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Cells Listen to Their Inner Voice

CELL BIOLOGY

Anna Jisu Lee and Lingchong You  

A signaling circuit that controls the release and 

detection of the same signaling molecule can 

trigger diverse behaviors in a cell population.

How did these different binding affi nities 

evolve in the apparent absence of a dupli-

cate gene copy that would mask the loss of 

function caused by a change in DNA bind-

ing selectivity? Sayou et al. show that a LFY 

protein from hornworts, a group thought to 

have branched off from the rest of the land 

plants early in their evolution ( 7,  8), is pro-

miscuous in its binding activity: It binds 

preferentially to type III DNA sequences 

but can also bind to both type II and type I 

sequences.

Based on these observations, the authors 

propose a model by which a single-copy 

transcription factor can evolve novel binding 

sequences without losing function. In this 

model, the DNA binding site selectivity did 

not change abruptly during evolution of the 

LFY family. Rather, an intermediate that can 

bind multiple sites arose. This intermediate 

could still regulate its original target genes 

but could also regulate new target genes. 

This process would avoid potential delete-

rious effects arising from loss of LFY-reg-

ulated gene activity. In the lineage leading 

to the mosses, the type II binding specifi city 

became fi xed, whereas in the lineage leading 

to liverworts, seedless vascular plants, gym-

nosperms, and fl owering plants, type I bind-

ing specifi city became fi xed.

Left unanswered is how the DNA binding 

sites bound by the LFY protein evolved and 

how this refl ects the function of LFY in vari-

ous organisms. In the moss Physcomitrella, 

LFY controls cell division ( 9). In contrast, 

LFY’s main role in fl owering plants is regu-

lation of reproduction. The functions of LFY 

genes in other plants and streptophyte algae 

are unknown. It is also unclear whether core 

LFY target genes are shared between organ-

isms with different LFY DNA binding speci-

fi cities. The changes in DNA binding speci-

fi city may have led to a shift in gene targets 

and thus in LFY function; alternatively, 

binding sites may have evolved along with 

changes in the DNA binding domain.

It remains to be shown whether other tran-

scription factors also evolve through promis-

cuous intermediates. Another open question 

is what drives LFY to be a single-copy gene in 

most plant genomes; most transcription fac-

tors are preferentially retained after duplica-

tion, whereas genes with an essential house-

keeping function are more often reduced to a 

single copy ( 10). The potential for disruption 

of multiprotein complexes by the presence of 

mutated duplicate proteins might lie behind 

this reduction. This process has been shown 

to infl uence the evolution of other transcrip-

tion factors ( 11). In addition, the contribution 

to DNA site selection and dimer stabilization 

of another conserved region found in LFY 

proteins should be explored. This domain 

mediates dimerization independently of 

DNA binding and contributes to stable DNA 

binding in AtLFY ( 12), but its function in 

other plants is unknown. It may be important 

for the stabilization of LFY dimers on type 

III sites. Clearly, much remains to be learned 

about the evolution of this important tran-

scription factor.  
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        P
icture yourself on top of a moun-

tain shouting out aloud—alone. You 

will hear only your own voice and its 

echoes. Now, picture yourself in a crowded 

stadium cheering for your team. You will 

hear the collective voice of all those cheer-

ing around you. Scaled down a million times, 

this phenomenon can occur in a population 

of cells. On page 628 of this issue, Youk and 

Lim demonstrate (1) two distinct modes of 

communication in yeast cells: self-commu-

nication, in which a cell primarily senses 

the signal produced by itself, and neighbor

communication, in which a cell senses the 

signal collectively produced by all cells 

nearby. These properties have important 

implications for understanding cell dynam-

ics in different biological contexts and across 

species, and for exploring design principles 

of biological networks.

Chemical-mediated communication is 

critical for controlling the physiological 

function of diverse organisms, from bac-

teria to mammalian cells. Particularly, this 

notion has transformed the way we perceive 

microbes. Rather than being truly “single-

celled,” microbes often engage in extensive 

communication to carry out functions essen-

tial for their survival (2), including biofi lm 

development, production of virulence fac-

tors, and antibiotic resistance. Likewise, 

mammalian cells also communicate to reg-

ulate functions (3) that include homeosta-

sis, growth, and cell-fate decisions. These 

diverse functions in bacteria and mamma-

lian cells, although seemingly unassociated, 

share a common core module comprising the 

production, secretion, and detection of dif-

fusible signals ( 4), or a “secrete-and-sense” 

module according to Youk and Lim.

The crucial role of chemical-medi-

ated communication in social behaviors is 

refl ected in terms like “quorum sensing” and 

“sociomicrobiology” ( 5,  6). In synthetic biol-

ogy, this mechanism has been extensively 

used to program dynamics involving one or 

multiple cell populations ( 7– 9). When dis-

cussing such communication, it is often 

implied that each cell in a population senses 

the signal collectively produced by all cells in 

the vicinity. However, this implicit assump-

tion is not always valid (10). For example, 

an isolated bacterium can also trigger a quo-

rum-sensing response due to physical con-

fi nement—such as that of a mammalian cell 

or a small droplet of a cell culture ( 4,  11). 

In this case, the bacterium is “listening” only 

to itself.

Youk and Lim demonstrate that even in the 

presence of other signal-producing cells, a cell 

may still realize self-sensing. The fundamen-

tal principle underlying this self-sensing is 
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the incomplete mixing of the culture medium 

around individual cells. At any moment, there 

is always a “cloud” of liquid surrounding a 

cell that is not well mixed, defi ning a local 

environment. The dimension of this cloud 

is characterized by the Kolmogorov mixing 

length scale ( 12) (see the fi gure). At a low cell 

density, cells are much farther apart than the 

mixing length scale, and the local signal con-

centration (αL) is much greater than the global 

signal concentration (αG). As a result, each 

cell primarily senses the signal produced by 

itself. At a high cell density, however, more 

cells contribute to the global pool of the sig-

nal, and αG becomes comparable to αL in 

magnitude, enabling communication between 

neighboring cells.

Youk and Lim tested this idea by engi-

neering yeast cells to secrete-and-sense the 

α-factor, the mating pheromone of yeast. 

These cells were designed to produce a green 

fl uorescent protein in response to the phero-

mone signal. To distinguish self- and neigh-

bor communication, the authors engineered a 

“sense-only” strain for comparison that does 

not produce the signal but can respond to it 

by expressing a red fl uorescent protein. By 

quantifying the responses of the two strains, 

Youk and Lim demonstrate varying degrees 

of self- and neighbor communication. The 

balance between the two modes can be read-

ily tuned by controlling the amount of sig-

nal receptors expressed by cells, modulat-

ing the signal degradation rate, and intro-

ducing feedback control. In particular, at a 

low cell density, higher receptor abundance, 

faster signal secretion, or positive feedback 

control can promote self-communication. 

The common consequence of these strate-

gies is an increased difference between the 

response to a local signal concentration and 

that to a global signal concentration. Con-

versely, faster degradation of the signal leads 

to diminished self-communication.

An appealing property of chemical-medi-

ated communication is its potential to coor-

dinate gene expression among a population 

of cells. At a low cell density, however, accu-

mulation of signaling molecules around indi-

vidual cells reduces the effective strength of 

neighbor communication, thus limiting the 

ability of the latter to reduce cell-cell vari-

ability. This variability becomes amplifi ed 

by positive feedback. Indeed, Youk and Lim 

observed that their positive-feedback circuit 

led to distinctive bimodal switching behavior 

at a low cell density. By contrast, a high cell 

density enhanced neighbor communication, 

which in turn led to coherent activation by 

the same positive-feedback circuit.

Why do these modes of communication 

matter? The tunability of cell communica-

tion enables programming of tremendously 

versatile functions, as demonstrated by Youk 

and Lim. Similar dynamics may occur in the 

natural setting, resulting from signaling net-

works built around the same core secrete-

and-sense regulatory motif. In this regard, 

the study of Youk and Lim represents an 

example of building synthetic gene circuits 

to enable quantitative exploration of design 

principles of biological networks ( 13,  14). In 

a natural system, the function of a secrete-

and-sense motif can be masked by complex 

interactions with other cellular components, 

making it diffi cult to analyze the design fea-

tures of the motif. To this end, the circuits 

engineered by Youk and Lim provide a uni-

fi ed framework to examine the quantitative 

and qualitative properties of chemical-medi-

ated communication.

The study by Youk and Lim highlights the 

underappreciated role of the transport prop-

erty of molecules in defi ning the nature of bio-

logical interactions. Past studies have shown 

that the length scale of diffusible signals can 

constrain the outcomes of inter- or intrapop-

ulation communication ( 11,  15). Youk and 

Lim show that a fundamental constraint aris-

ing from liquid mixing enables cells to switch 

between social and asocial modes of inter-

actions, using the same signaling molecule. 

This raises a cautionary note against equat-

ing the presence of a secrete-and-sense mod-

ule to social interaction (10,  16). Whether the 

module controls asocial or social interactions 

depends on kinetic rate constants associated 

with the module and the cell density. This 

property has profound implications for under-

standing the evolutionary dynamics of bacte-

rial cooperation, where apparently coopera-

tive traits are often regulated by such secrete-

and-sense modules. 
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Tunable communication. (A) At a low cell density (left), each cell forms a cloud of local signal concentration 
(αL). The global signal concentration (αG) is lower than αL because αG increases at a slower rate. “Secrete-and-
sense” cells (green) are self-activated; their activation by neighboring cells (gray) is limited. At a high cell 
density (right), more cells contribute to αG, leading to activation in “sense-only” cells (red). (B) In the base 
case, αG is lower than αL and both are lower than the activation threshold to trigger a cellular response. Faster 
signal secretion increases both αG and αL such that αL, can trigger a response, leading to self-communication. 
Higher receptor abundance can reduce the activation threshold, leading to differential responses triggered by 
αL and αG. However, further increase in secretion and receptor abundance could diminish this difference and 
reduce self-communication. Positive feedback can make the response steeper and the activation threshold 
lower, facilitating self-activation. This can result in bimodal switching behavior at a low cell density.
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