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Artificial cell-cell communication in yeast
Saccharomyces cerevisiae using signaling
elements from Arabidopsis thaliana

Ming-Tang Chen! & Ron Weiss!>

The construction of synthetic cell-cell communication
networks can improve our quantitative understanding of
naturally occurring signaling pathways and enhance our
capabilities to engineer coordinated cellular behavior in

cell populations. Towards accomplishing these goals in
eukaryotes, we developed and analyzed two artificial cell-cell
communication systems in yeast. We integrated Arabidopsis
thaliana signal synthesis and receptor components with yeast
endogenous protein phosphorylation elements and new
response promoters. In the first system, engineered yeast
‘sender’ cells synthesize the plant hormone cytokinin,

which diffuses into the environment and activates a hybrid
exogenous/endogenous phosphorylation signaling pathway

in nearby engineered yeast ‘receiver’ cells. For the second
system, the sender network was integrated into the receivers
under positive-feedback regulation, resulting in population
density—dependent gene expression (that is, quorum sensing).
The combined experimental work and mathematical
modeling of the systems presented here can benefit various

ukaryotes, including fermentation processes, biomaterial

r «» Diotechnology applications for yeast and higher level

=" fabrication and tissue engineering.

To demonstrate the feasibility of engineering an artificial communica-
tion system between eukaryotic cells, we designed synthetic gene
networks that elicited an exchange of information between engineered
yeast sender and receiver cells through the synthesis, transmission and
reception of plant hormone cytokinin!. Yeast senders synthesize
cytokinin isopentenyladenine! (IP), an adenine derivative involved in
growth and development of plants, which diffuses through the cell
membrane and into the surrounding environment (Fig. 1a). When IP
binds the cytokinin receptor AtCREI in nearby yeast receivers, AtCRE1
phosphorylates endogenous histidine phospho-transfer protein YPD1
(ref. 2), a protein that regularly shuttles across the nuclear envelope>.
Phospho-YPD1 phosphorylates the endogenous nuclear aspartate
response regulator SKN7 (ref. 3). Phospho-SKN7 subsequently acti-
vates the expression of a green fluorescent protein (GFP) from a
synthetic promoter Psgpg (synthetic SKN7 response element; Fig. 1b).

To ensure that the receiving-signaling pathway works correctly and
efficiently, we made several design decisions. The original yeast SLN1-
YPD1-SSK1/SKN7 phosphorylation pathway is composed of SLN1
cell-surface osmosensor histidine kinase, YPD1 histidine phospho-
transfer protein and a pair of aspartate response regulators, SSK1 and
SKN7 (ref. 4). SLN1-YPDI-SSK1 phosphorylation plays an essential
role in cell survival in high-osmolarity environments by activation of
the HOG1 pathway™°. However, under normal growth conditions
HOGI activity can be lethal. In these conditions, autophosphorylated
SLN1 phosphorylates YPD1, resulting in suppression of the HOGI
pathway through SSK1 phosphorylation. But for our engineered
receivers, constitutive SLN1 phosphorylation of YPD1 would prevent
the detection of cytokinin signaling through AtCRE1 phosphorylation
of YPDI, and hence we used a slnlA strain’. The engineered receiver
cells also overexpress PTP2, an endogenous HOGI protein phospha-
tase’, which keeps the HOG1 pathway inactive and rescues the sln1A
lethal phenotype.

For our system, SKN7 activation was chosen over SSK1 activation
because the latter signal transducer affects many high-osmolarity
response genes®. In contrast, phospho-SKN7 has been observed to
affect only the yeast OCH1 promoter, where SKN7 binds two 13-bp
repeat sequences’. We fused GFP to the OCH1 promoter, but this
construct exhibited an undesirable high level of basal activity (data not
shown). To minimize such basal transcriptional activity, two new
promoters were constructed from a modified MEL1 promoter®, one
with a single synthetic SKN7 response element (SSRE)” and one with a
tandem repeat of SSRE (TR-SSRE) (Fig. 1b). A yeast-enhanced GFP
variant, yEGFP3 (ref. 9), was fused to each of these promoters to
create two receiver strains with different responses. Figure 2a shows
the time-dependent response of the two receivers to exogenous IP
(Sigma-Aldrich), whereas Figure 2b shows the IP steady-state dosage-
response curves. The observed IP dynamic response range of the two
receivers (0.1 pM-1 pM) correlates well with previously observed
concentrations in plants'®. Whereas the sensitivity thresholds of the
two receivers are similar, the TR-SSRE promoter exhibits an ~ sixfold
increase in basal GFP expression and a tenfold increase in full
activation. Activation of the receiver pathway does not have a
significant effect on cell growth, and the integration of this pathway
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appeared to have only a minor effect on cell growth when compared
with the original slnIA strain (Fig. 2c).

We tested whether expression of AtIPT4 in engineered yeast senders
results in the synthesis of IP and communication with receivers. In
plants, adenylate isopentenyl-transferases (IPTs) catalyze the isopen-
tenylation of ATP and ADP!!, and subsequently the isopentenylated
ATP and ADP (that is, cytokinin nucleotides) are converted to
cytokinin-free bases by enzymes involved in purine metabolism!. In
Escherichia coli hosts, expression of recombinant A. thaliana IPTs
results in IP synthesis'2 whereas recent work has shown that AtIPT4
and A. thaliana CYP735A1 can function together in yeast to synthesize
transzeatin, a downstream product of IP'?. In our experiment, SSRE
receiver cells were spread homogenously on a Petri dish using a top-
agar layer. A paper disk containing senders (expressing AtIPT4 and red
fluorescent protein) was placed in the middle of the dish. Figure 3a
displays four representative time-lapse microscopy fluorescence

observations of the senders and receivers along a strip. The curves
in Figure 3b quantify fluorescence data from seven strips imaged at
different time points during this experiment, depicting the spatial
gradient of the GFP response and its increase over time. Figure 3c
shows the fluorescence image of a large portion of the Petri dish after
30 h. In a control experiment with senders lacking AtIPT4, receiver
cells did not exhibit any noticeable fluorescence indicating that the
GFP gradient is attributed to IP-based cell-cell communication (data
not shown).

To demonstrate ‘quorum sensing’ behavior!
sender and receiver circuits into a single yeast strain (Fig. 4a). Two
versions of the quorum-sensing network were constructed by placing
AtIPT4 under the control of either the SSRE or TR-SSRE promoter. In
these configurations, a positive-feedback loop regulates AtIPT4
expression through activation by IP, the product of AtIPT4. GFP
expression from an SSRE promoter was used in both variants
to quantify network behavior. The vyeast
quorum sensing functions as follows:
(1) when cells are at low population densities,
the expression level of AtIPT4 is minimal
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Figure 1 Engineered cytokinin-based sender-receiver communication in yeast. (a) Synthetic signaling
pathways for sender and receiver cells. All exogenous proteins are shown with their respective

promoters (yellow boxes). The sender expresses recombinant A. thaliana AtIPT4

GAL1 promoter. AtIPT4, which catalyzes isopentenylation of ATP, enables the sender to synthesize
and secrete IP to nearby receiver cells. The receiver is composed of A. thaliana AtCRE1 cytokinin
receptor and yeast YPD1 and SKN7 signaling proteins in an s/nIA mutant strain. The receiver cells
also overexpress PTP2 in order to suppress s/nlA lethality as a result of the activation of downstream
HOG1 kinase by the unphosphorylated SSK1 when cytokinin is absent. When IP signal binds AtCRE1,
AtCRE1-YPD1-SKN7 phosphorylation activates GFP expression from the SSRE promoter in receiver

cells. (b) The DNA sequence of the synthetic SKN7 response element (SSRE) a

SSRE promoters. The SSRE consists of two 13-bp imperfect repeat (underlined) and synthetic flanking
and spacing sequence. In the OCH1 promoter, the wild-type SKN7 response element-spacing sequence
contains a Swi4/Swi6 cell-cycle box, whereas SSRE includes a 6-bp Agel site-spacing sequence instead
to reduce basal transcription activity. The SSRE promoter is a MEL1 promoter derivative in which the
wild-type GAL4-binding UAS is replaced by the SSRE sequence (positions —238 to —277 bp). The
TR-SSRE promoter contains an 80-bp double SSRE sequence at positions —238 to -317 bp of the

same UAS-less MEL1 promoter.
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sensing behavior for both strains. In separate
experiments, cells with AtIPT4 regulated by
either SSRE or TR-SSRE were initially grown
to a high population density (ODgg of 1.2),
then diluted 4,000-fold into fresh medium,
and fluorescence intensities and ODgg values
were recorded over 36 h. The measurements
show that initial fluorescence readings were
high due to the quorum-sensing behavior.
After dilution, GFP fluorescence intensities
remained constant for about 6 h, likely
reflecting the delay in the dephosphorylation
of the signal transduction proteins and initi-
ally slower growth rates due to the transition
from early stationary phase to log phase.
Whereas the phosphorylated half-life of
AtCRE1 is unknown, the measured in vitro
half-lives of phospho-YPD1 and phospho-
SKN7 are 4 h!®> and 2.4 h'®, respectively.
Once SKN7 was no longer active, transcrip-
tion of GFP ceased and the fluorescence per
average cell decreased owing to cell division
and protein degradation at a rate consistent
with cell division times of 3 h and reported
half-life of yYEGFP3 (~7.5 h)°. As the popu-
lation densities reached sufficient levels,
quorum-sensing cells quickly began to

under the control of

nd the structure of two
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Figure 2 Cytokinin receiver characterization. (a) Time-dependent GFP response to cytokinin induction. Exponentially growing (initial ODggo, ~0.2) SSRE and
TR-SSRE receiver cells were incubated with 10 pM IP and their fluorescence was measured at 30-min time intervals. (b) GFP dosage response for SSRE and
TR-SSRE receivers incubated with different IP concentrations for 12 h (initial ODggg, ~0.1). The GFP negative-control (without GFP) curve represents yeast
autofluorescence. (c) Growth curves showing ODggp as a function of time. The SSRE receiver cells were incubated with different IP concentrations (in uM)

for the indicated time and the growth control (without circuit) was s/n1A cells not expressing AtCRE1 and GFP. For a, b and ¢, symbol markers represent the
average measurement values from triplicate experiments, whereas error bars show standard deviation (which are typically <8% and often cannot be observed

on the graphs).

fluoresce again due to the accumulation of IP in the medium. The
fluorescence of TR-SSRE cells followed the same general pattern as the
SSRE cells, but fluorescence began to increase earlier.

To gain a better understanding of the transition between low and
high output states, we examined the steady-state behavior of the
quorum-sensing systems (Fig. 4c). Each quorum-sensing strain was
grown in a continuous culture and maintained at various constant
densities for 16 h. The steady-state fluorescence intensities showed
that the SSRE strain transitions from low to high GFP output between
ODggp of 0.5 and 0.7, whereas the TR-SSRE transition occurred
between ODgg of 0.06 and 0.13. Interestingly, both networks exhib-
ited a switch-like response curve. Analysis of a mathematical model
(as described in the Supplementary Note, Supplementary Tables 1-4
and Supplementary Figures 1 and 2 online) suggested that positive-
feedback control plays an important role in conferring this all-or-none
quorum-sensing response. To validate this hypothesis, we constructed
another version of the network where AtIPT4 was constitutively

=Yo» expressed from a GALI promoter. As pre-

icted by the model, this system showed a
more gradual transition from low to high
output as a function of cell density.

For this work, we developed new circuit
building blocks for yeast and integrated them
with endogenous and exogenous signaling
pathways to establish two artificial cell-
cell communication systems. We forward

Figure 3 Microscopy observations of sender-
receiver communication. (a) Fluorescence images

engineered these systems from simple and well-characterized compo-
nents and system behavior was fine tuned by careful choice of network
elements. A simple mathematical model was constructed based on
published kinetic data and our experimental observations of the
receiver and quorum-sensing systems. The model correlated well
with experimental observations of all the networks that we con-
structed, and both the model and the experimental results demon-
strated the significance of positive feedback in AtIPT4 regulation. Our
work advances the nascent field of synthetic biology!” by providing
and characterizing useful modules for engineering yeast and demon-
strating how these modules can be assembled into circuits that
coordinate multicellular gene expression. Previous work in synthetic
biology has already generated a library of basic and reusable regulatory
components and circuits with desired functions in single cells both in
bacteria'® and eukaryotes!'”. In addition, synthetic biology efforts in
bacteria have demonstrated basic artificial cell-cell communication??!
and more sophisticated synthetic multicellular systems that were built

of senders and receivers for representative

time points. A 13 x 5 grid of green and red
fluorescence intensity images were captured with
a 2.5x objective and assembled into a single
overlay mosaic using custom software. (b) Fluore-
scence intensity curves quantifying average
fluorescence at seven different time points (in
hours) as a function of distance from the
senders. The curves represent a moving average
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using these basic pathways?>~4, Here we have
demonstrated artificial, rationally designed
end-to-end intercellular communication and
quorum-sensing behavior in eukaryotes.

A few endogenous intercellular signaling
pathways have been identified in yeast. For
example, the yeast mating pheromone path-
way coordinates communication between
two cell types and results in cell cycle arrest
and transcriptional induction of more than
200 genes?. Certain yeast strains are also
known to exhibit quorum-sensing-like beha-
vior, such as biofilm formation by the human
pathogen Candida albicans®®. However, the

SKN7

— /
P
Psspe | AtIPT4

sin14

SKN7 P

/9 p1P2) —| Hoat

PTP2

PGAL1

Quorum sensing

signal transduction and regulatory events that b c e

regulate these quorum-sensing behaviors are 5 hie 5 TS

currently not well understood and no direct < TR A FET <

effects on protein expression have been 8104 AN ] (09 g % 107

reported so far. Compared with these endo- % i ”\.“ /IR pos ) g

genous communication pathways, our sys- S {I5T o AuPTA S

tems are simple, well-defined, can be easily i ’0'3 -

fine tuned for specific applications, and in 1 ’ r e : 0.0 1 T T
principle are useful as modules for the con- o 5 Timjeg " %% 001 OC;D%O !

struction of more complex systems. These
features facilitate correlation and validation
of mathematical models, and can therefore
help in the quantitative understanding of
other signaling pathways.

The receiver and quorum-sensing circuits
presented here can serve as new externally
or autonomously inducible gene expression
systems that provide spatial and temporal
coordination of gene expression among a
cell population. These features will benefit a

Figure 4 Engineered yeast quorum sensing. (a) The sender circuit is integrated into the receiver strain
by placing AtIPT4 under the control of an SSRE promoter. (b) Characterization of yeast quorum-
sensing, time-dependent behavior. Fluorescence intensities and cell densities as a function of time
are plotted for cells with SSRE and TR-SSRE regulation of AtIPT4, as well as a negative control
(quorum-sensing cells without AtIPT4). The ODggp curve represents data from the SSRE experiment.
The corresponding ODggp curves for TR-SSRE and negative control are essentially identical (data not
shown). (c) The fluorescence response of continuous cultures for three quorum-sensing networks with
AtIPT4 regulated by SSRE, TR-SSRE or GAL1 promoters. Continuous cultures at various constant cell
densities were maintained by discrete, periodic dilutions every hour. For b and ¢ symbol markers
represent the average measurement values from triplicate experiments, whereas error bars show
standard deviation. AU, arbitrary units.

wide variety of biotechnology applications.
For example, the programmed coordination
of heterologous gene expression in yeast cultures can lower the costs

Yo, and improve the efficiency of fermentation processes because poten-

ially expensive inducers will no longer be required?’. It will not be
necessary to monitor batch cultures externally, and in the future these
might even regulate their own density in a manner similar to the
bacterial population control system?®, Recent advances in engineering
yeast metabolism have also enabled expression of a variety of recom-
binant proteins useful for therapeutic purposes, including humanized
glycoproteins®® and human collagen proteins®’. The integration of
cell-cell communication with such novel target gene expression will
enable more complex applications, such as fabrication of spatially
complex biomaterials and prototyping of tissue engineering for
mammalian cells.

Future development of more complex applications will require the
integration of multiple, simultaneously active signaling pathways that
have minimal crosstalk with endogenous pathways. For example,
engineered receiver circuits based on bacterial quorum-sensing com-
ponents have been shown in mammalian cells*=33. These circuits use
hybrid ‘R’ proteins that respond to acyl-homoserine lactone (AHL)
and activate artificial promoters. The implementation of AHL
synthases in eukaryotes would expand the set of artificial signaling
pathways that can both synthesize and respond to exogenous
signals. The engineering of such pathways and integration with
more complex intracellular regulation will further advance yeast
biotechnological applications.
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METHODS

Plasmids. Plasmids and their relevant properties are listed in Supplementary
Table 5 online. Plasmids p413-CYC1%, p415-CYC13* and p416-GALI*® were
obtained from the American Type Culture Collection. YIpMELx2® and
pUG273¢ were obtained from EUROSCARE. p415-CYC1-CREla? and pSVA12°
were kindly provided by T. Kakimoto and S. Avery, respectively. The SSRE and
TR-SSRE promoters were constructed by annealing the SSRE (or TR-SSRE)
sequences (Fig. 1b) into the Xhol site of YIpMELa2. Plasmids p413-SSRE,
p413-TR-SSRE and p413-PGAL1 were derived from p413-CYC1 where CYC1
promoter is replaced by the corresponding promoters as indicated by the name
of the plasmid. Afterwards, yEGFP3 and yeast ADH1 terminator (Tapy;)
coding sequences were digested from pSVA12 and placed under the control of
the SSRE and TR-SSRE promoters to construct p413-SSRE-GFP and p413-TR-
SSRE-GFP. The created PSSRE'YEGFP3'TADH1 and PTR»SSRE'YEGFP3'TADH1
cassettes were then ligated to the 3" end of the CYC1 terminator of p415-
CYCI-CREla (Eagl site). These resulted in the receiver plasmids p415-CYC1-
CRE1a-SSRE-GFP and p415-CYC1-CREla-TR-SSRE-GFP.

AtIPT4 was PCR amplified from A. thaliana ecotype Col genome. The PCR
product was ligated to the GAL1 promoter of p416-GALL1 to create the sender
plasmid p416-GAL1-AtIPT4. The quorum-sensing plasmids p413-SSRE-
AtIPT4, p413-TR-SSRE-AtIPT4 and p413-PGALI1-AtIPT4 were constructed
by fusing AtIPT4 to the p413-SSRE, p413-TR-SSRE and p413-PGALI1 plasmids,
respectively. p415-TEF-DsRed-Exp is a p415-CYC1 derivative where DsRed-
Exp is expressed by constitutive Ashbya gossypii TEF promoter (from pUG27).

Strains and media. E. coli strain XL-10 gold (Stratagene) was used for plasmid
construction. Yeast strains used in this study are listed in Supplementary

VOLUME 23 NUMBER 12 DECEMBER 2005 NATURE BIOTECHNOLOGY
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Table 6 online. Senders were constructed by transforming yeast YPH500 with
p413-CYCI, p415-TEF-DsRed-Exp and p416-GAL1-AtIPT4. Strain TM1820°
was used for the cytokinin receiver and the quorum-sensing strains. The
receiver strains were TM182a carrying p413-SSRE and p415-CYC1-CREla-
SSRE-GFP (or p415-CYC1-CREla-TR-SSRE-GFP). The quorum-sensing
strains were TM1820 transformed with p415-CYCI1-CREla-SSRE-GFP and
one of p413-SSRE-AtIPT4, p413-TR-SSRE-AtIPT4 or p413-PGALI-AtIPT4.
GFP negative-control strain (Fig. 2b) was TM182a with p413-SSRE and
p415-CYC1-CREla; the growth control strain (Fig. 2c) was TM182a with
p413-CYC1 and p415-CYCI. The SSRE receiver was used in Figure 4b as a
quorum-sensing negative-control strain.

Yeast transformation was performed using the LiAc procedure with the
standard synthetic dropout (SD) media. For the receiver characterization
experiments, IP was obtained from Sigma-Aldrich. For all fluorescence mea-
surements except the GAL1 quorum-sensing strain steady-state experiment,
cells were grown in 30 °C in SD Ura/His™/Leu” medium with 1% raffinose, 2%
galactose and the yeast nitrogen base without riboflavin and folic acid®’. This
medium was used because it has negligible background fluorescence. The GAL1
quorum-sensing strain steady-state experiment was performed in a 2%
raffinose and 0.05% galactose medium. The reduced galactose concentration
was used to decrease the expression level of AtIPT4 so that GALI-activation
levels more closely resemble SSRE promoter—activation levels.

Flow cytometry & microscopy. For all liquid experiments, GFP intensities
were analyzed by fluorescence-activated cell sorting (FACS) using a Beckman
Coulter Altra flow cytometer equipped with a 488-nm argon excitation laser
and a 515-545 nm emission filter. FACS measurements were calibrated using
Spherotech Rainbow Calibration Particles (RCP-30-5A). For each sample,
15,000 events were collected, and their median fluorescence was reported. Line
fitting was performed using PRISM analysis software (GraphPad) with either
line-smoothing, direct connection or sigmoidal fits.

The sender-receiver solid phase experiment was performed in 30 °C and
observations were carried out using a Zeiss Axiovert 200M epifluorescence
microscope equipped with a 1344 x 1024 pixel cooled ORCA-ER CCD camera
(Hamamatsu Corporation) and a 2.5x objective. A receiver culture was grown
to an ODgg of 1.0 in liquid media. About 2 x 107 receiver cells were diluted
into 2 ml of 0.7% agarose and spread evenly on top of a 2% agarose plate. A
sender culture was grown in liquid medium simultaneously to an ODgg of
1.0 and concentrated 20-fold. About 1 x 107 cells were spotted on a paper disk
7 mm in diameter and placed in the middle of the dish. Fluorescence images
were captured every 3 h. False coloring was performed by capturing images

Ve, with the appropriate colors and assembling them into larger mosaics using

@
@custom software (GFP filters: 470/40 excitation & 525/50 emission, DsRed-

=" Express: 565/30 & 620/60).

Note: Supplementary information is available on the Nature Biotechnology website.
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