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cDNA encoding a 59 kDa homolog of ribosomal protein S6 kinase from 
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We have isolated cDNA molecules encoding a protein with the characteristic sequence elements that are conserved between the catalytic domains 
of protein kinases. This protein is apparently a serine/threonine kinase and is most closely related to the amino-terminal half of the ribosomal 
protein S6 kinase II first characterized in Xenopus eggs (42% overall identity and 56% identity in the predicted catalytic domain). However, it clearly 
differs from S6 kinase II in that it has only one, rather than two predicted catalytic domains and a deduced molecular mass of 59 109 Da. We 
propose that is may be more related to, or identical with, the mitogen-inducible S6 kinase of molecular mass 65-70 kDa described in mammalian 
liver, mouse 3T3 cells and chicken embryos. Remarkable structural features of the cDNA-encoded polypeptide are a section rich in proline, serine 
and threonine residues that resemble the multiphosphorylation domains of glycogen synthase and phosphorylase kinase a subunit, and a characteris- 
tic tyrosine residue in the putative nucleotide-binding glycine cluster which, by analogy to cdc2 kinase, is a potential tyrosine phosphorylation 

site. 
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1. INTRODUCTION 

Protein phosphorylation is a major mechanism of 
signal transduction in eukaryotic cells, and protein 
kinases with broader or narrower substrate specificities 
that act on one another can be linked to form intricate 
signal cascades or networks. The fact that a number of 
growth-factor receptors and oncogene products are 
tyrosine kinases emphasizes a crucial role of protein 
phosphorylation at tyrosine residues in the control of 
cell growth and proliferation, but the signal pathways 
involved in their action are poorly understood. 

The protein kinases form a large family of enzymes 
(with ca 100 known members at present) which display 
significant structural similarity in their catalytic do- 
mains of ca 250 amino acids [I]. In addition to en- 
zymological and genetic approaches, these structural 
similarities therefore have been employed to identify 
and characterize new protein kinases by homology 
screening of DNA libraries. DNA sequences encoding 
different protein kinases may cross-hybridize under 
low-stringency conditigns. 

In the course of a low-stringency screen of a rabbit 
liver cDNA library with a phosphorylase kinase 
y subunit cDNA [2], we obtained a weakly hybridizing 
clone encoding a novel protein kinase. Sequence com- 
parison with other protein kinases indicates that this is 
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apparently a serineithreonine kinase which is most 
closely related to, yet distinct from, the ribosomal pro- 
tein 56 kinase II originally cloned from Xenopus 
ovaries [3,4]. 

2. EXPERIMENT 

Size-fractionated cDNA (larger than 1800 nucleotides (nt)) was syn- 
thesized as described [5] and inserted into &tlO with EcoRl linkers. 
A primary library of 700 000 plaques from rabbit liver was screened 
under reduced stringency with the phosphorylase kinase y subunit 
cDNA (complete coding sequence plus 228 nt of 3 ‘-noncoding se- 
quence) from mouse muscle (donated by J. Chamberlain [2]). 
Hybridization was carried out at 25’C in 50% formamide x SSPE/ 
5 x Denhardt’s solution/O.1 % NaDodSO.,/boiled sonicated herring 
DNA (100 pg/ml) and washing was performed at 40°C in 
2 x SSC/O. 1% NaDodS04 (1 x SSPE = 150 mM NaCl/lO mM 
sodium phosphate/l mM EDTA/pH 7.4; 1 x Denhardt’s solution = 
0.2 mg of Ficoll per mb’0.2 mg of ~l~nylpyrro~do~ per ml/O.2 mg 
of bovine serum albumin fraction V per ml; 1 x SW = 150 mM 
NaC1/15 mM sodium citrate, pH 7.0). DNA sequencing according to 
Sanger was carried out in both directions on restriction fragments 
subcloned into Ml3 vectors. 

RNA from various rabbit tissues was isolated by the LiClfurea 
method [6], subjected to oligo(dT) cellulose chromatography, 
denatured by glyoxal, resolved by agarose gel electrophoresis and 
transferred to a nylon membrane (Pall Biodyne). The RNA blot was 
hybridized to the complete cDNA probe labelled by nick translation 
at 42*C in 50% formamide/S x SSPE/S x Denhardt’s solution/O.l% 
NaDodSO&OO pgg/ml herring DNA/SO pg/ml yeast tRNA/50 #g/ml 
poly(A) and washed at 60°C in 0.2~ SSC/O.l% NaDodSOd. The 
same hybridization and washing conditions (minus tRNA and po- 
ly(A)f were used for the rescreening of two additional liver libraries 
with the G3 cDNA we obtained from the first library. 
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3. RESULTS AND DISCUSSION 

Originally searching for liver isoforms of the catalytic 
y subunit of phosphorylase kinase, we probed a rabbit 
liver cDNA library with a mouse muscle phosphorylase 
kinase y subunit cDNA. Out of 700 000 primary clones 
containing size-selected cDNA (representing a whole 
library complexity of ca 3 x 106) we obtained, besides 
several phosphorylase kinase clones, a single weakly 
cross-hybridizing clone of 1794 nucleotides (nt) ar- 
bitrarily designated G3 (Fig. 1). Subsequent screening 
of two analogously prepared, but independent libraries 
of 250 000 clones each with this probe yielded 10 addi- 
tional clones of very similar length. 

A long open reading frame extends from the 5 ‘-end 
of the G3 cDNA sequence to nucleotide 1602. We have 
assumed the first ATG beginning at nucleotide 28 as the 
translation start codon. Its sequence vicinity is in 
reasonable agreement with the Kozak consensus, 
CC(G,A)CCATG(G,A) [7]. It appears that the cDNA 
sequence is nearly complete at the 5’ end and that there 
is no translation start site further upstream. The I1 
clones that we have isolated all have inserts of 
1700-2000 nt as judged from gel electrophoresis. The 
five longest inserts were sequenced at their 5’ ends with 
the result that four are almost identical in length (differ- 
ing at most by 8 nt) while one is 200 nt shorter. The 5 ’ 
terminal 27 nt of the cDNA are very G + C rich (85%) 
like the 5’-untranslated leader sequences of many 
mRNAs. Premature termination of cDNA synthesis by 
a strong secondary structure upstream from nucleotide 
1 of course remains a possibility. 

The 3 ’ end of the long open reading frame is shortly 
followed by several stop codons in all reading frames. 
Although the 3 clones that we have sequenced 3 ’ ter- 
minally end with oligo(A) tracts of either 14 or 16 
residues in identical positions, a polyadenylation signal 
near the 3 ’ end of the cDNA is not evident. The actual 
polyadenylation site may therefore lie further down- 
stream, accounting for the larger size of the major 
mRNA apparent from the Northern blot. 

RNA blot analysis (Fig. 2) demonstrates that the 
mRNA represented by G3 is moderately abundant in all 
tissues tested. Abundance varies to some degree be- 
tween tissues (highest in muscle and lowest in testis) but 
remains within the same order of magnitude. The major 
mRNA species has an apparent length of ca 2400 nt in 
all tissues, while minor bands correspond to molecular 
sizes of 2000, 3300, 3800, 4800 and 6000 nt. 

The polypeptide encoded by the long open reading 
frame of G3 displays the characteristic consensus se- 
quence elements of a protein kinase. It probably is a 
serineithreonine kinase according to the criteria defin- 
ed by Hanks et al. [l] in subdomains VI and VIII (con- 
sensus sequences: amino acids 218-223, DLKPEN; and 
255-263, GTXXYXAPE). When its sequence is com- 
pared to other protein kinases, similarity is highest to 

Fig. 1. Nucleotide and predicted amino acid sequences of G3. Promi- 
nent potential phosphorylation sites are marked (see text). This se- 
quence is being deposited in the EMBLIGenBank data base under ac- 

cess number X34415. 

the ribosomal protein S6 kinase II originally cloned 
from Xenopus ovaries and later from chicken and 
mouse embryonal fibroblasts [3,4] by Erikson and col- 
leagues (42010 overall identity with the chicken se- 
quence). Substantial similarity is also apparent with the 
various forms of protein kiinase C (36% overall identity 
with the e type from rabbit brain, [SJ). The 3 sequences 
are compared in Fig. 3. Similarity with the 
phosphorylase kinase y subunit is rather low (20%). 
Detection of this clone with the phosphorylase kinase 
probe was quite coincidental; the longest contiguous se- 
quence match of 21 nt responsible for hybridization 
with the mouse phosphorylase kinase cDNA is 
disrupted by differential codon usage in the rabbit 
phosphorylase kinase cDNA. 

S6 kinase II has a characteristic dimeric structure 
predicting two catalytic domains. The protein encoded 
by the G3 cDNA is obviously distinct because it has on- 
ly one catalytic domain. The G3-encoded kinase is 
clearly more similar to the N-terminal than to the C- 
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Fig. 2. RNA blot analysis. Poly(A)+ RNA (15 pg each) from rabbit 
skeletal muscle (m), heart (h), brain (b), small intestine (i), testis (t) 
and liver (l), and 15 pg poly(A)- RNA from rabbit brain were resolv- 
ed on a 1% agarose gel, transferred to a nylon membrane and probed 
with the complete G3 cDNA (see section 2). Film exposure with inten- 
sifying screens was for 15 h. Positions of glyoxylated rRNA standards 

(left) and double-stranded DNA standards (right) are indicated. 

terminal domain of S6 kinase II (42010 as compared to 
23% overall identity) and, according to this alignment, 
is longer at the N-terminus and much shorter at the C- 
terminus. Moreover, the S6 kinase II sequences from 
frog, chicken and mouse are much more similar to each 
other (more than 80% identity) than to the G3-encoded 
kinase from rabbit. 

While the protein kinase encoded by G3 is distinct 
from S6 kinase II, its sequence similarity suggests that 
it may be related to or identical with a different 
mitogen-inducible S6 kinase that has been described by 
several groups in mammalian liver, mouse 3T3 cells and 
chicken embryos but not yet structurally characterized 
([9-l l] and references therein). Phosphorylation of 
ribosomal protein S6, accompanied by an increase in 
the rate of translation, is an early obligatory response of 
quiescent cells to agents that stimulate cell division, e.g. 
insulin and peptide growth factors, phorbol esters, or 
oncogene products (discussed in more detail e.g. in 
[4,1 l-131). This other S6 kinase differs from S6 kinase 
II according to enzymological criteria and apparent 
molecular mass (65-70 kDa vs 90 kDa). The size of the 
G3-encoded kinase (59 kDa) comes close to that of the 
liver S6 kinase. The remaining discrepancy could be ex- 
plained by the phosphate content of the native kinase, 
which is known to reduce its electrophoretic mobility 
[ 141. The apparent molecular mass of S6 kinase II in gel 
electrophoresis (90-92 kDa) is also substantially higher 
than the cDNA-deduced molecular mass (80-83 kDa 
depending on the species [3,4,15]). 

Comparison of the G3 kinase sequence with its two 
most closely related counterparts, S6 kinase II (S6KII) 
and protein kinase C, e type (PKC), reveals a pattern of 
distinct domains (Fig. 3). Within the catalytic domain 
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of 260-270 amino acids, all 3 kinases are very similar 
(G3LS6KII: 56% identity; G3/PKC: 43% identity). 
Homology extends downstream from the catalytic do- 
mains for ca 65 amino acids (G3/S6KII: 42% identity; 
G3/PKC: 33% identity until the C-terminus of protein 
kinase C and the beginning of the second catalytic do- 
main of S6 kinase II. Further downstream, G3 kinase 
and S6 kinase II sequences lose significant similarity 
(17% identity). Upstream from the catalytic domain 
towards the N-terminus, G3 kinase displays similarity 
only with S6 kinase II (26% identity) but not with pro- 
tein kinase C (15% identity), and it extends beyond the 
amino terminus of S6 kinase II. This domain pattern is 
emphasized by a comparison with other PKC types ((Y, 
PI and y): no similarity in the N-terminal domain 
(4-g% identity) but pronounced similarity in the 
catalytic domain (42-43%) and further downstream un- 
til the C-terminus of PKC (31-38%). The limits of these 
structural domains are marked by arrows in Fig. 3. 

Many protein kinases are themselves regulated by 
phosphorylation, often on multiple sites. This holds 
also for the S6 kinases, upon which multiple signal 
pathways involving several serineithreonine and 
tyrosine kinases (directly or indirectly) seem to converge 
(reviewed in [la]). We have therefore inspected the 
G3-encoded sequence for potential phosphorylation 
sites. A prominent potential site for CAMP-dependent 
protein kinase [17] is not evident. There are a few 
potential target sites for casein kinases I or II with 
clusters of acidic residues in their vicinity [18], e.g. 
serines 40, 375, 380, 394 and 398. Serine 434 is sur- 
rounded by an excellent consensus for a cdc2 kinase 
recognition site [19]. These residues are marked in Fig. 
1. The C-terminal PST domain (below) contains 8 
potential target sites (Ser/Thr-Pro) for the growth fac- 
tor activated, proline-directed protein kinase described 
recently [20]. 

A striking structural feature of higher order is an ex- 
tended domain studded with proline (12.4%), serine 
(12.4%) and threonine (6.3%) residues (PST domain) 
that is reminiscent of the large multiphosphorylation 
domains in glycogen synthase [21] and phosphorylase 
kinase (Y subunit [22,23]. Whereas the N-terminal and 
catalytic domains of G3 kinase are rather poor in serine 
and proline, this changes abruptly at the carboxy- 
terminal edge of the catalytic domain (Fig. 3). The PST 
domain comprises sequences conserved between G3 
kinase, S6 kinase II and protein kinase C as well as 
G3-specific sequences and might accomodate multiple 
phosphorylation sites. 

The glycine cluster that forms part of the ATP bin- 
ding site (subdomain I [l]) contains tyrosine (Y 102) in 
a position where most protein kinases carry 
phenylalanine. Among the minority of kinases that 
have tyrosine in this site is cdc2 kinase that plays a role 
in cell cycle regulation, and this tyrosine residue has 
recently been shown to be subject to phosphorylation 
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Fig. 3. Sequence comparison of G3 kinase (G3), chicken S6 kinase II (SBKII; [4]), and protein kinase 6, E type, from rabbit brain (PKC; Is]). Colons 
connect identical ammo acids, dots connect conservative substitutions [25]. Arrowheads indicate the limits of domains discussed in the text. The 
putative catalytic @yehe clusters are underlined. In the G3 sequence, underlining also marks proline residues and shading marks serine residues. 
Amino acids 34-51 of the chicken S6KII sequence, which are missing in the mouse and Xenopus S6KII sequences [4] and show no sequence similari- 
ty to G3, are excluded from the sequence comparison, whereas amino acids 271-280 (missing in the mouse SBKII sequence) are included because 

they have well-conserved counterparts in the PKC and G3 sequences. 

and is of regulatory relevance (reviewed in [24]). tyrosine residue, but in its C-terminal catalytic don&n 
However, phospho~lation of this site inhibits cd& which is not the direct counterpart of G3 kinase, 
kinase, whereas mitogens and oncogenes acting through In conclusion, the high degree of similarity of the 
tyrosine phosphorylation activate Sd kinases. It remains G3-encoded protein kinase to the N-terminal half of S6 
to be demonstrated whether this tyrosine residue is also kinase II makes it tempting to suppose that it is also a 
a phosphorylation site in the other protein kinases that S6 kinase, possibly related to or identical with the S6 
possess it. There is little sequence similarity between kinase of apparent molecular mass 65-70 kDa. This is 
these other kinases and G3 kinase (specifically, we have emphasized by remarkable structural features that 
looked at CDC2Hs, c-abl, DCKII, PBSZ, and ran1 ‘; could be involved in the regulation of the enzyme by 
cf. [ 1 J) and none outside the typical subdomains of the several other protein kinases, among them tyrosine 
catalytic core. Remarkably, S6 kinase II also has such a kinases . 
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