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Abstract High-dimensional switches have been proposed as a way to model cellu-
lar differentiation, particularly in the context of basic Helix-Loop-Helix (bHLH)
competitive heterodimerization networks. A previous study derived a simple rule
showing how many elements can be co-expressed, depending on the rate of com-
petition within the network. A limitation to that rule, however, is that many bio-
chemical parameters were considered to be identical. Here, we derive a general-
ized rule. This in turns allows one to study more ways in which these networks
could be regulated, linking intrinsic cellular differentiation determinants to extra-
cellular cues.

Keywords Signaling networks · Network motifs · Cellular differentiation · bHLH
dimerization · Competitive heterodimerization · Inhibitors of differentiation (Id)

1. Introduction

Switch-like responses are an essential aspect of the dynamics of signaling networks,
and are expected to be crucial in mediating cellular differentiation, a process
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during which one cell-type is chosen and all others excluded, in an all-or-none fash-
ion. Such responses have been documented experimentally (Xiong and Ferrell,
2003), and bistable switches have been thoroughly characterized from a mathemat-
ical point of view (Cherry and Adler, 2000). It is particularly noteworthy that in the
course of cellular differentiation, many antagonistic genes are often co-expressed
early-on despite their antagonism, before one gradually takes over (as discussed
by Cinquin and Demongeot, 2005). bHLH proteins form a large family, which has
been shown to have a crucial role in numerous instances of commitment to specific
lineages and differentiation (Massari and Murre, 2000). It has been shown that
models of bHLH networks can account particularly well for the co-expression of
antagonistic genes early in the differentiation process (Cinquin and Demongeot,
2005), although that study was limited to networks whose elements had identical
biochemical parameters.

Here, we generalize the study to a wider set of bHLH networks, and show
that the simple rule which sets a limit to the number of genes which can be co-
expressed, depending on the rate of competition in the network, still holds. The
relaxed assumptions allow us to illustrate this rule in a context where differenti-
ation outcome is specified by tuning the individual parameters of the elements in
the network.

1.1. bHLH networks

Three important classes in the bHLH family, which are the basis for the mathemat-
ical model presented below, are the class A, ubiquitously expressed transcriptional
activators capable of forming homodimers and heterodimers, the class B, capable
of providing promoter-specific transcriptional activation only when heterodimer-
ized with a class A element, and Id proteins, which have been most often reported
to form transcriptionally unproductive heterodimers with the class A. Since differ-
ent class B proteins bind the same class A partners, there can be some competition
between them for access to those partners. In networks in which class B proteins
auto-activate their own transcription (a common feature of determinants of cellu-
lar differentiation), class B proteins can therefore inhibit one another’s expression,
by titrating out the class A. Id proteins have the same effect of titrating out the
class A, but are not explicitly taken into account in the model below because they
have not been shown to regulate their own expression.

1.2. Regulation of differentiation

It has been proposed that the differentiation of some cell-types has a stochastic
aspect, but in many instances, extra-cellular cues play an essential role in control-
ling cell-fate, although the details of the pathway from extra-cellular cue to intrin-
sic differentiation determinants are not always clear. Interestingly, the synthesis
and degradation rates of key transcription factors have been shown in different
instances to be regulated (see Ebert et al., 2003; Lim and Choi, 2004; zur Lage
et al., 2004, for examples of regulated synthesis rates, and Horwitz, 1996; Trott
et al., 2001; Sriuranpong et al., 2002; Viñals et al., 2004, for examples of regulated
degradation rates). The activity of transcription factors can be directly regulated
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by post-translational modifications such as phosphorylation (for example phospho-
rylation of myogenic factors can decrease their activity, Winter et al., 1993; Zhou
and Olson, 1994; Suelves et al., 2004, and this can also be the case for class A pro-
teins, Page et al., 2004), by physical interactions with other proteins (Bengal et al.,
1992; Perry et al., 2001), or indirectly by affecting cofactors (Simone et al., 2004;
Seo et al., 2005). Phosphorylation can also modulate the propensity of bHLH pro-
teins to form heterodimers (this can be the case for class B proteins, Firulli et al.,
2003, class A proteins, Sloan et al., 1996; Lluis et al., 2005, and also Id proteins,
Deed et al., 1997; Hara et al., 1997). It seems to generally be the case that upon
cell differentiation, the activity of transcription factors associated with the cell-fate
is enhanced.

Within the framework proposed here, the biasing of complex cell-fate decisions
to specific outcomes can be mediated by the up- or down-regulation of synthesis
rates or affinity for common class A activators, or down- or up-regulation of degra-
dation rates, for class B genes associated to favored and unfavored outcomes, re-
spectively. Different signaling pathways can act on one or many factors and do
not need to directly cross-talk, as all the inputs are integrated by the competition
between the switch elements.

The result of the decision can be regulated by the class A-affinities, and synthesis
and degradation rates of the switch elements, while its timing is dependent on the
level of competition in the system: an increase in the competition level, which can
for example be mediated by an increase in Id protein expression (shown in many
experimental contexts, see references in Cinquin and Demongeot, 2005) seques-
tering the common activator away from all the elements of the switch, will force the
weakest elements to be turned off. The efficiency with which Id proteins sequester
the common activator can also be modulated by phosphorylation, which can also
just be modeled by a change in the quantity of common activator available for
switch elements. Some Id proteins, despite being paradoxically called “Inhibitors
of differentiation,” have indeed been shown recently to drive tumor-suppression
and differentiation (Russell et al., 2004; Yu et al., 2005), as suggested by Cinquin
and Demongeot (2005).

1.3. Mathematical model

A simple kind of model trying to account for switch-like behavior is where a set of
class B proteins activate their own transcription. If class A proteins are considered
to be expressed in a constitutive way, and not subjected to regulated degradation,
they are present at a constant level. Only the time-evolution of each of the class B
species is thus of interest. Calling xi , i = 1 . . . n, the concentrations of Bi (class B
species), the equations are

dxi

dt
= −di xi + σi

x2
i

αD2 + x2
i

, (1)

with D = 1 + �n
i=1xi , α = K2

2 /a2
t ∈ R

+
∗ , where K2 is the concentration of A− Bi

complex at which Bi transcription is half-maximal, at is the total quantity of
class A proteins, σi and di are respectively the maximal synthesis rate and the
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degradation rate of Bi , and where each xi is normalized with respect to the disso-
ciation constant for the A− Bi complex (this normalization leads to each maximal
synthesis rate σi being divided by the dissociation constant of the A− Bi complex,
see Appendix A). The equations assume that for all i the quantity of A− Bi com-
plexes is negligible compared to the total quantity of Bi (see Cinquin, 2006, for a
relaxation of that assumption).

This set of equations is the same as derived by Cinquin and Demongeot (2005),
without the restriction ∀ i, di = 1, σi = σ . We perform a steady-state analysis of
the system, assuming that it equilibrates over a time scale much shorter than that of
cellular differentiation; this assumption is supported by the fact that transcription
factors commonly have very short half-lives, which can be as low as a few minutes,
while cellular differentiation often takes place over the course of hours or days.

1.4. Previous result

It was shown by Cinquin and Demongeot (2005) that, in the case where ∀ i, di =
1, σi = σ and σ � 1, there are stable steady states with k elements “on” (i.e. non-
zero) if and only if

α < 1/k2

(when the condition σ � 1 is not met, the above condition is necessary but not
sufficient).

Since α is a measure of the harshness of the competition in the system (as it
depends on the quantity of the common class A activators, and the heterodimer
concentration giving half-maximal transcription), this shows that the harsher the
competition in the system, the lower the number of elements which can co-exist.

2. Results

Let ri = σi/di . Then at any stationary state,

∀ i st xi �= 0, x2
i − ri xi + αD2 = 0,

and

∀ i st xi �= 0, xi =
ri ±

√
r2

i − 4αD2

2
(2)

xi s at 0 can be discarded from the rest of the analysis. It will be shown below that if
the stationary state is stable, at most one xi can be at the lower solution of Eq. (2)
(inequality 5). Suppose that there is such an xκ (if there is not, a stronger inequality
is derived, see Appendix B), and let κ ′ be such that rκ ′ = maxi ri . It will be shown
below that any steady state where κ = κ ′ is unstable, and we can therefore suppose
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κ �= κ ′. Then

2 (D − 1) = �i �=κ

(
ri +

√
r2

i − 4αD2
) + rκ −

√
r2
κ − 4αD2

�i ri + 2 = 2D − �i �=κ

√
r2

i − 4αD2 +
√

r2
κ − 4αD2

�i ri + 2 ≤ 2D − �i �=κ, i �=κ ′

√
r2

i − 4αD2.

Consider the right-hand side of the above inequality as a function of D. It is an
increasing function, and for the above inequality to hold, it must also hold for the
maximum of that function (which is for D = rs/2

√
α), where rs = mini ri , i.e.

rs√
α

≥ 2 + �i ri + �i �=κ, i �=κ ′

√
r2

i − r2
s (3)

This implies in particular α ≤ 1/k2, where k is the number of non-zero xi s, gener-
alizing the result obtained by Cinquin and Demongeot (2005).

2.1. Study of the characteristic polynomial

2.1.1. In a stable steady state at most one xi takes the “lower” solution
For convenience, let βi = 1/ri . The Jacobian matrix of the system defined by
Eq. (1), at a stationary point x in which none of the species has xi = 0, is given
by

Ji, j (x) = −Pi + δi, j Qi , i, j = 1 . . . n

where Pi = 2diαDβi , and Qi = di (1 − 2βi xi ). We assume that α > 0 and note that
Pi > 0. Eigenvalues λ of J are solutions to the equation det (J − λIn) = 0.

det (J − λIn) =

∣∣∣∣∣∣∣∣∣∣∣∣

Q1 − P1 − λ −P1 −P1 · · · −P1

−P2 Q2 − P2 − λ −P2 · · · −P2
...
...

−Pn · · · · · · −Pn Qn − Pn − λ

∣∣∣∣∣∣∣∣∣∣∣∣

det (J − λIn) = (
�n

i=1 Pi
)

∣∣∣∣∣∣∣∣∣∣∣∣∣

Q1
P1

− 1 − λ
P1

−1 −1 · · · −1
−1 Q2

P2
− 1 − λ

P2
−1 · · · −1

...
. . .

. . .
. . .

...
...

. . .
. . .

. . . −1
−1 · · · · · · −1 Qn

Pn
− 1 − λ

Pn

∣∣∣∣∣∣∣∣∣∣∣∣∣
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det (J − λIn) = (�n
i=1 Pi )

∣∣∣∣∣∣∣∣∣∣∣∣∣

Q1
P1

− 1 − λ
P1

−1 −1 · · · −1
− Q1

P1
+ λ

P1

Q2
P2

− λ
P2

0 · · · 0
... 0

. . .
. . .

...
...

...
. . .

. . . 0
− Q1

P1
+ λ

P1
0 · · · 0 Qn

Pn
− λ

Pn

∣∣∣∣∣∣∣∣∣∣∣∣∣

.

With A= 1 − 1
Q1
P1

− λ
P1

,

det (J − λIn) = (�n
i=1 Pi )

(
Q1

P1
− λ

P1

)

∣∣∣∣∣∣∣∣∣∣∣∣∣

A −1 −1 · · · −1
−1 Q2

P2
− λ

P2
0 · · · 0

... 0
. . .

. . .
...

...
...

. . .
. . . 0

−1 0 · · · 0 Qn
Pn

− λ
Pn

∣∣∣∣∣∣∣∣∣∣∣∣∣

.

With Bi = Qi
Pi

− λ
Pi

,

det (J − λIn) = (�n
i=1 Pi ) B1

∣∣∣∣∣∣∣∣∣∣∣∣

A −1 −1 · · · −1
−1 B2 0 · · · 0

... 0
. . .

. . .
...

...
...

. . .
. . . 0

−1 0 · · · 0 Bn

∣∣∣∣∣∣∣∣∣∣∣∣

.

For n ≥ 2, let

Ln =

∣∣∣∣∣∣∣∣∣∣∣

A −1 · · · · · · −1
−1 B2 0 · · · 0
−1 0 B3 · · · 0

... 0 · · · . . . 0
−1 0 · · · 0 Bn

∣∣∣∣∣∣∣∣∣∣∣

.

By developing with respect to the last column, Ln = BnLn−1 − (−1)n−1 Cn−1, where

Cn−1 =

∣∣∣∣∣∣∣∣∣∣∣

−1 · · · · · · · · · −1
B2 0 · · · · · · 0
0 B3 0 · · · 0
...

. . .
. . .

. . . 0
0 · · · 0 Bn−1 0

∣∣∣∣∣∣∣∣∣∣∣

.
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By developing with respect to the last row, Cn−1 = −Bn−1Cn−2 for n ≥ 4. Since

C2 =
∣∣∣∣
−1 −1
B2 0

∣∣∣∣ = B2, by induction Cn = (−1)n
�n

i=2 Bi .

Therefore, Ln = BnLn−1 − �n−1
i=2 Bi for n ≥ 3. Since L2 =

∣∣∣∣
A −1

−1 B2

∣∣∣∣ = AB2 − 1, it

can be shown by induction that

Ln = A�n
i=2 Bi − �n

i=2�
n
j=2, j �=i Bj , for n ≥ 2

Since AB1 = B1 − 1,

B1 Ln = (B1 − 1) �n
i=2 Bi − B1�

n
i=2�

n
j=2, j �=i Bj = �n

j=1 Bj − �n
i=1�

n
j=1, j �=i Bj ,

for n ≥ 2.
Thus, det (J − λIn) = (

�n
i=1 Pi

)(
�n

j=1 Bj − �n
i=1�

n
j=1, j �=i Bj

)
, and any eigenvalue

λ of J satisfies

P(λ) = �n
i=1�

n
j=1, j �=i Bj − �n

j=1 Bj = 0, (4)

with Bi = Qi
Pi

− λ
Pi

. Suppose without loss of generality that Qn and Qn−1 are re-
spectively the largest and second-largest Qi . Suppose in addition that these largest
values are unique (the case where they are not will be dealt with below). Then
P(Qn) has the same sign as (−1)n−1, and P(Qn−1) has the same sign as (−1)n. Thus,
∃ t ∈]Qn−1, Qn[ s.t. P(t) = 0. Therefore, at any stable steady state, Qn−1 < 0, and
therefore ∀ i �= n, Qi < 0, meaning

di (1 − 2βi xi ) < 0

∀ i < n, xi >
1

2βi
= ri

2
. (5)

Therefore, at any stable steady state, any xi with i < n is at the higher solution of
Eq. (2), and

∀ i < n, xi =
ri +

√
r2

i − 4αD2

2
.

If Qn or Qn−1 are not unique in the re-numbering scheme discussed above, then
the nonunique value is a root of P and hence cannot be positive. Therefore, at
most one Qi can be positive and it is possible to renumber for a non-strict version
of inequality 5 to hold. Strictness follows follows since α �= 0.
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2.1.2. In a stable steady state, “κ �= κ ′”
We now show that there is no stable steady state with rn = maxi ri . Suppose that
Qn > 0, Qn−1 < 0, and rn = maxi ri . Then

P(0) = � j �=n Qj/Pj + Qn/Pn�
n−1
i=1 �n−1

j=1, j �=i Qj/Pj − �n
j=1 Qj/Pj

P(0) =
(
� j �=n Qj/Pj + Qn/Pn�

n−2
j=1 Qj/Pj

)

+Qn/Pn�
n−2
i=1 �n−1

j=1, j �=i Qj/Pj − �n
j=1 Qj/Pj

P(0) = (Qn−1/Pn−1 + Qn/Pn) �n−2
j=1 Qj/Pj

+Qn/Pn�
n−2
i=1 �n−1

j=1, j �=i Qj/Pj − �n
j=1 Qj/Pj .

The last two terms in the sum both have the same sign as (−1)n.
Now consider

Qn

Pn

Pn−1

Qn−1
= 1 − 2βnxn

1 − 2βn−1xn−1

βn−1

βn

Qn

Pn

Pn−1

Qn−1
= −

√
1 − 4αD2β2

n√
1 − 4αD2β2

n−1

βn−1

βn
.

By hypothesis, βn−1
βn

≥ 1, and thus

Qn/Pn ≥ |Qn−1/Pn−1| .

Therefore, P(0) has the same sign as (−1)n. Since P(Qn) has the same sign as
(−1)n−1, P has a positive root, and the steady state is unstable.

3. Discussion

The results above show that, in the case where degradation and normalized synthe-
sis rates are allowed to be different for each element of the network, it becomes
more difficult for the system to sustain the co-expression of many elements. In-
deed, Eq. (3) implies that the weakest element (in terms of the ratio of the maxi-
mal synthesis rate to the product of the degradation rate and the dissociation con-
stant for heterodimer formation with class A proteins) that is “on” cannot be much
weaker than the other ones which are being co-expressed (an intuitive result, since
a weak element would be too easily repressed by the other ones, and wouldn’t stay
“on” in their presence). In addition to that, the competition level α restricts the
number of elements which can be co-expressed, in the same way as when degrada-
tion and normalized synthesis rates are all equal.

There is a great variety of ways in which a switch network can be led from a
state of co-expression of all its elements to a state where only one is expressed, by
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Fig. 1 Simulation of a four-dimensional switch defined by equations 1; the competition parame-
ter α is progressively increased, causing the weakest non-zero element to be switched off periodi-
cally. Specific parameters are di = 1 for all i , σ1 = 190, σ2 = 226, σ3 = 177, and σ4 = 195.

changes in the competition level and in the synthesis and degradation rates. We
show here two numerical simulations, to illustrate Eq. (3). In Fig. 1, the competi-
tion level is increased, in a network in which elements have different normalized
synthesis to degradation ratios; the weakest non-zero element is turned off every
time the competition reaches a threshold. In Fig. 2, the competition level is kept
constant, but one element is made progressively stronger, and turns off all the
other ones. Of course, the alteration of all parameters at the same time would be
a plausible biological situation.

The networks studied here have been described in the context of class A and
class B bHLH heterodimerization, but they could have a much wider relevance.
Hox proteins, crucial determinants of tissue identity, have been shown to depend
heavily on common binding partners of the PBC and Meis families (Mann and
Affolter, 1998). A subfamily of bHLH-leucine zipper proteins shows tissue-specific
expression, homo- and hetero-dimerization, and alternative splicing of dominant-
negative forms (Kuiper et al., 2004). Myc and Max, which have opposite roles on
cell growth and proliferation, form homodimers and heterodimers with Mad, with
different affinities (Grinberg et al., 2004).

Networks in which each element needs to repress all others can easily be created
with competition for a common heterodimerization partner, rather than active re-
pression of all other elements. Networks including other forms of cross-repression
and asymmetrical topologies would also be of interest to study cellular differenti-
ation, and are currently under investigation.
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Fig. 2 Simulation of a four-dimensional switch defined by Eq. (1); the synthesis rate for x3 is
progressively increased, causing all other elements to be successively switched off. Other synthesis
and degradation rates are as in Fig. 1, and the competition rate α = 0.02.

A. Normalization with respect to the A − Bi dissociation constants

Supposing the A− Bi dimerization reactions are at equilibrium (a reasonable as-
sumption given the generally fast rate of protein association by random 3D diffu-
sion), and that at � Di for all i (see Cinquin, 2006, for a relaxation of that assump-
tion), using the law of mass action one gets

[ABi ] = at [Bi ]/Di

1 + � j [Bj ]/Dj
,

where Di is the dissociation constant for each A− Bi complex, and at is the to-
tal quantity of A. If the synthesis of Bi depends on the concentration of the A− Bi

complex, in a non-linear fashion described by a Hill function of degree 2 with max-
imal value σi and half-maximal synthesis for [ABi ] = K2, and Bi has a degradation
rate di , writing xi = [Bi ] one gets

dxi

dt
= −di xi + σi

[ABi ]2

K2
2 + [ABi ]2

.

Now let yi = xi/Di . Then

dyi

dt
= 1

Di

dxi

dt
= −di yi + σi

Di

y2
i

αD2 + y2
i

,
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with D = 1 + �n
i=1 yi , α = K2

2 /a2
t ∈ R

+
∗ .

The normalization with respect to the dissociation constants Di has thus led to
the replacement of each maximal synthesis rate σi by σi/Di .

B. Stronger inequality when no xi is at the “lower solution”

If all xi s are given by the higher root of Eq. (2), one gets

2 (D − 1) = �i ri +
√

r2
i − 4αD2

�i ri + 2 = 2D − �i

√
r2

i − 4αD2.

With the same argument as previously,

rs√
α

≥ 2 + �i ri + �i

√
r2

i − r2
s , (6)

with rs = mini ri .
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Viñals, F. et al., 2004. BMP-2 decreases Mash1 stability by increasing Id1 expression. EMBO J.
23(17), 3527–3537.

Winter, B., Braun, T., Arnold, H., 1993. cAMP-dependent protein kinase represses myogenic dif-
ferentiation and the activity of the muscle-specific helix-loop-helix transcription factors Myf-
5 and MyoD. J. Biol. Chem. 268(13), 9869–9878.

Xiong, W., Ferrell, J., 2003. A positive-feedback-based bistable ‘memory module’ that governs a
cell fate decision. Nature 426(6965), 460–465.

Yu, L. et al., 2005. Global assessment of promoter methylation in a mouse model of cancer identi-
fies ID4 as a putative tumor-suppressor gene in human leukemia. Nat. Genet. 37(3), 265–274.

Zhou, J., Olson, E., 1994. Dimerization through the helix-loop-helix motif enhances phosphoryla-
tion of the transcription activation domains of myogenin. Mol. Cell. Biol. 14(9), 6232–6243.

zur Lage, P. et al., 2004. EGF receptor signaling triggers recruitment of Drosophila sense organ
precursors by stimulating proneural gene autoregulation. Dev. Cell. 7(5), 687–696.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


