicatively to 
disease risk. The potentially high rate of loss of epigeneticmodificalions causes the probabillty of 
identity in state in close relatives to be smaller than is Implied by their relatedness. As a consequence, 
the recurrence risk to close relatives is reduced. Although epigenetic modiflcations may contribute 
substantially to average risk, they will not contribute much to recurrence risk and heritability unless 
they perslst on average for many generations. If they do perslst for long times, they are equivalent to 
mutations and hence are likely to be in linkage disequilibriumwith SNPs surveyed in genomewlde 
association studies. Thus eplgenetlc modifications are a potential solutlon to the problem of missing 
causality of complexdiseases but not to the problem of missing heritabllity. The model hlghllghts the 
need for empirical estimates of the persistence times of heritable epialleles. 
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Rheological properties ol' colloicl~~l dispersions are widely studied 
because such dispersions are important in Inally applications, such 
as paints, cosmetics, I'ood, and phar~naceutical Sc~rmulations. In this 
fielcl, polymer colloids are attractive because they can be synthesized 
in uniform sizes and surface properties. Also, the sizes and 
properties can be controlled and reproduced as a 1.esull of cont~*ibu- 
lions by many researchers over a long period of time.' In particular, 
over the past decade or so, there has been increasing interest in 
aqueous stimuli-responsive nlicrogels because of their multiple 
Si~nctions that lnay be applied in various applications, i~lcluding 
drug de l i~ery ,~  photo~lic crystals," che~nical/biological separation,4 
te~nplaling Tor inorgailic nanopmticle ~ynthesis ,~ e~nulsifiers,~ and 
rheological  modifier^.^ 

In contrast to simple sliinilli-sensitive inicrogels such as tem- 
perature- and pH-sensitive ones, very recently we reported se[F 
oscillatirzg n~icrogels.~ Our microgels show an autononious .s~vellirzgl 
~ieslvelling oscilla[ion that is synchronizecl with the redox oscillation 
of the Belousov-Zhabotinsky (BZ) reaction." The microgels are 
copolymerized with the &is(2,2'-bipyridine)ruthel7ium monomer, 
denoted Ri~(bpy)~, which is the catalyst Tor the BZ reaction. Thus, 
the volun~e of the ~llicrogel oscillates in aqueous solution containing 
the substrates for the BZ reaction. In acldition, all autonomous 
Jlocculntiorzlredi~yer~~ior? oscillatio~l near the volume pllase transition 
temperature of the microgels was discovered." 111 general, the 
viscosily is related to the effective volume fraction of the microgels 
and the status of clispersion (flocculated or not). Thus, these two 
types of  autono~~~ous oscillation of the rnicrogels should affect the 
viscosity in the dispersion. T f  au~onomously oscillating viscosity 
oS the dispersion is realized, this technology could Ije appliecl in 
many applications, as have clectro- and ~nagnelol.licological (ER 
and MR) fluids. 111 particular, the clispersio~~ with autoi~omously 
oscillating viscosity may be used as a micropu~np, which could 
realize next-generalion mjcroflujdics devices. 

111 this communication, we. clenlonsl~.;.ate a new I-heological 
property of colloiclal dispersions using selS-oscillating ~nicrogels, 
which were synlhesized by surfactant-rree aclucous precipitation 
polymerization as in our j~revious report.' The chemical structure 
01 the mjcrogel is shown in S1 Figure 1 in the Supl~orting 
InSonnation. Our previous study revealed that the ~nicrogels 
obtained by this approach are very 1~10110clis~~ersed.~ 111 this case, 
dytla~llic light scatteri~lg (DLS) ineasurements gave a I~ydrodynamic 
diameter of -200 11111 for the obtained microgel in a dilute 
dispersion (at 25 "C in I 1nM NaCl solution). Before the 
sell-oscillating strrdy, we checlted the temperature dependence of 
the hydrodynamic diameters of lhe reduced Ru(11) a~id oxidized 
Ru(111) states by DLS. F;ro~n these data, we can estimate the degree 

Shinshu Uoivc~.si[y. 
$ Thc U~liversity oT Tokyo. 
"PRESTO. . 
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Figure I. Self-oscillating profiles of viscosity in the ~nicrogel dispersions. 
The ~nicrogcls wcrc dispersed in aqueous solution containing MA (100 mM), 
NaBr03 (150 mM), and I-IN03 (0.5 M). The lllicrogel concentration was 5 
wt 96. All of the data were taken at a co~istant shear rate of 132 s-'. The 
viscosity was n~easured at various te~l~pcratures; (a) 20 and (b) 23 "C. 
Characteristic pcaks that e~ncrgcd at 23 O C  are indicated by the arrows in 
(b). 

of volume change in the oscillation, I11 this case, the diameters were 
measured to be scveral tclls oE nanolueters at all temnperalures (see 
SI Figure 2). 

Next, we carried out the BZ reaction using the microgel 
dispersions. Malo~lic acid (MA), sodium bronlate (NaBr03), and 
HN03 were used as substrates for the BZ reaction at a Axed 
concentlxtion, Figure 1 shows self-oscillating profiles of viscosity 
in microgel c1isl)ersions ~neasurecl at difSerent temperatiu.es, Because 
one of the compone~~ts ol' the microgel, poly(N-isopropylt~crylamide) 
( ~ N T P A ~ ) , "  shows a tetnperatl~re-selzsilive property, the dialneter 
of the microgel decreased as the tempe~atul.e increased up lo the 
cridcal flocculatio~l temperature (CFT) (see SI Figure 2). In this 
case, concentrt~tions of microgel (5 wt %) and substrates for the 
BZ reaction were lixecl.12 Thus, the eflective volume fraction of 
the microgels sllou l tl clecvease with ir~c~*eeasing temperature up to 
the CFT. At 20 "C (Figure la), auto~lomously oscillating viscosity 
was observed. 'She \vavcSor~i~ 01 the oscillatio~~ is siinilar to that 
detected by optical trans~nitlance as reported p r e v i o u s l y . ~ i l l ~  
increasing ten~pcratare, oscillating profiles wit11 the same waveform 
birt decreasecl amplilucle were observed up to 22 "C (see SI 
Figure 3a). The decrease in ainplitude is attributed to the decrease 
in effective volume fraction of the ~nicrogels at higher tempera- 
tures.13 Next, the waverorm suddenly changed at 23 "C to include 
two peaks per period (Figure lb). Finally, oscillation was no longer 
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Peptide nucleic ycids (PNAs) are a promising class of nucleic 
acid illimics developed in the last two decades in which the naturally 
occurring sugar phosphodiester backbone has been replaced by 
achiral N-(2-aminoet11yl)glycine units (Scheme 1 A). ' In addition 
to their nbilily in hybridizing to cDNA or RNA strands, PNAs can 
invacle double-stranded DNA,' Strand invasio~l occurs preclomi- 
na~ltly in two modes, depending on the target sequence: through 
Watson-Crick base pairing to fonn a 1 : 1 PNA/DNA complex\or 
in co~nbination with Hoogsteen base pairi~lg to form a 2:1 complex." 
The sin~plicity and generality of their recognition along with the 
ease and flexibility of their synthesis make PNAs an at\ractive class 
ol' antigene reagerlts. However, with the current design, not every 
sequence call be accessed by PNAs; in particular, tllose that contairi 
all four nucleobases ;ire not accessible, Mixed-secluer~ce PNAs have 
been show11 to be capable of invading supercoiled plastnicl D N A ~ - ~  
and certain segio~~s of genomic DNA,%U~ they are not capable of 
i~lvaclil~g intact, Iiliear double-helical B-form DNA (B-DNA). 
Recently, two approaches, "tail-cla~~lp"".'~ and "double-duplex"" 
itlvasion, that enal>le mixecl-secluence PNAs to invade B-DNA have 
been developed. However, they are not without limitations, The 
first al~proach still recluires a stretch of Ilomopurine target for 
anchoring triplex binding, while the second, although nlore relaxed 
in sequence selection, requires an elaborate 11 iicleobase substi tution 
aud the need to use two stra~lds oT PNAs to invade B-DNA, 
con~plicaling their design and greatly liiniti~lg their ulility. " In this 
communication, we show that rnixed-sequence PNAs with le~lgths 
of 15-20 ni~cleotides (nt), when preorganized into a right-handed 
helix, can Invade double-helical B-DNA, Strand jnvasiou occilrs 
i n  a sequence-speci fic lilalllier through direct Watson-Crick base 
pairing. In this case, only a single strand of yPNA is required Tor 
invasion, and no nucleobase substilulion is needed. 

Rece~ltly, we showccl that PNAs, which as irlclivid~ial slwnds do 
1101 have well-clefinecl conf'ornlations, call be preorganized illto a 
right-handecl helix by i~lstalli~lg all ($)-Me sleseogenic center at the 
y-l~ackl~one positio~l (Scheme I A), '"hese helical yPNAs exhi bit 
s t ro~~g binding affinity for cDNA and RNA sttxnds, As deca~ners, 
mixed-sequence yPNAs are unable to invade B-DNA, but stral~cl 
illvasion can Oe rescued by appending an acricline moiety (DNA 
intercalatol.) to one of' the temirlil%r by replacing a cytosine 
nucleobase with an energetically more favorable synthetic ana- 
logue,'" These results suggest that the binding free energies of the 
decanleric yPNAs are already near the invasion threshold suncl that 
not much more is needed to enable thern to i~lvacle B-DNA. On 
[he basis ol' these findings, we speculated that as an allernalive to 
the aformentioned strategies, the required binding free energy may 
also be attained by extenditlg the size oS the yPNA oligomers, since 
a yPNA-DNA duplex is generally ther~nodynamicdly more stable 
than a DNA-DNA duplex, 1f this design strategy cocrld be 
achieved, i t  would not only circulllvenl the need to attach ancillary 
agents to PNAs, which may compromise their recognition specificity 
and co~nplicate their synthesis, but also allow yPNAs to recognize 
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extended DNA targets, which has been a goal of antigene 
To test this hyyotllesis, we synthesized a series of 

yPNA oligomers with various sizes (Scheme 1 B) that were designed 
lo bind Lo both the lop ancl bottorn strands of the DNA target arid 
then assessed their invasion ciyability using a conlbinatiol~ ol' gel- 
shift, enzyn~atic, and chenlical-probing c~ssays. 

Scheme I, (A) Chemical Structures of PNA and yPNA and (B) 
Sequence of yPNAs and a Selected Region of the DNA Target 

PNA Chiral yPNA 

(B) 
Oilnomers 
YPNA3: H.Lys-TAr'@ At3 A C C A 0 A 0 A T  ..' 1 '-Lys-NHz designed to 
YPNAP: H.L~s-o A D c A c A o A T  . . -LYS.NH* bind to the 
YPNAI: I1.Lys.O A c O A C A O A I-LYS-NH~ - 1 bottonl strand 

DNA targets (29lbp linear B-DNA) 
C T A Q C A  ........,.... 3' 

. G A T C G T  ............. 5' 
5 1 - . J  

154bp Perfect Match (PM): W=A, X=T, Y=A, Z=T 
Mismatch 1 (MMI): W=T, X=A, Y=A, Z=T 
Mlsmatcli 2 (MM2): W=A, X=T, Y=T, ZnA 

YPNA4: H2N-Lys-6 T O O I O T C ' I ' A  1 designed to 
-LyS.H bind to the 

YPNA5: H2N-Ly$.di II' A Q TO T @ 0 I O F  C T  A  ' -Lys-H top strand 

The gel-shift assay mJas performed by incubation of a 291 base 
pair (bp) PCR Iragmeni containing a perfect-malch (PM) binding 
site with different concentrations of yPNA1-3 in 10 IIIM sodiil~n 
phosphate (NaPi) buffer at 37 "C Sor 16 h, li~llowecl by gel 
separatioll allcl SYBR Gold staining. Coosislent with our earlier 
result,':' we obsesvecl no binding of yPNA1, a rlecamet4, at yPNAI 
DNA ratios as high as 20:l (Figure I A, lanes 3 and 4). However, 
in llle case of 15-n~er yPNA2 and 20-n~er yI'NA3, we noticed the 
appearance of a shifted band (lanes 5 ,  6, 8 and 9). The inte~lsity ol' 
the new baud gradually increased with i~lcreasillg yPNA concer~tl.a- 
tion, ancl /he lnobility clec~.eased wilh increasirlg oligonler length. 
For~natiol~ ol' this complex appeared to be more el'ficient with 
yPNA3 than with yPNA2, as reflected in the ratio ol' the boulicl- 
lo-unbound DNA (conlpare lalles 8 wi tll 5 and lanes 9 with 6), 
This is expected, since yPNA3 should form a thermodynamically 
more stable co~nplex wit11 DNA as a result of its greater length. 
Binding appeared (o be unique to yPNAs and occi~~recl in a se- 
cluence-specific manner: neither i~lcubation of DNA contai~liilg the 
PNI binding site with PNAs having identical uucleobnse sequences 
(PNA2, lane 7; PNA3, lane 10) nor incubation oS DNA having a 
single-base mismatch in the middle (MM1) or loward one end 
(MM2) of the binding site with yPNAs resillted in formation of 
any shifted bands (Figure I B, lanes 4-9). Similar fi~ldi~lgs were 
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The introduction of fluorescent probes @to proteins provides a A 
powerful tool to study protein structure and function either in vitro 
or in vivo.' One particularly useful method involves genetically 
fusing the protein of interest to fluorescent  protein^.^ However, the 
size of naturally occurring fluorescent proteins (>20 kDa) and the 
typical requirement for C- or N-terminal fusions limit their utility 

g) as a local probe of structure and in some cases can perturb the 
structure or function of a protein. A variety of other methods have 
been developed to introduce fluorescent probes into protein in vitro 
and in vivo including the selective chemical3 or enzymatic4 

45 

modification of specific recognition motifs, the use of intein-based 40 
semisynthetic  method^,^ and in vitro protein translation6 with 2, 35 . ... 

VI chemically arninoacylated tRNAs. Although very useful, each 
approach has its own limitations including protein size and yields, 30 8 

C 
modifications to the native protein sequence, or reagents/protocols " 25 
that are not compatible with live cells. To augment and extend these 20 
methods, we have attempted to genetically encode small, fluorescent 
amino acids directly in living cells? In this' study, we report the 15 
site-specific incorporation of an environmentally sensitive, fluo- 5 10 - 
rescent amino acid into proteins in response to the amber nonsense 
codon (TAG) with good yield and high fidelity in yeast. We 5 

demonstrate that the method can be used as a local probe of 0 
conformational changes in protein structure induced by ligand 
binding. 

6-Propionyl-2-(N,N-dimethyl)aminonaphthalene, p r ~ d a n , ~  is a 
highly environmentally sensitive fluorophore that is widely used 
in biochemistry and cell bio10gy.~ To genetically encode the amino 
acid analogue of prodan, 3-(6-acetylnaphthalen-2-y1amino)-2- 
aminopropanoic acid (Anap, I), it was synthesized in six steps 
starting with 1-(6-hydroxynaphthalen-2-y1)ethanone (Figure S1, 
Supporting Information). The extinction coefficient (17 500 cm-I 
M-') and quantum yield (0.48, Figure S2, Supporting Information) , 

of Anap in EtOH (360 nm) are comparable to those of prodan 
(18 400 cmdlM-' and 0.71).8110 The fluorescence spectra in various 
solvents also exhibit sensitivity to solvent polarity similar to other 
prodan probes with a significant shift in emission maximum (A::) 
on transitioning from water (Ak"," = 490 nm) to ethyl acetate (A?: 
= 420 nm) (Figure 1). Compared with dansyl- or coumarin- 
containing amino acids, Anap has enhanced environmental sensi- 
tivity with comparable or increased 

To genetically encode this amino acid in Saccharomyces cer- 
evisiae, an orthogonal Escherichia coli amber suppressor tRNN 

37Q 410 450 490 530 570 
Wavelength, nm 

Figure 1. (a) Chemical structures of Anap (1) and Nap (2). (b) Fluorescence 
spectra of 1 in various solvents; samples were excited at 350 nm. 

(M40, L41, Y499, Y527, and H537) in the leucine-binding 
The library was then subjected to rounds of alternating positive 
and negative selections as previously described,14 but unfortunately 
no mutant LeuRS with the desired selectivity was isolated. We next 
attempted a stepwise strategy15 in which the same selection scheme 
was used first to evolve an aminoacyl-tRNA synthetase specific 
for the Anap analogue, 3-(naphthalen-2-y1amino)-2-arninopropanoic 
acid (Nap, 2). This amino acid lacks the acyl substituent of Anap 
and therefore requires a lower degree of hydrogen bonding 
complementarity in the amino acid binding site of LeuRS. Five 
rounds of selection generated 92 clones that survived only in the 
presence of Nap in uracil dropout medium; DNA sequencing of 

Table 1. Selected Anap-Specific LeuRS Mutants 
- -  

leucyl-tRNA synihetase (tRNA&YA/LeuRS) pair12 was used on the Leu Met Leu Tyr Tyr Tyr His Leu Phe Ala 
LeuRS frequency 38 40, 41 499 500 527 537 538 541 560 

basis of previous experiments7">l3 which showed that LeuRS 
mutants can accommodate unnatural amino acids with large Anap-l G1y Tyr *la 'ys Ser 

Anap-2A 5/10 Phe Gly Pro Val His Ala Glu Ser Cys Val 
hydrophobic side chains. To alter the specificity of LeuRS so that Aanp-2B 3/10 Phe Gly Pro Ile His Glu Ser Cys Val . 
it aminoacylates tRNA&* with Anap and no endogenous amino Anap-2C 2/10 Phe c,ly pro vd Leu Ala ~ l u  Ser cy s  vd 
acids, a LeuRS library was constructed by randomizing five residues 
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Abstract: As the focus of synthesis increasingly shifts from its historical emphasis on molecular structure 
to function, improved strategies are clearly required for the generation of molecules with defined physical, 
chemical, and biological properties. In contrast, living organisms are remarkably adept at producing 
molecules and molecular assemblies with an impressive array of functions - from enzymes and antibodies 
to the photosynthetic center. Thus, the marriage of Nature's synthetic strategies, molecules, and biosynthetic 
machinery with more traditional synthetic approaches might enable the generation of molecules with 

Lo properties difficult to achieve by chemical strategies alone. Here we illustrate the potential of this approach 
2 and overview some opportunities and challenges in the coming years. 
2 
vj 0 P w s PI 

g% 
g Introduction 
5 3  
m" 
8 0 

The feature that perhaps most distinguishes chenlistry from . 
PI the rest of the sciences is the ability of chemists to control the 
mn .E a structure of matter at the molec~llar level - from complex 
$ - natural products like vancoinycin to nanoparticles and whole 

z~ genomes, Indeed there have been 1.einarksible advallces in the 
zn fields of total synthesis and synthetic inethods over the past 50 

E: 0 years. Unfortunately, we are not nearly as adept at the synthesis 
of molecules with defiaed functio~ls as we are at the synthesis 
of inolecules with definedstructures. As the focus of chemistry 
increasingly shifts from structure to function, chemists will need -* 

to develop better strategies to efficiently generate molecules, 
and systems of molecules, with desired pllysical, chemical, or 
biological properties in orcler to meet the biomedical, energy, 
and environmental needs of the future, Iizdeed this challenge 

a S represents one of the great opportunities for synthesis in the 

I" coming years, One direction we can turn for help is Mother 

Q 
Nature - after all, living organisms caiary out a reemarkable array 
of complex functions ~lsing 11atui.al ~nolecules and n~olecular 
assemblies, ranging fi.om antibiotics and enzylnes to the 
ribosome and ~hotosynthetic center. 

Organic chemists have spent considerr~ble effort synthesizing 
molecules that attelnut to ~niillic the f'unctions found in Nature. 3 ' - A  C A T G T-5 '  

Early exainples include Si~nctionalized synthetic l ~ o s t s , ' ~ ~  
iron-sulfur  cluster^,^ and heine analogues.4 ~ h e s e  efforts 
attempted to replicate key Sunctions of natural enzymes and 
receptors and, thereby, give new insight into their inolecular 
mechanisms. As chemists becaille 111ol-e sophisticated in their 
understanding of biomolecules and biological methods, there 
was ail increasing shift in focus to the synthesis of bioinoleculcu. 
ininletics that directly modulate the activities of biological 
systems themselves. A pioneering exalnple was the synthesis 
by Dervan and co-worlters of polypyrrole-carboxmlides tliat 
bind DNA in a sequence-specific manner lnuch like trailscrip- 
tionsil repressors (Figure 

,% 

"enoillics Inslitute of the Novartis Research Foundalion. ' The Scripps Research Institute. 
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Figure 1. Syulhetic ~~lolecules that sequence-specifically bind duplex DNA 
much like tl.anscriptiona1 repressors.~inage courtesy of Peleta Dervan, 

But one need ilot be limited to chen~ical synthesis alone to 
generate illolecules with novel functions, One can exploit Nature 
itself, i,e., use the synthetic strategies, molecules, and biosyn- 
thetic machinery of living orga~lislns together with more 
traditional chemical approaches to generate inolecules with 
properties that might be difficult to realize by either strategy 
alone. Such an approach represei~ts a mariaiage of traditional 
che~nical synthesis with the emerging field of synthetic biology.' 
Early efforts in this direction included the generation of 
semisynthetic enzymesg and ion c h a n i ~ e l s ~ ~  by Kaiser and 
Erlanger, respectively, and the work of Orgel on DNA-directed 
cheinical synthesis. " Today this approach is beginning to impact 
inany areas of the chemical, biological, and materials sciences. 
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Proteins have long been known to be acfected by UV ilradiation in 
processes ranging from aillino acid side chain degradation, the 
reduction of disulfide bridges, aggregation, and even to conseque~lt 
loss of biological acti\litys1--%owever, nalul.al exainples of clean, 
site-selective photocleavage are rare. To the best of our l(now1edge; 
the only repol-ted exanll~les are fluorescent proteins T(aecle and EosFP 
that experience cleavage (between PheG1 ,His62 at 400 nm) and require 
prior formation of a specific c h r o n ~ o ~ l ~ o r e ~ ~ ~  

A nlore general, clean, photoinduced cleavage mecliiu~ism, with 
potential biotechnological utility in protein prel~aration'i or proteomnic 
a ~ ~ a l ~ s e s , ~ * ~  is therefore also of funcla~nental interest. T~lcleed, while a 
nunlber of' site-selective photolylic nletl~ocls requiring the adclition of 
extraneous cleavage agents have been investigatec1,"-I" these are to 
date poorly selective and low yielding. Use of unnatilral amino acids, 
such as o-nitro-phe,'"16 only allows photocleavage ia up to --30%.17 
Unexpectedly, while investigating the pl~otochemical ulodification of 
proteins, we have discovered a clean, photocleavage reaction localized 
to TIM-bwel proteins from faillily I of glycosylhyclrolases (GH-I). 

UV itradiation or archetypal GH- 1 protein from the hyperther~~~o- 
philic archaeon Sulfolobtis so&tc~~-r,.icus ( S S ~ G ) ~ ~  gave fiagnle~~t prod~rct 
profiles that were sha~rp and clean (Sche~ne I), suggesting protein 
cleavage at a single site.'" To probe reactive transitions precise 
Crequency light (193-355 11111) was generated using (Nd:YAG)- 
pun~ped tunable dye and ArF-excimer (193 11111) lasers. No cleavage 
was observed in the absence of UV light or at wavelengths oiitside 
the range -240-3 10 nm. 

Cleanly Sorn~ecl fragment masses (I 8,2,39.1 kDa) were detemined 
by ESI-MS (Scheme 1). N-Terminal sequencing revealrSd the latter to 
be "L~locl~ed" by an unnatural, unreactive residue and the former to 
sIla.t4e the seclirence fou~ld at the N-teri~ii~lus of Ss$'G, indicating a 
cleavage site between 1.esiclues His 1 SO allcl Trp 1 5 1 , SsPG mutants 
colltainillg alterations at this junction (HI 50A, W15 1 A, H 15OF) 
remainecl intact and did not Li'agment, giving additional evidence for 
this specific cleavage site and highlighting tlie neecl Sor specific ~esiclues 
and 1101 silnply for pote~llial Siinctional (e.g., aromatic His 1 SO--Phe) 
groi~p equivalents. 

Bioinfornlatic analysis reveals that the His-Trp (HW) diad is 
widespread and, indeed, is repeated at positio~ts His424Trp425 in SsPG. 
Since this site did not clisscxiale 011 exposure to UV lig111, we considered 
that an extentled series of residues borclering His 150 suld Trp 15 1 nlust 
contribute to the re~na~kable regioselectivity of this cleavage reaction. 
To probe the iinderlying molecular conlributions, sho~t peptide 
fragments of SsPG, expected to have little inherent conromation but 
correct pri~na~y secluence, were synthesized: H-I-TWP-NH2 ancl 

'i' CRI,, University ol' Oxfonl. 
f Uoiversity d Nottingham. 

PTCI,, Ullivcrsity of 0xro1.d. 
" Co~nputalio~lal Biology, Univcrsily oS Oxlord. 

l'lant Sciences, Ul~iversily or Oxlord, 
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Scheme I. Photoinduced Site Selective Cleavage of TIM-Barrel 
GH-1 Proteinsa 

E l"0- 
WT SspG 
39 kDe Fregmonl 
18 kDa Fragment 

(U a 

'G --- i-- 

15 **' Tlme (Hours) 

"(a) ESI-MS after 1 11 irradiation; (b) SDS-PAGE time course analysis 
1 -6 11; (c) densitometry clelenninecl reaction course, 

H-LNMYHWPLPL-NH2, rep~esei~ti~~g sesiclues 1 50- 1 52 and 146- 155 
oT S.sPG, respectively. Neither fragmnented under UV light. 

These results isllplicated conrolillatio~l and seco11da.rylte1-tiary skuc- 
lure as ltey cleternlinants in Fragiileatation. Ala-scanning was used to 
probe a 3.5 sphere of residues asot111d the cleavage site: S,s,5'G 
mutations Y 149~4, P 152A, F222A, atld W433A prevented Jlagme~lta- 
tion, while alteration ol' Inore re~note residues (Q18A, R79A, N81 A, ' 

L 153A, N205A, E206A, V2 1 OA, and E387A) had no effect, Modeling 
of the cleavage site (Figure 1) reveals that essential residue groups 
Y 149, F222, W433, and P 152 cradle residue W15 1 in an hydropl~obic, 
3t-rich environment. 

Figure I. SsPG's pholocleavage site (blue) and associated essential (red) 
and nonessential (green) residues. Model based on PDB Igow. 

10.1021/ja9026105 CCC: $40;75 O 2009 American Chetnical Society 



JOURNAL OF BACTERIOLOGY, Sept, 2009, p, 5775-5784 
0021-9193/09/$08,00+0 doi:10.1128/JB,00521-09 
Copyright O 2009, American Society for Microbiology. All Rights Reserved. 

Vol. 191, No. 18 

Role of the oD-~ependent  Autolysins in Bacillus subtilis 
Population ~ e t e r o g e n e i t ~ ' ~  

Rui Chen, Sarah B. Guttenplan, ICris M. Blair, and Daniel B. ICearns* 
Depar-tnaent of Biology, Indiann University, 1001 East Third Street, Bloonzingtora) Irzdia~an 47405 

Received 17 April 2009/Accepted 16 June 2009 

Exponentially growing populations of Bncillzcs subtilis contain two n~orphologically and functionally distinct 
cell types: motile indivicluals and nonniotile niulticellular chains, Motility differentiation arises because RNA 
llolymerase and the alternative signla factor uD activate expression of flagellin in a subpopulation of cells, Here 
we clenionstrate that the peptidoglycan-remodeling autolysins under a" control, LytC, LytD, and Lytl?, are 
expressed in the same subpopulation of cells that complete flagellar synthesis. Morphological heterogeneity is 
explainecl by the expression of Lytl? that is necessary and sufficient for cell separation. Moreover, LytC is 
required for motility but not at the level of cell separation or flagellum biosynthesis, Rather, LytC appears to 
be important for flagellar function, and motility was restored to a LytC mutant by mutatlon of either LoizA, 
encoding the LonA protease, or a gene encoding a previously unannotatecl swarming motility inhibitor, SmiA. 
We conclude that heterogeneous activation of oD-dependent gene expression is sufficient to explain both the 
morphoIogical heterogeneity and functional heterogeneity present in vegetative B. slcbtilis populations. 

Growing populations of BacilZus subtilis are heterogeneous 
in cell morphology (17) Some members of these populations 
grow as single cells that are motile, whereas other cells in the 
populations grow in multicellular, nonmotile chains. The dif- 
ference in motility between the two cell types is controlled at 
the level of gene transcription. The expression of the gene that 
encodes the Ilagellar filament (hag) is either ON or OFF and 
is under the control of RNA polymerase and the alternative 
sigma factor aD (9, 17, 29). Cells that are ON for ilagellin 
expression complete flagellum assembly and constitute the mo- 
tile subpopulation, Cells that are OFF for flagellill expression 
do not complete flagellum biosynthesis and constitute the non- 
motile subpopulation. 

The dimorphism of1 single cells and chaining cells in heter- 

ramoyl-L-alanine amidase), LytD (an endo-P-N-acetylglu- 
cosaminidase), and LytF (a y-D-glutamate naeso-diaminopime- 
late muropeptidase) (20,27,26,38). The genes that encode the 
LytD and LytF autolysins are under exclusive control of uD, 
and 70% of LytC expression is aD dependent (15, 20, 21, 26, 
27). Furthermore, LytC, LytD, and LytF have been implicqted 
in vegetative cell separation and motility (3, 31, 36) The si- 
multaneous reduction in expression of the three autolysins is 
thought to account for the obseilration that a null mutant in 
which the gene that encodes aD is disrupted does not form 
separate cells and grows constitutively in chains (28). 

Here we investigate the contribution of the aD-dependent 
LytC, LytD, and LytF autolysins to population heterogeneity in 
B. subtilis. We determine that the autolysins are expressed 

ogeneous populations has not been resolved but is likely re- in the same subpopulation that expresses the flagellar filament, 
lated to autolysin activity. Autolysins are bacterial enzymes In an undomesticated strain background (B, subtilis 3610) in 
that hydrolyze and remodel the peptidoglycan found in the which the majority of cells in a population are ON for autolysin 
bacterial cell wall (38, 42). B. subtilis is a gram-positive bacte- expression, we lind Illat LytF is dedicalcd chiefly lo cell sepa- 
rium with a thick layer of peptidoglycan exterior to the cell ' ration, whereas LytC supports swarlning motility, Thus, cells 
membrane. During cell division, the cell wall grows inward by that are ON for oD exprcss both thc autolysiil and Ilagellar 
a process called septation to divide the lnother into two iden- 
tical daughters. The daughter cells subsequently remain joined 
by a shared layer of peptidoglycan, and autolysins are required 
for daughter cell separation (1, 10, 11, 25). Autolysins have 
also been implicated in, cell wall turnover, sporulation, and 
motility (12, 33, 34, 39). 

B. subtilis encodes at least 35 differentially regulated autol- 
ysins, but 3 of these autolysins in particular are strong candi- 
dates for participating in the single-cell-chain heterogeneity 
observed during exponential growth: LytC (an N-acetylmu- 
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genes and grow as separate motile cells. Cells that are OFF for 
uD do not express the autolysin or flagellar genes and grow as 
nonmotile chains, Finally, we deinollstrate that the require- 
ment of autolysiils for motility is related to flagellar function 
rather than to flagellar biosynthesis or cell separation and that 
the motility defect could be genetically suppressed. 

MATERIALS AND METIIODS 

Strains and growth conditions. B. strbtilis strains were grown in Luria-Bertani 
(LB) broth (10 g tryptone per liter, 5 g yeast extract per liter, 5 g NaCl per liter) 
or on LB agar plates containing 1.5% Bacto agar at 37"C, Wllen appropriate, 
antibiotics were included at the following concentrations: 10 pg/ml tetracycline, 
100 pg/ml spectinomycin, 5 p,g/ml chloramphenicol, 5 pglml kanamycin, and 1 
p,g/nll eiythroinycin plus 25 p&l lincolnycin (ids). Isopropyl P-D-thiogalacto- 
pyranoside (IPTG) (Sigma) was added to the medium at the collcentratio~l 
indicated below when appropriate. 

Swnr~n expansion nssny. Cells were grown to mid-log phase at 37°C in LB 
broth and resuspellded at an optical density at 600 nm (ODBoo) of 10 in 1 X PBS 
(137 mM NaCI, 2.7 mM ICCI, 10 mM Na2HP04, 2 m M  IW2PO4) containing 
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n Saccharomyces cerevisiae, the class V myosin motor 

Myo2p propels the movement of most organelles. We 

recently identified inp2p as the pciroxisome-specific re- 

ceptor for Myo2p. In this study, we delineate the region of 

Myo2p devoted to binding peroxisomes. Using mutants 

of Myo2p specifically impaired in peroxisome binding, we 
dissect cell cycle-dependent and peroxisome partitioning- 

dependent mechanisms of Inp2p regulation. We find that 

although total Inp2p levels oscillate with the cell cycle, 
Inp2p levels on individual peroxisomes are controlled by 

peroxisome inheritance, as Inp2p aberrantlr accumulates 

and decorates all peroxisomes in mother cells when per- 

oxisome partitioning is abolished. We also find that Inp2p 

is  a phosphoprotein whose level of phosphorylation i s  

coupled to the cell cycle irrespective of peroxisome posi- 
w 

tioning in the cell. Our findings demonstrate that both or- 2 
ganelle positioning and cell cycle progression control the $ 

& levels of organelle-specific receptors for molecular motors g 
to ultimately achieve an equidistribution of compartments 

between mother and daughter cells. -. 
8 
2 
-0 

8 
I" 
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Menibrane-bound organelles organize the eukaryotic cell into 
distinct coinpartments that are each specialized for spccific 
cellular filinctions, Compartmentalization allows a range of 
different processes to occur siinultaneously within optimal 
lnicrocnvironn~cnts to incrcasc thc ovcrall ~nctabolic cMcicncy 
of cells. To maintain the advantages of conlpartincntalization, 
eukaryotic cells have evolved inolecular mechanisms to ensure 
the faithful inheritance of their o~ganelles during cell division, 

The ycast Succharoi~zyces cerevi,ricre divides asyniinetri- 
cally by budding. The accurate inheritance of its organellcs is 
achicved by delivery of a portion of its organelles to the b~id 
conconlitaiit with retentioil of the remaining orgaiiclles in the 
mother cell (Fagarasanu and Rachubinski, 2007), This feature 
inakes detection and isolatioii of nwtants defective in organelle 
partitioning easier in budding yeast than in cells that divide by 
inedian fission, thus facilitating invesligalion of thc spatial ancl 
ten~poral control of organelle motility. 

The bud-dircctcd moveinent of organelles is inediatcd by 
class V myosins, which arc inotors specialized ill carrying cargo 
along actin filaments. The amino teriniili of all class V ~nyosins 

Correspondence to Richard A. Rachubinski: rick,rach'ubinski@ualberta,ca 

Abbreviations used in this paper: CSM, complete supplement mixture; G6PDH, 
glucose-6-phosphate dehydrogenase; MBP, maltose-binding protein; mRFP, 
monomeric RFP; PA, protein A. 

V) 
contain a coilserved inotor donlain that generates actin-based u <D 

movemei~ts, whereas their divergent casboxyl ter~niili fomn a S 3 
globular domain called the tail that is specialized in capturing 0- 

various organelles, Myo2p and Myo4p are the S, cercvisine LO 

class V nlyosins (for reviews see Reck-Peterson et al., 2000; F3 0 
0 

Bretscher, 2003; Pri~yne el al., 2004). Myo4p is involvect in the CC, 

moveina~t oS cortical ER (kslrada et al., 2003), whereas MyoZp 
powers the bud-directed lnoveinent of inost other membrane- 
bound organelles, including Golgi elements (Rossanese et al,, 
2001), the vacuole (Ishikawa et al., 2003; Tang et al,, 2003), 

I I 
peroxisomes (Hoepfner et al,, 2001 ; Fagarasaiiu el al,, 2006a), 
and mitocl~ondria (Itoh et al,, 2002, 2004; Boldogh et al., 2004; 
Altinann et al,, 2008). Myo2p also drives the polarized transport 
of secretory vesicles, which is essential [or cell growth (Govindan 
et al,, 1995; Schott et al,, 1999), and carries the plus ends of 
cytoplasn~ic tnicrotubules into the bucl for orie~ltatioil of the 
izucle~ls before mitosis (Yin et al., 2000), 

Ensuring thc eficient transport 01' thc diffcrcnt typcs of 
orgailelles carried by Myo2p requires light control and coordi- 
nation of Myo2p's attachment to and detachment from dil'l'ereilt 
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Gillespie's direct method (DM) [D. Gillespie, I. Chem. Phys. 81, 2340 (1977)l for exact stochastic 
simulation of cheinical reaction systeins has been widely aclopted, It is easy to implement but 
requires large computation for relatively large systems, Recently, two more efficient methods, next 
reaction method (NRM) [Ma A. Gibson and 5. Bmck, J. Phys, Chem. A 105, 1876 (2000)l and 
optimized DM (ODM) [Y, Cao el al., J. Chem, Phys. 121, 4059 (2004)], have been developed to 
improve sirnulatioil speed. It has been demonstrated that the ODM is the state-of-the-art most 
cl'ficient inetkod for exact stochastic siinula(ion of lnost practical reaction systcms, In this paper, we 
first devclop an exact stochastic sinlulation algorithm nained ODMK that is more el'ficient than the 
ODM. We then develop 'an approximate method nained K-skip inetl~od to f~lrther accelerate 
simulation. Using two chemical reaction systems, we demonstrate that our ODMK and K-skip 
method can save 20%-30% and 70%-80% simulation time, respectively, comnparingito the ODM. 
We also show that our ODMK and K-skip method provide almost the same siinulation accuracy as 
the ODM. O 2009 Aijzer.icaiz I~wtitute of Plz-ysics. [DOI: 10.10G3/1,3204422] 

I. INTRODUCTION faster than the NRM in sinlulating practical reaction systen~s. 

In certain cheinical reaction systems sucll as cells in liv- 
ing organisms, the dyllainics of the system we often domi- 
nated by the action of a small number of molecules, and thus 
exhibit significant stochastic fluctuations. Such random fluc- 
tuations in the number of inolecules appear to have many 
important consequences in biology.1" For example, the sto- 
chasticity in gene expression can generate phenotypic hetero- 
geneity in a bacterial population of isogenic cells.' There- 
fore, in coinputational modeling and siinulation of cheinical 
reaction systems, it is important to have an appropriate 
me[hod to rellect the stochasticity in systein dynamics. 
Gillespie developed a stochastic simulation algorithm (SSA) 
to simulate every reaction event in a cheinical reaction sys- 
tem, when the time pvolves."." Gillespie's SSA is exact in the 
sense that it is developed rigorously based upon the inicro- 
physical premise of stochastic cheinical kinetics for well- 

5 6 stirred chenlical reaction systems: ' 
Although Gillespie's exact SSA is easy to inlpleinel~t and 

produces systein dynanlics with coi-rect statistics, it recluires 
large conlputation especially for systems where the number 
of reaction channels and/or the number of inolecules are 
large. A more efficient exact stochastic simulation method, 
named next reaction methocl (NRM), was developed by Gib- 
son and  ruck.^ In the next reaction method, two sophisti- 
cated data structures are enlployed to save con~putation, 
thereby improving simulation speed, An optimized direct 
n~etlzod (ODM) for exact stochastic simulation was proposed 
by Cao el aL8 It was deinonstrated that the ODM is much 
faster than Gillespie's direct method (DM) and, in general, 

" ~ u t h o r  to whom corcespoadence should be add~essed, l3ectronic mail: 
x.cai@miami.edu. Tel./Fax: (305) 284-532914044, 

Several approxin~ate leap methods, ii~cluding 7-leap,"l0 bi- 
nomial ~-1ea~1,""~ inultinornial T-leal~, '~ubiased ?-leap, 
and K-leap n~ethods,'."~~~' were also developed to accelerate 
stochastic siinulation at the price of reduced simulation 
accuracy. 

In this paper, we develop ail exact SSA, named ODMK, 
which is more efficient than the ODM. In the DM and the 
ODM, two random variables are generated to simulate the 
occurrence of each reaction, one for the reaction iildex and 
the other for the random time between the occurrences of 
two consecutive reactions, In our ODMK, we use only one 
random vasiable to generate a sequence of K >  1 reaction 
indices. Since the number of random variables generated is 
reduced, our exact SSA is faster than existing exact SSAs, 
We further develop an approxiinate metllod, named K-skip 
method, where we generate the random time between the 
occurrence of every K> 1 reactions, sltippiilg geileration of 
the random time between the occurrence of two consecutive 
reactions, Since the raildoln vasiitbles generated in our 
K-skip inethod is two per K reactions, which is ini~ch s~naller 
than two per reaction in the DM and the ODM, our K-skip 
can significantly iinl~rovc . sirnulalion speed especially when 
K is large. Our numerical results demonstrate that our K-skip 
method yields allnost the same accuracy as the exact SSA. 

The rest of this paper is organized as follows, In Sec. 11, 
we describe the chemical reaction system under consider- 
ation and briefly review current exact SSAs. In Sec. 111, we 
develop .our ODMIL In Sec, IV, we derive our K-skip 
method, In Sec. V, we present two nun~erical examples to 
illustrate our algorithms, and compare their performance 
with that of the ODM, Finally, conclusions are drawn in 
Sec. VI, 
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A fast and efficient microfluidic system for highly selective one-to-one droplet 
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Microdroplets in inicrofluidic systems can be used as independent inicroreactors to perforin a range of cheinical and 
biological reactions. However, in order to add new reagents to pre-forined droplets at defined times, to start, modify, or 
terininate a reaction, it is necessary to perforin a controlled fusion with a second droplet. We describe and characterize a 
simple and extremely reliable technique for the one-to-one fusion of droplet pairs in a inicrofluidic systein at kHz 
frequencies. The technique does not requise special channel treatment, electrical fields or lasers to induce droplet fusion, 
Instead, we inalte use of transient states in the stabilization of the droplet interface by surfactant, coupled to a proper 
geoinetrical design of a coalescence module, to induce the selective fusion of a droplet stabilized by surfactant 
(re-injected) with a droplet which is not fully stabilized (generated on-chip). Using a 1.2-fold excess of the surfactant- 
stabilized droplets -99% of the partially stabilized droplets were fused one-to-one with surfactant-stabilized droplets. 
Even when the surfactant-stablized droplets were in 5-fold excess, over 96% of the partially stabilized droplets were 
fused one-to-one, The fused droplet contains enough surfactant to inhibit further fusion events. After fi~sion, the droplets 
were f~illy stabilized by additional surfactant provided in the carrier oil, which allowed the fused droplets to be collected, 
incubated off-chip and re-injected onto a inicrofluidic device without any undesired coalescence. 

1. Introduction 

All but the simplest reactions and assays require multiple steps where new reagents are added between steps. In 
microtitre-plate based systeins this is achieved by pipetting in new reagents at defined tirnes. However, even using 
sophisticated (and expensive) robotic liquid-handling systeins the tluoughput is little inore than one per second. The quest 
for higher throughput is, of necessity, driving the developinent of ever .smaller reaction vessels, However, there is little 
scope to f~li?her reduce reaction voluines below the current ininhnuin of 1-2 pL using inicrotitre plate teclmology. 

One option is to use inicrodroplets in water-in-oil einulsions as inicroreactors: the droplets have vol~iines 10' to 10' 
titnes smaller than the smallest working voluine in a inicrotitre plate well. In Vitro Coinpartinentalization (IvC)? of 
reactions in einulsions was initially developed for disected evolution and has allowed the selection of a wide range of 
proteins and RNAs for binding, catalytic and regulatory activities.Qther applications rapidly followed, notably inassively 
parallel PCR of single DNA inolecules (emnulsion PCR), which is used, for example, for two coimnercial 'next-generation' 
high-thoughput sequencing systems.' 

However, it is difficult to add reagents to droplets in bulk emulsions after they are fonned,2 which is a serious 
limitation. This problein can potentially be overcome by using inicrofluidic systeins, in which controlled droplet fi~sion is 
possible. Pairs of large (usually >I00 id,) droplets can be fused usitig electrowetting in digital microfluidic systeins,' but 
the nuinber of discrete fluidic operations per second is relatively low (<0.1 lcHz).d Alternatively, high numbers of droplets 
(> lo7), with volulnes as sinall as 1 pL, flowing in a carrier oil, can be fi~sed in pairwise fashion at high fsequencies (>kHz) 
in droplet-based inicrofluidic systeins. There are several ways to fuse aqueous droplets using droplet-based inicrofluidic 
systems. Droplets that are not stabilized by surfactant will coalesce spontaneously,~ or can be coalesced based on a 
surface energy pattern on the walls of a inicrofluidic device,m or a new stream of fluid can be merged with large 
droplets passing an 0rifice.U Surfactant stabilized droplets can be fused using local heating fsoin a focused laser& or 
using electric forcesm and electro-coalescence has been used to measure inillisecond enzyme 1cineticsE and for the 
synthesis of magnetic iron oxide nanopai~icles.~ 

The inain problein in droplet coalescence for biological or cheinical applications is the existance of two contradictory 
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An RNA trap helps bacteria get the most out of chitosugars 
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Summary 

Small regulatory RNAs (sRNAs) are well known to 
command bacterial protein synthesis by modulating 
the translation and decay of target mRNAs. Most 
sRNAs are specifically regulated by a cognate tran- 
scription factor under certain growth or stress 
conditions. Investigations of the conserved Hfq- 
dependent MicM sRNA in Escherichia coli (article by 
Poul Valentin-Hansen and colleagues in this issue of 
Molecular Microbiology) and in Salmonella have 
unravelled a novel type of gene regulation in which 
the chitobiose operon mRNA acts as an RNA trap to 
degrade the constitutively expressed MicM sRNA, 
thereby alleviating MicM-mediated repression of the 
synthesis of the YbfM porin that is required for chito- 
sugar uptake. The results suggest that 'target' 
mRNAs might be both prey and also predators of 
sRNAs. 

Bacteria are known to produce large numbers of small 
RNAs (sRNAs), many of which act as post-transcriptional 
regulators by base-pairing to mRNAs (Waters and Storz, 
2009). Since the serendipitous discovery of MicF sRNA as 
a post-transcriptional repressor of OmpF porin synthesis, 
the functional characterization of Escherichia coliand Sal- 
monella sRNAs has shown that almost a third of them 
repress the synthesis of porins and other outer membrane 
proteins (Guillier et al., 2006; Vogel and Papenfort, 2006). 
The -84 nucleotide MicM sRNA is the latest arrival in the 
field of enterobacterial porin regulators. The micM gene 
(also known as sroB or rybC) was discovered in the ybaK- 
ybaP intergenic reg i~n (IGR) in genome-wide screens for 
new sRNAs in E, coli (Vogel etal., 2003; Zhang etal., 
2003). In both E. coli and Salmonella, MicM was also 
observed to be tightly associated with the bacterial sRNA 
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chaperone, Hfq (Zhang et al., 2003; Sittka et al., 2008), 
indicating that it acts on trans-encoded target mRNAs by 
short antisense pairing (Waters and Storz, 2009). 

In an earlier issue of Molecular Microbiology this year, 
Poul Valentin-Hansen and colleagues identified the ybfM 
mRNA encoding a porin of, at the time, unknown speci- 
ficity as a major target of MicM (Rasmussen et al., 2009). 
Like many other porin regulators (Guillier etal., 2006; 
Vogel and Papenfort, 2006), MicM repressed ybfM mRNA 
by Hfq-dependent pairing with the ribosome binding site 
(RBS) (Rasmussen etal., 2009), inhibiting translational 
initiation and, thereby, destabilizing this messenger 
(Fig. 1 A, left part). On the face of it, MicMlybfM seemed to 
be quite an ordinary case of post-transcriptional porin 
repression. 

In this issue of Molecular Microbio/ogy, the Valentin- 
Hansen laboratory reports an exciting turn in the MicM 
story. They have discovered an RNA trapping mechanism 
in which MicM itself becomes the target of a functionally 
related mRNA in order to derepress the ybfM target 
mRNA (Overgaard et al., 2009). The study was motivated 
by several intriguing and unique observations. Unlike 
many stress-responsive sRNA genes, the micM gene is 
almost constitutively expressed (Vogel et al., 2003) and 
does not show evidence for a conserved transcription 
factor binding site in its promoter region (Mandin and 
Gottesman, 2009; Rasmussen et a/., 2009). The abun- 
dant MicM sRNA seemed to be in permanent excess over 
its target, because the ybfM mRNA was hardly detectable 
under standard growth conditions (Sittka et al., 2008; 
Overgaard et al., 2009; Rasmussen et a/., 2009). In addi- 
tion, a seminal paper by the Gottesman lab (Mass6 etal., 
2003) had shown that several Hfq-associated sRNAs 
using the same RBS pairing mechanism as MicM were 
degraded along with their target mRNAs by the major 
endoribonuclease, RNase E, suggesting that sRNAs act 
stoichiometrically. However, overexpression of ybfM RNA 
did not destabilize MicM, arguing against a coupled deg- 
radation in this case. Collectively, how would the represb 
sion ever be overcome to permjt YbfM synthesis? 

A genetic screen for factors that could prevent MicM 
from repressing ybfM provided the surprising answer. 
Aside from two enzymes with established functions in 
RNA metabolism, poly(A) polymerase (Kushner, 2004) 
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A transcriptional activator can suppress gene expression by interfering with transcription initiated 
by another activator. Transcriptional interference has been increasingly recognized as a regulatory 
mechanism of gene expression. The signals received by the two antagonistically acting activators 
are combined by the polymerase trafficking along the DNA. We have designed a dual-control genetic 
system in yeast to explore this antagonism systematically. Antagonism by an upstream activator 
bears the hallmarks of competitive inhibition, whereas a downstream activator inhibits gene 
expression non-competitively. When gene expression is induced weakly, the antagonistic activator 
can have a positive effect and can even trigger paradoxical activation. Equilibrium and non- 
equilibrium models of transcription shed light on the mechanism by which interference converts 
signals, and reveals that self-antagonism of activators imitates the behavior of feed-forward loops. 
Indeed, a synthetic circuit generates a bell-shaped response, so that the induction of expression is 
limited to a narrow range of the input signal. The identification of conserved regulatory principles of 
interference will help to predict the transcriptional response of genes in their genomic context. 
Molecular Systems Biology 5: 300; published online 18 August 2009; doi: 10.103 8/msb.2009 .GI 
Subject Categories: synthetic biology; chromatin & transcription 
Keywords: noncoding transcription; promoter; repression 

This is an open-access article distributed under the terms of the Creative Commons Attribution Licence, 
which permits distribution and reproduction in any medium, provided the original author and source are 
credited. Creation of derivative works is permitted but the resulting work may be distributed only under the 
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Introduction 

One of the major goals of quantitative modeling of gene 
regulation is to predict gene expression based on the 
occupancy of gene regulatory sites by transcriptional factors, 
The action of transcriptional activators and repressors bound 
to a promoter can be represented as a mathematical operation, 
These operations have been systematically analyzed in 
prokaryotes (Buchler et al, 2003; Hermsen et al, 2006; Cox 
et al, 2007), and in eukaryotes (Ratna et al, 2009). 

The above models focused on the classical role of transcrip- 
tional activators: the enhancement of gene expression. 
Interestingly, activators can also suppress gene expression 
by, at least, two different mechanisms (Shearwin et al, 2005). 

First, intergenic transcription initiated by activators from 
upstream sequences can interfere with the expression of 
downstream genes. This upstream interference has been 
observed for the SER3, ADHl and ADH3 genes in yeast 
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(Martens et al, 2004, 2005; Bird et al, 2006). Intergenic 
transcription produces noncoding RNAs that have been 
detected in Saccharomyces cerevisiae and higher eukaryotes 
in large numbers (Hongay et al, 2006; Khaitovich et al, 2006; 
Neil et al, 2009; Xu et al, 2009). Positive regulatory aspects of 
transcriptional interference have been increasingly recognized 
in processes and phenomena, such as T-cell receptor recombi- 
nation, latency of the HIV infection and epigenetic cellular 
memory (Schmitt et al, 2005; Abarrategui and Krangel, 2007; 
Lenasi et al, 2008), 

Second, when an activator binds to a site that overlaps or is 
positioned downstream of the transcriptional initiation site, it 
can interfere with transcriptional initiation and elongation. 
This downstream antagonism is exemplified by the ZRT2, 
PRY3 and ACCl genes (Li and Johnston, 2001; Bird et al, 2004; 
Bickel and Morris, 2006). 

Signals passed onto transcriptional activators that either 
interfere with transcriptional initiation or initiate intergenic 
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Positive selection for elevated gene expression 
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It is well kllown that the expression noise is lessened by natural selection for genes that are 
i~nportant for cell growth or are sensitive to dosage. In theory, expressipn noise can also be elevated 
by natural selection wlzen noisy gene expression is advantageous, Here we analyze yeast genome- 
wide gene expression noise d ~ t a  and show that plasma-membrane transporters show significantly 
elevated expression noise after controllillg all confoundir~g factors. We propose a model that 
explains why and under what conditions elevated expression noise may be beneficial and subject to 

' positive selection. Our model predicts and the simulation confirms that, under certain conditions, , 
expression noise also increases the evolvability of gene expressioli by prolnoting the fixation of 
favorable expression level-altering mutations, Indeed, yeast genes wit11 higher noise show greater 
between-strain and between-species divergences in expression, even when all co~lfoulldi~lg factors 
are excluded. Together, our theoretical model and empirical results suggest that, for yeast genes 
such as plasma-membrane transporters, elevated expression noise is advantageous, is subject to 
positive selection, and is a facilitator of adaptive gene expression evolution. 
Molecular Systertrs Biology 5: 299; published online 18 August 2009; doi: 10.103 8/nlsb.2009.58 
Subject Cutegories: functional genomics; simulation and data analysis 
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Introduction 

Gene expression, as other biological processes, is subject to 
noise (Schrodingel; 1944), wllich is defined as the stocllastic 
variation in the expression level of a gene among isogenic cells 
under the same condition, Here anti elsewhere in the papel; 
expression level refers to the level of the protein product of the 
gene, as expression noise is us~lally rlleasured at the level 
of protein, Gene expression iloise has been measured in 
prolzaryotes (Elowitz et ul, 2002; Ozbudalz ct all 2002; 
Rosenfeld et al, 2005), unicellular eulzaryotes (Blalze et ul, 
2003; Raser and O'Shea, 2004), and mainmalian cells (Rainsey 
ef al, 2006). These and other studies showecl that the level of 
expression noise varies substantially alnoilg genes, is deter- 
nlined genetically, and is selectable (Blalze et all 2006; 
Newmau et al, 2006; Mahesllri and O'Shea, 2007; Ansel 
et ul, 2008), Expression noise has both intrinsic and extrinsic 
sources (Orpl~anides and Reinberg, 2002; Rao et all 2002; 
Blake et ul, 2003; IZaern et ul, 2005; Raser and O'Shea, 2004, 
2005; Bar-Even el al, 2006; Newlnan et al, 2006; Volfson et al, 
2006). Stochastic events in gene expression, includi~zg those in 
transcription initiation, mRNA degradation, translation initia- 

tion, and protein degradation, generate intrinsic noise (Raser 
and O'Shea, 2005). Differences between cells, either in local 
environ~nent or in the concentration or activity of any factor 
influencing gene expression, generate extrinsic noise (Raser 
and O'Shea, 2005). We focus 011 intrinsic noise in this study 
because only intri~lsic noise is an intrinsic property of a gene. 

Gene expression noise is often considerecl a two-edged 
sword, On one hand, the noise could be deleterious because it 
ruins cellular homeostasis in lnetabolisrn and developmental 
programs, affects precise controls of biocl~enlical processes in 
cells, and breaks the stoicl~iometric bala~ices arnong members 
of protein coinplexes (Frauer et ul, 2004; Batada et ul, 2006: 
Lehner, 2008). Increased gene expression noise has been 
reported to result in disease (Cook et crl, 1998; IZemlzemer et ul, 
2002; Bahar el all 2006). Several studies showed direct and 
indirect evidence for lessened expression noise of genes that 
are i~ilporta~lt to cell growth. or sensitive to dosage (Fraser et al, 
2004; Newman et al, 2006; Batada and Hurst, 2007; Lehner, 
2008). Furthermore, various ~nolecular lnechanisins and 
regulatory network structures (e.g, negative feedbacks) are 
found to attenuate expression noise (Becskei and Serrano, 
2000; Pedraza and van Oudenaarden, 2005). On the other 
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Adult mice generated from induced pluripotent stem 
cells 
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Recent lm~dmarlc' experiments have shown that transient over- 
expressioll of a small number of transcription factors can re- 
program differentiated cells into induced pluripote~lt stem (iPS) 
cells that resemble embryonic stem (ES) cells'". These iPS cells 
hold great promise for medicine because they have the potential 
to generate patient-specific cell types for cell replacement therapy 
and produce in vitro models of disease, without requiring enlbiy- 
onic tissires or oocytesalO, Although current iPS cell lines resemble 
ES cells, theyhave not passed the most stringent test ofpluripotency 
by generating full-term or adult mice in  tetraploid comylementa- 
tion assays3.", raising questions as to whether they are sufficiently 
potent to generate all of the cell types i n  a n  organism. Whether this 
difference between iPS and ES cells reflects intshsic limitations of 
direct reyrogramining is not known, Here we report fertile adult 
mice derived entirely from iPS cells that we generated by inducible 
genetic reprogramming of mouse embryonic fibroblasts, Producing 
adult mice derived entirely from a reprogrammed fibroblast shows 
that all features of a differentiated cell can be restored to an embry- 
onic level of pluripotency without exposure to  unknown ooplasmic 
factors. Comparing these fully pluripotent iPS cell lines to less 
developmelltally potent lines may reveal molecular markers of 
different plwripotent states. Furthermore, mice derived entirely 
from iPS cells will provide a new resource to  assess the functional 
and genomic stability of cells and tissues derived fsom IPS cells, 
which is important to validate their utility in cell replacement 
therapy and research applications. 

Historically, the only way to generate an adult nlaininal was by 
fertilization. Advances in sonlatic cell n~ l c l ea~  transfer (SCNT) have 
now produced geiletically identical mouse cloiles from a variety of 
differentiated cell types, from fibroblasts to neuronsL2''" Sin~ilarly, 
geneticnlly identical adult mice inay be derived from ES (or SCNT- 
ES) cells by tetraploid blastocyst con~pleinentation, in which all adult 
tissues derive from the stem cell line whereas extraembryonic tissues 
are supplied by the tetraploid cells '"~'~ For unlu~own reasons, current 
ips cell lines have not generated adult or full-tern1 mice in tetraploid 
conlplelneiltation assays. This finding, and iecent reports of re- 
producible gene expression differences between iPS and ES cells, 
suggests that direct reprograinnling nlay be insufficient to restore 
differentiated cells to full plr~sipotency, as measured by ES cell equi- 
valence""~'lh, A~~ tono~nous  generation of mice from iPS cells would 
validate direct reprogramming as equivalent to reprograinming by 
SCNT, establisl~ iPS cells as functional substitutes for ES cells, and 
provide a new method to generate adult mice from differentiated 
cells. 

To coilclusively demonstrate that iPS cell lines can generate adult 
mice in tetraploid coinplelne~~tation assays, we designed a genetic 

marking strategy to distinguish between host blastocyst and iPS- 
derived cells. We established mouse einbryoilic fibroblasts (MEFs) 
from ani~nals generated by a cross of two mouse lines (Pcdlz211Cre 
and Z/EG, Fig, la). The Z/EG transgene labels most cells in an ailiinal 
with a visible marker (P-geo, a fi~sion of the p-galactosidase and 
lleoinycin genes) 17, whereas the I-'cdl721/Cre modificatioiz results in 
Cre expression in rare neuronal subtypes, but not in ES cells'? Cre 
expression causes excision of the floxed P-geo gene, resulting in green 
fluorescent protein (GPP) expressioil in olfactory bulb mitral cells, a 
feature we exploit later (Fig, la). 

We reasoned that the inappropriate expression of reprogranlnling 
genes during development could inhibit embryonic and postnatal 
development. Therefore, we designed a drug-inducible lentiviral 
reprogran~ming strategy to achieve tight control of transgene expres- 
sion in iPS cells and their derivatives (Fig. lb)'? rTl~e four original 
reprogralnlning factors (Oct4 (also known as Poc15fl), Sox2, Klf4 and 
c-Myc) were placed under coi~trol of the tetO promoter, wllich is 
activated by the reverse tetracycline transactivator (rtTA) protein in 
the presence of the tetracycline analogue doxycycline (dox), We used 
an enhanced version of the stTA transcriptioilal activator protein 
(rtTAM2.2) that induces higher gene expression levels than the 
rtrl'AM2 protein2". To promote complete reprograminilzg and to facil- 
itate isolation of fidly reprogranlmed iPS cells we exposed MEFs to the 
histone deacetylase inhibitor valproic acid (VPA), which has been 
reported to enllance reprogramming efficiency and to select against 
incolnpletely reprograinnled cells by inhibiting cell ~Sivision~')~~ (see 
Methods), 

Keprograinlning of Pcdl72llCre-ZIEG fibroblasts by this method 
resulted in ES-cell-like colonies after five (with dox plus VPA) to seven 
(dox only) days of dox il~duction (Fig, lc, d and Metl~ods). No 
calonies emerged in the absence of dox, wllich deinon~t~ates boil1 
the inducibility and specificity of our system, We s~rbcloned 21 
colonies from the dox-plus-VPA-treated cells, which we refer to as 
iMZ iPS cell lines. 

At present, there is no established method to select iPS cells that will 
contribute to all of the tissues of an o~.ganism, To pl.ioi.itize the iMZ 
cell lines for tetraploid conlplelnentatioi~ assays, we assessed lines for 
similarity to ES cells by inorphology, proliferation rate, expression of 
pl~~ripoteilcy markers and ability to generate einbryoid bodies 
(Figs Id, 2d and Sr~ppleinentary Figs 2 and 3). We also exploited 
our ccll-type-specific Cre line to determine whether einbiyoid bodies 
made froin our iMZ lines could generate cells that resembled olfactory 
bulb initral cells on the basis of neul.onal morpl~ology and GFP 
expression (Fig, l e  and Stzpp1emeiltai-y Fig. 3). Using these criteria, 
we selected 12 candidate lines for Itaryotype analysis (Supplemen- 
tary Figs 4, 5 and Methods). To establish the pluripotency of lines 
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Linking the p53 turnour suppressor pathway to 
somatic cell reprogramming 
Teruhisa ~awarnura"~* ,  Jotaro ~ u z u k i ' ~ ~ * * ,  Yunyuan V. wang', Sergio ~ e n e n d e z ~ ,  Laura Batlle   or era", 
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Reprogramming somatic cells to induced pluripotent stem (iPS) 
cells has been accomplished by expressing pluriyotency factors 
and oi~cogenes'~, but the low frequency and tendency to  induce 
malignant transformation%ompro~nise the clinical utility of this 
powerful approach. We address both issues by investigating the 
mechanisms limiting reprogramming efficiency in  somatic cells, 
Here we show that reprogramming factors can activate the pS3 
(also lulown as Trp53 in mice, TP53 in humans) patl~way. 
Reducing signalling to p53 by expressing a mutated version of 
one of its negative regulators, by deleting or  knocking down p53 
or its target gene, p21 (also known as Cdknln), or by antagonizing 
reprogrsunming-induced apoptosis in mouse fibroblasts increases 
reprogramming efficiency, Notably, decreasing p 53 protein levels 
enabled fibroblasts to give rise t o  iPS cells capable of generating 
germline-transmitting chimaeric mice using only Oct4 (also 
known as Pou5fl) and Sox2. Furthermore, silencing of p53 signifi- 
cantly increased the reprogranlming efficiency of human somatic 
cells. These results provide insights into reprogramming mecha- 
nisms and suggest new routes to  more efficient reprogramming 
while minimizing the use of oncogenes. 

The p53 patllway reduces cancer initiation by inducing apoptosis 
or cell cycle arrest in response to a variety of stress signals, including 
overexpressed oncogenes such as c-Myc. IClf4 can either activate or 
antagonize p53, depending on the cell type used and expression 
levello. Consequently, reprogralnlning efficiency is probably reduced 
through oncogene-mediated activation of the p53 pathway. This is 
coilsiste~lt wit11 previous results showi~lg that germ cells can be spon- 
taneously reprogrammed in the absence of p53 (ref, 1 I), and a com- 
bination of p53 short interfering RNA (shRNA) and Utfl expression 
ii~creased iPS cell formatioi~ '~~ 

We first determined whether the reprogramming factors, individu- 
ally or in combination, activate the p53 pathway in inouse enlblyo 
fibroblasts (MEFs), Relative to the green fluorescent protein (GFP)- 
retroviral control, c-Myc considerably increased p53 abundance and 
activity, lnanifested by increased expression of the cyclin-dependent 
ltillase inhibitor p21 (Fig, la). Tldlis was achieved by illduction of 
p 19*", an antagonist of Mdin2, the E3-ubiquitin ligase principally 
responsible for p53'degradati011'~. Increased p21 protein levels were 
also observed in MEFs infected with Klf4 alone, with Oct4 and Sox2 
(two factors) or with Oct, Sox2 and IZlf4 (tl~ree factors) (Fig. la). 
Because iiltroducing reprogranlining factors increased y-H2ax (also 
known as y-H2afx) foci (Supplementary Fig. l),  we infer that the 
expression of reprogranln~ing factors may induce p53 activity by 
DNA damage. We also coinpared p53 anti p21 expression in a variety 
of mouse and hun-~an cell lines previously used for iPS cell productioil 

(Supplementary Fig. 2). Interestingly, leratinocytes, which have 
higher reprogramming efficiency, display lower p53 and p2 1 p so tein 
levels tllan otl~er cell types. Moreover, p21 induction in leratinocytes 
is lower than in fibroblasts after infection with the three factors 
(Supplemaltaly Fig, 3). Together, these data indicate that the p53 
patl~way is one determillant of rep rogramrning efficiency. 

We therefore tested the effects of reducing p53 signallillg by deter- 
miniilg reprogramming efficiencies in cells in which p 53 f~~nction was 
reduced by shRNA or ablated by l~oinologous recombination, Most 
cells were infected with shIWA (Suppleme~~tary Fig. 4), p 53 messenger 
IiNA and protein levels were reduced by 60-80% (Fig. lc  and 
Supplelnentary Fig. 5), and iPS cell colony fo14mation was increased 
by 2-4-fold using two different shRNAs (Fig, lb, c). This probably 
~underestiinates p53 suppressive capacity, because functional p53 
protein cleal+ly remained present, as indicated by the ability of t l ~e  
p53 activating agent Nutlin-3a (ref. 14) to dose-dependently reduce 
iPS cell formation in MEFs treated with the most effectivep53 shRNA 
(Fig. Id). In contrast, reprogra~nlning efficiency was increased by at 
least tenfold in p53-null MEFs, and this was not reduced by Nutlin-3a 
(Supplementary Table 1 and Fig. le, g). p53-I-'- heterozygous MEFs 
also exhibited higher three-factor-reprogramining efficiency than 
wild-type MEFs. Altllotugh culture stress can induce cellular 
senescence and activate p53, which would reduce reprogramming, 
less than 1% of the cells of all p53 genotypes stained with t l ~ e  
senescence marker P-galactosidase (Supplementary Fig. 6). Because 
we did not detect loss of heterozygosity of the p53 gene in iPS ccll 
colollies dcrived from p53+'- MEFs (Supplesnentary Fig. 7), the data 
suggest a p53 dosage-sensitivity to reprogramming (Fig. le). We werc 
concer~led that because p53-null MEFs are genetically unstable, 
increased reprogralnlning efficiency inigllt result from expression of 
the three factors in variant cells. However, we foruld that re-expressing 
p53 protein in the p53-null MEFs n~arltedly reduced reprogramming 
efficiency (Fig, 1 f). 

Reducing factors downstream of p53 also increased reprogram- 
ming efficiency. For example, p21 shRNA increased reprogramming 
by approxi~nately threefold (Fig, Ih). This probably iunderestimatcs 
the magnitude to wllich p21 induction suppresses reprogramming 
as p21 -sbRNA-expressing cells still responded to Ntrtlin-3a treatinent 
as discussed earlier. We also noted a lnodest i~~duction of the pro- 
ayoptotic factor Bax, anotl~er p53-inducible gene1" in three-factor 
expesiments (data not shown), Consistent with a limiting role of the 
p53-induced apoptotic response during reprogramming, over- 
expression of the Bax antagonist Bc12 suppresseci apoptosis in two, 
three and four factor experiments, and increased the frequency of 
colonies expressing the pluriiyotency factor Nanog by fourfold 
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LETTERS 

A genetically encoded photoactivatable Rac controls 
the motility of living cells 

The precise spatio-temporal dynamics of protein activity are often 
critical in determining cell behaviour, yet for most proteins they 
remain poorly understood; it remains difficult to manipulate 
protein activity at precise times and places within living cells, 
Protein activity has been controlled by light, through protein deri- 
vatization with pl.rotocleavable moieties' or  using photoreactive 
small-molecule ligands2. However, this requires use of toxic ultra- 
violet wavelengths, activation is irreversible, andlor cell loading is 
accomplished via disruption of the cell ~nembrane (for example, 
through microinjection), Here we have developed a new approach 
to produce genetically encoded photoactivatable derivatives of 
Racl, a key GTPase regulating actin cytoskeletal dynamics in 
nletazom cells3j4. Racl mutants were fused to the photoreactive 
LOV (light oxygen voltage) domain from ph~ to t rop in~ '~ ,  sterically 
blocking Racl interactions until irradiation unwound a helix link- 
ing LOV to Racl. Photoactivatable Racl (PA-Racl) could be 
reversibly and repeatedly activated using 458- or 473-nm light to 
generate precisely localized cell protrusions and ruffling. 
Localized Rac activation or inactivation was sufficient to produce 
cell motility and control the direction of cell movement. 
Myosin was involved in Rac control of directionality but not in 
Rac-induced protrusion, whereas PAK was required for Rac- 
induced protrusion, PA-Racl was used to elucidate Rac regulation 
of RhoA in cell motility. Rac and Rho coordinate cytoskeletal 
behaviours with seconds and sublnicrometre Their 
mutual regulation remains controversialg, with data indicating 
that Rac inhibits andlor activates R110'~~", Rac was shown to 
inhibit RhoA in mouse embryonic fibroblasts, with inhibition 
modulated at protrusions and ruffles. A PA-Rac crystal structure 
and modelling revealed LOV-Rac interactions that will facilitate 
extension of this photoactivation approach to other proteins. 

Recent NMR studies revealed the nlecllanisln of a protein light 
switch in Averla sativn pl~ototropin 1 (refs 6, 12): a flavin-binding 
LOV2 do~nain interacts with a carboxy-terminal helical extension 

abolish GTl-) hydrolysis and diminish interactions with ilucleotide 
exchange factors, guanine nilcleotide dissociation inhibitors (Q6lL) 
and GTPase activating proteins (E91H and N92H) (Supplementary 
Fig, 2 and Suppleme~ztary text 'Characterization of Racl constructs'), 
This resulted in the photoactivatable analogue of Iiacl (PA-Racl) 
used in the following studies. Pull-down assays showed that PA- 
Racl has greatly reduced affinity for its effector protein PAK in the 
dark, as does a PA-Racl construct containing a light-insensitive LOV2 
mutation (C450A)13. Effector biildirlg was restored in a PA-Racl con- 
struct containing a LOV2 inutant (1539E)'"hich lninlics the 
unfolded 'lit state' (Fig. lb  and Suppleinentary Fig. lb). Isothermal 
titration experimetlts indicated that the dark and lit state nlutants of 
PA-Kacl differed tenfold in effector binding (200 nM versus 2 yM) 
(Supplementary Fig. 3 and Supplementary Table I), with lit state 
effector affinity siinilar to that of native Rac15. 

Activation of PA-Racl was exanlined in HeLa cells expressing a YFP 
fusion of PA-Racl to gauge expressioil level. The cells remained qui- 
escent when illuminated with wavelengths longer than flavin absor- 
bance (515,568 or 633 nin, data not shown), but within seconds after 
switching to 458 nin, lamellipodial protrusioils and nleinbrane ruffles 
appeared around the cell edges (Fig. l c  and Supplementaly Movie 1). 
To sl~ow that this effect was due to PA-Racl, kynlogralns were used to 
quantify n~axilnuln protrusion length; irradiation of PA-Racl elicited 
protrusions that were four times as long as thoseseenin cells expressing 
either LOV donlain alone or the light-insensitive PA-Racl(C450A) 
mutant (Supplementary Fig. 4). An important advantage of PA-Racl 
is its ability to colltrol precisely the subcellular location of Iiac activa- 
tion, We first exanlined this in inouse enlbryo fibroblasts (MEFs) 
stably expressing PA-Kacl, and cultured without seruin to inininlize 
cell activity before irradiation, Irradiation of 20-pin spots at the cell 
edge generated large protrusions clearly localized next to the point of 
irradiation (Fig, Id and Supplen~ei~taly Movie 2). Repeated irradiation 
led first to ruffles and then to protrusion, YFP-actin, YFP-PAIC and 
YFP-Ary3 revealed actin polymerization at the edge of the Rac- 

(Ja) in the dark. Photon absorption leads to for~mation of a covalent induced protrusions with -associated translocation of downstreanl 
bond between Cys 450 and the flavin ~h~omophore,  causing confor- effectors, and induction of localized PAK phosyhorylation was shown 
nlational changes that result in dissociation and unwinding of the Ja by inln~unostaining (Supplementaly Figs 5 and G and Supple~neiltary 
helix. We fused the complete LOV2- Ja sequence (404-547) to the Movies 3 and 4), Moveinent of a laser spot to different positions led to 
anlitlo ternlinus of a constitutively active Racl , anticipating that the cessation of ruffling or protrusion at the initial il.radiation position and 
LOV doinain in its closed conforn~ation would block the binding of new activities appearing where the laser spot was brougl~t to rest (HeLa 
effectors to Racl, and that light-induced unwinding of the Ja helix cells, Supple~nentaiy Movie 5), demonstrating reversible activation, 111 
would release steric inhibition, leading to Racl activation (Fig. la), MEF cells, nlore prone to inovenleilt than HeLa cells, coinplex shape 
Sainpling of different juilctional sequences in pull-down assays changes were produced by 'painting' the cell with the laser spot 
revealed that connecting Lei1546 of LOV2-Ja to Tle 4 of Racl led to (Suppleinentaly Movie 6). T11e area of yrotmsions in MEF cells was 
substantial reduction in Racl binding to its effector PAIC (Fig, l b  and dependent on light dosage, indicating the valuable abilityto control the 
S~lpplemei~taiy Fig, la). To ensure that the photoactivatable Racl level ofRacl activation (Supplementary Fig. 7). PA-Racl diffusion was 
would induce no dominant-negative effects and that its activity would analysed using fluorescence recovery after photobleaching (PIMP) and 
not be subject to uystream regulation, n~utatiolls were introduced to using PA-Racl tagged with photoactivatable GFP16 (Supplementary 
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BRIEF COMMUNICATIONS I 

Isolation of  deletion 
alleles by 64 DNA- 
induced mutagenesis 

/ 
Daphne B Pontier1j2, Evelien K r u i s s e l b r i n l ~ ~ ~ ~ ,  
Victor  Guryevl & Marcel  Tijsterman1j2 

Metazoan genomes contain thousands of sequence tracts 
that match the guanine-quadruplex (G4) DNA signature 
G3N,G,N,G,N,G3, a motif that is intrinsically mutagenic, 
probably because i t  can form secondary structures during 
DNA replication. Here we show how and to what extent this 
feature can be used to generate deletion alleles of many 
Caenorhabditis elegans genes, 

The ability of DNA sequences to forin structures other than canon- 
ical Watson-Crick duplexes is potentially dangerous for the faith- 
ful segregatioil of genetic information. Such structures may form 
during ~rocesses that involve transient denaturation of the DNA 
duplex, such as DNA replication, transcription or DNA repair1. 
Thermodyi~ainically stable secondary structures could impede 
the progression of DNA and RNA polyme~ases~$~, and it has been 
suggested that specialized proteins exist that resolve or repair such 
structural impediments. One structure that readily forms in vitro 
in guanine-rich DNA is guanine-quadruplex DNA ( ~ 4  D N A ) ~ ~ ~ :  
guanine-rich ssDNA can adopt a four-stranded configuration, 
which consists of square arrangeinents of guanines, stabilized by 
Hoogsteen hydrogen bonding (Fig, la), After observatioils that 
poly(G) tracts are deleted in C, elegans strains with inutations 
in the DNA helicase dog-1, the ortholog of the human Fanconi J 
(FANCJ, also known as BRIPI) gene6s7, we recently showed that 
G4 DNA is inutagenic in this genetic background in vivo8. We 
found that the G4 DNA signature G~N~G,N,G;N,G~, where N is 
ally nucleotide, is the best predictor of dog-1-dependent inuta- 
genicity8. Array comparative genoine hybridization analysis of 
so-called inutator accumulation lines (worms were clonally grown 
for ten generations, allowing DNA replication errors to accuinu- . 

late) had deinoilstrated that G4 DNA sequences can be deleted in 
germ nuclei at very high frequency8. One specific guanine tract 
had been lost in 3 of 16 dog-1 substrains after just ten genera- 
tions of growth8. Such great extent of site-specific inutagenesis 
suggests that deletion alleles of genes that flank a G4 DNA site 
can be isolated in populations of dog-1 worms. Here we describe 
the inethodology to do so, provide proof of principle by isolating 
deletion alleles in various genes and list all C, elegarzs G4 DNA 

sites for researchers to inspect whether their genes of interest are 
close to one of these sites. 

We identified 2,907 sites in the C, elegans genolne that 
matched the G4 DNA signature G3+N1-7G3+N,-,G,+N,-7G3+ 
(four stretches of at least three consecutive guanines, alternated 
with 1-7 nucleotides of any kind). We named these sites qua 
or ggg 1-2907, where ggg refers to hoinoguanine tracts and 
qua to non-homoguanine G4 DNA. Increasing tract length and 
G-richness may increase the probability of G4 DNA for- 
mation, and we thus ranlzed these endogenous sites 
according to the nuinber of possible different G4 DNA con- 
figurations. As an example, there is only one way to fold qtla129, 
GGGTGGGAGGGAGGG, into a four-stranded configuration 
with three planar guanine quartets (with one nucleotide in the 
loop), whereas there are 83 different ways to fold qua1442, GGG 
AGGGGGTGGGGGAGGGGGGGG, into a structure with three 
guanine quartets. According to this rationale, a hoinoguanine 
tract of similar size ranlzs very high. 

We next inspected the mutagenic potential of several of these 
G4 DNA sites by perforining nested PCR analyses with priiners 
that we positioned -1 lzilobase 5' and 0.1 lzilobase 3' of the G4 
sequence, as we and others have found that deleted sequences 
are almost exclusively positioned 5' of the guanine tract618. We 
identified 3 mutagenic G4 DNA sites in which we observed 
(somatic) deletions in either 5 adult dog-1 worms or in DNA 
isolated from populations of approximately 10,000 worms 
(Fig, lb). We postulate that we canidentify minute ainounts ofsinaller- 
than-wild-type products because these preferably amplify under 
suboptimal PCR conditions and also because they lack the poten- 
tially replication-bloclzii~g G-rich sequence. In our analysis of 
whole populations by nested PCR and subseqtlent gel electro- 
phoresis, we frequently observed smears instead of single bands 
in the gels, which we interpreted as ainplification of inany bands 
of different size. Little is known about y ossible inutagenic deter- 
ininants in the G4 DNA structure ilz vivo (for example, loop 
size and number of possible planar rings), and oilgoing work 
is aimed at addressing this in a systematic way. In this analysis 
we found that sites which iniililnally comply with the G4 DNA 
consensus G3NxG3NxG3NxG, are inutagenic in vivo (Fig. lb) ,  
which suggests that inally of the predicted G4 DNA sites have 
deletion-forming potential. 

We then searched for assay conditions that would allow us to 
distinguish gerinline deletion events (which will propagate dur- 
ing population growth) from somatic events. We tested at which 
stage of population growth a gerinline deletion should occur for 
us to identify it in a PCR-basecl approach. To this end, we started 
populations with a single wild-type Bristol N2 hermaphrodite 
worm (PO), allowed the populations to expand and inixed in one 
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PCR products as transcription teinplates. The 
production of active enzynles modified yost- 
translationally by the addition of biotin-geranyl 
pyrophosphate further highlights the utility of 
this approach. Because tlleN-tern~inalleader of 
the initial SI'T'S design extends the natural pro- 
tein sequence, Mureev et nl.' also demonstrate 
effective translatioil using only the upstream 
portion of the SITS mod~le ,  These truncated 
SITS elelnents are sonlewhat less effective but 
still ei~able substantial product accuinulation 
and shoulcl produce the authentic protein, Even 
though the new system appears to be limited to 
cytoplasmic proteins, it pronlises great utility, 

For example, one of the more interesting 
issues to be addressed for newly sequenced 
organisms is to identify which proteins inter- 
act with each other or with sn~all n~olecules, 
The extent of these interactioils can indicate 
the occurrence-and possibly the impor- 
tance-of signaling pathways and regulatory 
mecl~anisins. I11 this pursuit, Mureev et nl. ' use 
fluorescence correlation and cross-correlation 
spectroscopies8 to demonstrate that their new 
system allows the real-time, in situ cllaracter- 
ization of such interactions. 

So what might these new advances deliver in 
the near future? As the authors point out, the 
applications are not limited to cell-free protein 
synthesis. For instance, nlRNAs that are enabled 
by SITS elements could be introduced into nwm- 
malian cells using established ~lucleic-acid trans- 
fection procedures. 'She impact of the temporary 
overexpression of the protein woild indicate its 
inlpact .on signalii~g or other metabolic func- 
tions. This would be an excellent conlylenlent 
to the introduction of interfering RNAs, as both 
stilnulatory and inhibitory llucleic acids could 
be introduced to sin~ultaneously increase and 
decrease the levels of different proteiils without 
requiring chron~osoinal modifications. 

Still, the inost important i~nylications of 
this study are likely to be in the field of cell-free 
protein syilthesis. The new ability to activate 
protein synthesis in extracts of nearly every 
organisin offers treinelldous opportunities. 
'These metllods call initially be used as a source 
of 'naturally' producecl proteins but can then be 
applied to elucidating metabolic and regulatory 
pathways and mechanisn>s. For exainple, we 
recently reported nletllods for high-throughput 
evaluation of the effect of eildogenous proteins 
on the overall process of protein synthesis and 
folclingg, There are now many other methods 
for lnultiplexed gene exyressiol~ and analysis, 
and the advances reported by Mureev et al.' 
pro~nise to extend these to most organisms, 
Although we will still be limited prinlarily to 
the production of cytoplasmic proteins, these 
approaches can deliver a11 inval~~able treasure of 
new lu~owledge and biological reagents. 
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Next-generation quantum dots 
Andrew M Smith & Shuming Nie 

Quantum dots that are small and non-blinking offer new opportunities for 
dynamic single-molecule imaging in live cells. 

Qi~antuin dots are brightly fluorescent nano- 
crystals that have found use across a broad 
spectrum of biological imaging applications, 
When observed individually under a fluores- 
cence microscope, these particles show a rapid 
on-and-off 'blinlting' of their emission, cul 
attribute that is often detrimental, especially 
for single-molecule imaging, as the n~olecules 
being monitored exhibit frequent loss of sig- 
nal. In a recent paper in Ncittrre, Wang et a/.' 
reported that quantuin dots with an alloyed 
conlposition gradient from the core to the sur- 
face do not blinlz but rather remain continu- 
ously 'on', This finding is both surprising and 
profound, and represents considerable prog- 
ress toward the next generation of fl~lorescent 
intracellular probes, 

Pl~~orescent dyes and proteins have been 
invaluable for visualizing the dyllalnics and 
interactions of bion~olecilles within living cells. 
Ui~fortmlately, light e~nission by these tags rap- 
idly decays di~riilg observation, and the weak 
intensity of the emitted light cannot be readily 
detected from single n~olecules. Single quan- 
t111n dots, however, are i~ninensely bright and 
easily observed using staildard fluorescence 
microscopes, and they emit light hundreds to 
thousands of times longer than do fluorescent 
dyes and proteins. These two Izey character- 
istics have spurred intense interest ill the use 
of these particles for live-cell imaging, but the 
utility of these particles has been limited, in 
part, because current co minercially available 
qumtunz dots rapidly blink, are Iiydrody~~d~ni- 
cally large, are mi~ltivale~lt when functioilalized 
wit11 biological n~olectdes and often aggregate 
inside cells, 
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Scientists have attempted to control the 
blinldng behavior of quantum dots for over a 
decade, operating under the assumption that 
these nanocrystals turn off when they lose 
electrons, that is, when they become ionized. 
Before the work of Wang et nl. I, other research- 
ers observed that blinking can be attenuated 
if a q~lantum dot core is coated with a thiclz 
crystalline shell that electronically insulates the 
core to prevent i~nization~~~.Although it is not 
p ossil>le to comnpletely eliminate blinking using 
a thiclz shell, the optiinized core-shell particles 
are in the 'on' state for >97% of the time and are 
never 'off' for longer than tens of n~illiseconds. 
Wang et al.' were able to coinpletely elilninate 
blinliing by preparing core-shell particles in 
which there is a smooth conlposition gradient 
from the core to the shell, a structure that never 
blinlzs because it can elnit light when it is ion- 
ized (Fig. 1). A crucial difference between the 
thick-shell and gradient structures is the over- 
all size of the resulting nanocrystals. Growth of 
a thiclz shell structure illvariably leads to large 
quant~lnl dots (generally > 13 nm), whereas the 
particles with a gradient structure call be pro- 
duced at a more coinpact size of 5-7 nnl. 

The l~ydrody~lamic size of a nanoparticle 
probe has a large impact on its behavior in cel- 
lular environments, This is especially true for 
iiltracellular applications, as the cellu~las cyto- 
plasnl is a crowded maze of inacro~nolecular 
structures that act as a sieve to litnit diffusion of 
large molecules. Experinlents with polysaccha- 
rides suggest that the cytoplasnlic diffilsion in a 
cell of a 1nolecu11e larger than -1 5 11111 in diatn- 
eter is a sn~all fraction of its rnobility in aque- 
ous solution, and a particle as large as 50 llnl is 
effectively immobile4, Current quantum dots 
are generally 15-35 nm in diameter; with an 
elongated shape, and fall well within the range 
of strongly limited 1nobility5, Interestingly, 
on the other end of the spectrun~, particles 
that are exceptioi~ally sinall (<3 nin) may be 
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Species-independent translational leaders facilitate 
cell-free expression 
Sergei ~ureev ' ,  Oleksiy ~ovtunl ,  Uyen T T ~ ~ u ~ e n ~  & ~ i r i l l  ~ l e x a n d r o v ' , ~  

Cell-free protein synthesis enables the rapid production and engineering of recombinant proteins. Existing cell-free systems differ 
substantially from each other with respect to efficiency, scalability and the ability to produce functional eukaryotic proteins. Here 

6 we describe species-independent translational sequences (SITS) that mediate efficient cell-free protein synthesis in multiple 
a, prokaryotic and eukaryotic systems, presumably through bypassing the early translation initiation factors. We use these leaders 
$ in combination with targeted suppression of the endogenous Leishmania tarentolae mRNAs to create a cell-free system based 
V) on this protozoan. The system can be directly programmed with unpurified PCR products, enabling rapid generation of large 

protein libraries and protein variants. L. farentolae extract can produce up to 300 pg/ml of recombinant protein ill 2 h. We 
further demonstrate that protein-protein and protein-small molecule interactions can be quantitatively analyzed directly in the .- 
translation mixtures using fluorescent (cross-) correlation spectroscopy. - 

3 
cj Cell-free protein expression systems have been invaluable in stud- is reprogramming the system with exogenous mRNA. Although the = ies of protein translation mechanisms, protein engineering and problem is readily solved in an E. coli-based system by using natural 
$ interactions, in vitro evolution and structural research1J2. The best or synthetic ribosome binding sites, it presents a substantial challenge .- 

characterized and most widely used cell-free translation systems are in eukaryotic systems where assembly of the translational complex 
E based on Escherichia coli, one of which (PURE) exclusively comprises requires a 5'-capped mRNA and numerous translational  factor^^>^. 

recombinant components3. The main shortcomings of E. coli-based As cell-free expression systems typically use RNA that is synthesized 
L 
3 cell-free systems are the lack of chaperone-based mechanisms in vitro and is therefore uncapped, they fail to engage the cap- 
CI 

needed to fold complex eukaryotic proteins and the absence of post- binding complex and early translation factors that are required to 
translational modifications specific to eulzaryotes. Eukaryotic form the 43s preinitiation complex. The problem is partially over- 

0 
o cell-free systems based on wheat germ extract (WGE), rabbit reticulo- come by enzymatic in vitro capping or by using cap-independent 
CV 

Q 
cyte lysate (RRL) and insect cell extract (ICE) overcome some of these untranslated regions (UTRs), which mimic the cap structure and 
 problem^^-^. Their ability to couple transcription and translation promote ribosomal complex assembly on the rnRNAIO~ll. However, 
reactions on PCR-generated templates in multiplexed format greatly context dependence and species specificity of the latter sequences 
simplifies and accelerates protein production, This methodology has often conlplicate their generic application. 
been used for protein engineering and production of protein arrays Undesired background translation is often prevented by digesting 
for many applications including drug screening and diagnostics (for the endogenous mRNAs with micrococcal nuclease, which is more 
review, see ref. 7). However, these eukaryotic cell-free systems do not active toward mRNA than toward the ribonucleoprotein translational 
scale up or down easily, are laborious and expensive to prepare, and complexes. However, the inevitable partial degradation of tRNAs and 
are derived from source organisms that are difficult to manipulate rRNAs by such treatment reduces the translational activity of the 
genetically. Large batch-to-batch variation is also inevitable because lysate12, making alternative strategies highly desirable. 
of the long life cycle of the host organisms subject to many environ- We describe the design of species-independent, universal transla- 
mental influences, An alternative system based on a rapidly growing, tion-initiation leaders that engage ribosomes directly and thereby 
fermentable organism that is amenable to technically straightforward bypass the cap-dependent pathway. We used these leaders to develop 
genetic modifications is therefore highly desirable. a eulzaryotic cell-free system based on extracts of the protozoan 

Three main obstacles must be overcome to create an efficient cell- L, tarentolne. 
free expression system. First, the system has to be programmed with 
exogenous mRNA that can efficiently engage the translational machin- RESULTS 
ery, Second, endogenous mRNAs must be degraded or otherwise Development of a universal translation-initiating sequence 
prevented from being translated. Finally, practical protocols must be Ribosomes comprise an evolutionarily conserved catalytic core of 
developed for preparing cell-free extracts that retain a functional trans- translation machinery. This core has been extended in eukaryotes 
lational apparatus. The biggest hurdle of cell-free protein synthesis by a large array of translation initiation factors. RNA secondary 
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Stabilized gene duplication enables long-term 
selection-free heterologous pathway expression 
Keith E J Tyo, Parayil Kumaran Ajikumar & Gregory Stephanopoulos 

Engineering robust microbes for the biotech industry typically requires high-level, genetically stable expression of heterologous 
genes and pathways, Although plasmids have been used for this task, fundamental issues concerning their genetic stability 

d have not been adequately addressed. Here we describe chemically inducible chromosomal evolution (CIChE), a plasmid-free, 
a high gene copy expression system for engineering Escherichia coli. ClChE uses E. coli recA homologous recombination to evolve 
$ a chromosome with -40 consecutive copies of a recombinant pathway. Pathway copy number is stabilized by recA knockout, 
V) 

and the resulting engineered strain requires no selection markers and is unaffected by plasmid instabilities. Comparison of 
3 CIChE-engineered strains with equivalent plasmids revealed that ClChE improved genetic stability approximately tenfold and 

growth phase-specific productivity approximately fourfold for a strain producing the high metabolic burden-biopolymer .- 
poly-3-hydroxybutyrate. We also increased the yield of the nutraceutical lycopene by 60%. ClChE should be applicable in - - 

a many organisms, as it only requires having targeted genomic integration methods and a recA homolog. 

Recent breakthroughs in metabolic engineering have made it easier to 
overproduce biochemical products from renewable resources. Such 
advances include fabricating large synthetic pathways (de novo synthe- 
sized DNA sequences) and optimizing pathway expression through 
transcription- or translation-level e ~ ~ ~ i n e e r i n ~ ~ , ~ ,  which is essential to 
avoid buildup of toxic products. This progress has relied mainly on 
plasmid-based gene expression or single-copy genomic integration. 

Although plasmids are easy to insert into a cell and allow strong 
gene expression, they suffer from genetic instability due to three proc- 
esses that reduce the number of active recombinant alleles in a cul- 
tures: (i) segregational instability, in which unequal distribution of 
plasmids to daughter cells results in plasmid-free cells; (ii) structural 
instability, in which some plasmids contain an altered DNA sequence 
that causes incorrect expression of the desired proteins; and (iii) allele 
segregation, in which productive plasmids are displaced by non- 
productive plasmids, leading to nonproductive cells that are resistant 
to selection pressure. 

Whereas various strategies have been implemented to reduce 
segregational and structural instability6, allele segregation, which 
is not mitigated by selection markers or post-segregational killing 
mechanisms (PSK), has not been considered as a potential mecha- 
nism for productivity loss in biotechnology. Even so, it is likely that 
allele segregation has affected many pathway-engineering efforts by 
decreasing product yield and productivity of the desired chemical in 
batch or continuous fermentation, This unaddressed plasmid problem 
is ubiquitous in industrial biotechnology and will likely affect future 
endeavors to produce bioproducts using minimal-genome cells7, 

These three sources of instability suggest that the stable expres- 
sion of genetic constructs through de novo chromosomal engineer- 
ing, rather than artificial plasmid-based systems, is much needed to 

advance microbial overproduction using heterologous pathways. Here 
we present such a technique, CIChE, for biosynthetic pathway engi- 
neering in microbial hosts (Fig. 1) to circumvent allele segregation, a 
fundamental flaw in plasmid-based gene expression (Fig. 2), We use 
a mathematical model to explain that random plasmid inheritance, 
rather than mutation rates, drives productivity loss, whereas ordered 
inheritance, such as CIChE, can stabilize pathway productivity tenfold 
longer. We also demonstrate that CIChE allows cells with heavy meta- 
bolic burdens to remain productive and maintain or increase yields 
for many more generations than do analogous plasmid constructs. 
These results open the possibility for the broad use of CIChE-engi- 
neered microbes in large-scale industrial production. 

RESULTS 
Random distribution, not mutation rates, limit the genetic 
stability of plasmids 
Although structural and segregational instability have been understood 
for some time5, strategies devised to mitigate these instabilities, such 
as selection markers and post-segregational killing mechanisms, can 
maintain active plasmids for only -35 generations (an example of 
plasmid productivity loss in the presence of antibiotics is presented 
later). This loss in productivity is too rapid to be explained by muta- 
tion alone because mutations in all copies of the plasmid should not 
accumulate fast enough, If antibiotics were used to maintain selection 
pressure, this phenomenon could not be explained by structural or 
segregational instability. 

Allele segregation, in contrast, can explain how a rare initial muta- 
tion can be rapidly propagated in a culture, decreasing productivity . 
regardless of mutation rate. The logic is as follows: because recom- 
binant pathways typically place heavy metabolic burdens on the cell 
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Fluctuating hydrodynamics and ~nicrorheology of a dilute suspension of swimming bacteria 
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A bacterial bath is a model active system consisting of a population of rodlike ~notile or self-propelled 
bacleria suspe~lded in a fluid environn~en(, This system can be viewed as an active, nonequilibrium version of 
a lyotl-opic liquid crystal or as a generalization of a drivcn diffusive systcm, We derivc a sel of phenomeno- 
logical equations, which include thc effects of internal force generators in the bacterig, describing the hydro- 
dyilamic flow, orientational dynamics of the bacteria, and fluctuations i~lduced by both thermal and nonthermal 
noises. These equations violate the fluctuation dissipation theorem and the Onsager reciprocity relations, We 
use them to provide a quantitative account of results from recent microi-heological experiments on bacterial 
baths. 

DOI: lo. 1 lO3/PI~ysRevE.80,011917 
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I, INTRODUCTION 

Many species of bactcria, such as E. coli, are rodlike, 
single-celled organisms that actively navigate their environ- 
ment by swimming [I]. A common mechanism for motility is 
based on the rotation of bacterial flagella propelled by the 
aclion of rotary motors embedded in the cell wall. When all 
the motors rotate counterclockwise, the flagella bundle up 
and propel a bacterium forward in the direction of its long 
axis. This is called "run." When some of the flagella rotate 
clockwise, the flagella unbundle and the cell body spins or 
"tunlbles." On average, a bacterium tumbles for about os s 
before it "runs" in a different (random) direction; the typical 
run time is about 1 s. Therefore, at long tiinc, a bacterium 
appears to perform a sort of' random walk [2,3]. With a typi- 
cal size of a bacterium of the order of microns and a typical 
speed of the order of 1 0 p ~ n  / s, the Reynolds number R is 
much less than 1. 

Early experimental studies utilizing light-scattering tech- 
nique demonstrated that the velocity distribution of motile 
microorganis~ns, in general, and bacteria, in particular, is not 
Maxwcllia~~ [4], indicating that [heir motion is far more com- 
plex than that of Brownian particles [S]. A large concentra- 
tion of these i~licroorganislns constitutes a state that is far 
fsom equilibriuln, exhibiting self-organizcd collective nlotion 
with spatial and temporal patterns such as swirls and Jets 
[G-11 I. 

More cluantitative information about a bacterial bath (e.g,, 
of 23, coZi) can be extracted from microrheological measure- 
ments, which track the motion of passive ~ilicron-sized beads 
dispersed in it [6,7,12]. Interestingly, the mean-squared dis- 
placement (MSD) of these passive beads is superdiffusive at ' 

short time and diffusivc at long time, with a diff~~sion con- 
stant that is a few orders of magnitude greater than that of the 
same beads in water, These studies of the microrheology of 
bacterial baths clearly denlonstrate that t l~e  motility of bac- 
teria drastically alters the physical properties, i.e., rcsponse 
and fluctuations of the fluid environ~nent in which they are 
suspended. The phenomena of superdiffusion and self- 
organized behaviors have been either observed or predicted 
in other aclive systems as well [23-201. 

PACS number(s): 87,18,Hf, 05,40. -a, 87.10, -e 

The experiments on baths of I?, coli [6,7,12] cited above 
did not address the violation of thc fluctuation-dissipation 
theorem (FDT), the ellects of spatial heterogeneities in the 
bath, or the effects of different bacterial swirmning modes, 
These issues are crucial to a consistent interpretation of mi- 
crorheological cxperiments in active systems in general and 
in bacterial baths in particular [14] (see also Appendix A). 
They were addressed in a recent experimental study by Cheil 
et al. [21]. In that study, two strains of E, coli, a rod-shaped 
bacterium with dimensions 3 X 1 pm, were used: one strain 
is the wild type, which tumbles and runs, and the other is the 
tumbler, which predomillantly tumbles. In contrast to previ- 
ous experiments, these cxperiments [22] carlied out simulta- 
neous lncasurelnents of boll1 one- and lwo-point passive mi- 
crorheology, One-point measurements are sensitive to the 
local environment of the probe colloidal particle. Two-point 
measurements, on the other hand, sultomatically average over 
system inhonlogeneities and provide an unambiguous rnea- 
sure of the parameters characterizing bulk rheological prop- 
erties [I 4,221. The Cheil study [21] also carried out indepen- 
dent ~neasure~nents of the response of beads in the bath to 
controlled external forces and from it extracted the effective 
viscosity of the bath, The results of this study are that, even 
at low bacterial volume fraction ( 4 -  loR3), fluctuations in 
the bath are considwably enhanced over those of pure water 
and that tracer particles exhibit superdifussive behavior, even 
though the viscosity of the bath was indistinguishable from 
that of water. This indicates that FDT is strongly violated 
and, thus, that a bacterial bath is a far-froin-equilibrium sys- 
tem, The Chell experiments found in addition that, for .the 
wild-type bacteria, MSDs extracted from one- and two-point 
measurements are different, providing strong evidence that 
spatial heterogeneities, possibly in the form of vortices and 
spirals, are present, For the tumblers, the power spectsum, 
A(w), was found to be Lorentzian, whereas for the wild type, 
it was found to scale with frequency w as A(w) -- 4 1 6 .  
These stress fluctuations, whose functional form is different 
from that of thermal fluctuations, arise from the active pro- 
cess of tn~nbling or swilllining of bacteria. The purpose of 
this paper is to derive the long-wavelength low-frequency 
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Self-organization of the MinE protein ring in subcellular Min oscillations 
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We model the selirorganization of the MinE ring that is observed during subcellular oscillatioils of the 
proteins MinD and MinE within the rod-shaped bacterium Escl~ericlzia coli. With a steady-state approximation, 
we can study the MinE ring generically-apart from the other details of the Min oscillation. Rebinding of 
MinE to depolymeriziag MinD-filament lips controls MiaE-ring l'o'onnation through a scaled cell shape param- 
eter F, We find two typcs of E-ring profilcs near the filament tip: either a strong plateaulike E ring co~ltrolled 
by one-dimensional diffusion of MinE aloilg the bacterial length or a wcak cusplike E ring controlled by 
three-dimensional diffusion near the filament tip. WI~ile the width of a strong E ring depends on F, the 
occupatio~~ fraction of MinE at the MinD-filament till is saturated and hence the depolymerization speed does 
not depend strongly 011 F. Convsssely, for weak E rings both F and the MinE to MinD stoichiometry strongly 
coiltrol the tip occupation and hence the depolymerization speed. MinE rings in viva are close to the threshold 
between wcak and strong, and so MinD-filament dcpolyn-~erization speed should bc sc~~sitive to cell shape, 
stoichiometry, and MinE-rebinding rate. We also find that the transient to MinE-ring formation is quite long in 
the apl~ropriate open geometry for assays of ATPase activity in vitro, explaining the long delays of ATPase 
activily observed for smaller MinE concenlrations in those assays without the need to invoke cooperative MinE 
activity. 

DOI: 10.1103/PhysRevE.80.011.922 PACS number(s): 87,17,Ee, 87.16.A-, 87.16,dr . 

I. INTRODUCTION 

The oscillation of the proteins MinD and MinE from pole 
to pole of individual cells of the bacterium Eschericlzia coli 
is used to localize cellular division to inidcell [I]. One cycle 

I of the oscillation, lasting approxinlately 1 min, starts with 

I adenosine triphosphate (ATP)-associated MinD binding to 
the bacterial inner membrane and polynlerizing into helical 

I filameilts [2-41 (see also [S]). This occurs at alterilating poles 
of the bacterium, with the MinD forming a polar "cap." 
MinE is recruited to the membrane-bound MinD, where it 
forms a distinctive "E ring" [6-81 at the edge of the MinD ~ cap by accumulating near the MinD-filament tips [2]. Be- 

I cause the rate of hydrolysis and subsequent release of ATP 
MinD is stimulated by MinE [3,4,9], the E ring drives depo- 
lymerization of the MinD filament which allows the oscilla- 
tion to proceed. The depolymerization occurs with an ap- 
proximately fixed E-ring width and speed along the cell axis 
[7,8], indicating an approximate steady state during this part 
of the Mill oscillation. However, little is known about the 
mechanisin of E-ring formation, its detailcd structure, or how 
inlportant it is for Mill oscillations, Indeed, Min oscillations 
have been observed without prolninent E rings [lo], 

Most models proposed for Min oscillation do not have 
explicit MinD filarnents [I 3-15], though they do havc E 
rings, Recently, several inoclels of Min oscillations that in- 
clude explicit MinD poly~neriz~ition have been proposed 
[16-191, two of which display strong E sings that trdck the 
tips of depolymerizing MinD-filament caps with constant 

speed and width [18,19]. 111 these models, E rings are the 
result of MinE polymerization either orthogonal to [18] or 
along [19] MinD filaments. While MinD polymerization has 
been observed if? vitro [3,4], there have been no reports of 
MinE polymesization in the experiniental literature, Indeed, 
the faint MinE "zebra stripes" associated with the MinD 
zones adjacent to the MinE ring [7,8,10] seem to imply 
sparse lateral binding of Mil# to the body of MinD 
filaments-not MinE polyn~erization. 

In this paper, with both stochastic thrce-dimensional (3D) 
sinlulations and a deterministic one-dimensional (ID) model, 
we show that local (nonpolymeric) rebinding of MinE re- 
leased from clepoly~nerizing MinD-filament tips is sufficient 
for E-ring formation. We impose and cl~aracterize a dynan~i- 
cal steady state of an E ring on a depolymerizing seni- 
infinite MinD filament in order to address the approximate 
steady-state speed and width of the E ring iiz viva [7,8]. We 
investigate the roles of spatial dimension, cell length, radius, 
and mu1 tiple MinD filaments and their helical pitch. We es- 
timate the time scale of E-sing formation and obtain results 
consistent with the significant delay bcfore ATPase activity 
seen with small MinE concentrations and lai4ge MinD mem- 
brane coverage in vitru [3,4]. Finally, we discuss how coin- 
petition between the intrillsic and the MinE-stimulated AT- 
Pase activity of MinD controls the instability that leads to the 
initial foormaalion of the E ring from a unifornlly decorated 
MinD filament, 

Qualitatively, we predict that the width of MinE rings will 
increase as the MinD-filament depolymerization speed is in- 
creased through manipulation of cell shape, MinD to MinE 
stoichiometry, or mutations that affect the MinE binding rate 
to MinD. Eventually, the depolymerization speed will satu- 
rate but the E-ring width can still grow. Conversely, as the 
depolymerization speed is decreased, MinE rings will 1111- 
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Stochastic kinetics of ribosomes: Single motor properties and collective behavior 
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Syntheses of protein molccules in a cell are carried out by ribosomes, A ribosome can be regarded as a 
molecular motor which utilizes the input chemical energy to move on a messenger RNA (mRNA) track that 
also serves as a ternplate for the polymerization of the col-sesponding protein. The forward movement, how- 
ever, is characterized by an allesnating secluence of l ra~~slocal io~~ and pause. Using a quantitative model, which 
captures the mechanochemical cyclc of an ilidividual ribosome, we dedve an exacr analytical expression for 
the distribution of its dwell tin~cs at the successive positions on the mRNA track, Invcrse of the average dwell 
time satisfies a "Michaelis-Menten-type" equation and is consistept with the general formula for the average 
velocity of a molecular motor with an unbranched mecl~anochemical cycle. Extending this formula appropri- 
ately, we also derive the exact force-velocity relation for a ribosome, Often many ribosomes simulta~leously 
move on the same mRNA track, while each synthesizes a copy of the same protein. We extend thc n~odel of a 
single ribosome by incorporating stcric exclusion of diff'erent individuals on the same track. We draw the phase 
diagram of this model of ribosome traffic in three-dimensional spaces spanned by experimentally controllable 
parameters. We suggest new experimental tests of our theoretical predictions. 

DOI: 10,1103/PhysRevE,80.011908 PACS number(s): 87, I6.ad 

I. INTRODUCTION _ . ,  

Ribosome is one of the largest and most complex intrac- 
ellular cyclic inolecular machines [I-41 and it plays a crucial 
role in gene expression [5]. It synthesizes a protein molecule, 
which is a heteropolymer of amino-acid subunits, using a 
messenger RNA (mRNA) as the corresponding template; this 
process is called tmnslution. (of the genetic message). Mono- 
meric subunits of RNA are nucleotides and triplets of nucle- 
otides constitute a codon. The dictionary of translation re- 
lates each type of possible codon with one species of amino 
acid. Thus, the scquence of amino acids on a protcin is dic- 
tated by the sequence of codons on the corresponding tem- 
plate mRNA. The polymerization of protein taltes places in 
three stages which are identified as initicitioiz, clong~ltiort (of 
the protein), and terntinofion. In this papery we focus almost 
exclusively on the elongation stagc, 

A ribosome is often treated as a molecular motor for 
whicli the mRNA template also serves as a track. In each 
step, it moves forward on its track by one codon by consurn- 
ing chemical fuel [e.g., two guanosine triphosphate (GTP) 
rnolccules]. Simultaneously, in each step, it also elongates 
the protein by adding an amino acid; the correct scquence of' 
the amino acids required for polymerizing a protein is dic- 
tated by the codon sequence oil the lnRNA template. There- 
fore, it may be more appropriate to regard a ribosome as a 
mobile worlcsl~op that provides a platfor~ll for operation of 
several tools in a wcll-coordinated manner. Our nlain aim is 
to predict the effects of the mecl~anocheinical cycle of indi- 
vidual ribosomes, in the elongation stage, on their experi- 
mentally measurable physical properties. We first focus on 
the single-ribosome properties which characterize their sto- 

chastic nlovelnent on the track in the absence of inter- 
ribosome interactions. Then we consider the additional ef- 
fects of the steric interactions of the ribosomes and those of 
[he rates of initiation and termination of translation on the 
collective spatiotemporal organizatioi~ of the ribosomes on a 
track. 

Tke stochastic forward movement of a ribosome is char- 
acterized by an alternating sequence of pause and transloca- 
tion. The sum of the durations of a pause and the following 
translocation defines the time of a dwell at the corresponding 
codon. Recently, using an ingenious mcthod, the distribution 
f(t) of the dwell times of a ribosome has been measured [6]. 
We present a systematic derivation of this distribution from a 
detailed kinetic theory of translation which incorporates the 
mechanochemical cycle of individual ribosomes. 

The exact analytical expression for f(l) which we derive 
here is, in general, a supesposi tion of several exponentials. 
On the other hand, it has been clainled [GI that the differei~ce 
of two exponentinls fits the experimentally measured ,f(t) 
very well. We reconcile these two observations by iden- 
tifying the parameter regime where our theoretically derived 
f(t) is, indccd, well approximated by difference of two ex- 
ponential~ [7-111. Moreover, we show that (t)-', inverse of 
the mean-dwell time, satisfies a Michaeli,r-Menten-like cqrra- 
tion. [12], The reason for this feature of the mean-dwell time 
is traced to the close forn~al similarity between the mecha- 
nochemical cycle of a ribosome and the catalytic cycle in the 
Michaelis-Menten Lheory of' enzymes [12], 

The elongation of the gmwing protein by one amino acid 
is coupled Lo the translocation of the ribosolne by one codon. 
Therefwe, (t)-' is also the average velocity (v) of a ribo- 
some on the inRNA track, An analytical expression for the 
average velocity of a molecular motor, whose mccha- 
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nochemical cycle is unbranched, was derived by Fisher and 
Kolonleisky [13] in the context of motors involved in intra- 
cellular transport of cargoes [14]. The rnechanochemical 
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Evolutionary game dynamics describes the spreading of successful strategies in a population of reproducing 
individuals, Typically, the microscopic definition of strategy spreading is stochastic such that the dynamics 
becomes deterministic only in infinitely large populations, Here, we present a microscopic birth-death process 
that has a fillly deterministic strong selection limit in well-mixed populations of any size, Additionally, under 
weak selection, from this process the frequency-dependent Moran process is recovered, This makes it a natural 
extension of thc usual evolutionary dynamics under weak selection, We find silnple expressions for the fixation 
probabilities and average fixalioi~ times of the process in evolutionary games with two players and two 
strategies. For cyclic games with two players and three strategies, we show that the resulting deterlninistic 
dynamics crucially clepe~~cls on the initial condition in a nontrivial way, 

D01: 10,1103/PhysRcvE.80,011909 PACS number(s): 87.23.Kg, 02.50.~a, 02.50,Le 

I I. INTRODUCTION cess is oilly semideternli~~istic as the time of fixation remains 

Evolutioilary game dynamics results fro111 the transfer of 
ecoiiomic ideas to biology [I-41. In economics, rational 
players try to find the best strategy to maximize tlieir pay- 
offs. In biology, those individuals who use the best strategy 
obtain the highest reproductive Atness and spread in the 
population, 

Traditionally, evolutionary game dynamics is considered 
in infinitely large, well-mixed populations. This typically 
leads to the replicator dynalliics, a system of nonlinear dif- 
ferential equations govcrning the evolutionary dynamics 
[S-81. For any composition of the population, the replicator 
dynamics determines deternlinistically the direction and ve- 
locity of evolutionary dynamics, The replicator dynamics can 
be derived from microscopic nlodels of strategy spreading, 
which are typically slocl~astic [9-131. The precise definition 
of strategy spreading between individuals can have decisive 
consequences for the dynamics, in particular in structured 
populations [14-211. 

Since nlicroscopic models of strategy spreading are typi- 
cally stochastic, evolutionary game dynainics in finite popu- 
lations can only be characterized in a probabilistic way. The 
most important quantities are the probability that a mutant 
taltes over a population and the average titne for this process 
[22-251. Different models for strategy spreading have been 
proposed. A popular model is to choose two players, Harsy 
and Sally, at random and to let Harry adopt the strategy ol' 
Sally with probability given by the Fermi function, (I 
+ exp[+~(#- d)])-I, where d' is the payoff of Harry and 
fly is the payoff of Sally [26-291. The parameter /3 measures 
the intensity of selection. For ,B< 1, selection is weak and 
strategy spreading is essentially random. For P &  1, selection 
is strong and only strategies that are inore successful will be 
imitated. For P+w, the direction of the process for two 
strategies becomes deternlinistic and thus the fixation prob- 
ability is either 0 or 1.  However, even in this case, the pro- 

stochastic [2?]. 
Here, we introduce a variant of the Moran process, which 

leads to a fully deterministic evolutioilary process in finite 
populations under strong seleclion, For weak selection, we 
essentially recover the transition probabilities of the standard 
frequency-dependent Moran process under weak selection, 

We desc~ibe evolutionary game dynamics in synlnietric 
2 X 2 games defined by the general payoff inatrix, 

A (  " i 

B c d  

An A player will obtain n when playing against anothcr A or 
h when playing against B, Choosing strategy B  results in 
either ohtailling c (against A)  or d (against B).  

The average payoffs are obtained from pairwise interac- 
tions with all other individuals in the population of size N. 
This is the standard assumption and refers to the fact that the 
population is well~mixed; i.e., thcre is no cxplicit populalion 
structure. Excluding self interactions, this leads to 

where i is the current number of A players in the population. 
Individuals with higher avenge payoffs produce offspring 
(or are imitated) with a higher probability. Thus, reproduc- 
tive success is based on the payoff from the game. The in- 
tensity of selection /3 controls the importance of success in 
the game for reproductive success. The Iargcr the intensity of 
selection, the stronger the influence of the average payoff 
difference on reproductive fitness. 

The paper is organized in the following way. 111 Sec. I1 we 
introduce the birth-death process as a general frameworlt of 
evolutionary dynainics between two types in finite, well- , 
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The origin of stochastic fluctuations in gene expression has receivcd considerable attention recently. Fluc- 
tuations in gcnc expression are particularly pronounced in cellular systems because of the small copy number 
of species undergoing transitions between discrete chemical states and the small size of biological compart- 
ments, In this paper, we propose a stochastic model for gene expression regulation including several binding 
sites, considering elementary reactions only. The inodel is used to investigate the role of cooperativity on the 
intrinsic fluctuations of gene expression by means of master-equation formalism. We found that the Hill 
coefficient and the level of noise increase as the interaction energy bctwecn activators increases. Additionally, 
we slzow that the model allows one to distinguish between two cooperative binding mechanisms. 

DOI: 10,1103/PhysRevE. 80,O 119 14 PACS number(s): 87.18.Cf7 87.18.Tt, 87 .16 .Y~~ 87.16.dj 

I, INTRODUCTION of transcriptional noise [lo]. Consequently, these models 

All chemical reactioi~s have intrinsic fluctuations that are 
inversely proportional to the systenl size. Such fluctuations 
are particularly pronounced in gene exl~ression. At the tran- 
scriptional level, gene expression is mainly controlled by the 
cis-regulatory system (CRS) and transcription factor (TF) 
proteins that bind specifically to DNA sites [I]. The TFs 
influence the transcl-iption rate by interacting with other tran- 
scriptional components (RNA polymerase, TATA-binding 
protein, etc.). Like any molecular interaction, the binding of 
TFs to the regulatory sites is a stochastic event rendering the 
transition between states of h e  CRS a stochastic process. 
This source of noise is known as intrinsic noise in gene ex- 
pression regulation to distinguish it from that produced by 
other influences such as random fluctuations in nutrients, cell 
division or regulatory inputs to the transcriptional machinery, 
ltnown as extrinsic noise [2,3]. 

There is a broad variety of different CRS motifs that un- 
derlie suck regulation. The diversity of CRS ranges from 
simple ones to Inore co~nplex nlotifs that include dozens of 
regulatory sites, some of them organized in clusters or tan- 
dems [I]. This cluster organization points to cooperative ef- 
fects in the gene regulatory process because proteins rarely 
seem to bind to DNA without interacting with other DNA; 
binding proteins. Despite this complexity, the bulk of slo- 
chastic models for gene regulation are based on transitions 
between two promoter states (active and inactive) and, re- 
cently, l m e  complex models have been explorcd [4,5]. All 
these models approximate the transcriptio~~al control by us- 
ing a regulatory expression function (Hill function in [6-91 
or an ud hoc f~lnction to fit the model to the experimental 

cannot accurately describe how the overall reg~llatory pro- 
cess affects noise expression. 111 this paper, we propose a 
theoretical model of transcriptional regulatioi~ that: considers 
a CRS with several l-egt~latory binding sites for activating 
proteins, All transition rates bctweeil CRS states follow the 
law of mass actioil for elementary reactions, In this way, our 
model accounts for the fact that the expression response is 
determined by the dynamics of CRS. 

11. MODEL 

We are interested in exploring how the molecular interac- 
tion affects the cooperativity and the fluctuations level of the 
gene expression, In this sense, we found that stronger inter- 
action between activators increases the level of noise exprcs- 
sion, In our   nod el the lranscriplional regulation is assumcd 
to be a stochastic process in which the regulatory systenl 
maltes tra~lsitions between different states. The model in- 
cludes N regulatory binding sites for the same TF (Fig. 1 
illustrates the case with three regulatory billding sites). The 
states s =  1 $ 2 ,  . . . , N+ 1 represent, respectively, statcs with 
0 , l  , , , . ,h? binding sites occupied by TFs, The states s r  N 
+ 2 cossespond to the transc~iptional complex formation, 
where all components required for transcriptioil are as- 

data in [4,5]). The approximation assumes that changes in 
thc levels of TI? are reflected instat~tancousl~ in the  rans scrip- Fl 
tion rate. Although this approxilnation could be reasonable to 
study the static deterministic behavior of transcriptional 1% 1 a A% 
regulation [8,9], it could lead to a significant underestimation 

"&'* 
cS 
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which mode of co~nbinatorial regulation (typically, AN]> or OR logic operation) that a gene 
important for determining its fi~nction in regulatory networks. Here, we introduce a dp~latnic 

cross-co~~elation function bctwcen the output of a gene and its upstream regulator conccntrations for signatures 
of cornbinatorial rcgiilaiion in gene expression noisc. We find that such a correlation fi~nction with rcspcct to 
the correlation time near the peak close to the point of Ihe zero correlation time is always upward convex in the 
case of AND logic whereas is always downward convex in the case of OR logic, whicl~ever sources of noise 
(intrinsic or extrinsic or both). In turn, this fact implies a meails for inferring regulatory synergies from 
available cxperimcntal data. The extensions and applications are discussed. 

DOI: 10.1 103/PhysRevE.80.021905 PACS number(s): 87,18.-h,05,45.Tp, 87.16.Y~ 

I I. INTIiODUCTION the flagella motor, is conlbiilatorially regulated by activator 

Cells live in a complex environment and continuously 
have to make decisions for different signals that they sense. 
A challenge in systems biology is to understand how signals 
are integrated. As the central information-processing units of 
living cells, transcription regulalory networks allow them to 
integrate different signals and generate specific responses of 
genes, The elelnentary computations are perforlned at the 
cis-regulatory regions of the genes. The transcriptioiz rate of 
each gcilc (the output) is a f~ulction of the active concentra- 
tions of each of the input transcription factors (TFs) [I]. 
Such a quantitative mapping between the regulator concen- 
trations and the output of the regulated gene is known as the 
cis-regulatory input f~lnction (CRIF), which can be modeled 
by Boolean logics [2,3] in analogy wit11 Boolean calculations 
that basic electronic devices perform [4]. For example, two 
activators regulate a gene with AND or OR logic operation 
(sefcr to Fig. I ) .  111 fact, AND and OR logic gates are the 
most frequently accouilted instances in the biological litera- 
ture, surely due to their siinplicity and widespread represen- 
tation in Inany regulatory processes. For example, the vari- 
a~lts of the Iclc promoter display AND and OR behaviors by 
introducing point mutations [5]. Other examples include that 
Pu variants with stronger bindiilg seclueilces for specific 
RNAP make the regulatory nlodule XylRIm-xylene1Pu a ro- 
bust AND gate 161; thc gcne FliLMnoPQR, which inaltes up 

- - 
FlhDC and activator FliA with OR logic gate [7]. The notion 
of logic operatiolls can also be generalized by introducing a 
continuous fuilction that encodes the dependence of the rate 
of transcription on the collcentrations of inputs [I]. Kilowing 
which mode of co~nbinatorial regulation that a gene emnploys 
is important for determining its function in regulatory net- 
works. For example, the cis-regulatory module drives cellu- 
lar patterns differently depending on how the gene integrates 
intracellular and extracellular signals at its regulatory region . 

by endogenous and exogenous transcription factors [8,9]. 
Experiments performed on single cells have revealed that 

because TFs are often present in low copy numbers, stochas- 
tic fluctuations or noise in the concentrations of these inol- 
ecules can have significant influences on gene regulation 
[lo-131. The traditional fluctuation-dissipation rclation cle- 
rived by the linear noise approach [14] based on the master 
equation gives the information only about the second-order 
moments. Recently, a modified fluctuation-dissipatioll rela- 
tion was derived by Warmflask and Dinner [IS], which re- 
latcs sonlc third-order rnonleilts cvaluated at the system 
steady slatc to the dcrivatives of a CRIE Such a static cross 
correlation provides the information only about how three 
time series are corselated at the zero correlation tiine. From 
viewpoints of gene regulation, however, the binding of TFs 
to the DNA is context dependent, active in some genetic 
stales but not ill others. In particular, stochastic fluctuations 
or "noise" in gene expression propagate from active inputs to 
the oi~tputs of regulated genes during signal integration. 
Thus, clyn~itnic cross correlations [16,17] would provide a 
noniilvasive ineans to probe modes of cornbinatorial regula- 

OR, OR, p tion in gcne expression noise. The pwrpose of this paper is to 
derno~lstrate its potei~tials in detecting signatures of combi- 
natorial interaction. Regarding the study of combinatorial 

s 2  
regulation, there are other works [18-221. Usually, these pa- 

r\ r\ n pers used some real time-course i~icroarray data to test their 
"RI "R2 , 

algorithins and identify some synergistic TFs, e.g., Chen et 
F ~ G .  1, (Color online) Schematic illustratioll of cis-regulatory (11. [19], used a kinetic ll~odcl LO select the colnbinatorial 

constructs, The regulatory functions are realized through the regu- control of multiple TFs: selection of tl~er~nodynamic models 
latcd secruitmcnt of transcription factors and RNA-polymer~se for cornbinatorial control of multiple TFs in early differen- 
(RNAP) . tiation of exnbryonic stein cell. 

- 
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In many naturally occurring habitats, bacteria live in micrometer- on bacterial motility and growth havc bccn carricd out in 
size confined spaces. Although bacterial growth and motility in relatively large cllannels and constrictions wllcrc the critical a such constrictions is of great interest to fields as varied as soil dimension is larger thaii one micrometer, lliitl is, larger than 
microbiology, water purification, and biomedical research, quan- bacterial diameter, So far, no one has zlrldressetl questions such 
titative studies of the effects of confinement on bacteria have been as: I-Iow narrow channels ct~n bacteria penetrate using their own 
limited. Here, we establish how Gram-negative Escherichia coliand motility? I-Tow do bsicterial movement and grocvth changc in vcry 
Gram-positive Bacillus subtilis bacteria can grow, move, and pen- narrow channels compared with tliat it1 unbound tnecliunl? 
etrate very narrow constrictions with a size comparable to or even IIere, we establish how Li, coli and Bacillzr,ssublili,r bacteria cat1 
smaller than their diameter, We show that peritrichously flagel- grow and lnovc in vcry narrow constrictions with sub-pm width, 
lated E, coli and 6. subtilis are still motile in microfabricated and wc cletcrmine the lower limits for the constriction size which 
channels where the width of the channel exceeds their diameters these bacteria are able to penetrate. We show tliat E. coli ancl B. 
only marginally (-30%). For smaller widths, the motility vanishes sciblilis retain their motility it1 microfabricated chs~nnels with a 
but bacteria can still pass through these channels by growth and wiclth tliat excccds their diameters hy only approximately 30%. 
division. We observe E, colj, but not 6, subtiljs, to penetrate We also show that bacteria can penetrate even narrower chan- 
channels with a width that is smallerthan their diameter by a factor nels. To achieve this, bacteria initiate growtll into the channels. 
of approximately 2. Within these channels, bacteria are consider- 111 this process, elongation kind clivision puslies bactcria forward 
ably squeezed but they still grow and divide, After exiting the rllitil they fill the wllolc channel. Whereas B, szibtilis bacteria can 
channels, E, co/j bacteria, obtain a variety of anomalous cell shapes, grow ill such a way ill channels as narrow as their diameter, E, 
Our results reveal that sub-micron size pores and cavities are call bacteria are even able to penetrate channels with a width that 
unexpectedly prolific bacterial habitats where bacteria exhibit is I I I L I C ~  smaller than their ~l ik l l l l~t~r .  Our work demonstrates that - 

morphological adaptations. growth in channcls which are narrower than the bsrcterial 
diameter can drastically change the shape of E, coli alicl lead to 

biophysics I confinement I microbiology I microfluidics a morphological pliellotype which has not been described pre- 
viously. 

acterial growtli and lnove~nent in confined spaces is ubiq- ~~~~l~~ 
tlitoiis in nature and plays an important rolc in diverse fields 

ranging from soil microbiology, watcr purification, to microbial To carry out this study, we dcsigli ancl fabricate microfluidic 
chaliilels (constrictions) wllicli connect chambers (small bacte- pathogenesis. The majority of bacteria in soil and bedrock live in rial wells) on a silicon chip and image individual GFP-labeled pores of size 6 micrometer and s~nallcr (1). These bacteria 

a large portioll of Earth,s biolnilss (2) and are bactesit~ ill  tllcsc str~ctures using f lu~rcscc~i t  tilli~-lill)~e micros- 
copy, The advantages of using silicon chips for tllesc experiments 

cssclltial for fu11ctioojng of soil. Althoug11 chtributions of are l)ossibility to define sub-mjcr(~llleter clli,nllels and 
bacteria in soil and Earth's subsurfaces have been sttdiecl, it is the capability to carry out long-term measurements with these 
largcly unltnowtl how bacterisi grow, move, and penetrate poses bacteria. Wliereas the bacteria. call pass wide chan~iels witllin of very small size. Tlle latter is also an important question for seconds, it call take scvcral dtlys arc to 
wnter treatment and purificatioll. Whereas 111icrobiology text- cross narr,est clli,llllcls~ ,nicrofllliclic chips that wc 
books co~isider output from 0.2-pm pore size filters stcrilc, it has lllake it possible lllainlaill llecessary cOnditiOns for 
recently beell found illat nulnerous bacteria call pass through terivl growlll lllOtility of time, The sclle- 
tlicsc membraocs a~ id  grow t h ~ r ~ i ~ f t ~ ~ .  (3, 4). It is undcar what matic of the lllicrofluidic cllip llsed in  this cxl,crimcnt is prc- 
meclianisni bacteria employ to penetrate such membranes. Also, scntcd in Fig, lllotile bsicteriil cntcl. tllc stl.uctllrc of 
in microbial pt~tliogcncsis, 1,acterial growth and penetration is a chalnbers cllallllels frolll left vertical cllanml. The 
problem, for exainple in dental ilnplants (5) )  but lilcely also in soft Observatiolls start wllen bnctcria reach left-most 
tissues and bones of a host organism where coefined spaces are Of tile strllctllrc stilrt lllove lllrougll \lie channels 
rclcva~it to bi1cteri;ll propagation tlirougli the cxtraccllular ma- t,ward tilc cllalnbcrs cllcl of Bactcrjal 

movcment in clla~incls is partially driven by clicmotaxis toward 
Sonic cxpcri~nclltal (6-10) and tllcorctical (1 1 ,  12) studics tile wllicll collsists of llledia in 

have discussed the effects of restricting geo~lletry on bacterial cllanllel~ tile ellrl the F~~~~ left U, 1 inotility i t  hils been cstablisl~cd t l r ; l l ~ s c / ~ ~ ~ i c / ~ i a  coli bacteria ct111 ,.igllt, Cl,nlllle~S fllbliCRLcCl l,lOpreSs~ve~y 
I swim in 2.0 ,Am ancl wider channels without appreciable slow- allows aooitol.ing llow tllc of hactcriil is able to ' I 
1 down (8) slid tbttt bt~ctcria I ' c ~ L I ~ ~ I ~ I ~  swill1 ill  CIOSC l~rosimity LO ncgotitltc increasingly nal-rowc13 cllanncls to ]ifc in  
; surfs~ccs (9, preferring some types of surfaccs to others (10). It sucll a confined on tile same c.lil,, a large 

lins been shown that these behaviors can be used to guide 1 bactcriill ~novcincot in nricroiluidic structnres (JO, 13). Tbc 
effects of confinelnent on bacterial growtll have received very Author contributions: J.M., P.G., J.E.K., and C.D. designed researcli; J.M. performed re- 
limited atlentioll. Growth of E, coli bacteria has bccn stildicd by search; J.M, and R.D. analyzed data; and J.M., P.G., J.E.K., and C.D. wrote the paper. 
Takeuchi et al, ill microfabricated str~lcti~res (14). In tliese The authors declare no conflict of interest. 
cxpcrimcnts, ~0IIfinCInCllt affected bacterial growth in thc di- Freely available online through the PNAS open access option. 

i 
; rC~ti011 of its CloIlgatioIl. Tllc ~ ~ p c r k l l ~ l l t ~  S ~ O W C ~  that ITO whom correspondence should be addressed. E-mail: c.dekker@tudelft.nl, 

filamentous bacteria call bend during growth and conform to the ,[,is ,,lcle contains supporting information online at www.pnas,org/cgilco,l~en~t/~u~~, 
shapes of tllc ~nicrof;.tbricatcd structures. All prcvious research 090754210610CSu~~picmentaI. 
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In many naturally occurring habitats, bacteria live in micrometer- 
size confined spaces. Although bacterial growth and motility in 
such constrictions is of great interest to fields as varied as soil 
microbiology, water purification, and biomedical research, quan- 
titative studies of the effects of confinement on bacteria have been 
limited. Here, we establish how Gram-negative Escherichia coliand 
Gram-positive Bacillus subtilis bacteria can grow, move, and pen- 
etrate very narrow constrictions with a size comparable to or even 
smaller than their diameter. We show that peritrichously flagel- 
lated E. coli and B. subtilis are still motile in microfabricated 
channels where the width of the channel exceeds their diameters 
only marginally (-30%). For smaller widths, the motility vanishes 
but bacteria can still pass through these channels by growth and 
division. We observe E. coli, but not B. subtilis, to penetrate 
channels with a width that is smaller than their diameter by a factor 
of approximately 2. Within these channels, bacteria are consider- 
ably squeezed but they still grow and divide. After exiting the 
channels, E. coli bacteria obtain a variety of anomalous cell shapes. 
Our results reveal that sub-micron size pores and cavities are 
unexpectedly prolific bacterial habitats where bacteria exhibit 
morphological adaptations. 

biophysics / confinement I microbiology I microfluidics 

B acterial growth and nlovelnent in confined spaces is ubiq- 
uitous in nature and plays 1111 important role in diverse fields 

ranging from soil microbiology, water purification, to inicrobial 
pathogenesis. Thc majority of bacteria in soil and bcdrock live in 
pores of size 6 micrometer and smaller (1). These bacteria 
constitute a large portion of the Earth's biomass (2) and are 
essential for thc functioning of soil. Although distributions of 
bacteria in soil and Earth's subsurf~ices have been studied, it is 
largely unknown how bacteria grow, move, and penetrate pores 
of very small size. The latter is also an important question for 
water treatment and purification. Whereas microbiology text- 
books consider output from 0.2-pm pore size fillers sterile, i t  has 
recently been found that numerous bitcteria can pass through 
these membranes and grow thereafter (3, 4). It is unclear what 
mechanism bactcria cmploy to penetrate such membranes. Also, 
in microbial pathogenesis, bacterial growth and penetration is a 
problem, for example in clental implants (S), but likely also in soft 
tissues and bones of a host organism wherc confincd spaces are 
relevant to bacterial propagation through the extracelluliir mil- 
trix, 

Sonlc experimental (6-10) and theoretical (11, 12) studies 
have discussed the effects of restricting geometry on bacterial 
motility, It has beell established that Esche~.iclzia coli bacteria can 
swim in 2.0 pnl and wider channcls witl~out appreciable slow- 
dowl~ (8) and that bacteria r'egulitrly swim in close proximity to 
surfaces ( S ) ) ,  preferring some types of surfaces to others (I()), It 
has becn shown that these behaviors call bc uscd to guidc 

on bacterial motility and growth have been carried out in 
relatively large channels and constrictions where the critical 
dimension is larger than one micrometer, that is, larger than 
bacterial diameter, So far, no one has addressed questions such 
as: How narrow cha~lilels can bacteria penetrate using their own 
motility? How do bacterial movement and growth change in vcry 
narrow channels conlpared with that in i~nbound medium? 

Hcrc, we establish how E. coli and Bacillus sul>tilis bacteriri crin 
grow and move in very narrow constrictions with sub-pm width, 
and we determine the lower limits for the constriction size which 
these bacteria are able to penetrate. We show that E. coli and B. 
s~lbtilis retain their nlotility in microfabricated chan~lels with a 
width that excccds their diameters by only approximately 30%. 
We also show that bacteria call penetrate even narrower chan- 
ncls. To achicvc this, bacteria initiritc growth into the channels. 
I11 this process, elongation ancl division pushes bacteria forward 
irntil they fill the whole channel. Whereas R. subtilis bacteria can 
grow in such a way in channels as narrow as their diameter, E. 
coli bitcteria are even able to penetrate channels with a width that 
is l n ~ ~ c h  snlaller than thcir diameter. Our work dcinolzstrates that 
growth in channels which are narrower than the bacterial 
diameter can drastically change the shapc of E. coli and lead to 
a morphological phenotype which has not bee11 described pre- 
viously. 

Results 
To carry out this study, we design and fitbricate nlicrofluidic 
channels (constrictions) which connect chainbers (small bactc- 
rial wells) on a silicon chip and iinage individual GFP-labeled 
bacteria in thcse structures using f~u~rcscent  time-lapse micros- 
copy, The aclvantilges of using silicon chips for these experiments 
are the possibility to define sub-micron~eter size clziinnels and 
the capability to carry out long-tcrm mcasurcn~ents with these 
bacteria, Whereas the bacleria can pass wide channels within 
scconds, it can take sevcral days beforc the bacteria are ablc to 
cross the narrowest chant~els. The microfluidic chips that we use 
make it possible to maintain the necessary conditions for biic- 
teriril growth and motility for such periods of time. The sche- 
matic of the microfluidic chip used in this experiment is pre- 
scnted in Fig. LA. Thc ~notilc bactcria enter the structure of 
chambers and channels from the left vertical channel. The 
observations start when the bacteria reach to the left-most 
chambcr of the structure and start to move through thc channcls 
toward the chambers on the right end of the arrays, Bacteriiil 
movcmcnt in channcls is partially drivcn by chcmotaxis toward 
the nutrient source which consists of growth media in the 
'feeding channel' on ihe right end of the arrays. Fronl left to 
right, thc channels are fabricated progrcssivcly narrower. This 
allows monitoring how the population of bacteria is able to 
ncgotiatc increasingly narrowcr chan~lcls and adapt to lifc in 
such a coni'i~~ecl environment. On the same silicon chip, a large 

bacterial inovenlent in microfluidic structures (1.0, :13).- The 
effects of confinement on bacterial growth have received very Author contributions: J.M., P.G., J.E.K., and C.D. designed research; J.M. performed re- 
lilnited attention. Growth of .E, coli bactelaia has been studied [])I search; J.M. and R.D. analyzed data; and J.M., P.G., J.E.K., and C.D. wrote the paper. 

Takeuchi et a1, in microfabricated structures (14). In these The authors declare no conflict of interest. 

experinlellts, collfin~nlent affected bacterial growtll ill the di- Freely available online through the PNAS open access option. 
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