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Fig. 5: Relationship between initial conditions (squares), stable steady

states ( , ), unstable steady state ( ) and the corresponding critical

value of step amplitude .
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Fig. 8: Critical duration as a function of the stimulus amplitude

. Comparison of the results of a numerical calculation with the

linear approximation.
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Linear approximation with respect to response component
Positive feedback decreases the degradation of
Linear differential equation
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Fig. 9: Semilogarithmic plot of as a function of the stimulus amplitude

for the nonlinear system and the linear approximation. As pointed out in

the text, there is a minimal signal power required to switch the system from
the lower to the upper branch. Using the asymptotic behaviour for strong
stimuli this limit can be evaluated. Interestingly it is independent from the
feedback strength.
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The original system of differential equations cannot be solved analytically due
to the high nonlinear characteristics of the Goldbeter-Koshland function
Taylor expansion to approximate the enzyme concentration [4]
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Analytical solution can be transformed with respect to critical signal duration [4]
Decreased degradation rate constant and displacements between initial

state and stable steady state and unstable state , respectively,

determines the critical duration
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Good agreement for high stimuli, Fig. 8
Deviations for small supercritical stimuli because of neglect of higher feedback
terms in the above expansion
Asymptote for strong stimuli S k R kmax 2 UN 1� ´ /

� Signal power (dosage) sums over the whole applied external stimulus

� P

S
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measures the dosage which is required to switch the system from a lower to

a upper stable state applying a constant stimulus
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Linear approximation and numerical results agree for high stimuli, Fig. 9
Minimal dosage is required for switching the system

For strong stimuli it follows
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independent from the signal strength
determined only by rate coefficient , but independent from which

describes the relaxation of the system
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Transient dynamics of the irreversible bistable network for different initial
states and different supercritical stimulus pulses of different durations

Supercritical constant stimulus always switches the system to the

upper stable branch
Systems behaviour for subcritical stimulus depends on , Fig. 4
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Fig. 4: Relaxation of the system for a constant subcritical stimulus

for different initial states. Depending on the initial state the bistable

network approaches the lower or upper branch.
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Unstable branch acts as separatrix for subcritical signals

Upper branch is approached for , otherwise the lower branch, Fig. 5
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Response to a supercritical pulse depends on the duration , Fig. 6
Acritical duration is necessary in order to switch the system

Transient response has to exceed the unstable branch before the stimulus
becomes subcritical
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Model System

Steady-State Properties

�

�

�

Mutually-activated system [1]
Linear system coupled with a sigmoidal
system through a positive feedback loop
Mathematical representation
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Response component and external stimulus
Kinetic constants and Michaelis-Menten constants determine the chemical

properties of the involved species
Modified form of the enzyme facilitates the production of
(De)modification of enzyme is assumed to be at steady state which is
described by the Goldbeter-Koshland function [1,2]
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Typical sigmoidal shape , Fig. 1 (left)
High nonlinear behaviour can cause multiple steady states
Positive feedback loop regulates the production rate of R in an autocatalytic
fashion
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� Constant stimulus with amplitude and , Fig. 1 (right)Smax duration ��
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Step function [3]
Pulse if is finite
Stepwise if
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Steady state with step input
Determined by the balance equation
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Balance equation of a bistable system has at least three bio-physically
realizable solutions
Two stable branches, (upper) and (lower), are separated by an unstable

one, , Fig. 5
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Unstable and unphysical states define a forbidden region, Fig. 2
Depending on the feedback strength, the network can be bistable in a
reversible or irreversible manner [1] or monostable

Fig. 2: Stimulus-Response curve for varying feedback strength. The system
changes its behaviour from irreversible to reversible bistability and finally to
monostability. The branches are separated by critical points (circles).

� Stability can be determined by the Jacobian of the system

Fig. 3: Schematic representation of the stability of steady states. The system
returns to the same stable steady state after a small pertubation and moves
to a stable state if the instable state is pertubated.

Fig. 1: Left - Concentration of the modified enzyme as a function of the
response component Right - External stimulus with amplitude and

duration which is used for the following investigations.
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Switching Surface

Fig. 7: Switching surface of the bistable network as response to the
pulse. Regions A-F represent characteristics of the surface. Heatmap
color refers to the critical power [4].

A: Low values of and require a high value of the pulse amplitude.R0 crit��

B: With ever so slight increase in and for the same low values of , a

much lower value of the pulse amplitude is needed for switching.
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C: At a fixed but high level of the switching is independent of critical

pulse duration and only a low level of stimulus amplitude is needed.
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D: For amplitudes the switching surface slopes faster along

the initial condition range .
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E: Between , the switching surface rapidly falls indicating

that the system can switch for smaller values of for given and

ever so small increase in , finally having the ability to switch at

.

10.4 > >10.1

= 0

S

R

S

R

max

0 crit

max

0

��

F: This flat region indicates that for , the system can switch for a

wide range of an area spanned by and .
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Bistable intracellular networks play an important role in the functioning of
living cells. Besides the well-established steady-state properties, some
important characteristics of bistable systems arise from their dynamics. We
demonstrate that:
� a supercritical stimulus amplitude is not sufficient to move the system

from the lower to the higher branch for either a step or a pulse input
a switching surface can be identified for the system as a function of the
initial condition, input pulse amplitude and duration (a supercritical
signal)
a minimal signal power is necessary to change the steady state of a
bistable system
we investigate and characterize the role of the duration of the stimulus
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These results are relevant for the design of experiments, where it is often
difficult to create a defined pattern for the stimulus.
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Signal amplitude, signal duration, and initial state can be combined in a
three dimensional plot, Fig. 7
Switching surface separates the parameter combinations which switch the
irreversible bistable network to the upper stable branch and which not
Different characteristic behaviour are identified
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Fig. 6: Transient pulse response to supercritical stimulus as a

function of the duration from the origin. If R exceeds the unstable state
during this time it approaches the upper branch after the pulse is
switched off. Otherwise the response returns to the lower branch.

S >Smax crit

��



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


