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Cell Communication Systems

Signal Generation/Transmission/Detection/Processing

Cell communication systems
in tissue morphogenesis

Many of the molecular players have been identified.....Add a

pinch of BMP, sprinkle some , a touch of Wnt, and
a handful of and you can pattern an embryo, a limb, or
an organ.

(B.Z. Shilo, Cell, 2001)
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Ronson & Horvath, 2002.
Science 296:1653-1655.

GAS= IFN-y activation
sequence

GRR= y-response region

ISRE= Interferon-stimulated
response element
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BEFORE SDS

AFTER SDS

SD S (sodium dodecyl sulfate) is a detergent (soap) that can dissolve hydrophobic molecules but also
has a negative charge (sulfATE) attached to it. Therefore, if a cell is incubated with SDS, the membranes will
be dissolved, all the proteins will be solubilized by the detergent, plus all the proteins will be covered with
many negative charges. The end result has two important features: 1) all proteins retain only their primary
structure and 2) all proteins have a large negative charge which means they will all migrate towards the

positve pole when placed in an electric field.

charged R.-groups

hydrophobic areas




polyvacrylamide gel tunnels of different diameters

polyacrylamide gel
electrophoresis (PAGE) +

1 2 3 4 5

Top view of an SDS PAGE after the current has
been on for a while (positive pole at the bottom) and
then turned off. The gel (gray box) has five
numbered lanes where five different samples of
proteins (many copies of each kind of protein) were
applied to the gel. (Lane 1, molecular weight
standards of known sizes; Lane 2, a mixture of three
proteins of different sizes with a being the largest
and c being the smallest protein; Lane 3, protein a
by itself; Lane 4, protein b by itself; Lane 5 protein ¢
by itself.) Notice that each group of the three
proteins migrated the same distance in the gel
whether they were with other proteins (lane 2) or not
(lanes 3-5). The molecular weight standards are used
to measure the relative sizes of the unknow proteins
(a, b, and ¢).




Western Blot Procedure

Protein Blot on

5D8 Polyacrylamide

Western blots allow investigators to determine the
molecular weight of a protein and to measure
relative amounts of the protein present in

Nitrocellulose Gel Electrophoresis -
different samples.
J— — N — 1) Proteins are separated by gel electrophoresis,
usually
— J— 2) The proteins are transfered to a sheet of special
P blotting paper called nitrocellulose, though
other types of paper, or membranes, can be
J— —_ used. The proteins retain the same pattern of
J— N separation they had on the gel.
3) The blot is incubated with a generic protein
(such as milk proteins) to bind to any remaining
sticky places on the nitrocellulose. An antibody
Label with Specific 1s' then :fdded :? the solu.twn which .1s able to
Antibod D Amtibod bind to its specific protein. The antibody has an
tibody etect Antibody enzyme (e.g. alkaline phosphatase or
horseradish peroxidase) or dye attached to it
— which cannot be seen at this time.
Ay
— 4) The location of the antibody is revealed by
[ ) incubating it with a colorless substrate that the
— attached enzyme converts to a colored product
that can be seen and photographed.
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Time courses of unobserved individual STATS populations: Depicted is the predicted quantitative
behavior of unphosphorylated STATS5 (blue line), tyrosine phosphorylated STATS monomers
(black line) and dimers (green line) in the cytoplasm, and cycling activated STATS molecules in the

nucleus (red line).
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Wnt signaling
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‘Target genes
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Symbol Description Reference value

Concentrations

° total Dsh 100 nM
APC total APC 100 nM
TCF total TCF 15 nM
GSK® total GSK3p 50 nM
Axin® total axin 0.02 nM
B-catenin® total p-catenin 35 nM
B-catenin® free phosphorylated B-catenin inM
Dissociation constants
s binding of GSK3p to (APC/axin) 10 nM
Ky binding of APC to axin 50 M
Ks binding of B-catenin to (APC/axin/GSK3B) 120 nM

Kig binding of B-catenin to TCF 30 nM
Kz binding of B-catenin to APC 1200 nM
Concentration ratios
(APC* [ Axin® jGSK3B) 2
(APC/Axin/GSK3p)
(B — catenin® JAPC* Axin® | GSK3B) 7
(B — catenin/APC* [ Axin® | GSK3P)
Flux and flux ratio
Vi degradation flux of B-catenin via the proteasome 25 nM/h
viafvyy 0.015
Characteristic times
Tkp phosphorylation/dephosphorylation of APC and axin 2.5 min
TGSKass GSK3p association/dissociation 1 min
Taxdeg Axin degradation 6 min
The data are grouped into ions of pathway i constants of protein complexes, concentration ratios, uxes and ux ratios, and characteristic
times of selected processes. Experimental evidence for these data i discussed in the text. From these data, the following rates and rate constants are calculated: vy, = 042
M - min " {rate of f-catenin synthesis), viy =8.2 - 10°* - M min " (rate of axin synthesis), k,—0.27 min"', ks =013 min "', ks=9.1 - 107 nM " - min 091 nM " -

min ", kg =210 min ', kig=210 min ", kyy =042 min ', k3 =2.6- 10 % min ', k5 =0.17 - min . See Table 52, found at http/dx doiorg/10. namnum\ptﬁmmom 1002,
for more precise numbers used in the calculations.

Bold: Measured values, ftallcs: Estimated values.
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Response to perturbation in protein synthesis in different backgrounds

100 100
£ 2
T 75 | € 75 |
= 75 = 75
5 5
=
= 50 g 50
2 2
@ o
(4] Q
& 25| A 251
=2 R

0 0
A B
time, £ (h) time, t (h)

(A) Simulated timecourses of B-catenin degradation. In vitro conditions are simulated by switching off
synthesis of B-catenin and axin (v,, =0, v,, =0 for # 0). Curve a: reference case (no addition of further
compounds); curve b: addition of 0.2 nM axin; curve c¢: addition of 1 uM activated Dsh (deactivation of
Dsh was neglected, k, = 0); curve d: inhibition of GSK3f (simulated by setting k, = 0, k, = 0); curve e:
addition of 1uM TCF. Addition of compounds (axin, Dsh, TCF) and inhibition of GSK3f was performed
atr=0.

(B) Experimental timecourse of B-catenin degradation in Xenopus egg extracts in the presence of buffer
(curve a’), axin (curve b 10 nM), Dsh (curve ¢”: 1 uM), Li* (curve d’: 25 mM), or Tcf3 (curve e”: 1 uM).




70
63 Timecourse of B-Catenin and Axin
E Concentrations Following a Transient Wnt
g6 Stimulation
¥
a9 Transient activation of the pathway is modeled
assuming a Wnt stimulus that decays
42 exponentially
starting at z, = 0.
35
The various curves for B-catenin and for axin
20, differ in the turnover rate of axin determined
by the parameters v, and k|5 (curves a:
15 reference values of these parameters; curves b:
increase by a factor of 5; curves c: reduction
g 12 by a factor of 5).
£
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4
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time, £ (h)
A Effects of Increasing Axin
200 Concentration on 3-Catenin
Degradation
E 150 (A) Effect of axin concentration on
= B-catenin half-life. Curve a:
:; reference case (K g, Ko > 1
b= 100[ | corence state nM, ordered mechanism);
= / curve b: K\ =1 nM, Ky > 1
T nM; curve ¢: K> 1 nM, K,y =
50 1 nM; curve d: Ky = 1 nM.
(B) High concentration of axin
0 inhibits B-catenin degradation
2 3 4 6 in Xenopus egg extracts.
Log[AxininM] Labeled B-catenin was
incubated in Xenopus extracts
in the absence (0 nM) or
presence of moderate (10 nM)
B Axin (nM) 0 10 300 and high (300 nM)
concentrations of axin.
time, ¢ (h) 0 2 O 2 O 2 Moderate concentrations of
axin greatly accelerate,
B-catenin —_— e —— —— whereas high concentrations
inhibit B-catenin degradation.




Control coefficient:

At steady state

W=10 W=1

CEM! C}m-m C?m.r Ct}ﬂm
APC —0.83 0.79 —0.87 052
GSK3p —0.89 074 —0.94 0.40
PP2A 0.89 -0.50 094 —0.30
TCF 0.20 0 0.07 0
Dsh 0 0 0.78 -033
B-catenin 1.00 0.20 1.00 0.44
Axin -1.08 1.00 -1.59 1.00

The contrel coefcients were obtained by numerical determination of the response
to a change of total concentrations by 1%. Coefcients are given for the reference
state and for the standard stimulated state,

DOl 1037 1/journal. pbio.0000010.1004

Wnt-induced gene expression

Notice the time scale of transcriptional response




GENERAL STRUCTURE AND
ACTIVATION OF RECEPTOR
TYROSINE KINASES (RTKS)

AS WITH THE EPO RECEPTOR,
LIGAND BINDING INDUCES A

CONFORMATIONAL CHANGE Ligand @

THAT PROMOTES OR STABILIZES o ¥ ) o

RECEPTOR DIMERS. s L_Itgand»bmdl ng
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Steps in the activation of Ras by RTKs. Fig. 15.24
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MAPK activity can be followed

* In time
» And space

Main tool: phosphorylation state-specific antibodies —
recognize phosphorylated amino acids in the context of
a specific surrounding aminoacid sequence

Experimental analysis
of MAPK dynamics (1)

344 ASTHAGIRL, HORWITZ, AND LAUFFENBURGER

(1) tsolation of kinase @) i vitro reaction (3) Measure 32P-incorporation
into substrate

Incubate

cell lysate
N wash Substrate reaction
A + 2p_substrate sample

"PAATPU 1

In the samé well, Quench and fransfer |
withou trassfer 10 flter wells *P_substrate|
unreacted
p.ATP

This kinase activity assay preserves a 96-well format through the entire procedure allowing high throughput. A kinase ac
: [ the kinase from the ether cell lysate proteins, (ii) an in vitro
ated by the kinase, and (ili) the recovery of the phosphorylated subst e quantifi
ase activity. In the first step of this assay, an antibody that recognizes the kinase is used to

FIG. 1.
can be partitioned im
which the protein substrate is phosphoryl,
degree of phosphorylation as a measure of
Isolate it. The antibody is coated in the well in the proper orlentation through its interaction with protein A, which is covalently bound to the
The second reaction step is performed in the same microtiter well in which the kinase was isolated. After quenching the reaction,
performed by filtering a ple from the reaction through a 96-well plate firted
he phosphorylated sul e and allows unreacted ATP to pass through, The

filters are then punched out and scintillation counted to determine the amount of “P incorporation into the protein substrate,

well surfac

the third step of recovering the phosphorylated substrat

Asthagiri AR, Horwitz AF, Lauffenburger DA. A rapid and sensitive quantitative kinase activity assay
using a convenient 96-well format. Anal Biochem. 1999 May 1;269(2):342-7.




Experimental analysis
of MAPK dvynamics (2)

35, ‘

Fold stimulation of ERK2 activity
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FIG. 7. Time-course of ERK2 activity in CHO cells in response to
15 nM EGF stimulation. CHO cells were stimulated with 15 nM EGF
and were lysed at different time points. ERK2 activity in each cell
lysate was measured and subtracted from background activity mea-
sured in plain lysis buffer. The background-adjusted ERK2 activity
was normalized to the ERK2 activity immediately following serum
starvation (i.e., the zero time point).

Spatially resolved pattern of
MAPK phosphorylation (1)

pre-lesion

Figure 3. Intercellular spread of ERK/MAPK activation can cross a
wide cell-free barrier. A cell-free barrier (400-800 m wide) was

2 \J created by making a central vertical lesion in the monolayer 24 h
prior to the experimental lesion (dashed double line).

Mandell JW, Gocan NC, Vandenberg SR.
Mechanical trauma induces rapid astroglial activation of ERK/MAP kinase:

3 O A Evidence for a paracrine signal.
Glia. 2001 Jun;34(4):283-95.




Spatially resolved pattern of
MAPK phosphorylation (2)

immunohistochemistry

A

MAP kinase (ERK) is activated by dual
phosphorylation

of threonine and tyrosine residues by MEK (1).
A monoclonal antibody, termed
diphospho-ERK (dp-ERK),

was raised against a dually phosphorylated
11-amino acid peptide that constitutes the
vertebrate ERK activation loop (11-13).
All 11 residues are conserved in the single
Drosophila ERK homolog Rolled (14),
raising the possibility of cross-reactivity.

Positive staining with a dp-ERK
Gabay L, Seger R, Shilo BZ. MAP kinase in situ activation antlbOdy iS nOt ltself indicative Of

atlas during Drosophila embryogenesis. Development.

1997 Sep;124(18):3535-41. functional activation

Pharmacological Inhibitors of MAPK s1gnallng
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English JM, Cobb MH.
Pharmacological inhibitors of MAPK pathways. Trends Pharmacol Sci. 2002 Jan;23(1):40-5. Review
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Kling DE, Lorenzo HK, Trbovich AM, Kinane TB, Donahoe PK, Schnitzer JJ.

MEK-1/2 inhibition reduces branching morphogenesis and causes mesenchymal cell apoptosis in fetal rat lungs.
Am J Physiol Lung Cell Mol Physiol. 2002 Mar;282(3):L370-8.

Quantitative analysis of MAPK
cascades

 Steady states (switch-like behavior)
* Dynamics (specificity in signaling)




INPUT

(E1)
* .
MAPKKK $ MAPKKK® * 10 reactions
L] * 18 rate equations

* Loots of parameters
* loooots of typos in the paper too

MAPKK 5_= MAPKK-P 5= MAPKK-PP

MAPKK Pase

MAPK T_= MAPK-P T MAPK-PP

MAPK F'ase

ouTPUT

Fig. 1. Schematic view of the MAPK cascade. Activation of
MAPK depends upon the phosphorylation of two conserved sites
[Thr-183 and Tyr-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 MAPKKKs are activated and inac-
tivated by enzymes we denote E1 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.

10080 Biochemistry: Huang and Ferrell

Input stimutus (E1y,)

Fig. 2. Predicted stimulus/response curves for MAPK cascade
components calculated by numerical solution of the rate equations for
the MAFP kinase cascade. (4) Predicted responses (solid lines) on a
¢ input stimulus is expressed in multiples of the ECsq,
ation of Ely, that produces a 50% maximal response. The

es are Hill equation curves whose steepness (the ratio of
their ECoq to ECyp) is the same as the steepness of the calculated
curves, (B) A semi-logarithmic plot of the predicted responses. Here
the input stimulus (Ely.) is exy 1 in absolute, rather than relative,
terms,




Kange ol elfective oethcients {nH)
predicted for

Range of assumed

Enzyme concentrations MAPKKK MAPKK MAPK
MAPKEKK 0.6-15 nM (3 nMT) 0.9-1.0 1.6-1.7 38-5.1
MAPKK 0.24-6 pM (1.2 uMT) 1.0 1.4-19 24-9.1
MAPK 0.24-6 pM (1.2 uMT) 10 1.7
E2 (MAPKKK inact: 3 0.06-1.5 nM 1.0 1.7
MAPKK Pase 0.06-1.5 nM 1.0-1.1 1.6-1.7
MAFK P'ase 24-600 nM 1.0 1.6-1.7

The assumed concentrations of cach enzyme were individually varied over the ranges shown, with the assumed
concentrations of the other five enzymes held constant. The effective Hill coefficients were calculated from the steepness of
the predicted stimulus,/response curves, as described in the text.

The numbers shown in parentheses are estimated values for the concentrations of Mos (a MAPKKK), Mck-1 (a MAPKK),
and pa2 MAPK (a MAPK) in Xentopus oocytes. We initially assumed [E2] to be 0.3 nM, [MAPKK P’asc] 1o be 0.3 nM, and
[MAPK P'ase| to be 120 nM. Sce text for details,

Table 2. Predicted Hill coefficients for MAP kinase cascade components: Varying the assumed Ky, values
Range of effective Hill cocfficients (nH)
predicied for

Range of assumed K.,

Reaction values MAPKKK MAPKK MAPK
1. MAPKKK — MAPKKK"® 601500 nM L0 .7
2. MAPKKK® — MAPKKK 60-1500 nM Lo L7
3. MAPKK — MAPEK-P GO-1500 nM 10 13-23
4. MAPKK-P — MAPKK GO-1500 nM o 15-19
5. MAPKEK-P — MAPKK-PP 6-1500 nM 1.0 13-24
6. MAPKK-PP — MAPKK-P A-1500 nM 1.0 1.7-1.8
7. MAPK — MAPK-P 601500 nM (300 M) 10 L7
8. MAPK-P — MAPK HO-1500 nM 0 L7
9. MAPK-P — MAPK-PP G0-1500 nM 1o L7
10, MAPK-PP — MAPK-P B0-1500 nM 1.0 1.7

The assumed Ky values for each reaction were individually varied over the ranges shown, with the assumed Ky, 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.

The K value for reaction 7 his been measured 1o be 300 nM for the phosphorylation of a mammalian MAPK by a MAPKK
(N, Ahn, personal communication). All of the other Ku values were initially assumed 1o be 300 nM as well.

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

Range of effective Hill coefficients (nH)

Range of assumed Ky predicted for

Reaction values MAPKKK MAPKK MAFPK
1. MAPKKK — MAPKKK* 60-1500 nM 1.0 1.7 49
2. MAPKKK® — MAPKKK 60-1500 nM 1.0 L7 4.9
3. MAPKK — MAPKK-P 60-1500 nM Lo 13-23 4.0-5.1
4. MAPKK-P — MAPKK H0-1500 nM 1.0 1.5-1.9 3.6-6.7
5. MAPKK-P — MAPKK-PP 60-1500 nM 1.0 1.3-24 38-52
6. MAPKK-PP — MAPKK-P 60-1500 nM L0 1L7-1.8 4.1-6.4
7. MAPK — MAPK-P 60-1500 nM (300 nMT) L0 1.7 3.7-6.2
85 MAPK-P — MAPK BH0-1500 nM 1.0 1.7 4.3-5.2
9. MAPK-P — MAPK-PP 601500 nM L0 1.7 34-6.1
10. MAPK-PP — MAPK-P 60-1500 nM LO 1.7 4.7-5.1

The assumed Ky, values for cach reaction were individually varied over the ranges shown, with the assumed Ky, 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.

The Ky, 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 Ky, values were initially assumed to be 300 nM as well.

Table 3. Predicted Hill coefficients for MAPK cascade components assuming one-step (processive) or two-step
(distributive) models for the phosphorylation of MAPK and MAPKK

Effective Hill coefficient (nH) predicted for:

Maodel MAPKKK MAPKK MAPK
One-step phosphorylation for MAPKK activation;
One-step phosphorylation for MAPK activation 1.0 1.3 L5
One-step phosphorylation for MAPKK activation;
Two-step phosphorylation for MAPK activation 1.0 1.3 20
Two-step phosphorylation for MAPKK activation;
One-step phosphorylation for MAPK activation 1.0 L7 37

Two-step phosphorylation for MAPKK activation;
Two-step phosphorylation for MAPK activation 1.0 1.7 4.9
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P42 MAP kinase (MAPK) activity
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Fig. 1. A simplified scheme of a signal transfer through a signal
transduction pathway. At each cascade level only two interconvert-
able forms are shown, Superseript | denotes inactive forms, e.g. £}
and E; stand for inactive and active receptor. The active form (£,)
at each level affects the activating and/or i ivati ion at
the subsequent level (i+ 1),
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Fig. 3. Signal transduction via a three-level model cascade. A: Dependencies of the local and the total responses on the signal. Dashed lines 1,
2 and 3 correspond 1o the local responses. The total response of the target (RY) is shown by the solid line. For simplicity, the kinases and
phosphatases at each cascade level were assumed to l'uJIow M\ch.:chs Menlcn kinetics, vy = fr‘“ Ep /(1 + E‘,f i )e = P B K )

The activity of the kinase at the first level was 1 to be of the signal, i.e. £y =5, The parameter values
were (dimensionless units): e = (£ + El} 10; k=1, K! K =4, = 10; & = (E3 + E’J = 10 .k“" =1, K3y 05, K', = 3

VPR = 10; e =T+T =10, k¥ = 1.5, Kl = 1, & i 1 i

nal with the level of the cusﬁdc The ies of the i uf.[., (=) Ea(---) and T (

) on § are sln:wm




