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Signal transduction in the
post-genomic era

With the complete genomic sequences
from a variety of eukaryotic and
prokaryotic organisms now available,
there is increased confidence that an
understanding of complex biological phe-
nomena and systems is now within our
reach. However, cells are dynamic entities
constantly bombarded by a wide diversity
of external stimuli.

Examples of these stimuli include solu-
ble growth factors, hormones and cyto-
kines which have been traditionally viewed
as initiators and regulators of intracellu-
lar events, as well as mechanical forces
and cell-cell/cell-extracellular matrix
adhesion.

Thus, genome information alone will
not be sufficient to completely understand
cellular function. Rather, the complex in-
tracellular processes of gene expression,
cell survival, growth, differentiation or
death will require subsets of gene prod-
ucts. Importantly, these gene products can
be up-regulated or down-regulated in
total expression levels, expressed in a tis-
sue-specific manner, or subject to post-
translational modifications to enhance or
inhibit function.

When the genome of the simple multi-
cellular nematode worm Caenorhabditis
elegans was first fully examined in 1998,
signal transduction components and tran-
scriptional regulators were found to be
amongst the largest families of proteins
(1). Specifically, the most common pro-
tein domain classified by the Pfam protein
family database was the seven transmem-
brane chemoreceptors (650 matches)
followed by the protein kinase domain
(410 matches).

Amongst the 20 most common pro-
tein domains were also the seven trans-
membrane receptors of the rhodopsin
family (140 matches) and the protein ty-
rosine phosphatases (90 matches). Similar
global analyses of the Human Genome
were not available at the time of writing
this article, but classification of the human
tyrosine kinase superfamily has docu-
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the individual pathway components.

Fig. 1. Organisation of MAPK signal transduction pathways. The typical MAPK pathway
illustrates the common themes in organisation of all MAPK pathways.Two specific examples are given:
the yeast mating pheromone pathway and the mammalian ERK MAPK pathway. Both pathways em-
phasise the conservation of organisation, and indicate that there are tiers of phosphorylation events.
Note that there are additional complexities introduced through other components, including the use of
non-enzymatic scaffolds such as Ste5 in the yeast pathway and MP| in the ERK MAPK pathway. Such
simple cartoons, however, fail to reveal information regarding the kinetics of activation or the location of

mented 90 unique tyrosine kinase genes
found on 19 of the 24 human chromo-
somes (2). Given the established impor-
tance of tyrosine phosphorylation, such a
catalogue has been greeted with enthusi-
asm.

The aim of our laboratory is to under-
stand how signal transduction pathways
can be regulated in response to both sim-
ple soluble signals (such as hormones,
cytokines or growth factors) as well as
less defined signals (the so-called ‘stresses’
which include, but are not restricted to,
hyperosmolarity,ischaemia or reperfusion).

We have chosen to focus on the mi-
togen-activated protein kinase pathways.
These pathways allow the illustration of
some of the fundamentals of signal trans-

duction. In this review,a general overview
of the three best-characterised mamma-
lian MAPK subfamilies and their signal
transduction pathways is presented. Us-
ing this information, five developing
themes of signal transduction are dis-
cussed.

An introduction to the mitogen-
activated protein kinases

Twelve years ago, an insulin-activated
protein kinase was first described in 3T3-
LI cells (3). At that time, the signal trans-
duction mechanisms employed by hor-
mone receptors were poorly defined. It
took an additional two years before puri-
fication and cloning revealed the similar-
ity to protein kinases in the yeast phero-
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mone response (4). This protein kinase
became the founding member of the
superfamily of mitogen-activated protein
kinases or MAPKs.

The first general tenet of signal trans-
duction, therefore, is that there can be
remarkable conservation of signalling pro-
teins and this extends to pathway organi-
sation (Fig. ). Currently there are
MAPK-like pathways described in insects,
plants, amphibians and mammals. These
are not only of academic interest but they
also provide many genetically-tractable
and versatile model systems for studies that
have identified a MAPK superfamily (5).

The general features of MAPKs indi-
cate that these are typical serine/threo-
nine protein kinases having all eleven pro-
tein kinase subdomains (Fig. 2). These
motifs are critical for maintaining the con-
served protein kinase 3-dimensional fold
and binding of their ATP and peptide
substrates.

ERK MAPKs and their pathways
as signalling prototypes

The MAPKs first recognised to respond
to insulin and other growth factor stimu-
lation are the Extracellular Signal Regu-
lated Kinases, or ERK MAPKs. Many of
the principles of their regulation can be
applied to the other MAPK subfamilies.
This includes the regulation by phospho-
rylation of a threonine-X-tyrosine motif
(specifically, T-E-Y for ERK MAPKSs) within
their activation loop, phosphorylation lip
or linker 12 loop that lies between
subdomains VIl and VIII (Fig. 2) as well as
their general position within the intracel-
lular signal transduction cascades (Fig. ).

When looking at the general organisa-
tion of the signalling pathway, a second
general principle is apparent - that the
phosphorylation of a protein such as a
protein kinase can regulate its activity. As
shown for ERK MAPKSs, the phosphoryla-
tion of both the threonine and tyrosine
permits the rotation of the MAPK C-ter-
minal lobe, thereby aligning the active site
residues for efficient transfer of the y-
phosphate from ATP to the hydroxyl resi-
due of the serine or threonine of its pro-
tein substrate (6). This can increase k
by 50,000-fold with only minor effects on
binding affinity for the substrates (7).

A third generalisation is also possible
at this stage.Apart from the tiers of pro-
tein kinases leading to MAPK activation,
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Fig. 2. The subdomain organisation of the MAPK superfamily. MAPKs contain all ||
protein kinase subdomains. Simplistically, these are required for mediating interactions with their
substrates - ATP and the peptide substrate. Between subdomains VIl andVlll is the MAPK phospho-
rylation lip (also called the linker 12 loop or activation loop). The amino sequences from 4 different
MAPKs are shown (ERK2, FUS3, JNK| and p38c). Phosphorylation of the conserved threonine (T)
and tyrosine (Y) residues within this loop (denoted by *) permit activation of the kinase activity of

these MAPKs.

non-enzymatic adaptor proteins and small
GTP-binding proteins (G-proteins) can be
involved. Thus, the events preceding ki-
nase activation may be complex.

The organisation of a typical MAPK sig-
nalling pathway, as well as examples of a
yeast and mammalian MAPK pathways, are
illustrated in Fig. I. This highlights the
complexity and conservation of pathway
organisation.

The general sequence of events begins
when an extracellular stimulus activates
its corresponding receptor; thereby recruit-
ing adaptor molecules and activating small
G-proteins. This is usually followed by
three to four tiers of protein kinases.
Specifically, the MAPKKKKs (typically of
the Ste20-family) phosphorylate and acti-
vate the MAPKKKSs (or MEKKSs) which, in
turn,phosphorylate and activate the MAPKKSs
(or MEKSs). These dual-specificity kinases
then phosphorylate and activate the
MAPKs which then phosphorylate and ac-
tivate their specific target proteins (Fig. I).

When discussing complexity, it is also
apparent that the two highly homologous
ERK MAPK isoforms (ERK| and ERK2)
are expressed ubiquitously (4), with both
isoforms simultaneously activated in re-
sponse to a variety of growth-promoting
stimuli (for example, see ref. 8). Just why
a cell requires activation of two ERK
MAPK isoforms remains unclear.

Fig. | also illustrates another emerg-
ing feature within the complexity of the
signal transduction pathways, namely the
use of specific scaffolding proteins (9). By
definition, these scaffolds are pathway or-
ganisers that lack enzyme activity.A scaf-
fold requirement was originally shown for
the yeast pheromone-responsive pathway
in which the Ste5 scaffold organised a
functional MAPK pathway module, with
concomitant increases in signalling
specificity, efficiency and amplitude (10).
It would seem that a cell can cope with
pathway complexity by using these scaf-
fold ‘organisers’.

In addition to spatial organisation, it is
also clear that temporal control is criti-
cal.A fourth generalisation of signal trans-
duction, therefore, is that the kinetics of
activation,and particularly the length of ac-
tivation time of a pathway, can be ‘sensed’.

In the case of ERK MAPKSs, activation
is often transient (I1,12) but prolonged
activation has been associated with more
potent growth-promoting effects, such as
observed with the differentiation of the
neural PC12 cell line (reviewed in ref. | 3).
This is not surprising, given that prolonged
activation of ERK MAPKs promotes their
nuclear translocation. It is more surpris-
ing that some stress stimuli can also pro-
mote sustained ERK MAPK activation

(14).
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Stress-activated MAPKs

As mentioned earlier, cells also encoun-
ter environmental ‘stresses’ and must re-
spond appropriately. Although ERK
MAPKs have been described as positive
growth regulators, they may be activated
following exposure to a variety of stresses
including heat shock (14).The exact roles
of ERK MAPKs in this scenario are not
completely clear,although most evidence
supports a role in cell survival (14).Thus,
it is also possible that the activated path-
ways defend the cell.

Just how a stress subverts a growth fac-
tor-regulated pathway has been explained
with the observation of growth factor
release and/or growth factor receptor
activation (15). Thus, growth factors may
be critical mediators in the response to
stress.

In addition to the ERK MAPKs, there
are other MAPKs more commonly con-
sidered to be ‘stress-activated’. The first
identification of a stress-activated MAPK
came in 1990 when intraperitoneal injec-
tion of the protein synthesis inhibitor cy-
cloheximide was shown to activate a 54
kDa protein kinase in rat liver. Subsequent
purification and cloning enabled identifi-
cation of a subfamily of mammalian pro-
tein kinases with 40-45% identity to the
ERK MAPKSs (16).

The defining signature motif of this
group of kinases is Thr-Pro-Tyr (T-P-Y)
within the activation loop (Fig. 2).These
protein kinases have been referred to as
the Jun N-terminal kinases, or JNK
MAPKSs, due to their ability to phosphor-
ylate the N-terminal transactivation of the
transcription factor c-Jun. The JNK
MAPKSs are activated by a variety of cell
stresses including heat shock, protein syn-
thesis inhibition, UV irradiation or
hyperosmolarity (16-18).

When returning to our third point on
complexity, it should be emphasised here
that the JNK MAPKSs show even greater
complexity than the ERK MAPKs. Cur-
rently, ten isoforms of JINK MAPKs have
been identified as alternatively spliced
products of three genes (19). Complex-
ity is also apparent at events further up-
stream with two distinct JNK MAPK ac-
tivators, MKK4 and MKK7, being activated
by a large family of MAPK kinase kinases
(5).

In most situations, activation of JNK

MAPKSs is accompanied by activation of
the third major MAPK family, the p38
MAPKSs.These protein kinases were origi-
nally characterised following the exposure
of pre-B cells to endotoxic
lipopolysaccharides.

A phosphoprotein of 38 kDa (termed
p38) was observed and its purification and
cloning revealed a protein kinase with 49%
identity to ERK MAPKSs (20).Again, there
are multiple isoforms of the p38 MAPKSs:
p38a, p38P and p38-2, p38y and p389.
The defining signature motif of this group
of kinases is Thr-Gly-Tyr (T-G-Y) within
the activation loop (Fig. 2). Upstream sig-
nalling events are also complex (5).

Location, location, location

Our fifth basic tenet of modern signal
transduction introduces another level of
complexity through regulation of subcel-
lular localisation of signalling molecules.
This can allow components ready access
to each other (thus facilitating the proc-
esses). This is seen, for example, in the
recruitment of Sos to the plasma mem-
brane: such movement of Sos facilitiates
Ras activation or the translocation of
MAPKs to the nucleus, thus enabling them
to phosphorylate transcription factor
substrates.

In addition, as described by Alistair Sim
in an accompanying article in this Show-
case on Research, the regulation of sub-
cellular localisation of phosphatases is
critical to their signal transduction
specificity in a cellular context. Conversely,
different subcellular localisation of pro-
teins with a potential to interact will pre-
vent inappropriate interactions between
them, thus preventing the relevant proc-
esses.

Concluding remarks

The award of four Nobel Prizes in
Physiology and Medicine in the last dec-
ade to scientists unravelling the complexi-
ties of intracellular signal transduction ac-
knowledges the impact that this under-
standing has had on modern biological and
biomedical science. Maybe its clearest
message is that the more we discover; the
more complicated the signalling mecha-
nisms appear to be.

With this in mind, some of us are en-
tering the post-genomic era with the mis-
sion to unravel the complexities of signal

transduction networks rather than eluci-
dating simple linear information path-
ways.

References

I. The C. elegans Sequencing Consortium (1998)
Science 282,2012-2018

2. Robinson, D.R.,Wu,Y. M., and Lin, S. . (2000)
Oncogene 19, 5548-5557

3. Ray,L.B.,and Sturgill, T.W. (1988) J. Biol. Chem.
263, 12721-12727

4. Boulton,T. G.,Nye, S. H.,Robbins, D.]., Ip, N.Y,,
Radziejewska, E., Morganbesser, S. D., DePinho,
R.A., Panayotatos, N., Cobb, M. H., and
Yancopoulos, G. D. (1991) Cell 65, 663-675

5. Widmann, C.,Gibson,$S.,Jarpe,M.B.,and Johnson,
G. L. (1999) Physiol. Rev. 79, 143-180

6. Canagarajah, B.].,Khokhlatchev,A., Cobb,M.H.,
and Goldsmith, E. J. (1997) Cell 90, 859-869

7. Prowse, C.N.,and Lew,J. (2001) J. Biol. Chem.
276, 99-103

8. Bogoyevitch,M.A., Glennon, P.E.,Andersson, M.
B., Clerk,A., Lazou,A.,Marshall, C. )., Parker,P].,
and Sugden, P.H. (1994) J. Biol. Chem. 269, 11 10-
119

9. Garrington,T.P, and Johnson, G. L. (1999) Curr.
Opin. Cell Biol. 11,211-218

10. Choi, K.Y., Satterberg, B., Lyons, D.M.,and Elion,
E.A.(1994) Cell 78,499-512

I'l. Abas, L., Bogoyevitch,M.A.,and Guppy, M. (2000)
Biochem.J. 349, 119-126

12. Andersson, M. B., Ketterman,A. J., and
Bogoyevitch, M.A. (1998) Biochem. Biophys. Res.
Commun. 251,328-333

13. Marshall, C. ). (1995) Cell 80, 179-185

14. Ng, D.C. H.,and Bogoyevitch,M.A.(2000) J. Biol.
Chem. 275, 40856-40866

15. Rosette, C.,and Karin, M. (1996) Science 274,
1194-1197

16. Kyriakis, J. M., Banerjee, P, Nikolakaki, E., Dai, T.,
Rubie, E.A.,Ahmad, M.F, Avruch,].,andWoodgett,
J.R.(1994) Nature 369, 156-160

17. Dérijard, B., Hibi,M.,Wu, I.-H., Barrett, T., Su, B.,
Deng,T.,Karin,M.,and Davis,R.].(1994) Cell 76,
1025-1037

18. Bogoyevitch, M. A, Ketterman,A.J.,and Sugden,
P.H. (1995) J. Biol. Chem. 270,29710-29717

19. Gupta, S., Barrett, T.,Whitmarsh,A. ]., Cavanagh,
J.,Sluss, H.K., Dérijard, B.,and Davis,R.]. (1996)
EMBOJ. 15,2760-2770

20. Han,}., Lee, ).-D., Bibbs, L.,and Ulevitch,R.].
(1994) Science 265, 808-81 |

SBMB






