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SOLVING THE NEUTRINO MYSTERY ¢ RECOGNIZING ANCIENT LIFE

50 YEARS OF THE
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Domain architecture

Repressed state Activated state

EVH1 2B, GBD g pro

Currant Opinion in Structural Biclooy

(a)
P
(b)
[ Input ] [ Cutput ]
SH2 g SHZ Phosphatase
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Actin polymerization

Dormain architecture and autcinhibitory interactions in modular switch
proteins. (a) Sro 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 tyosine 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 N-terminal SHZ domain participates in an autoinhibitory
interaction that directly blocks the phosphatase active site. Binding of
external SHZ ligands activates by disrupting the autoinhibitory
interaction. (¢} M-AWASE contains an Enabled YASP 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 GEBD motifs are
recjuired to repress activity and, by current models, are thought to
participate in intracomplex interactions (only the structure of the GBD
intramolecular complex for WASPF is known). GTP-bound Cde42 and
FIF; synergistically activate N-WASP,
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Thre double-acrowed [ine ndicales ila pooteins A and B
can bicd 1o ench ather.  The “node” placed an the line
represents the A:B complex.

Agymmetric binding where protein A donates a peptide that
Timds (2 & recepooe site o pockel on pootein B

Raprezentation of mnltunclecular complexes: © is A,
wis (A BT This notation is extensible to Aoy numbear
of cowtponents in a complex

Conalenl il veetion of protein &, The single-armowed
line indicates that A can exist i a phosphorylabed stabe.
The miwde repuesenls the phosphor, ated fpecises.

Cleavagrs of 4 covalent bond;: dephosphorylation of & by
a phrosphatase.

Proteol vtie cleavage st a specific site within a protein,

B—©

s FiLy

@
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Stichiomeine conversion of A o B

Trapsport of A from cylosol W necleus, The node
represents A after it has been transported inta the
nucles.

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

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

Eazymatic sumulanon of a reaction.

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

Generml symbal for inhibition.

Shorthand aymbol for transeriptional acfivation.
Shorthand symbol for transcriptional inhibition.

[Dragradation products 5
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A comprehensive pathway map of epidermal growth factor receptor signaling

Epidermal Growth Factor Receptor Pathway Map e

K anae Odal—'z, Tukdiko Matsuokal—'g, Alira Funahashil2 and Hiroaki Kitanolddd

The Systems Biclogy Institute, Toloye, Japan

Department of Fundamental Science and Technology, Eeio University, Tokyo, Japan

ERATO-30RST Kitano Symbiotic Systems Project, Japan Science and Technology Agency, Tokyo, Japan
Sony Computer Science Laboratories, Inc., Tokyo, Japan
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Biochemistry: Huang and Ferrell Proc. Nail. Acad. Sci. USA 93 (1996)
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Table 2. Predicted Hill coefficients for MAP kinase cascade components: Varying the assumed Kw values

Range of effective HilleGetficients (nH)
Range of assumed K, predicted for

Reaction values APKEK MAPKK MAPK

1. MAPKKK — MAPKKK* 60-1500 nl 1.0 L7 4.9 %

2. MAPKEK* — MAPKKK 500 nM 1.0 L7 4.9

3. MAPKK — MAPKK.-P 60-1500 nM 1.0 L3-23 4.0-5.1 ¥

4. MAPKK-P — MAPKK 60-1500 nM 1.0 L5-19 36-6.7 MAPKKK == »
5 MAPKK-P — MAPKK-PP 60-1500 nM 1.0 1324 3B8-52 - MAPKKK
6. MAPKK-PP — MAPKK-P 60-1500 nM 1.0 L7-18 4.1-64 i)

7. MAPK — MAPK-P 601500 nM {300 nMt) 1.0 L7 37-6.2 E2

8 MAPK-P — MAPK 60-1500 nM 1.0 L7 43-52

9. MAPK-P — MAPK-FP 60-1500 nM 1.0 L7 34-6.1 N
10. MAPK-PP — MAPK-P 60-1500 nM 10 L7 47-5.1 MAPKK &= MAPKK-P &= MAPKK-FP

The assumed K values for each reaction were individually varied over the ranges shown, with the assumed K values for |

the other nine reactions held constant. The effective Hill coefficients were calculated from the steepness of the predicted

stimulus/response curves, as described in the text. MAPKK F'ase
1The 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 Kw values were initially assumed to be 300 nM as well. MAPK 3 MAPK-P
2 MAPK P'ase
Caleulations. Egs. 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 dg
Goldbeter and Koshland’s nomenclature for the rate constants—
e © rate sonsta QUTPUT
the letter a denotes association, d denotes dissociation without kg 2
. enoles ", A enotes . - - = -
Fic. 1. Schematic view of the MAPK cascade. Activation of
i N a; ks MAPK depends upon the phosphorylation of two conserved sites
d KK-PP + K?f—'KK*PP‘K—‘ KK-FP + K-P 171 [Thr-183 and Tyr-185 in rat p42 MAPK/Erk2 (4, 5)]. Full activation
ke + B2 xEn KKK 4 B2 o ’ of MAPKK also requires phosphorylation of two sites [Ser-218 and
* 4 = E2 — -+ 2 . . . ; . .
0 P s K P g PP ks N ¢ Ser-222 in mouse Mek-1/MEKK1 (6-10)]. Detailed mechanisms for the
. o FrRPam e LPEPue— K+ K [ activation of various MAPKKKSs (e.g., Raf-1, B-Raf, Mos) are not yet
e R . established; here we assume that MAPKKKs are activated and inac-
) ; ivate ¢ enzymes we denote El an . enoftes
K-P + KK-PP s K-PKK-PP —» K-PP + KK-PP  [9] tivated by denote E1 and E2. MAPKKK® denot
KE-P + KK P'ase s KKPKK P'ase do activated MAPKKK. MAPKK-P and MAPKK-PP denote singly and
= - doubly phosphorylated MAPKK, respectively. MAPK-P and
ﬁKK e - K-PP + K P'ase == KK-PPK P'ase MAPK-PP denote singly and doubly phosphorylated MAPK. P'ase
dio denotes phosphatase.

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

s



%[lﬂ(l{] = —a,[KKK][E1] + d,[KKK-E1]

+ ko[KKK* - E2] [
d
7 [KKK'E1] = [KKK][E1]- (4, + k)[KKKEL]  [12]
d
77 [KKK*] = —a;[KKK*|[E2] + d:[KKK*E2]

+ ki[KKK-E1] + (ks + d3)[KK- KKK*] — a;[KKK' | KK]
+ (ks + ds)[KK-P-KKK*] — af[KK-P][KKK*] [13]

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

%[]{K] = —a,[KK][KKK"] + dy KK-KKK"]
+ kyKK-P-KK P'ase] [15]
% [KICKKK ] = 0,[KK][KKK*]
— lds + k)[KK-KKK*] [16]

d
77 [KK-P] = —,[KK-PJ[KK P'ase] + d,[KK-PKK P'ase]
+ kKK -KKK*] + ko KK-PP-KK P'ase]
+ d{KK-P-KKK*] — adKK-PI[KKK*] [17]

+ d{KK-P-KKK"] — asKK-P[KKK*] [17] )

%[KK—P-K.K P'ase] = a,[KK-P][KK P'ase]
— (dy + k[KK-P-KK P'ase] [18]
% [KK-P-KKK*] = as[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; + kK- KK-PP]
+ (do + ko)[K-P-KK-PP)
— a[K-P)[KK-PP] [20]

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

— (ds + Ko)[KK-PPKK Prase] [21]
%[K] = —a,[K][KK-PP| + d;[K-KK-PP)
+ kolK-P- K P'ase] [22]

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

d

5 1KP] = K KKK-PP] - af K-PJ[K Plase]
+ do|[K-P- K P'ase] — al[K-P]KK-PP]
+ difK-P KK-PP] + k[K-PP-K P'ase]

d
T [K-P-K P'ase] = a3[K-P][K P'ase]

— (da + k3)[K-P-K P'ase]
d
1 [K-PRK-PP] = a5[K-P][KK-PP]

— (de + ko)[K-P-KK-PP]
d 3
@ [K-PP] = —a;o[K-PP][K P'ase]

+ dyo[K-PP- K P'ase] + ko[K-P+KK-PP]

d
e [K-PP-K P'ase] = a;o[K-PP|[K P'ase|

— (dyy + ky)[K-PP-K P'ase]

[Eld = [E1] + [KKKEL]
[E2\o] = [E2] + [KKK™E2]

124]

125]

126]

127]

128]

[30]
131]

[KK o] = [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]
[KK P'ase] = [KK P'ase] + [KK P'ase-KK-P]
+ [KK P'ase - KK-PP]
[Kiot] = [K] + [K-P] + [K-PP] + [KK-PP-K]
+ KK-PP-K-P| + [K-P-K Plase] + [K-PP-K P'ase]
[K Prase,o ] = [K P'ase] + [K-P-K P'ase]
+ [K-PP:K P'ase]

132]

[33]

[34]

135]

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.

E
IP% 1

I#$%*
( 1%

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

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

+ [KKK*-E2]
+ [ *.K] + [KKK*-K-P] [29]
l 1
2
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