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A central problem in biology is determining how genes interact as parts of 
functional networks. Creation and analysis of synthetic networks, composed of 
well-characterized genetic elements, provide a framework for theoretical mod- 
eling. Here, with the use of a combinatorial method, a library of networks with 
varying connectivity was generated in Escherichia coli. These networks were 
composed of genes encoding the transcriptional regulators Lad, TetR, and 
lambda Cl, as well as the corresponding promoters. They displayed phenotypic 
behaviors resembling binary logical circuits, with two chemical "inputs" and a 
fluorescent protein "output." Within this simple system, diverse computational 
functions arose through changes in network connectivity. Combinatorial syn- 
thesis provides an alternative approach for studying biological networks, as well 
as an efficient method for producing diverse phenotypes in vivo. 
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Living cells respond to information from 
their environment on the basis of the interac- 
tions of a large yet limited number of molec- 
ular species that are arranged in complex 
cellular networks (1, 2). A classic example of 
such biochemical computation is the chemo- 
taxis behavior of Escherichia coli, which is 
mediated by a well-characterized signal 
transduction network (3). However, despite 
growing knowledge about the molecular 
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components of the cell, the dynamics of even 
simple cellular networks are not well under- 
stood. For instance, a quantitative explana- 
tion of the high sensitivity and exact adapta- 
tion observed in bacterial chemotaxis is still 
lacking (3). Similarly, many other cellular 
networks, such as the ones responsible for 
signal transduction, regulation of gene ex- 
pression, or metabolism, are poorly under- 
stood from a quantitative point of view. Thus, 
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simple and modular experimental systems are 
needed to study how the genetic structure and 
connectivity of cellular networks are related 
to their function. To this end, we devised an 
in vivo synthetic system that enables the gen- 
eration of combinatorial libraries of genetic 
networks. 

We have generated a combinatorial li- 
brary composed of a small set of transcrip- 
tional regulatory genes and their corre- 
sponding promoters with varying connec- 
tivity (Fig. 1). We chose genes of three 
well-characterized prokaryotic transcrip- 
tional regulators: LacI, TetR, and lambda cI 
(4). The binding state of LacI and TetR can 
be changed with the small molecule induc- 
ers, isopropyl P-D-thiogalactopyranoside 
(IPTG) and anhydrotetracycline (aTc), re- 
spectively. We also chose five promoters 
regulated by these proteins, which cover a 
broad range of regulatory characteristics 
such as repression, activation, leakiness, 
and strength. Two of the promoters are 
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Fig. 1. The modular genetic cloning strategy used A gI (x)-P 
to generate combinatorial libraries of logical cir- 
cuits. Construction of the library proceeded in 
two steps. In the first step (A), we built all 15 I P 
possible promoter-gene units. Individual promot- 
ers and genes were first amplified by PCR. The 
genes [denoted "--ite" in (B)] have an ssrA tag 
that reduces the half-life of the proteins encoded GCCNNNNNGGC 

by the modified gene (21). The five promoters CGGNNNNNCCC 

used were pL1 and PL2 (repressed by Lacl), pT A 
(repressed by TetR), and PA_ and PA+ (repressed B 
and activated, respectively, by X cl) (5). The tran- 
scriptional terminator T1 was present at the end 
of each gene. Identical RBS were used as internal ' . " . .. 
primers for the subsequent fusion PCR step to i . i.., 
form promoter-gene units (27). In order to con- ' ." 
trol the number of promoter-gene units and the I..-.. .l. . 
position of a given gene in the network, Bgl I sites 
were incorporated in PCR primers, as shown. The o 
special recognition and restriction properties of 
Bgl I (28) allow various sticky ends to be produced 0 
by Bgl I cleavage. Here we designed the Bgl I sites 
such that specific cohesive ends x and y were 
associated with each regulatory gene (for ladcl, xac = GCC,yac = TTC; for X 
cl, xc = AAG Yc = GTG; and for tetR, Xtet = CAC, Ytet = TCG). Note that 
Yt is compatible with xdc,yc is compatible with XtetR, and so on. Thus, in step 
(B) when all 15 possible fusion PCR products were mixed together and 
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ligated, the resulting products contained exactly three promoter-gene units 
in one particular order (lad, X cl, tetR). These products were cloned into a 
low copy number plasmid (three to four copies per cell) (23), carrying the 
reporter gene gfpmut3 under the control of Px_ (29). 
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Fig. 2. Detailed analysis A D038 
of two binary logical cir- IPTG + - + 
cuits (D038 and D052). aTc - + + 
(A) Cells of both E. col CMW101 (lac') 
host strains, lac- strain 

with each of two net- 
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show that reporter ex- / L pT p 
pression is not cis-depen- I 2 I 
dent, cells contained _ _ _ _ _ _ _ 

plasmids deleted for gfp _ 
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mids (-15 copies/cell) - 
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unit. Cells were grown also in liquid culture and populations were that overlap, 
analyzed with FACS for distributions of GFP expression (bottom). In each Sequencing w 
set of histograms, the blue curve shows the fluorescence distribution networks. Des 
without inducers, the green curve shows when IPTG alone was present, networks hav 
the red curve indicates aTc alone, and the cyan curve shows the distri- from the corr 
bution when both inducers were present simultaneously. Single-peaked pressors and 
distributions are observed, but, in some cases, peaks contain long tails grams shown 
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corresponding to "leaky" or "fuzzy" logical circuits. (B) 
/as used to determine the connectivity of each of the two 
spite the fact that their logical behavior is different, both 
e the same connectivity ("topology"), as can be inferred 
responding diagrams of the interactions between the re- 
promoters. The schematic connectivity or topology dia- 
at the bottom are identical for the two networks. 

repressed by LacI, one is repressed by 
TetR, and the remaining two are regulated 
by k cI, one positively and one negatively 
(5). The genetic assembly scheme we used 
ensures that each network in the library has 
the following structure: P,-lacI-Pj-XcI- 
Pk-tetR, wherein each Pi, Pj, Pk represents 
any of the five promoters (Fig. 1). The 
regulatory genes on each plasmid activate 
or repress one another in various ways in 
vivo, generating networks with diverse 
connectivities. Altogether, 53 = 125 differ- 
ent networks are possible. In principle, this 
method allows the construction of a wide 
range of regulatory motifs within the com- 
binatorial library, including negative and 
positive feedback loops, oscillators, and 
toggle switches. 

The processing of multiple chemical sig- 
nals is a fundamental task performed by 
many natural biochemical networks. In order 
to screen for such behaviors, we incorporated 
in each plasmid a fourth transcriptional unit, 
in which green fluorescent protein (GFP) ex- 
pression was controlled by the X cI repress- 
ible promoter. The fluorescent signal acts as 
the network "output," whereas the levels of 
the two chemical inducers were used as "in- 
puts." The plasmid library was transformed 
into two different host strains of E. coli (6), 
which differed most significantly by the pres- 
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Fig. 3. Distribution of logical phenotypes in the two strains. (A) Definition of the logic operations 
performed by the circuits. In the top row, + and - indicate the presence or absence of each inducer 
input. The output (fluorescence) is indicated in the lower rows by "On" or "Off." We do not 
distinguish here between the two inputs and, thus, between two different types of NOT IF logic 
functions. Colored bars act as legends for (B) and (C). These histograms (one for each host strain) 
show the fraction of networks qualifying as logical circuits of each type for varying values of a 
threshold parameter. A single universal threshold value was applied simultaneously to all networks. 
Besides being greater than this threshold, the minimal "on" value in each particular network was 
also required to be at least fourfold greater than the maximal "off" value. (The difference in 
magnitudes on the x-axis for the two strains is due to different instrument settings.) 

ence of a wild-type copy of lad at a chromo- 
somal locus. Each clone was grown under 
four conditions, with and without IPTG and 
with or without aTc. GFP fluorescence was 
monitored simultaneously during cell growth 
(7). In this way, we searched the library for 
circuits in which the output is a binary logical 
function of both inducers. Examples of such 
"logical circuits" are NAND, NOR, or NOT 
IF (Figs. 2A and 3). 

We found that, in many cases, the output 

fluorescence levels of an individual culture in 
our library were sufficiently distinct for different 
inputs that an unambiguous binary output value 
for each input state could be assigned at a 
glance. In other cases, the designation was 
somewhat arbitrary. However, as shown in Fig. 
3, it is quite remarkable that one can impose a 
single universal output-fluorescence threshold 
on the entire library and still obtain a large 
number of logical circuits for which "on" and 
"off" states differ significantly (8). Note that the 
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Fig. 4. Genetic struc- -100% 
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A Strain: CMW101 (lac' ) 
V D133 

co D038 

: D016 

IPTG - q 

aTc - - 

B Strain: CM 
:0 
E D016 

CU D052 

IPTG 

aTc 

DH1OB (lac) 

W101 (lac) DH10B (/ac) 

U- 

P+ lac P A cl p' tet 

P1 lac p = A cX p tet 

P lac IP2 A cI pI 
tet | A DIc --I G 

P| lac pT A cxI Plj tet L -} 

ADI B-- C --G 

Fig. 5. Dependence of phenotypic behavior on network connectivity. (A) A single change of the 
promoter can completely modify the behavior of the logical circuit. The network on plasmid D133, 
which is always in the "on" state, differs from the networks encoded in plasmids D038 and D016 
by the single promoter placed in front of lac gene (shown in red). Both circuits show diverse logical 
behaviors, which differ in the two bacterial host strains. (B) Networks can differ by their 
connectivity but have qualitatively the same logical function. Both, D016 and D052, behave as NOR 
logical circuits (in both lac+ and lac- strains), but they have different connectivity, as shown 
schematically on the right side of the table. The linear color or intensity scale indicating the levels 
of GFP expression is the same as in Fig. 4. 

spectrum of logical behaviors differed in the two 
hosts (Fig. 3). This is not surprising, because the 
chromosomal lad gene present in one strain 
(DH10OB) acts as a network component and thus 
may drastically change the resulting phenotype 
(Fig. 2A). 

Phenotypic variation in organisms often aris- 
es through mutations in the protein coding re- 
gions of the DNA. Another important contribu- 
tion to phenotypic variability comes from 
changes in the cis-regulatory connections of ex- 

isting genetic elements (9-10). To determine 
the origin of the phenotypic variability observed 
in the library, 30 clones with a variety of differ- 
ent behaviors were retransformed into both 
hosts, rescreened (to verify their phenotypic be- 
havior), and sequenced (Fig. 4). We found a low 
level of point mutations, which, in some cases, 
modify the logical behavior of the networks 
(11). More interestingly, however, a large vari- 
ety of behaviors remains among the many net- 
works that do not have mutations in their regu- 

latory regions. Sequencing allowed us to iden- 
tify the three promoters incorporated in each 
plasmid; connectivity between different genetic 
elements varies from network to network so that 
13 different "topologies" can be distinguished 
among the sequenced networks (Fig. 4). This 
variety of network connectivity is evidently the 
major source of phenotypic diversity in the li- 
brary. In fact, the sequence data show that single 
step changes to the network connections, in 
which one promoter replaces another, frequently 
converted network operation from one logical 
function to another. For example, by replacing a 
single promoter in a network (D133 in Fig. 5A), 
which is always in the "on" state, one obtains a 
network (D038), which acts as a NOT IF in one 
strain and as a NAND in the other. Alternative- 
ly, by performing a different promoter replace- 
ment, one obtains network D016, which acts as 
a NOR circuit in both strains. 

The fact that our restricted and conserved 
set of genes and promoters has the potential 
to switch among a variety of different com- 
putational functions by one-step changes in 
connectivity is noteworthy. From an evolu- 
tionary point of view, this observation sug- 
gests that once a simple set of genes and cis- 
regulatory elements is in place, it should be 
possible to jump from one functional pheno- 
type to another using the same "toolkit" of 
genes (10) by modifying the regulatory con- 
nections. Such discontinuous changes, differ- 
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ent from the more gradual effects driven by 
successive point mutations, may be achieved 
in evolution by natural combinatorial mech- 
anisms like transposition, recombination, or 
gene duplication. 

Connectivity of a network does not 
uniquely determine its behavior. We found 
examples of networks that share the same 
connectivity but perform different logical op- 
erations. For instance, two networks depicted 
in Fig. 2 have the same connectivity ("topol- 
ogy," see Fig. 2B) but show very different 
phenotypic behavior (Fig. 2A). We also 
found examples of networks with different 
connectivity that exhibited qualitatively sim- 
ilar behaviors. For instance, two networks 
shown in Fig. 5B (D016 and D052) both 
perform NOR operations despite their differ- 
ent connectivity. Thus, as shown by these two 
examples, the behavior of even simple net- 
works built out of a few, well-characterized 
components cannot always be inferred from 
connectivity diagrams alone. 

Can one predict the behavior of the logical 
circuits obtained here? "Boolean-type" models 
of gene regulation are often used to intuitively 
understand the operation of genetic networks. In 
this simplified description, one considers only 
discrete values of the biochemical variables and 
parameters (leading to commonly used reason- 
ing, such as: "gene product A is produced, it 
inhibits the expression of gene product B, which 
is thus absent, etc .. . ") (12, 13). This descrip- 
tion, though adequate for some of the present 
networks, seems not to apply to others (14). For 
instance, for the circuits in the lac- strain, 
shown in Fig. 2, the Boolean description is 
consistent with the NOT IF behavior of network 
D038 but not the NOR behavior of network 
D052 (15). It is possible that even for these 
well-studied transcriptional regulators subtle ad- 
ditional regulation may be at work among the 
plasmid-encoded elements (16). Genetic net- 
works are nonlinear, stochastic systems in 
which the unknown details of interactions be- 
tween components might be of crucial impor- 
tance. Combinatorial libraries of simple net- 
works should be useful in the future to uncover 
the existence of such additional regulation 
mechanisms and to explore the limits of quan- 
titative modeling of cellular systems (17). For 
instance, it would be interesting to see whether 
the behavior of all the networks in the library 
could be described within a single theoretical 
model, a model defined by a unique set of 
parameters characterizing the interactions be- 
tween the genetic components. 

Combinatorial techniques inspired by re- 
combination, such as DNA shuffling, have 
often proven successful in enhancing or 
changing the enzymatic activities of proteins 
and pathways (18, 19) without requiring an 
understanding of the mechanisms by which 
they work. However, combinatorial methods 
in simple and well-controlled systems, such 

as the one presented here, can and should also 
be used to gain better understanding of sys- 
tem-level properties of cellular networks. 
This is particularly important before using 
these powerful techniques more widely, e.g., 
in any practical applications. 

The present results show that a handful of 
interacting genetic elements can generate a sur- 
prisingly large diversity of complex behaviors. 
Although the current system uses a small num- 
ber of building blocks restricted to a single type 
of interaction (transcriptional regulation), both 
the number of elements and the range of bio- 
chemical interactions can be extended by in- 
cluding other modular genetic elements. The 
approach can be taken beyond the intracellular 
level by linking input and output through cell- 
cell signaling molecules, such as those involved 
in quorum sensing. Lastly, this combinatorial 
strategy can be used to search for other dynamic 
behaviors such as switches, sensors, oscillators, 
and amplifiers, as well as for high-level struc- 
tural properties, such as robustness or noise- 
resistance (20). 
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The relative growth rate of plant cells in 
culture strictly depends on the initial cell 
density, even if sufficient amounts of auxin 
and cytokinin are supplied, indicating that 
additional factors play a role in cell prolifer- 
ation (1, 2). One such factor is the 5-amino 
acid peptide phytosulfokine (PSK), which 
has sulfated Tyr residues [Tyr(SO3H)-Ile- 
Tyr(SO3H)-Thr-Gln] (3). Together with aux- 
in and cytokinin, PSK induces plant cells to 
dedifferentiate and reenter the cell cycle at 
nanomolar concentrations (3, 4). PSK is pro- 
cessed from the COOH-terminal region of 
-80-amino acid precursor proteins ubiqui- 
tously expressed in the leaf, apical meristem, 
hypocotyl, and root of seedlings, as well as in 
suspension cells in culture (5). It has been 
proposed that mature PSK is secreted from 
individual cells in response to changes in the 
levels of auxin and cytokinin (4) and that it 
functions as an autocrine-type growth factor 
to regulate cellular dedifferentiation and pro- 
liferation in plants. 
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Evidence for the existence of high-affinity 
binding sites for PSK has been provided by 
binding assays with radiolabeled PSKs (6, 7). 
The observed binding is saturable, reversible, 
and localized in plasma membrane fractions. 
In addition, photoaffinity cross-linking anal- 
ysis has shown that the putative receptors for 
PSK in rice plasma membrane are 120- and 
160-kD glycosylated proteins (8). In the 
present study, we performed purification, 
molecular cloning, and functional expression 
of the PSK receptor to gain further insight 
into the molecular basis of signal transduc- 
tion triggered by PSK. 

For the purification of membrane proteins 
that specifically interact with PSK, we used 
microsomal fractions derived from the carrot 
cell line NC, which has been found to contain 
a relatively high concentration of high-affin- 
ity PSK-binding proteins: - 150 fmol per mg 
of microsomal proteins, with a dissociation 
constant (Kd) of 4.2 ? 0.4 nM, as determined 
by a [3H]PSK binding assay (9) (Fig. 1, A 
and B). This Kd value is consistent with 
physiological concentrations of PSK in carrot 
suspension cultures (10), and it is also con- 
sistent with the PSK concentration that induc- 
es a 50% cell division of dispersed mesophyll 
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cells (3). Photoaffinity labeling of NC mem- 
brane proteins with a photoactivatable PSK 
analog (8) indicated that a 120-kD protein 
and a minor 150-kD protein specifically in- 
teract with PSK (Fig. 1C). Both proteins con- 
tain -10 kD of N-linked oligosaccharide 
chains that can be cleaved by treatment with 
peptide N-glycosidase F (PNGase F) (Fig. 
1C). 

We purified these PSK-binding proteins 
from the microsomal fractions of NC cells by 
Triton X-100 solubilization and specific li- 
gand-based affinity chromatography using a 
[Lys5]PSK-Sepharose column containing a 
long spacer chain between the ligand and 
matrix (9) (fig. SI). Elongation of the Lys5 
side chain of [Lys5]PSK does not interfere 
with its binding affinity and specificity (11). 
Proteins specifically eluted by PSK were fur- 
ther purified by hydroxyapatite column chro- 
matography and concentrated by ultrafiltra- 
tion (9). SDS-polyacrylamide gel electro- 
phoresis (PAGE) and Nile red staining of the 
proteins in the fractions eluted by PSK 
showed specific recovery of a major 120-kD 
protein and a minor 150-kD protein (Fig. 
ID). Both of these proteins were absent in the 
fractions eluted by [2-5]PSK, a synthetic an- 
alog of PSK with no biological or binding 
activities (12) (Fig. ID). PNGase F treatment 
of these two proteins decreased their apparent 
sizes to 110 and 140 kD, respectively, sug- 
gesting that they are identical to the proteins 
we detected in photoaffinity cross-linking ex- 
periments (Fig. ID; see also Fig. 1C). 

Four independent purifications were per- 
formed, yielding 50 ,xg of the major 120-kD 
protein from 4800 mg of microsomal pro- 
teins, with an overall recovery rate of 40%. 
The protein was digested with TPCK-trypsin 
(TPCK, tosyl phenylalanyl chloromethyl ke- 
tone), and peptide fragments thus generated 
were separated by reversed-phase high-per- 
formance liquid chromatography (HPLC) (9) 
(Fig. IE). We analyzed the fragments of the 
120-kD protein contained in 15 independent 
peaks, using a protein sequencer and 
MALDI-TOF MS (matrix-assisted laser de- 
sorption/ionization time-of-flight mass spec- 
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The sulfated peptide phytosulfokine (PSK) is an intercellular signal that plays 
a key role in cellular dedifferentiation and proliferation in plants. Using ligand- 
based affinity chromatography, we purified a 120-kilodalton membrane pro- 
tein, specifically interacting with PSK, from carrot microsomal fractions. The 
corresponding complementary DNA encodes a 1021-amino acid receptor ki- 
nase that contains extracellular leucine-rich repeats, a single transmembrane 
domain, and a cytoplasmic kinase domain. Overexpression of this receptor 
kinase in carrot cells caused enhanced callus growth in response to PSK and a 
substantial increase in the number of tritium-labeled PSK binding sites, sug- 
gesting that PSK and this receptor kinase act as a ligand-receptor pair. 
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