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The protein kinases of budding yeast:
six score and more

Tony Hunter and Gregory D. Plowman

The completion of the budding yeast genome sequencing project has
made it possible to determine not only the total number of genes, but
also the exact number of genes of a particular type!-3. As a consequence,
we now know exactly how many protein kinases are encoded by the yeast
genome, a number of considerable interest because of the importance of
protein phosphorylation in the control of so many cellular processes.

BUDDING YEAST has 113 conventional
protein kinase genes, corresponding to
~2% of the total genes (see Table 1 in
centrefold). More than 60% of these
protein kinases have either known or
suspected functions; the remainder are
novel, and functional analysis awaits. In
terms of defined functions encoded by
the yeast genome, protein kinases come
a close second behind transcription
factors®.

What can be learnt from knowing
all the protein kinases encoded by a
single eukaryotic genome? One obvious
outcome is that it is possible to say
whether a protein kinase identified and
characterized in another organism has
a homologue in budding yeast. Such a
homologue might either have a known
function in yeast, or its function can be
tested by genetic studies. Equally im-
portant is the recognition of protein
kinase subfamilies present in higher
eukaryotes that are absent from yeast.
Whereas all eukaryotes have similar
requirements for DNA replication, tran-
scription, translation and energy metab-
olism, it is reasonable to expect that
there might be many protein kinases
unique to multicellular organisms that
function in cellular communication,
both between cells, tissues and the en-
vironment, such as protein-tyrosine ki-
nases. Conversely, there might be pro-
tein kinases unique to budding yeast.
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Multiple alignment and parsimony
analysis of catalytic domain sequences
(Fig. 1) categorizes the yeast protein ki-
nases into subfamilies based on structural
relatedness. From such a classification,
one can infer functional similarities, in-
cluding regulation of catalytic activity,
substrate specificity and cellular localiz-
ation. This information is of particular
value for understanding the function of
the numerous uncharacterized yeast
open reading frames that exhibit protein
kinase motifs. One can also determine
which protein kinases subfamilies are
conserved or expanded in other organ-
isms and which are unique to yeast.

MAP kinase pathways

Pseudohyphal development. One of the
virtues of knowing all yeast protein ki-
nases is that it delimits the number of
protein kinases in a particular subfam-
ily. For example, five members of the
mitogen-activated protein (MAP) kinase
family, Fus3, Kss1, Hogl, Mpk1/SIt2 and
Smk]1, had been identified and function-
ally characterized before the completion
of the genome project®. However, both
haploid invasive growth and diploid
pseudohyphal development of budding
yeast are known to require Stell and
Ste7, which are a MAP kinase kinase
kinase (MAPKKK) and a MAP kinase
kinase (MAPKK), respectively. These ki-
nases normally function in the mating
pheromone response pathway to acti-
vate the Fus3 (or Kss1) MAP kinase, and
also Stel2, a transcription factor that is
phosphorylated and activated by Fus3
(Ref. 5). This suggested that a MAP ki-
nase would be required for pseudo-
hyphal development, but none of the
five characterized MAP kinases proved
to be essential for haploid invasive
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growth, either singly or in combination
(H. Madhani and G. Fink, pers. commun.).

The putative protein kinase YKL161C
clusters with the MAP kinases (Fig. 1) and
might be another MAP kinase (although
it has a KxY rather than TxY motif in
the activation loop), but similarly, this
gene is not essential for pseudohyphal
development. As Ste7 normally phos-
phorylates the Thr and Tyr in the TxY
motif in the activation loop of Fus3 and
Kss1, one possibility is that Ste7 might
phosphorylate and activate another
protein kinase with a related activation-
loop motif. Three other protein kinases,
Kin3/Npk1, Ssn3/Srb10 and Ime2, have
a TxY activation-loop sequence and
might, in principle, be regulated by Ste7
phosphorylation. Ssn3/Srb10 is a cyclin-
dependent kinase (CDK) and is unlikely
to be a Ste7 target. Ime2, however, has
motifs characteristic of proline-directed
protein kinases, like the MAP kinases,
and is on the same major branch as the
MAP kinases (Fig. 1), making it a poten-
tial candidate, although Ime2 is normally
only produced during meiosis®.

With regard to the protein kinases
lying upstream of the MAP kinases,
there are four MAPKKs (Ste7, Mkkl,
Mkk2 and Pbs2: STE7/MEK family), and
four MAPKKKs (Stell, Bckl, Ssk2 and
Ssk22: STE11/MEKK family). These have
been assigned to the Fus3+Kss1, Mpkl
or Hogl MAP kinase pathways by geneti-
cal and biochemical analyses®. This
leaves both the Smkl MAP kinase,
which is required for spore wall assem-
bly’, and YKL161C without their own
specific MAPKK and MAPKKK. Possibly,
a MAPKKK/MAPKK combination used
for one of the other MAP kinase path-
ways is also used for these predicted
MAP kinases. Interestingly, however, the
Smk1l pathway might have a specific
MAPKKK kinase, as the Spsl protein
kinase (NRK/MESS family), which lies
upstream of Smk1 (Ref. 8), is related to
Ste20, a MAPKKK kinase in the Fus3
MAP kinase pathway.

The Ste20 family. Ste20 is a Cdc42-
activated protein kinase® that is required
in the pheromone response MAP kinase
pathway upstream of Stell (Refs 10, 11).
A ste20 mutant is viable and only shows
a defect in response to mating phero-
mone!l. Cla4 is a second member of the
Ste20 family, which also interacts with
Cdc42, and has been implicated in polar-
ized cell growth, budding and cyto-
kinesis, but a cla4 mutant is viable de-
spite a cytokinesis defect!,

A double ste20/cla4 mutant, however,
cannot undergo cytokinesis, implying
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