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Actin polymerization

Dormain architecture and autcinhibitory interactions in modular switch
proteins. (a) Src family kinases contain M-terminal SH3 and SH2
domains, and a kinase domain flanked by intramolecular SH3-binding
and SHZ-binding sites (when the C-terminal motif tywosine is
phosphoryated by Csk). The crystal structures of several family
members show that both intramolecular domain interactions function in
concert to lock the kinase in an inactive conformation. Activating stimuli
(red) include external SHZ or SH3 ligands. After initial activation, the
kinase is maintained in an active state by autophosphorylation of its
activation loop. (b) SHP-2 phosphatase contains two SHZ domains
and a phosphatase domain. The crystal structure of the phosphatase

shows that the M-terminal 5H2 domain participates in an autoinhibitory
interaction that directly blocks the phosphatase active site. Binding of
external SHZ ligands activates by disrupting the autcinhibitory
interaction. (¢} NAWASP contains an Enabled YVASP homology 1
(EVH1) domain, a B motif, a GED, a proline-rich segment (proj and an
output region (YCA) that alone binds the Arp2/3 complex and
stimulates its actin nucleation activity. The B and GBD maotifs are
required to repress activity and, by current models, are thought to
participate in intracomplex interactions (only the structure of the GED
intramolecular complex for WASF is known). GTP-bound Cde4? and
FIF; synergistically activate N-WASE,
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“Phosphatase Kinase Kinase” =
a kinase that activates a kinase
that activates a phosphatase
that deactivates a protein.
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Thre dorulsle-acrowed [ine indicales ihal pooteins A and B
can ind 1o each otber.  The "node” placed an the line
reprezents the A:B complex.

Asgymmetric binding where protein A donates a peptide that
Linds [0 & cecepiod site o pocksl o pootein B.

Rapresentation of wmultunelecular complexes: © is &,
vz (ABIC This notation is extensible to any number
of cowtponents in a complex

Conalent inolilicetion of progein & The single-amowed
Time indicates that A can exist in a phosphorylated state.
The mnda repeesants the phosphors(ated spacies.

Cleavagre of a4 covalent bond: dephosphorylation of & by
a phrosphatase.

Proveol viie cleavage sl a specific site within a protein,
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Stonchiomeine conversion of A o B

Transpord of A from cylosol e nucleus, The node
represents & after it has been transported into the
nuclens.

Formarion of a homodimer. Filled circle on the right
represents another copy of A The node on the line
represents the homodimer A&

2 1% the combinaion of states defined by x and y.

Enzymatic sumuwlanon of a reaction.

Geperal symbaol for stimulation.
A bar behind the armowhead signifies necessity.

Gieneral symbeal for inhibition.

Shorthand aymbol for transeriptional acfivation.
Shorthand symbol for transcriptional inhibition.
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Biochemistry: Huang and Ferrell Proc. Natl. Acad. Sci. USA 93 (1996)

Table 2. Predicted Hill coefficients for MAP kinase cascade components: Varying the assumed Ky values

Range of effective HillbeGefficients (nH)
Range of assumed K predicted for

Reaction values APKEKK MAPEKK MAPK

1. MAPKEK — MAPKKK* 6G0-1500 nM 1.0 L7 4.9

2. MAPKKK* — MAPKKK 500 nM 1.0 L7 4.9
i MAPKK — MAPKK-P 6G0-1500 nM 1.0 L3-23 4.0-51
4. MAPEK-P — MAPEK 60-1500 nM 1.0 L5-19 36-6.7
5 MAPKE-P — MAPKK-FP 60-1500 nM 1.0 L3-24 38-52
6. MAPKE-PP — MAPEE-P 6G0-1500 nM 1.0 L7-1L8 4.1-64
7. MAPK — MAPK-P 60-1500 nM (300 nMt) 1.0 L7 37-62
8 MAPK-P — MAFK 60-1500 nM 1.0 L7 4352
0. MAPK-P — MAPK-PP 6G0-1500 nM 1.0 L7 3d-n1
10. MAPE-PP — MAPEK-P 60-1500 nM 1.0 L7 4.7-51

The assumed K values for each reaction were individually varied over the ranges shown, with the assumed K values for
the other mine reactions held constant. The effective Hill coefficients were calculated from the steepness of the predicted
stimulus,/response curves, as described in the text.
tThe K, value for reaction 7 has been measured to be 300 nM for the phosphorylation of a mammalian MAPK by a MAPKK

(N. Ahn, personal communication). All of the other K values were initially assumed to be 300 nM as well.

g
Calculations. Eqgs. 1-10 represent the reactions of the MAPK KK-PP + KK P'ase == KK-PP*KK P'ase &
cascade, which are shown schematically in Fig. 1. We have used de
Goldbeter and Koshland’s nomenclature for the rate constants—
the letter a denotes association, d denotes dissociation without Ks 4
catalysis, and k denotes product formation (11). KKK denotes —+ KK-P + KK P'ase 6] ) - (
MAPKKK: KK denotes MAPKK:, and K denotes MAPK.
a; ky
KKK + E1=KKK'El — KKK* + El [l ar kg
dy KK-PP + K= KK-PP*K — KK-FP + K-P 71
d;
a; ko
KKK* + E2=KKKE2 — KKK + E2 21
ds ag ks
- K-P + K P'ase = K-P-K P'ase — K + K P'ase [8]
a3 ks dS
KK + KKK* == KK'-KKK* — KK-P + KKK* 31
ds Ao ky
as K-P + KK-PP = K-P-KK-PP — K-PP + KK-PP [9]
KK-P + KK P'ase == KK-P-KK P'ase dy
dy
k. a1
' % '
KK + KK Plase 141 K-FP + K P'ase == KK-PP-K P'ase

dlﬂ

as ks Kio
KK-P + KKK* = KK-P-KKK* — KK-PP + KKK*  [5] —= K-P + K P'ase [10]

s

HE

¥
MAPKKK = MAPKKK®

4
E2

MAPKK 7= MAPKK-P 2 MAPKK-PP

. 1

MAPKK F'ase

MAPK = MAPK-P MAPK-PP

MAPK P'ase
ouTPUT

Fic. 1. Schematic view of the MAPK cascade. Activation of
MAPK depends upon the phosphorylation of two conserved sites
[Thr-183 and Tvr-185 in rat p42 MAPK/Erk2 (4, 5)]. Full activation
of MAPKK also requires phosphorylation of two sites [Ser-218 and
Ser-222 in mouse Mek-1/MKK1 (6-10)]. Detailed mechanisms for the
activation of various MAPKKKs (e.g., Raf-1, B-Raf, Mos) are not yet
established; here we assume that MAPKKKSs are activated and inac-
tivated by enzymes we denote El and E2. MAPKKK?* denotes
activated MAPKKK. MAPKK-P and MAPKK-PP denote singly and
doubly phosphorylated MAPKK, respectively. MAPK-P and
MAPK-PP denote singly and doubly phosphorylated MAPK. P'ase
denotes phosphatase.



%[KKK] = —a [KKK][E1] + d,[KKK-E1]

+ ko[KKK*-E2] [
d
5 [KKKE1] = [KKK][E1]- (d, + k)[KKKEL]  [12]
d
77 [KKK*] = —a;[KKK*|[E2] + d,[KKK*E2]

+ ki[KKK-E1] + (ks + d3)[KK-KKK*] — as[KKK* |[KK]
+ (ks + ds)[KK-P-KKK*] — ajKK-P][KKK*] [13]

%[KKK*-EZ] = a,[KKK*][E2] — (d; + ky)[KKK*E2]
[14]

%[KK] = —a,[KK][KKK"] + dy KK-KKK"]
+ ky[KK-P-KK P'ase] [15]
%[KK-KKK*] = 1, [KK][KKK*]
— (dy + k3)[KK-KKK"] [16]

d
57 [KK-P] = —a,[KK-P][KK P'asc] + d,[KK-PKK P'ase]
+ k[KK - KKK*] + kolKK-PP- KK P'ase]
+ d{KK-P-KKK*] — adKK-PI[KKK*] [17]

+ dKK-P-KKK*] — as[KK-PIKKK*] 117]

%[KK—P-K.K Prase] = a,[KK-P][KK P'ase]
— (dy + k)[KK-P-KK P'ase] [18]
:—I[KK-P-KKK*] = a,[KK-P|[KKK"]
— (ds + ks)[KK-P-KKK"] [19]

%[KK—PP] = ks|[KK-P-KKK*] — a,[KK-PP|[KK P'ase]
+dg[KK-PP-KK P'ase] — a,[KK-PP](K]
+ (d; + k[K+KK-PP]
+ (do + ko)[K-P+KK-PP]
— aJ[K-P][KK-PP] [20]

d
o7 [KK-PPKK P'ase] = a[KK-PP][KK P'ase]

— (ds + K)[KK-PPKK P'ase| [21]
%[K] = —a,[K|[KK-PP| + dy[K-KK-PP]
+ ks[K-P-K P'ase] [22]

%[K-KK—PP] = a,[K][KK-PP] — (d; + k;)[K'’KK-PP]
123]

d
5 [KP] = K KeKK-PP] — a,[K-PJ[K Prase]
+ doK-P-KP'ase] — allK-P]KK-PP]
+ d[K-P+ KK-PP] + k[K-PP-K P'ase] [24]

%[K—P-K P’ase] = a [K-P|[K P'ase]
— (dy + kg)[K-P-K P'ase] [25]
% [K-PKK-PP] = ag[K-P][KK-PP]
— (ds + ko)[K-P+-KK-PP] 1261
%[K-PP] = —ayo[K-PP][K P'ase]
+ dylK-PP-K P'ase] + klK-P-KK-PP]  [27]
% [K-PPK P'ase] = a,,[K-PP|[K P'ase|

— (dy + k[K-PP K P'ase] [28]

[Ely] = [E1] + [KKK-E1] [30]
[E2,] = [E2] + [KKK*E2] [31]
[KK,] = [KK] + [KK-P] + [KK-PP] + [KK-KKK*]
+ [KK-P-KKK*] + [KK-P-KK P'ase]
+ [KK-PP-KK P'ase]
+ [KK-PP-K] + [KK-PP-K-P] 132]
[KK P'asew] = [KK P'ase] + [KK P'aserKK-P]
+ [KK P'ase - KK-PP] [33]
[Kiat] = [K] + [K-P] + [K-PP] + [KK-PP-K]
+ KK-PP-K-P| + [K-P-KP'ase] + [K-PP-KP'ase] |34]
[K Prase,,| = [K P'ase] + [K-P-K Pase]
+ [K-PP:-K P'ase] [35]
These equations were solved numerically using the Runge—
Kutta-based NDSolve algorithm in Mathematica (Wolfram
Research, Champaign, IL). An annotated copy of the Math-

ematica code for the MAPK cascade rate equations can be
obtained from J.E.F.

The 10 reactions described above give rise to 18 rate
equations.

1O% 2
1#$%

In addition, there are seven conservation equations (Eqgs.
29-35).

[KKK,,] = [KKK] + [KKK*] + [KKK-E1]

+ [KKK*-E2]
+ [ *.K] + [KKK"-K-P] [29]
l 2
4



let KKK() =
(new ul@d1l:Release
lal(ul); (do'uLl;KKK() or Ik1;KKKst())
BBB3## 2
and KKKst() =
(new u2@d2:Release
do'a2(u2); (do!u2;KKKst() or 'k2;KKKY())
or ?a3(ul); (do ?2u3;KKKst() or ?k3;KKKst())
or ?a5(ub); (do ?u5;KKKst() or ?k5;KKKst()))

let E1() =
?al(ul); (do 2ul;E1() or ?k1;EL())
4A#BBB 2
let E2() =
?a2(u2); (do ?2uz2;E2() or ?k2;E2())

let KK() =
(new u3@d3:Release
la3(u3); (do 'u3;KK() or 'k3;KK_P()))

and KK_P() =
(new u4@d4:Release new uS@d5: Release
do 'ad(ud); (do!ud;KK_P() or 'k4;KK())
or 'a5(ub); (do'u5;KK_P() or 'k5;KK_PP()))

[1]substrate

[2]substrate
[3]kinase
[S]kinase

[1]enzyme

[2]lenzyme

[3]substrate

[4]substrate
[S]substrate

+ #* |/

and KK_PP() =
(new b6@d6: Release
do 'a6(ug); (do!u6;KK_PP() or 'k6;KK _P())

or ’)a7(u7) dn D771/ DD\ A DI,7-I7 1/ DDNN

or ?a9(u9); dD

1#?%
( *
and KK Psg() = 2 4
do ?ad(ud); (Ao v ivint ooy o

or ?a6(u6); (do ?u6;KKPse() or ?k6; KK Pse())

ST NN Ovy )

and K_P() =
(new uB@d8:Release new u9@d9: Release
do 'a8(u8); (do!u8;K_P() or 'k8;K())
or 'a9(u9); (do!'u9;K_P() or 'k9;K_PP()))

and K_PP() =
(new ul0@d10:Release
1a10(u10); (do 'ul0;K_PP() or 'k10;K_P()))

and KPsg() =
do ?a8(u8); (do ?u8;KPse() or ?k8; K Psg())
or ?a10(u10); (do ?ul0;KPse() or ?k10;K Ps())

[6]substrate
[7]kinase
[9]kinase

[4]phtase
[6]phtase

[7]substrate

[8]substrate
[9]substrate

[10]substrate

[8]phtase
[10]phtase



type Release = chan()
type Bond = chan(Release)
type React = chan()

new al@1.0:Bond val d1=1.0 new k1@1.0:React
new a2@1.0:Bond val d2=1.0 new k2@1.0: React
new a3@1.0:Bond val d3=1.0 new k3@1.0:React
new a4@1.0:Bond val d4=1.0 new k4@1.0:React
new a5@1.0:Bond val d5=1.0 new k5@1.0: React
new a6@1.0:Bond val d6=1.0 new k6@1.0: React
new a7@1.0:Bond val d7=1.0 new k7@1.0: React
new a8@1.0:Bond val d8=1.0 new k8@1.0: React
new a9@1.0:Bond val d9=1.0 new k9@1.0: React
new al0@1.0:Bond val d10=1.0 new k10@1.0: React

run 100 of KKK () run 100 of KK() run 100 of K()
run 1 of E2() run 1 of KKPse() run 1 of KPs&()
run 1 of E1()

0
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Lysosome and target don’t just merge.
‘Target. ——
1 @
@
A
3
.5? .6?
Biologically, Mito/Mate
clearly happens. However,
weird sequences of
7 Endo/Exo are also common.
48
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