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Andrew Ahlas
Molecular snd Cell Biology 137
Michael Grabe, Robert Macey, George Oster

Introduction:

Living organisms muest adapt 10 changes n their envirconmenl. Animals, for
example, change scasonally by shedding fur, acquinng fat. hibemating. or nugrating,
Such seazonal adapiations repeat cvery year.

In addition 1o annual adaptations, animals also exhibit daily behavioeal patterns,
Humans, for example; generally tend 1o feel fatigued when their surroundings are dark
and energetio when their surroundines are Lishe, Humans therefore tond o be aclive
during the dayv and slecp at night. The fimdamental molecular cause of these daily
behavioral patterns is repetitive Hluctuations of proteins,

Progein levels often oscillate because of feedback inhibition. To illustrate how
feedback works, consider the hypothelical resction imvelving proieins A, B, and C:

N B ———

Figure 1: A hypothesical regction of proteins A, B and C.

Mepztive feedback oceurs when protein £ inhibits the transformation of A to B, An
ingrease in the amount of A will first lead to an increase in 13, then o an inerease in O,
Bl high levels of C will prevent the lormation of B, thus leading eventuully to a decrcasc
in C. Wilh luss C, [eedback imhibition decreases, allowing more B to form. Increased B
levels then lead to more C, causing the cycle the repeat again. “The end resull iy thal these
proteing oscillate rhythmically. [f the period of these oscillations 15 24 hours, the
alganism containing these prodeing is said o expenence circadian ripihms,

The proteins involved in circadian thyihms are ool yel understeod in all animals.
In Drosophila, however, scicntists have known for several decades that these rhvthms
mvolve the perfed provein (“"PER”). 1t was once believed that PER was this system’s
only oscillatory protein but recent discoveries have revealed that another protein, fmeless
{(*"TIMT), behaves similarly,

It is nevw heligved that daily fuctuations of PER and TIM are the primary cause of
Drasaphila's circadian thythms, Though the exact mechanism of their interaction has yet
o be deciphered. a theoretical model thar aprees with experimental evidence has been
estructed (lpure [
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Figure 2! Mechosizm of infemaction babwesn FER and TTR,

Inn this digeram, the PER and TIM genes are firs transeribed in the nueleus. The
resulting mRNA (Mp & M1) is then transported into the cyvtosol where it is trenslated into
IPER: and TIM protein (Fp & T.). PER and TIM are then each phosphorylated two times,
first forming monophosphorylated PER and TIM (P, & T;), then hiphosphorylated PER
and TIM (P2 & Tq), These protéins then intersct to form a PER-TIM complex (C) that is
transporled inte the nuclews {Cy). This nucleic complex then behaves as a transenption
factor, directly inhibiting mRNA {ormation Through negative fzedback.

11 should be noted that the PER-TIM complex mighl pol directly inhibit
transcrnplion. 1t is possible that the complex activates ano intermediale protein thal acls as
an inhibiter. Also, i is possible that PER and TIM are phosphorylated more than twice,
It has even been proposed thal phesphorylation does not accur unl after the PER-TIM
camplex forms. Numercus olber arguments exist that are contrary to the mechanism
proposed in figure 2.

This project’s purpose is not to debate the mechanism of PER-TIM intgraction.
While il i3 true thal intermediates might form, additional phosphorviation steps might
pccur, and phosphorylaion migh! happen later than expected. these facts are unimportant
to this project. They shnecessarily complicate this theoretical model wathout adding any
substantial ingight. This project will therefore adhers to the mechanizsm proposed in
figure 2 because il is the simplest arrangement that is capable of producing values that
agree with cxpenmental chsereations.

Equations:
The first equation deseribes the change in the amount of PER mBENA (Mg):
dMpidt = v Kup K™ ") - vinpMp{ K p+hdz) - kahdp (1)
The first term refers to feedback inhibition by the nucleic PER-TIM complex (Cx) on Me

synlhesis, 11 Cy increases, the model predicts thar feedback inhibition will increase,
resulting in decrensed Mp formation. This term confirms this predietion because if Cy



becomes infinite. Mp formation approaches zero in this tenm. Similarly, the model
predicts that a decrease in Cy, causes a decrensze n leedback inhibition, resulting in
mmerensed Mp synthesis. 'This condition is also satisficd because 1l Gy approaches zero,
this term approaches its maximum rate v, The second term desenbes a Michaclis-
Menten relationship between a degradation enzyme and M. Notice that as Mp becomes
infinile, enzymatic degradation approaches its maximum rale vpe, When My approaches
werey, the rate does, too. The third term refers to non-creymitic My degradation that
follows first-order kinelies, inerzasing linearly in magninede with Me.

The second cquulion describes the change in the amount of unphosphorylated
PER protein (I,):

APt = kapMp - vipP (K et Py) + vapl Bt Py ) — ki Py (2)

The lirst term describes the formation of P, from PER mBRNA (Mz). Motice that there isa
linear (Airst-order) relationship between Mp and Py synthesis, The sceond lerm desenibes
PER phosphorylation. This Michaelis Menten expression is negative becanse Py 15
consumed in this transformation. The (hird (erm 15 analogous w the second bt it
describes the formation of I, (from monophosphorylated PER protein Py and 15 therefore
postlive, The final term iz analogous to the final term in equation 1.

The third equation desenibes the change in the amount of monaphasphorviated

FER protein (P):

dPdl = vl K p P = vl (e F )
- wapPil(KaptPr) + vapPa{ Bt 1P2) - kel (3)

The first lerm is the same 25 the second term in cquation 2 but 15 posilive because it
deseribes un inerense in Iy, The second term is the same az the thind lerm in equation 2
but is negative boeause il requires Py consumption. The thied and fourth Michaelis
Menten cxpressions are unalogous o those found in previous equations; the former s
negative because it describes Py consumplion while the Tatter is positive because it
describes Iy production. The ffth term is annlogous o previously desenbed first-order
decty sapression,

The fourth egualion describes the change in the amount of biphosphorylated PER
protein (")

I:HT_LI'II:'.I'[ = "-.-'_lu].’p'lm t|-'+P|_:| . "!'dP-Pi-'l{_-EII""Pﬂ‘}
- kquTi o I'n'..:l.{:l = 'L’dPFiu'r{Kd'P+PE:| x LdP? Eq‘.}

The first and second eems are the same a3 the third and fowth terms In cquaton 3 but
opposite in sign, The third lerm deseribes second-order cylosolic PER-TIM complex (C)
formation. It is negative becuuse it requires Pz consumption. The foarth term is positive
because it deseribes first-order dissociation of C, a process that relesses Po. The filth and
sixth terins represent decay; the former is a Michaclis Menten expression because it
imvolves engyvmatic degradation while the latter follows first-order kinetics.

The [i1th equation:
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divdidt = ‘:-'ﬂKn-n."I:E.]T""'EH":I - Yol K o =Mr) - kM (5)

Iz analogous to equation | but deseribes the change in the amount of TIM mBENA (M)
inslerd of PER mIRNA (M),
The sixth equation:

dTyfdt = kerlvly - vir ToAK 1+ T0) + v Ty (Ko + T ) - kaT, (o

Is analogous Lo cquation 2 but describes the change in the umount of TIM protein (1)
instead ol PER protein {1%,).
The zeventh equation;

dTo/dt = vy T (K 1+ Ts) = vy Tt K ar T
=¥t TR +Th) + vr TaA K+ Ta) - kT {7)

Is analogous o equation 3 but describes the change in the amount of
monophosphorylated TIM protein (T)) instead of monophosphorylated PER protein (P
The eipghth equalion:

A2/l = v TAKr T - v ToA Rt 1's)
- KsPaTs + Kl = var oA Kar+T ) - kg T (R}

15 analogous to squation 2 but describes the change in the amoum ol biphosphorviated
TIM pratein (T3) instead of biphosphorylated PER protein (Pa).

The ninth cquation describes the change in the amount of cyvtosolic PER-TIM
complex (C):

diidl = kP T, - kgl - KyC + kaChy = ke |:':;|:|

Ihe first term, which also appears in cquations 4 and 8, describes the second-order
formation of C from biphosphorylated PER protein (P2 and biphosphorylated TIM
proiein (T2). The second 1=rm. also appearing in equalions 4 and 8. describes the first-
order dissociation of !, The third term deseribey first-order transporl of PER-T1M
complax from the cyiosol to the oucleus, while the fourth lerm describes transport from
the nucleus W the vytosol. Motice thal these two expressions have different signs because
they have opposing directionulitics. The final term is analopous to previous first-oeder
decay expressions.

The tenth equation describes the change in the amount ol nueleic PER-T1M
complex (Cyh:

dlwdt = k(O - L‘Cgl::rq - kg {J:{I'}

The first and second terms are the same as the third and Tourth terms in equation 9 but
their signs are reversed, The final term is analogous to previous éxpressions of first-order
decay:

The eleventh equation is the sum of all proteins conluining PER. |t therefore
represents the wlal amount of PER protein in the system:



Py Pas Py Pad O+ Oy (11}
T'he twellth cquation represents the foial amount of TIM protein in the system:

Ty =Te+Ti+Ta+C+ Cy {12}

List of Equations:

AL = v B K™ O Ve R e M) - b (1)
dPy/dt = kapMp - vipPol (K Dy) + vapl (Kap+ Py ) — kP (2)
dPadl = vipP (K et Py = waply (Kot B ) - vieP o (Bt Py) 1 v Pal(Kap+Py) - kgl (3)
dPyidt = vapl(KaptP ) - vaeP o (Kt Pr) - ksPaTo + kaC - v/ (Rop HPD) - KaPs ()
diiridt = v B R ™ - VM (Bt ) = kgMt (3)
dTofdt = kg - vir T K+ T vy T A K+ T ) - T ()
AT/t = vir T B 15) = var T (et T = vad Tl (Kt 1) 4 v T (Kt T2) - kg1, (D

dTafdt = v T ARG TET ) = var Taf (K Ta) = kaPaTy + ki - Yar Laf(KeptTs) « KyTs (8)

AL = kaPaTs = kaC - Ky - k+Chy = kae C ()
dCifdt = kg0« sl = ey {102}
]',--]",:,+|:'|'!'].:"1"'i:"l'Egn~ U”
Ti=Ta+ Ty HFlz b L+ Cyy {12)
Resulis:

When these twelve cquations are run on Mudonns the resulting graph is
convoluted and dilTieult to interpret. An understamding of the results is facilitated if the
curves are compared two ata time, For example, the model predicts (hat PER and T1M
mBENA (Mp & Mr) must be present belore unphosphorylated PER and TIM protein (1, &
15) because mBNA is required for protcin synthesis. “|'he graph in figure 3 conlirms this
pradiction;
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Figure 3; A comparison of PER and TIM mBENA (Mp & M) and
unphosphorylated PER and TIM prosein (B, & To). Notice thar prosein ehanges
Ing shightly Behind changes in mitRAL

The model also predicts that unphosphorylated PER and TIM (B, & T,) must be
present before phosphorylated PER and TIM (P & T)) because protein must first be
present hefore & phosphate can be added. This prediction is supported by figure 4:

Figure 4; A comparison of wiphosphory lated (Bo & Ty} 2nd
npzﬁﬁm'ﬂmylmﬁﬁ & Ty protaing, Notice thut Py & T lag slightly behind
= Ll



The mexlel also predicts that the behavior of monophosphoryiated PER and TIM
(", & T)) precedes that of biphosphoryluted PER and TIM (P2 & T:). This prediction is

Figure 5

The prediction that the behavior of hiphoaphorylated peotein (P & Ti) precedes
that of cytosolic PER-TIM complex (C) 15 supported by figure 6:
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T'he prediction that the behavior of the eytosolic PER-TIM complex (C) precedes
that of the nucleic PER-TIM complex (Cr) i supported by figure 7:

After cxamining each parametar separately, it is eagier (o understand a praph of
these variables together (fgure B):

Floure 8 Though «1il convaluted, thia gragh displiys the model’s geneml
sequeence of eventz. First the PER and TIM genes ure tmnscribed inlo BN A
{Myp d& M) wliich in then translared nta protein (B & To). Thise proleing nre
then first phosphorylated o B and Ty, then phosphondanced egain to Prand T
The reaulthng biploaphorylaied prodeing form a cviasalbla comglax (C) Chat iy
then trangported into the nuclaus (Cx).

G‘:‘if-‘u; i'-fl e ’ﬁaﬂﬂt ﬁwﬁ

L.+ fus abvinas,

The previous graphs describe hehavior at normal conditions. When
environmental factors arc adjusted, however, these values shift to compensate. 1, for
example, the svstem is cxposed o light, biphosphorylated TIM (1;) decay accelerates.



The resulting shortage of TIM decreases the amount of PER-TIM complex, weakening
negative feedback. Withuoul substuntial feedback inhibilion (lhe fundamental cause of
periodic behavior in this svstem), oscillations stop.,

Figure % The damping effect of light on oscillutions, Light, which sccelerafes
TIM decay, i3 mimicked by inerenging vt 1o 300 nhdl.

Crscillations will also slop in constant darkness, The reason is thar decreasad I
decay incresses the amount of biphosphorylated TIM (Ta), thus incrensing the amount of
PER-TIM complex (C). Megative fesdback becomes so strong that transeription
eventually approaches zero. Without new mRNA, protein is nol produced, so ascillations

are unahle o continue.

= oL

Flgure 100 The elfect uf darkness, which decreases TIM decay, on oscillations,
Darkness iz mimicked by decrensing vap to 4 nME™,

Altering the rale constants for PER-TIM complex frmation (ke) and dissociation
(kq) also allecly oscillatory behavior. If, for example, ki decreases to zero, PER-TIM
complex () will not form. In the absence ol C, there is no negative feedback so



oscillations are impossible. Similary, if ks decreases o zera, O will be imabls to
dissociale, The hyper-stable C will exent such strong negalive feedback that mRNA will
nol form, Without mEXNA, protein cannot be translated, thus preventing oscillatory
behavior,

Altering ks and ky does not always have such profound consequences, A
madlerate decrease in ke canses C o become “sticky" (more time i required for it w
dissociatc). The complex’s increased life-span causes it to perform feedback inhibition
for a longer duration, thus slowing the nucleus’ production of mRNA, This delays protein
syathesiy, ullimately causing the period of each evcle to inerease, This phenomenon is
illustrared through a comparizon ol lgures 11 and 12:

ngn: 12: The aﬂ':u of decreasing the dssm:[amn constant hq w . Notice
that oscillations ane slower {the period is longer) than in fgur= 11,

1}



A Hinal graph worth noting compares mBNA (Mr & M) 1 nucloic PER-TIM
complex (Cy):

S 5

Figure 13: A compariaon of mENA md-nm:lnln PER-TIM complex (O
Mertice that the smaph procesds counterclockwise.

. -

It is importan 1o undersand the meaning of this graph. Starting at point 1 and
moving counterelockwise, natice that the amount of nucleic PER-TIM complax (Cy)
decreases, This decrease means that there is less negative fecdback, enahling
ranscriplion i oceur. ‘The wnount of MRNA thus incresses, but not for long. For each
mBNA formed, a cerain amount of protein iy produced that later becomes Cy, (that exerts
tiegative feedback on transeription). Notice that the amount of Oy bBegins to increase at
point 2. A short time later, at point 3, leedback inhibition (lrem Cy) canses the amount
of MRNA o start lu decrease, Cy then increasss and mRNA decreases until point 4 when
the luck of mRNA for translation causes the smonnt ol protein (ineluding Ch) to start 10
dechine. The eycle then begins aguin, oscillating indelinitely with rhythmically
Nuetuating levels of PER/TIM mBNA gnd protein,

11




Parameters and Yaloes:

| Parameter | Value | Units | Description
Vo 1 nMb maximum rate of PER mENA formation
VT ] nMb | maximum rate of TIM mRH,-*u formation
VP T nh-'ll}_j' maximuem rate of PER. mRMA enzymatic degradation
v T _.:M'h" MAXIMIN Fate of TIM mBNA enzymatic degradalion
o 2 nivi Michaelis constant for PER mRN A enzvmatic
- degradation
Eat 2 i Michaelis constant foe TIM mRNA cnzymalic
_ . degradulion
buw M h! | mite constant for PER pmlem formation -
| ket 9 b rate constant for TIM protein farmation ]
Vi 2 aMb” | masimum rate of biphosphorviated PER enzymatic
degrad'itmn !
Var 2 aMBT | maximum raie of biphosphorylaled TIM enzymatic
| degradation
Kap 2 nh Michaclis constant for biphosphorylated PR enzymatic
_ degradation
Kt |2 nM Michaclis constant for biphosphorvlated TIM enzymatic
| depradation
ki | .6 k! rate constant for transpeart of PER-TIM complex from
cytasol 1o nucleus =i
ks b b rate constant [or transport of PER-TIM complex fram
, nucleus to cviosol )
ks 112 aMh | rate constant for PER-T1M complex formation _|_
ks L] b ritle gonstant for PER-TIM complex dissociation
Kip | nhd threshold constant for repression of PER mRNA
transcription
Kir 1 niv] threshald constanl (or repression of TIM mENA
transcription
n 4 --- cooperativity constant [or feedback inhibition
Ky 0 Wt { EE.'HCH]. rate constant for de-::au
ke 01 ! rate constant for cvioselic PER-TIM complex decay
L Kan A1 h' rade constant for nueleic PER-TTM complex decay
ip g I | maximum rate of monophosphorylated PER formation
B 8 i | maximum rale of monophosphorylated TIM Formation
Vip i nbdh! | masinwam rate of monophosphorylated I FER degadulion
Vit 1 obdh” | maximom rate of m..a:mphu:ﬂ[:itﬁl}']:lmd TIM depradalion
Vip 2 ﬂf‘_'.-’lh"t | maxinum rate of biphosphorylated PER formation |
Vit Ik nhih” | maximum rate of biphosphorylsted TIM formation
Vip 1 oMb | maximum rate of biphosphory lated PER degradation
Var | Cnhb? | maximum mate of biphosphervlated TIM degradation
Kip ) b | Michaslis constant for monophosphorylated PEIR
, furmation

12



Kyt 2 oM Michaclis constant for monophosphorylated TIM ]
N | lotmation
Eap 2z nhd Michaclis constant for monophosphorvlated PER
| degradation
Kar 2 v Michaclis constant for monophosphorylated TIM
deeradation
Kap 2 b Michaclis constant for biphosphorylated PER formation
| Kar 2 | nhd Michaelis constant for biphesphorvlated 1M formation -3
Eape v, nhd Michaelis constant for biphosphorylated PER
degradation _
Ky 2 (TRl Michaelis constam for biphosphonylated 1M |
degradation
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