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3C) or TNF-o (Fig. 3D). Stimulus-dependent deg-
radation of UbcHSc also occurred, but only in
response to IL-1 and not to TNF-a: (Fig. 3, C and D,
and fig. S4, A and C). Knockdown of A20 with
small interfering RNA (siRNA) prevented the
degradation of both Ubc13 and UbcH5c¢ (Fig. 3, C
and D). However, the E3 ubiquitin ligases RNF11
and Itch were both dispensable for Ubc13 degrada-
tion, despite the requirement of Itch for the attenua-
tion of TRAF6 ubiquitination (fig. S5). Ubcl3 was
also degraded in response to IL-1 and TNF-o in
MEFs in an A20- and TAXI1BP1-dependent
manner (fig. S4). Finally, TNF-o and IL-1-induced
Ubcl3 and UbcHS5c degradation was blocked by
the proteasome inhibitor MG-132 (Fig. 3, E and F).

A20 inhibits RIP1 activation in the TNFR path-
way through its deubiquitinase and E3 ligase activ-
ities; however, whether these activities are required
for the down-regulation of Ubc13 and UbcH5c is
unknown. A20 contains an N-terminal ovarian tu-
mor (OTU) DUB domain and seven C-terminal
zinc finger domains (Fig. 4A). A20-deficient MEFs
were reconstituted with various Flag-tagged A20
deletion mutants to determine the domain(s) impor-
tant for the degradation of Ubcl3 and UbcHSc.
Deletion of zinc fingers 5 through 7 had no effect
on the degradation of Ubcl3 or UbcH5c¢ (Fig. 4B
and fig. S6). However, deletion of zinc finger 4
(ZnF4) abrogated A20-mediated degradation of
Ubc13 and UbcH5c (Fig. 4B and fig. S6), correlat-
ing with published reports on the importance of
ZnF4 in A20-mediated inhibition of NF-xB (7).
The degradation of Ubc13 and UbcHSc by A20 ap-
peared to be specific because UbcH10 (also known
as Ube2c) was not degraded in cells treated with IL-
1 (fig. S6). Reconstitution studies in A207" MEFs
revealed that wild-type A20, but not A20 C103A,
disrupted the binding of TRAF6 and Ubcl3 (fig.
S7A). Overexpression of the deubiquitinating en-
zyme cylindromatosis (CYLD) exerted no effect on
TRAF6 and Ubcl3 binding, which suggests that
CYLD uses a distinct mechanism to inhibit TRAF6
ubiquitination (fig. S7A). Similarly, A20, but not
A20 C103A or CYLD, efficiently inhibited
TRAF2-Ubcl13 binding in TNF-o-stimulated
A207" MFFs (fig. S7B). Although wild-type A20
interacted with endogenous Ubc13 and UbcH5c¢ in
cells stimulated with LPS or IL-1, both A20 C103A
and A20 ZnF4 mutants were defective for binding
to Ubcl3 and UbcHS5c (Fig. 4, C to E) and thus
were unable to inhibit TRAF6 ubiquitination or
promote Ubc13 degradation (fig. S8, A to C). A20
C103 and ZnF4 were also required for TAX1BP1
to interact with Ubcl3 (fig. S8D). Furthermore,
A20 deletion mutants lacking either the OTU
domain or zinc fingers 4 and 5 were not associated
with Ubcl13 or UbcH5c (Fig. 4F). However, for
TAX1BP1 binding, the OTU domain was dispens-
able and only ZnF4 was critical (Fig. 4, F and G)
(17). Collectively, these results indicate that A20
ZnF4 is important for binding to TAXIBPI,
whereas the OTU domain and ZnF4 are important
for binding to Ubc13 and UbcH5c.

The human T cell leukemia virus type I
(HTLV-I) Tax oncoprotein promotes a persistent

NF-xB response, in part, by interacting with
TAX1BP1 and disrupting the interactions be-
tween A20, TAX1BP1, and Itch (). Because Tax
interacts with Ubc13 (/8), we hypothesized that
Tax would prevent A20 from binding to Ubc13,
thereby protecting Ubc13 from degradation.
Indeed, Tax impaired the TNF-o—dependent
interaction of A20 with Ubcl3 (fig. S9A), as
well as TNF-o—mediated degradation of Ubc13
(fig. S9B). Tax also prevented A20 from binding
to TRAF6 in response to IL-1 stimulation (fig.
S9C). The Tax point mutant Tax M22, but not
Tax M47, is defective for NF-xB activation (/9).
Tax M22, but not Tax M47, failed to bind to
Ubcl3 (fig. S9D). Thus, Tax preserves E2:E3
enzyme complexes essential for NF-kB activa-
tion and prevents Ubc13 degradation, which is
essential for Tax polyubiquitination (/8).

The importance of A20 in limiting inflamma-
tion is underscored by the numerous human auto-
immune diseases associated with polymorphisms
in the A20 genomic region (20-22). A20 also
functions as a tumor suppressor gene for B cell
lymphomas (23, 24). Our findings indicate that
A20 disrupts key E2 and E3 ubiquitin enzyme
complexes in both TNFR and TLR pathways. A20
binding to E2 or E3 enzymes may sterically in-
terfere with their interactions, or alternatively A20
may directly modify E2 or E3 enzymes that an-
tagonize their interactions.
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Photorhabdus luminescens Toxins
ADP-Ribosylate Actin and RhoA to Force

Actin Clustering

Alexander E. Lang,>** Gudula Schmidt,** Andreas Schlosser,® Timothy D. Hey,*
Ignacio M. Larrinua,* Joel ]. Sheets,* Hans G. Mannherz,>® Klaus Aktoriest

The bacterium Photorhabdus luminescens is mutualistically associated with entomopathogenetic
nematodes. These nematodes invade insect larvae and release the bacteria from their intestine, which kills
the insects through the action of toxin complexes. We elucidated the mode of action of two of these
insecticidal toxins from P. luminescens. We identified the biologically active components TccC3 and TccC5
as adenosine diphosphate (ADP)—ribosyltransferases, which modify unusual amino acids. TccC3 ADP-
ribosylated threonine-148 of actin, resulting in actin polymerization. TccC5 ADP-ribosylated Rho guanosine
triphosphatase proteins at glutamine-61 and glutamine-63, inducing their activation. The concerted action
of both toxins inhibited phagocytosis of target insect cells and induced extensive intracellular
polymerization and clustering of actin. Several human pathogenic bacteria produce related toxins.

hotorhabdus luminescens colonizes the
P intestine of infective entomophathoge-
netic nematodes from the genera Het-
erorhabditis in a symbiotic manner (/). The

nematodes invade larvae of susceptible insects
and release bacteria (2). The bacteria reach the

insect hemocoel, inhibit insect immunity, proliferate
rapidly, and kill the insect larvae usually within 2
days. After proliferation and recolonization by P,
luminescens, the nematodes invade and kill new
insect hosts. Thus, nematodes, harboring the
bacteria, can be used as biological insecticides.
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P, luminescens produces an array of toxins that
are likely involved in pathogenicity against insect
hosts and the symbiotic relationship with nemat-
odes (2). One major toxin family of P. luminescens
is the group of the Tc toxin complexes with masses
of ~1 million daltons. Each complex is charac-
terized by at least three basic types of functional
components: TcA, TcB, and TeC (fig. S1) (3, 4).
TcA-like components appear to form tetramers
and may be responsible for binding and/or
translocation of the toxin complex (5). TeB-like
components may function as a chaperone and/or
a linker between TcA and TcC components (6).
However, so far the mode of action of Tc toxins
has not been understood.

Initially, we studied the effects of the toxins
on the phagocytic activity of hemocytes from
Galleria mellonella because P. luminescens
infection alters their phagocytic activity. Treat-
ment of hemocytes with the Photorhabdus toxin
complex 3 (PTC3), which consists of TcdAl
and TedB2/TecC3 (fig. S1), inhibited phagocyto-
sis (Fig. 1A) (7). A similar effect was induced by
the Photorhabdus toxin complex PTCS, which
consists of TcdA1 and TedB2/TecC5. PTC3 plus
PTCS in combination completely blocked phago-
cytosis (Fig. 1A). The biological activity depended
on the complete toxin complex: TedAl or the
TcdB2/TecC3 fusion protein alone was inef-
fective, and TcdB2/TccC5 did not influence
phagocytosis in the absence of TcdAl (Fig. 1A).

Because microfilaments are involved in
phagocytic activity, we studied the effects of the
toxins on the actin cytoskeleton. PTC3 caused
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*These authors contributed equally to this work.
1To whom correspondence should be addressed. E-mail:
klaus.aktories@pharmakol.uni-freiburg.de

Fig. 1. Influence of Pho-
torhabdus Tc proteins on
phagocytosis and on the
actin cytoskeleton of G.
mellonella hemocytes
and human Hela cells.
(A) G. mellonella he-
mocytes were treated
with TcdA1, TcdB2/TccC3
or TcdB2/TccC5, PTC3
(TcdA1 + TcdB2/TccC3),
or PTC5 (TcdAl +
TcdB2/TceC5) for 30 min.
Phagocytosis was mea-
sured by increase in flu-
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extensive clustering of F-actin in G. mellonella
hemocytes (Fig. 1B). Again, this effect was not
observed when TcdA1 was missing or only the
fusion protein TedB2/TecC3 was applied (fig.
S2A). A similar effect was observed with human
HeLa cells (Fig. 1B), although it was less strong.
To study the effects of TccC3 independently of
TcdAl and TedB2, we introduced the toxin into
target cells by means of the protective antigen
(PA), which is the anthrax toxin binding and
translocation component. Thus, a His-tag was
added to TecC3, which allowed transport via PA
into target cells without TcdA1 or TcdB2. His-
tagged TecC3 caused the same formation of actin
aggregates as observed with PTC3 (fig. S2B).
Thus, the biological activity of PTC3 is located in
the TecC3 component of the toxin.

PTCS caused strong stress fiber formation
but no actin clustering in Galleria mellonella
hemocytes and in HeLa cells (Fig. 1B). Ap-
plication of both PTC3 and PTCS5 caused even
stronger effects. The actin cytoskeleton was
completely aggregated, forming star-like clusters
all over the target cell. In HeLa cells, the cortical
actin was redistributed, and actin clusters were
also observed below the plasma membrane (Fig.
1B). Thus, both toxins induce major changes of
the actin cytoskeleton, which most likely cause
the inhibition of hemocyte phagocytosis.

TceC3 and TeeCS exhibit sequence sim-
ilarities with adenosine diphosphate (ADP)-
ribosyltransferases (8)—especially the “R, S, E”
motif, which is typical for almost all ADP-
ribosyltransferases and was also found in TceC3
and TeeC5 (fig. S3). Using [**P]NAD”, we tested
the ADP-ribosylation of proteins in lysates of
cells by TccC3. An ~45 kDa protein was se-
lectively labeled by TecC3 in lysates of insect
S19 and human HeLa cells (fig. S4A). Because
the labeled protein comigrated with actin, we
directly tested the ADP-ribosylation of purified
actin with TecC3 in the presence of [*>PINAD"
(Fig. 2A). This resulted in strong labeling of
actin. ADP-ribosylation of actin was also cata-
lyzed by the 32 kDa C-terminal fragment of
TeeC3, which shows sequence similarity with
ADP-ribosyltransferases, indicating a harboring
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of the enzyme activity (Fig. 2A). Actin is also
ADP-ribosylated by the family of binary ADP-
ribosylating toxins, including C2 toxin from
C. botulinum and iota toxin from C. perfringens
(9). However, these toxins, which modify actin
at arginine-177 (10), cause depolymerization and
not polymerization or clustering of actin (/7).
Accordingly, TccC3 did not modify arginine-
177. When actin was ADP-ribosylated by C2
toxin, addition of TecC3 and [**PINAD" fur-
ther increased labeling, indicating modification
at a different site (fig. S4B). C2 toxin—ADP-
ribosylated actin (arginine-177) can be cleaved
by neutral hydroxylamine. In contrast, actin ADP-
ribosylated by TecC3 was not affected by hydrox-
ylamine (fig. S4C).

Mass analytical data suggested modification of
actin at threonine-148 or threonine-149 by TecC3
(fig. S5A). Mutation of both threonine-148 and
threonine-149 to alanine of in vitro synthesized
(B/y)-actin confirmed that only threonine-148
was ADP-ribosylated by TceC3 (Fig. 2B).

Threonine-148 is located in the interaction site of
actin with the actin monomer-binding protein
thymosin-$4, which is involved in the sequester-
ing of monomeric actin and prevents actin polym-
erization (fig. S6) (/2). Cross-linking experiments
demonstrated that ADP-ribosylation inhibited
the interaction of thymosin-f4 with o-actin
(Fig. 2C and fig. S7A). To quantify the effect of
ADP-ribosylation, the rates of association and
dissociation of thymosin-B4 to a-actin covalently
modified at Cys374 by N-iodoacetyl-N'~(5-sulfo-1-
naphthyl)ethylenediamine (AEDANS) before and
after TccC3—-ADP-ribosylation were determined
by means of fast reaction kinetics (/3). The rate
constant of association of thymosin-4 decreased
from 0.97 x 10°t0 0.37 x 10° M ' s™!, and its rate
constant of dissociation increased from 3.11 to
8.5 s ' for control and TecC3—ADP-ribosylated
actin, respectively (fig. S7B), resulting in an eight-
fold higher dissociation constant of the TecC3—
ADP-ribosylated actin:thymosin-f4 complex
(from 3.2 to 23 uM, under the conditions used).

Next, we studied the effects of thymosin-f4
on actin polymerization after ADP-ribosylation of
actin by TccC3. Actin polymerization induced by

PTC3 PTC5 PTC3+PTC5

complexes for 2 hours (hemocytes) or 4 hours (HeLa cells). Then, the cells were
fixed and stained with tetramethyl rhodamine isothiocyanate—conjugated
phalloidin and 4°,6 -diamidino-2-phenylindole (scale bar, 10 pum).
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addition of Mg®" ions was completely prevented
in the presence of equimolar thymosin-4 (Fig.
2D). Polymerization of TccC3—ADP-ribosylated
actin was faster than under control conditions. In
contrast, addition of thymosin-B4 led to only a
slight reduction of the initial velocity of actin
polymerization but did not block polymerization

of modified actin. Similar results were obtained
in studies of the critical concentration of polym-
erization of actin (Cc) in the presence of thymosin-
B4 (fig. S7C). Thus, ADP-ribosylation of actin at
threonine-148 reduces the affinity of thymosin-34
binding to actin and therefore largely eliminates
actin sequestration, which may explain the ob-
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Fig. 2. ADP-ribosylation of actin by TccC3. Toxin effects on thymosin-B4 binding of actin and actin
polymerization. (A) Purified o-actin and B/y-actin were incubated for 45 min with [2PINAD™ and TccC3
or the C-terminal (hvr) ~32 kDa fragment of TccC3. Radio-labeled proteins were detected by means of
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and phosphorimaging. (B) In
vitro translated and [>*Slmethionine-radiolabeled B-actin and the actin mutants T148A and T149A were
ADP-ribosylated with NAD* by TccC3 or C2I. Proteins were analyzed by means of native gel electro-
phoresis and phosphorimaging. (€) Native o-actin and TccC3—ADP-ribosylated actin were cross-linked
without and with thymosin-34 (TB4) by 1-ethyl-3[3-(dimethylamino)-propyl]carbodiimide (EDC) and,
thereafter, analyzed by means of SDS-PAGE (24). (D) Native o-actin supplemented with pyrene-actin
(A, A) or TccC3—ADP-ribosylated o-actin supplemented with TccC3—ADP-ribosylated pyrene-actin
(00, m) was polymerized by the addition of MgCl, in the absence (A, O) or presence (A, m) of thymosin-
B4. Polymerization was followed by the increase in pyrene-fluorescence.
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served increased intracellular content of F-actin.
Cross-linking experiments of actin with profilin,
which can also sequester actin (/4), revealed that
ADP-ribosylation had no or only a minor effect
on the actin-profilin interaction (fig. S7D).

As shown above, PTC5 caused stress fiber for-
mation. We studied the activity of TccC5 by means
of in vitro ADP-ribosylation with [**P]NAD"
using insect Sf9 and human HeLa cell lysates.
TecC5 catalyzed radioactive labeling of ~20
kDa proteins (Fig. 3A). Because activation of
RhoA is known to induce stress fiber formation,
we tested recombinant Rho guanosine triphos-
phatases (GTPases) as substrates of TecCS5. TecC5
ADP-ribosylated RhoA and Cdc42 (Fig. 3B). The
Rho isoforms RhoA, RhoB, and RhoC are well-
known targets of ADP-ribosyltransferase C3 from
C. botulinum (15). This modification occurs at
asparagine-41 of RhoA and inhibits the biological
activity of RhoA, suggesting a different target site
for TecCS. To identify the site of TecC5-catalyzed
ADP-ribosylation of Rho, we treated recombinant
RhoA with TeeC5 in the presence of NAD" and
subjected peptides to mass spectrometric analysis.
TecCS ADP-ribosylated RhoA at glutamine-63
(fig. S5B). The modification site was confirmed
by using the mutant proteins Q63E-RhoA or Q63L-
RhoA (Q61E-Cdc42 and Q61L-Cdc42), which
were not substrates of TccC5, whereas the mu-
tants were still modified by C3 exoenzyme (Fig. 3B).
Glutamine-63 of RhoA is deamidated by Escherich-
ia coli cytotoxic necrotizing factor 1 (CNF1) (/6).
Accordingly, pretreatment of HeLa cells with CNF1
inhibited subsequent ADP-ribosylation by TecC5
without affecting C3-induced ADP-ribosylation
at asparagine-41 (fig. S8A).

Glutamine-63 (glutamine-61 of Rac and Cdc42)
plays a pivotal role in the tumn-off reaction of Rho
GTPases. This amino acid (or an equivalent glu-
tamine residue) is highly conserved in G proteins
and is essential for hydrolysis of GTP by the

Fig. 3. ADP-ribosylation by TccC5. (A) Lysates of A HeLa Sf9 B

serum-starved HeLa or Sf9 cells or (B) recombinant 8 . 3 . TceC5 c3

GTPases (Cdc42 and RhoA) and indicated mutants e 38 288 — p—
(RhoAQ63E, Rh03A2063L, Cdc42Q61E, and 66 - —
Cdc42Q61L) were [*“P]JADP-ribosylated by TccC5, 45

C. botulinum exoenzyme C3 (C3), or buffer (con- 35 f3ki ok wt QE QL WIQE QL  wtQE QL 222?2
trol). Labeled proteins were analyzed by means of 25— _— 00

SDS-PAGE and phosphorimaging. (C) Influence of 18

TccC5-induced ADP-ribosylation of Cdc42 on GTP c D

hydrolysis. Recombinant Cdc42 was incubated 100%

with TccC5 (A, A) or the inactive N-terminal part 86 2 3 4 5

of TceC5 (m, ) with (A, m) or without (A, 0) NADY & - am ™= T o {otal RhoA

for 1 hour. Then, the GTPase was loaded with 2 ¢q !

[y-*PIGTP. Remaining nonhydrolyzed GTP bound ~ Z __apes RhoA GTP

to Cdc42 was measured with a filter binding assay. 5 40

Data are percentage of initial loading (mean £ SD, 5 { JEp—

n = 3 independent experiments). (D) Toxin effects 20 \% e Rac GTP

on Rho GTPases and actin. Intact Hela cells were 0 e 8 SRS ERE ctin: post-ADP-ribosylation

treated without (lane 1) or with PTC3 (lane 2), PTC5 0 10 20 30 40 50 60
(lane 3), PTC3 and PTC5 (lane 4), or TcdAl alone time (min)

(lane 5) for 3 hours. Thereafter, RhoA was detected

in cell lysates by means of immunoblotting (top, total RhoA). Activation of
RhoA and Rac was analyzed through pull-down with rhotekin- and PAK-
coupled beads, respectively. Bound GTPases were detected by means of

with TccC3

immunoblotting. (Bottom) Each lysate was post—ADP-ribosylated with
TceC3 with 3?PINAD*. Radio-labeled actin was analyzed by means of SDS-
PAGE and autoradiography.
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GTPases (17). Accordingly, ADP-ribosylation of
Rho GTPases by TccCS5 inhibited the GTP
hydrolysis catalyzed by the GTPases (Fig. 3C and
fig. S8C). Thus, TccC5 may cause persistent
activation of Rho GTPases by ADP-ribosylation.
To confirm that the toxins caused selective mod-
ification of target proteins in intact cells, we treated
HelLa cells with PTC3 or PTCS5 and also with the
combination of PTC3 and PTCS. As an additional
control, cells were treated with TcdA1 only. There-
after, activated RhoA and Rac proteins were
identified in lysates of these cells by rhotekin and
PAK pull-down assays. Furthermore, actin was
ADP-ribosylated in the cell lysates by TceC3 and
[**PINAD". Treatment of cells with PTC3 caused
ADP-ribosylation of actin, which was detected by
the reduction of radioactive labeling of actin by
TeeC3 but no activation of Rac or RhoA (Fig.
3D). PTCS5 caused activation of RhoA and Rac
but did not modify actin. In the presence of PTC3
and PTCS5, both activation of RhoA and Rac and
ADP-ribosylation of actin was determined. As
expected, TcdAl alone did not activate Rho
GTPases or modify actin. Thus, PTCS activates
Rho GTPases in intact cells. Activation of RhoA
is probably the reason for massive formation of
stress fibers. RhoA activation by PTCS5 also
occurs in Sf9 insect cells (fig. S8B).

Here, we have elucidated the causal mech-
anisms of the alterations of the actin cyto-
skeleton induced by the Tc toxins and suggest a
model for the mode of action of the toxins
[supporting online material (SOM) text and fig.

S10]. Both TceC3 and TecCS5, which enter the
target cell cytosol via TcdAl, ADP-ribosylate
actin and Rho-GTPases, respectively. The tox-
ins thus cause actin clustering by means of a
concerted action. TccC3 releases actin from its
thymosin-4 complex, probably supplying mono-
meric actin to the filament-promoting activities of
profilin and actin nucleators such as the formins
(18, 19), and TceCS5 activates signal pathways,
which support stress fiber formation. In addi-
tion, because Rho GTPases are also involved
in a large array of other biological functions
(20, 21), their alteration by Tc toxins may be
of major importance for the host-pathogen inter-
action of P. luminescens. Tc toxins are a common
principle in insect pathogenicity of a broad spec-
trum of bacteria and have been identified in hu-
man pathogenic Yersinia pseudotuberculosis and
Yersinia pestis (22, 23). Thus, the molecular mech-
anism of the prototypical Tc complexes aids the
understanding of other types of Tc toxins in insec-
ticidal bacteria and potentially human pathogens.
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Noise Can Induce Bimodality in
Positive Transcriptional Feedback
Loops Without Bistability

Tsz-Leung To and Narendra Maheshri*

Transcriptional positive-feedback loops are widely associated with bistability, characterized by two stable
expression states that allow cells to respond to analog signals in a digital manner. Using a synthetic
system in budding yeast, we show that positive feedback involving a promoter with multiple
transcription factor (TF) binding sites can induce a steady-state bimodal response without cooperative
binding of the TF. Deterministic models of this system do not predict bistability. Rather, the bimodal
response requires a short-lived TF and stochastic fluctuations in the TF's expression. Multiple binding
sites provide these fluctuations. Because many promoters possess multiple binding sites and many TFs
are unstable, positive-feedback loops in gene regulatory networks may exhibit bimodal responses, but
not necessarily because of deterministic bistability, as is commonly thought.

hen a cell must unambiguously com-

s"/ mit to a particular gene expression
program, often a digital change occurs

in a key regulator’s expression (/). Decision-

making circuitry within metabolic (2), develop-
mental (3), and synthetic gene regulatory networks
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(4-6) uses positive feedback to provide bimodal,
“all-or-none” expression of a regulator. The bi-
modal population response has been explained
with deterministic models that predict bistable
gene expression (7). Consider a positive-feedback
loop where a transcriptional activator binds its
own promoter to regulate expression. The open-
loop promoter response (in the absence of feed-
back) is modeled by a Hill-type equation, where
the Hill coefficient describes whether the re-
sponse is linear (Hill coefficient = 1) or sigmoi-

dal (Hill coefficient > 1) before saturating. The
basis for sigmoidal responses can be direct coop-
erative binding of transcription factors (TFs) to
promoters, or indirect cooperativity via nucleo-
some displacement (8). Without cooperativity, bi-
stability is not predicted.

To understand how promoter structure relates
to the Hill coefficient, we used the widely used
tet-Off system, adapted for budding yeast (9).
The tet-transcriptional activator (tTA) binds to a
tet operator (tetO) sequence in the absence of
doxycycline. We constructed yeast strains with-
out (open loop) and with feedback (closed loop),
using previously designed promoters with one
(IxtetO) and seven (7xtetO) binding sites (9).
With 1IxtetO in positive feedback, the reporter
exhibits a graded steady-state response to
changes in feedback strength, whereas 7xtetO
exhibits a bimodal response (Fig. 1A). One
explanation is that 7xtetO has a sigmoidal open-
loop response due to cooperative binding of tTA
to multiple binding sites, resulting in bistability
(6, 10). Yet, if one accounts for the binding of
doxycycline to the tTA dimer [Supporting Online
Material (SOM) Text], both 1xtetO and 7xtetO
exhibit a noncooperative open-loop response,
with a Hill coefficient of ~1 (Fig. 1B). To
eliminate the possibility of altered doxycycline
binding, we titrated tTA levels directly, using a
galactose-inducible promoter, and confirmed the
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