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Abstract:Exploringthenonlineardynamicsofthenegativefeedbackloopcomposedofp53and
Mdm2proteins,weproposeasignal灢responsemodeltostudythedynamicalmechanismofthe
differentoscillatorybehaviorsfortheactivitiesofp53andMdm2proteinsbothinindividualand
populationofcells.Itisshownthatthesustainedanddampedoscillatorydynamicscouldbede灢
scribedinaunifiedwaywhenthedynamicsofdamage灢derivedsignalisproperlyintroduced.
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1暋Introduction

暋暋Cells,asphysiologicalregulatorysystems,re灢
spondappropriatelytovarioustypesandstrength灢
ensofexternalandinternalstimulibycomplex
networksofinteractinggenesandproteinsthat
processinformation.Acommontypeofnetworks
acrossorganismsisthewell灢knownnegativefeed灢
backloopcomposedofonetranscriptionarmand
oneprotein灢interactionarm[1—5].Inhumancells,

thereexistsaloopofthetumorsuppressorprotein
p53anditstranscriptionaltargetMdm2.

Theexperimentsonthesignal灢responserela灢
tionbetween DNA damageand p53 expression
havebeencarriedoutrecentlybothatthepopula灢
tionofcells[1]andinindividualcells[2].Thefor灢
mer[1] has shown that

undercertainconditions,theactivitiesoftheaverage
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proteinlevelsofp53andMdm2behavedampedos灢
cillationsduetoDNAdamage.Thestrongerthe
damageis,thehigherandbroadertheamplitudeof
theaverageresponse.Incontrast,thelatter[2]sets
outtoaddressthatinresponsetoionizingradia灢
tion,cellsemitp53in discretepulsesoffixed
heightanddurationwhichdonotdependonthe
strengthofDNAdamage,andwithdifferentnum灢
berofpulsesforthegeneticallyidenticalcells.The
meannumberofpulsesincreaseswiththeextentof
DNAdamage[5].

Severalsimpletheoreticalmodels[1,6—8]based
onthep53灢Mdm2autoregulatoryfeedbackbetween
thetranscriptionofp53and Mdm2proteinshave
beenproposedtoqualitativelydescribethedynami灢
calbehaviorsofaverageproteinlevelsinpopula灢
tionofcells.However,whatisthemechanismfor
thesustained oscillatory behaviorsinindividual
level,whatistherelationbetweenthedampedos灢
cillatorybehaviorsinpopulationofcellsandun灢
dampedoscillatorybehaviorsinindividualcellsand
whetheronecandescribethesetwokindsofdy灢
namicsinaunifiedwayisstillachallengingtheo灢
reticalsubject[2,5].

Inthispaper,weproposeaunifiedtheoretical
modelofp53灢Mdm2negativefeedbackloopwith
theaimtodescribethedynamicalbehaviorsofpro灢
teinlevelsbothinindividualandpopulationsof
cellsinaself灢consistentandunifiedway.Itshould
beemphasizedthatthedifferentfromtheprevious
models[1,6—8],thedynamicsofdamage灢derivedsig灢
nalispaidspecialattentioninthispaperinaddition
totaketheknowledgeofthebiochemicalmecha灢
nismofthesystemandtobesimplifiedtothema灢
jorcomponentsinthesystem,becausethesignal
playsacrucialroleindescribingthedifferentdy灢
namicalactivitiesofthesystem.Inthecellular
level,thedamage灢derivedsignalisassumedasthe
formwithabrupttransition (“on暠炣 “off暠)as
signalstrength passesforth and back acrossa
threshold.Forthecaseofpopulationofcells,the
signalshouldbeanexponentialfunctionintimere灢

sultingfromtheensembleaverageoftheindividual
cells.Underabove灢mentionedconsiderations,the
differentoscillatorybehaviorsofexperimentalre灢
sults[1,2] willbesatisfactorilyreproducedinthis

paper.
Insection2,aphenomenologicaldynamical

modelwillbeintroducedforthenegativefeedback
networkofp53灢Mdm2interaction.Insection3,

thenumericalresultsandtheanalysis willbe
shownforvariousconditions.Finally,thelastsec灢
tionwillbedevotedforconcludingremarks.

2暋Model

暋暋Weassumethattheconcentrationofp53pro灢
teinP(t)obeysthefollowingkineticequation:

暋暋暋dP(t)
dt =SP-毩PM(t)P(t)[1-毭PS(t)]-

毺PP(t)暋. (1)

Onr.h.s.inEq.(1),thefirsttermdescribesthe
synthesisrateofthep53protein,thesecondone
represents Mdm2灢andsignal灢dependentdegrada灢
tionofp53andthelastonereflectsanMdm2灢inde灢
pendentmechanismforp53degradation.Thecoef灢
ficient毩PrepresentstheabilityofMdm2topro灢
motep53degradation,andcontrolsthebasallevel
ofp53.毺PistherateofMdm2灢independentdegra灢
dationofp53.S(t)isthedamage灢derivedsignal
thatisthekeycomponentasdescribedabove.The
introductionofparameter毭Pistotakeintoaccount
thattowhatextentthedamage灢derivedsignalS(t)

mightinhibitthep53degradationinducedbythe
activationofMdm2protein.

M(t)representstheconcentrationofMdm2

proteinwhosekineticequationisgivenas:

dM(t)
dt =SM +毩M殻(t)-毺MM(t)暋. (2)

HerethecoefficientSM denotestherateofp53灢in灢
dependent Mdm2 transcription and translation,

whereasthelastterm describes Mdm2degrada灢
tion.Thecoefficient毩Mdenotesthemaximalinitia灢
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tionrateofMdm2transcriptinitiationupregulated
byp53[6].毺MistherateofMdm2degradation.殻
(t)inthesecondterm,amathematicalrepresenta灢
tionofanunknownmechanismleadingtotheregu灢
lationoftranscriptionofMdm2byp53protein,is
aHill灢typefunctionandreads

殻(t)=
{P(t-氂)}N

KN +{P(t-氂)}N 暋, (3)

wheretime氂takesintoaccountthetranscriptional
and/ortranslationaltimedelay,betweentheacti灢
vationofp53andtheinductionofMdm2.Thepa灢
rameterKcorrespondstosomesortofthreshold灢
for灢activationforp53灢proteinconcentration,andN
isaHillcoefficientthatdeterminesthesteepness
of殻(t).

Itshouldbementionedthatitisnotsoeasyto
definethevaluesofalltheparametersincorporated
inthemodel.Mostoftheparameterscannotbe
definedsincethelackofreliableexperimentalda灢
ta.Someofthemcanberoughlyestimatedphe灢
nomenologically,forexample,毺Pistakentobe
smallwithrespecttotheMdm2灢dependentrateof
p53elimination,reflectsthefactthatalthough
othermechanismsforthedegradationofp53may
exist,alargebodyofdatapointstoMdm2asthe
keyregulatorofp53stability[1].Typicaltranscrip灢
tionalelongationandprocessingrateswouldresult
inatimedelayofaround20—60min[1].Thefirst
orderdegradationrateofMdm2毺Mcouldbechosen
as0.05/min,whichcorrespondstoMdm2half灢lives
approximately20—25minunderbasalcondition.The
HillcoefficientNissettobe20withreferencetoRef

[1].
The numericalsimulation has shown that

whentheparametersusedinthispaperchangeina
reasonablerange,theoscillatorybehaviorsofthe
solutionsofEqs.(1)and(2)arerobust,andthe
eigenvaluesofthedynamicalmatrixofEqs.(1)

and (2)arealwaysnegative.Thusthesolutions
areexpectedtobealwaysstable.

3暋NumericalResultsandDiscussions
3.1暋Thecaseofindividualcells

暋暋 Whencellsareexposedtothedamaginga灢
gents,suchasUVorionizingradiation,thesignal
S(t)willbederivedwhicheventuallyactivatesan
initialpulseofp53concentration.Fromthebiolog灢
icalpointofview,incellularlevel,S(t)canbe
consideredasswitch“on暠andwillbewithabrupt
transitionfrom “on暠to “off暠whensignalisre灢
solved,asthebehaviorofthep53灢Mdm2systeme灢
volvestogivereasonablydefinedquantaofrepair
enzymesinresponsetostress[2].S(t)mightbede灢
finedas:

S(t)=毃(t-n氂th)=
1,t曑n氂th

0,t>n氂{
th
暋. (4)

Wherenisanon灢negativeinteger.氂thisthecharac灢
teristicdurationwithinwhichthesignalstressisin
theregionofoscillatoryresponseandapulseisac灢
tivated.n氂thaccountsforthetotaltimescaleofS
(t).Thevalueof氂thusedinthispaperis氂th曋125
min,whichisobtainedfromthecharacteristicfre灢
quencyofthesolutionsofEqs.(1)and(2).
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暋暋Fig.1暋Concentrationofp53tumorsuppressorproteinanditstranscriptionaltargetMdm2relativetotheirbasallevels

withtheparameters:SP=0.5,毩P=2.5,毭P=0.968,毺P=2.5暳10-4,SM=2.35暳10-3,毩M=0.03,毺M=0.05,

K=25,N=20.TheinitialconditionsofP(t)andM(t)aredefinedbytheirbasalvaluesasP(0)=4.25andM
(0)=0.047.ThedynamicsofsignalS(t)isdescribedbyEq.(4).Thetranscriptionaltimedelay氂=25min.

暋暋Fig.1showsthedynamicalevolutionofthe
concentrationofp53and Mdm2proteinsforthe
caseinindividualcellswithS(t)definedinEq.
(4),whicharescaledwiththeirbasalvaluesP(0)

=4.25andM(0)=0.047.Underthenormalenvi灢
ronment,theamountofp53proteininthecellis
keptlowandtightlyregulatedbyageneticnet灢
workbuiltofMdm2andp53itself.p53ispro灢
ducedatanessentiallyconstantrateandpromotes
theexpressionoftheMdm2gene[9].Ontheother
hand,the Mdm2proteinbindstop53andpro灢
motesitsdegradation[10],decreasingitsconcentra灢
tion.WhenDNA moleculeisdamaged,acascade
ofeventscausesphosphorylationofseveralserines
inthep53 protein,which modifiesitsbinding
propertiestoMdm2[11].Asaconsequence,thecell
experiencesasuddenincreaseintheconcentration
ofp53,whichactivatesagroupofgenesresponsi灢
bleforcellgrowtharrestandapoptosis.Thein灢
creaseinp53proteinlevelsandthetranscription
activityofp53lead,inturn,toincreasethepro灢
ductionofMdm2.Mdm2proteinagainpromotes
therapiddegradationofthep53protein,soasthe
sustainedoscillationsoccur.Notethat,asdis灢
playedinFig.1,thecharacteristicfeatureisthat
theminimaofp53levelroughlycoincidewiththe
maximaofMdm2levelandviceversa[2].Whenthe
signaliscompletelyresolved,thep53灢Mdm2loop
returnstothenormalcaseandthelevelsofp53
andMdm2totheirbasalvalues.

3.2暋Thecaseatthepopulationofcells

暋暋 When weturntothecaseatpopulationof
cells,thep53灢activatingsignalmightbeaverageo灢
verthedifferentstrengthofdamagestressinindi灢
vidualcellsduetothestochasticmechanisminthe
geneexpression[12—14]asmentionedinSec.1.The
resultingS(t)isassumedasS(t)=S(0)exp(-t/

氂s).Itcanbeeasilyproventhattheparameter氂sis
theaverageof氂thoverthePoissonensembleofindi灢
vidualcellswhen氂thissupposedtobeaconstant

sinceweignoredthedifferenceofvarioustypesof

damageandthep53灢dependentDNArepairproces灢
ses.Generallyspeaking,氂sismuchlargerthanthe
characteristicperiodofoscillation氂th.

FromFigs.2and3,itisseenthatthescaled
concentrationsundergodampedoscillations with
respecttotheirbasallevels.Thecharacteristic
dampscaleofoscillationisaround20hours.The
damagesignalisresolvedafterabout5daysand
thelevelswillthendecreasetoacertainvaluethat
representsthestationarylevelsofp53andMdm2
proteins.IntermsofEqs.(1)—(3),thestationa灢
ryvaluescanbeestimatedwith

M(0)=M(t曻 曓)=SM

毺M
暋. (5)

Fig.2暋Concentrationofp53andMdm2relativetotheirbas灢
allevels.AsignalstressS(t)=S(0)exp(-t/氂s)is
introducedininitialstagewithS(0)=1.0and氂s=
10000min.Referenceofthecoordinatesandthepa灢
rametervaluesarethesameasinFig.1.
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Fig.3暋Concentrationofp53andMdm2relativetotheirbas灢
allevelsforlargetimescale.AsignalstressS(t),

referenceofthecoordinatesandtheparametervalues
arethesameasinFig.2.
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P(0)=P(t曻 曓)= SP毺M

毩PSM +毺P毺M
暋. (6)

Withtheusedparameters,itiseasilytoobtain
M(t曻曓)曋0.047andP(t曻曓)曋4.25.

Originofoscillationanddamping暋Hereitis
worthwhiletoclarifytheoriginsofoscillationand
damping mechanisms.Theoscillatorydynamical
behaviorscouldbeascribedtotheautoregulatory
feedbackloopin which p53 positivelyregulates
Mdm2expressionwhileMdm2negativelyregulates
p53levelsandactivity.Andthetimedelayinp53灢
dependentinductionofMdm2shouldalsobecruci灢
alfortheoscillatorybehavior.Inordertoclarify
thesepointsmoreclearly,letusconsiderthecase
withouttimedelay,i.e.,氂=0,whichmeansthat
theproductionofMdm2isregardedasinstantane灢
ouslyregulatedbyp53.AsshowninFig.4,itis
clearlyseenthatlevelsofp53andMdm2proteins
smoothlyevolveandtendtothestationaryvalues.
Thereisnooscillationexcepttheinitialstage,

whichcouldbeconsideredasresultingfromthe
thresholdoftheparameterK.Effectoftimedelay
alsocanbeseenfromFig.5forvariousvaluesof氂.
Withinthismodel,thesignificantoscillationonly
canbeobtainedfromappropriatetimedelay,i.e.,

氂曋20—60min.ComparingFig.2,3withFig.4,

we mightconcludethatthe negativefeedback
mechanismandtimedelayscouldbeconsideredas
driveoftheoscillations.

Fig.4暋Concentrationofp53andMdm2proteinsfor氂=0.

Referenceofthecoordinatesandremainingparame灢
tervaluesarethesameasinFig.2.

Letusfurthersupposethattheirradiation
damageofDNAkeepsunresolved(thiscasemight
occurinthemostseverecasesofstrongdamage),

whichmeansthatS(t)keepsconstantS(0)orthe
parameter氂s~曓 .Insuchcase,theamplitudeof
oscillationsissustainedandthelevelsoscillatesta灢
tionarily.When氂s changesfrom largethrough
small,asshowninFig.6,thedampingmechanism
startstoplayaroleandthedampingoftheoscilla灢
tionsmightbecomestrong.Themeaningfuloscil灢
lationcouldbeobtainedwhenthesignalemanating
fromthedamagepersistlongenoughafterwards
(say,氂s>>氂th).

Fig.5暋Effectoftimedelayinp53灢dependentinductionof
Mdm2ontheproteinlevels.Referenceofthecoor灢
dinatesandremainingparametervaluesarethesame
asinFig.2.

Fig.6暋Dependenceoftheoscillationsonthedamagerepair
rate氂s.Referenceofthecoordinatesandremaining
parametervaluesarethesameasinFig.2.

暋暋Effectofirradiationstrength暋 Theexperi灢
mentalresults[1,5]haveshownthattheoscillation
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onlyoccurforahighdamage.Atweakdamage
level,theactivationofdamage灢inducedsignaling
pathwaysislikelytoberelativelyinsufficient[1,5].
Inordertounderstandthispointmoreclearly,the
effectsofdamagestrengthS(0)onp53protein
concentrationareshowninFig.7.Forhigherval灢
uesofsignal(S(0)=1.0),theoscillationscould
beexpected,onthecontrary,forlowerone(say,

S(0)=0.8),theconcentrationofp53proteinin灢
creasestohighervaluewithalongertimeconsu灢
ming,andreachathresholdforsparingp53pro灢
teinfromdestabilizingeffectsonMdm2protein.

Fig.7暋Effectsofthestrengthofirradiationsignalonp53
levels.Referenceofthecoordinatesandremaining
parametervaluesarethesameasinFig.2.The
curveforhighersignal(S(0)=1.0)isidenticalto
thep53curveinFig.2.

暋暋Theabovenumericalresultscanbeunder灢
stoodfromEq.(1).Asiseasilyverified,themax灢
imalvalueofp53concentrationPmax(t)attimetmax

canbeestimatedby

Pmax(tmax)= SP

毩PM(tmax)(1-毭PS(tmax)-毺P
暋.(7)

Forstrongerirradiationdamage (largervalueof
S(0)),alargervaluesofPmax(tmax)couldbeex灢
pected,whichmightbelargerthanthethreshold
parameterKinEq.(3)andthustostimulatethe
transcriptionandtoincreasethelevelof Mdm2
protein(notethatingeneral,NinEq.(3)iswith
alargevalue20).Consequently,thelevelofp53
protein willbereduced.Thisnegativefeedback
mechanism will cause the oscil

lationsofconcentrationsofbothp53andMdm2pro灢
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teins.
However,forlowerlevelofirradiationdam灢

age,S(t)isnotstrongenoughtokeepp53degra灢
dationweak,Pmax(tmax)willpossiblybenotlarger
enoughtosurpassthethreshold.WhenPmax(tmax)

<K,theMdm2willremaintranscriptionalinac灢
tive.Theconcentrationlevelofp53protein will
smoothlyvarywithoutoscillationandtendtoits
stationaryvalue.

WiththeaidofFourieranalysis,ithasbeen
shownthatthepowerspectrumoftheoscillation
partofthep53concentrationasshowninFigs.2
and3couldbedividedintotwoparts氊=氊r+i氊i.
theimaginarypartoffrequency氊i,whichrepre灢
sentsthedampingofoscillation,coincideswiththe
timescaleofsignalresolution ~1/氂s,in mean灢
time,therealone氊rcorrespondstothetimeperi灢
odofthepulses氊r=2毿/氂th.Thisresultverifies
ouranalysisoftheoriginoftheoscillationandthe
dampingmechanism.

4暋ConcludingRemarks

暋暋 Weproposedaunified modelofp53灢Mdm2
negativefeedbackloopandstudiedthedynamical
mechanismoftheactivitiesofp53andMdm2pro灢
teinsinthecasesofindividualandpopulationof
cells.

Ithasbeenshownthatboththesustainedos灢
cillatory dynamics in individual cells and the
dampedonesinthepopulationofcellscouldbeun灢
derstoodinaunified way whenthedynamicsof
damage灢derivedsignalisproperlyintroduced.It
hasbeenclarifiedthattheoriginoftheoscillation
mechanismcouldbeascribedtothenonlineardy灢
namicsoftheautoregulatory negativefeedback
loopandthetimedelayinp53灢dependentinduction
Mdm2.Meanwhile,thedamping on oscillation
mightberelatedtotheresolutionDNAdamage.

Thisstudymayprovideuswithageneralun灢
derstandingoftheoscillatorydynamicsfoundin
variousphysical,chemicalandbiologicalsystems.
Thisstudyhasthesignificanceingenetherapyap灢
plication.
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DNA损伤致p53灢Mdm2相互作用的非线性动力学模型*
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摘暋要:p53灢Mdm2相互作用在DNA损伤的细胞响应方面起着非常重要的作用。最新实验结果

表明,在受到各种辐射损伤而引起DNA损伤后,细胞中的p53蛋白浓度在单体细胞和群体细胞

情况下,表现为非衰减振荡和衰减振荡两种不同的动力学行为。通过研究p53灢Mdm2负反馈回

路的非线性动力学,分析了各种(特别是 DNA 损伤,p53和 Mdm2浓度三者之间的)动力学关

系,提出了一个能同时描述这两种不同动力学行为的非线性模型。
关 键 词:p53灢Mdm2相互作用;负反馈回路;非衰减振荡和衰减振荡;非线性动力学模型
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