FEBS 26283

FEBS Letters 524 (2002) 31-36

RIOI, an extraordinary novel protein kinase
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Abstract RIOI and Rio-related proteins display little similar-
ity of primary sequence with conventional protein kinases.
Based on secondary structure alignments, we show that it con-
tains the domain structure (subdomains I-XI) and conserved
secondary structure elements found in conventional protein ki-
nases. We show that recombinant wild-type Riolp isolated from
Escherichia coli displays kinase activity which depends on auto-
phosphorylation and magnesium or manganese as ATP-activat-
ing ions. An initial biochemical characterization of Riolp is
presented. © 2002 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The genome of budding yeast was the first eukaryotic ge-
nome of which the sequence analysis was established, several
years ago [1]. One surprising outcome of this effort was the
great number of potential reading frames to which no func-
tion could be assigned. RIOI is one of the unassigned reading
frames. It is an essential gene in yeast that shows distant se-
quence similarity with protein kinases and is expressed con-
stitutively at a very low level [2-4]. The biological role of
Riolp is unknown.

One of the features that discriminates eukaryotic organisms
from bacteria is their use of protein Ser/Thr or Tyr phosphor-
ylation in order to modulate protein activities and thereby
adapt cellular performance to signals received from the envi-
ronment. Apart from responses to the nutritional situation,
many other signal transduction pathways have by now been
established that involve protein phosphorylation and dephos-
phorylation. Among these processes are e.g. DNA replication,
transcription, translation and cell cycle progression [5]. Ac-
cording to their importance and the multitude of their cellular
control functions, a large number of protein kinases have been
identified in yeast and all other eukaryotic organisms either by
analysis of the phenotypes of mutants or, in silico, by
BLASTP or related algorithms for gene bank screens. Com-
puter searches for protein kinases have been made possible on
the basis of the pioneering work on sequence comparisons by
Hunter and colleagues [6,7] which resulted in the identification
of 11 subdomains in the catalytic domain of all protein ki-
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nases that, by structural analysis, turned out to have similar
secondary structures and topologies of subdomains in the
three-dimensional protein fold as well as of functional tasks
of conserved residues in the catalytic process ([7-10] and pro-
tein kinase home page http://www.sdsc.edu/Kinases/pkr/3D/
xray/2cpk/2cpkidx.html). The compilation of these analyses
revealed the presence of 113 protein kinases in yeast in 1997
[11]. Although the sequence of the yeast genome is known and
given the sequence and structural characteristics of protein
kinases, in 2001 this number was extended to 122 [12].
Some of the new members exhibited more or less pronounced
deviations from the consensus and, thus, had escaped earlier
detection by simple search algorithms.

RIOI belongs to a family of proteins that is unusually
highly conserved from Archaea to man, but unfortunately
the function of none of the members has been identified.
Riolp has been reported recently to display protein kinase
activity despite the fact that it exhibits surprisingly little over-
all sequence similarity to known protein kinases [4]. Since it
does not show up in gene bank searches using conventional
search algorithms we have now established a comparison with
other kinases on the basis of secondary structure alignment.
We show that Riolp displays all amino acid residues in the
respective kinase sub-domains at the conserved positions that
participate in the catalytic reaction or are indispensable struc-
tural components and, accordingly, are highly conserved in
conventional protein kinases. The secondary structure predic-
tions for Riolp match the crystallographic analyses of con-
ventional protein kinases [9,10]. We present a first biochemical
characterization of the protein kinase activity of Riolp using
autophosphorylation of recombinant Riolp as a substrate.

2. Materials and methods

2.1. Purification of recombinant Riolp from Escherichia coli

Hisg-tagged Riolp was expressed in E. coli strain BL21-Codon
Plus-RIL (Stratagene, Heidelberg, Germany) which additionally har-
bored the chaperonin-containing plasmid pREP4-groESL [13]. After
induction with 1 mM IPTG, cells were suspended in 50 mM
NaH,POy4, pH 8.0, 300 mM NaCl, 50% glycerol, 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF), 1 mM NaF, | mM Na3;VOy, 1 pg/ml each
of pepstatin, leupeptin, and aprotinin, 1 mg/ml lysozyme, and lysed by
sonication on ice. Where indicated, the lysate was preincubated at
room temperature for 15 min with 1 mM ATP or 2.5 U protein
phosphatase 1 (PP1; New England Biolabs, Bad Schwalbach, Ger-
many). Riolp was purified from the bacterial lysate under native
conditions from the 15000 X g supernatant using Ni>*-NTA spin col-
umns according to the instructions of the manufacturer (Qiagen, Hil-
den, Germany), and eluted with 50 mM HEPES-KOH, pH 7.1, 200
mM imidazole, ] mM NaF, 1 mM PMSF, | mM Na3VOy, 1 ug/ml
each of pepstatin, leupeptin, and aprotinin. The fractions were tested
for purity by SDS-PAGE followed by Coomassie staining and/or
Western analysis and used for in vitro kinase assays.
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2.2. In vitro kinase assays

In vitro kinase reactions were performed with 20 ng of purified
recombinant Riolp in 50 mM HEPES-KOH at the pH conditions
and MgCl, or MnCl, concentrations indicated using 5 pCi [y-*>P]JATP
(10 Ci/mmol, 200 uM, Dupont-NEN, Dreieich, Germany), i.e. 16.7
UM final concentration, in a total volume of 30 ul at 30°C for 30 min.
Reactions were terminated by the addition of gel loading buffer and
run on SDS polyacrylamide gels. Gels were blotted onto Immobilon P
polyvinylidene difluoride membranes (Millipore, Eschborn, Germany)
and autoradiographed.

2.3. Miscellaneous procedures

Protein contents were determined as described by Bradford [14].
Other molecular methods were performed according to standard pro-
cedures [15] or as recommended by the manufacturers. Homology
searches were performed using the BLASTP algorithm [16] and
pattern hit initiated (PHI)-BLAST (http://www.ncbi.nlm.nih.gov/
BLAST). RIOI and its homologs were analyzed by screening the
PROSITE scan [17] (http://pbil.ibep.fr/cgi-bin/npsa_automat.pl?pa-
ge =npsa_prosite.html) or ProfileScan (http://www.isrec.isb-sib.ch/
software/PFSCAN_form.html) databases. Multiple alignments were
performed using CLUSTAL W (http://dot.imgen.bem.tmc.edu:9331/
cgi-bin/multi-align/multi-align.pl). The alignment of protein kinases
with Riolp was refined by secondary structure prediction using the
algorithm offered by the PHD server (www.embl-heidelberg.de/pre-
dictprotein) [18-20], in such a way as to allow homologous alignment
of subdomains I-VIII (defined by Hanks et al. [6]) and to align strictly
conserved residues that are involved in the catalytic reaction [6].

3. Results and discussion

3.1. The Riol family of proteins

In order to find possible relatives of Riolp and clues to its
possible function we used PHI-BLAST. We developed a
search algorithm ([ILV]-{[ILVMT]-[HY]-[AGLR]-D-[ILMV]-
[KS]-[DEILPST]-[ADEFHNQSTY]-N-[FILMT]-[FILM]-[IL-
VWY]-x(6,12)-[FHILVWY]-[ACGISTV]-D-[FVW]-[AGS])
which was derived from an extremely highly conserved motif
of the Riol-related family of proteins (Fig. 1B). This motif,
which we consider the Riol family signature, simultaneously
bears some similarity to the amino acid sequence of the cata-
lytic center of established protein kinases [6]. The hits with
highest significance concerned a large number of relatives of
Riolp ranging from Archaea over fungi, plants, worms, in-
sects to vertebrates and man (e-values in the range of
3X107% (Arabidopsis thaliana) to 2X 10733 (Drosophila mela-
nogaster 2) (Fig. 1B and not shown). But, with much lower
significance, a number of protein kinases showed up (e-values
0.64-5.0) (Fig. 1A). Among these conventional kinases were,
most significantly, Snfl kinases, calmodulin-dependent ki-
nases, myosin light chain kinases, but also cAPK from Asper-
gillus niger and even Janus kinases from several organisms
(which are tyrosine kinases), compiled in Fig. 1A (instead of
cAPK from A. niger, the well-studied homolog cAPK-o. from
mouse is shown). As the PHI-BLAST alignment was very
poor apart from two sections corresponding to the active
center in domain VIb and the C-terminal half of the triphos-
phate binding motif in domain II (not shown), we performed
secondary structure analyses for all conventional kinases listed
and for Riolp and the Riolp-related family of proteins (based
on prediction of secondary structure probabilities; cf. Fig.
1A,B). Secondary structure elements, structure of subdomains
I-XT and tertiary structure of conventional protein kinases are
well established [7-10]. In fact, secondary structure prediction
revealed a very similar array of secondary structure elements
in all Riolp-related proteins as in conventional protein ki-
nases most significantly in subdomains I, II, VIb, and - to a
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lesser degree — VII, VIII and IX. These subdomains are es-
sential and contain invariant residues in all conventional pro-
tein kinases [6] all of which are also present in the Riol-re-
lated family of proteins at comparable positions within the
same secondary structural elements. Most of these conserved
residues are involved in the y-phosphate transfer reaction
from ATP to a phosphorylatable amino acid residue of the
substrate of conventional protein kinases, and most of them
occur in B-sheet or loop structures. These residues, indicated
by bold letters in Fig. 1A, are present likewise in conventional
protein kinases and Riolp. In addition, a high coincidence of
predicted secondary structures was apparent between conven-
tional kinases and Riolp (Fig. 1A). The same subdomain
structure is also found in the other members of Riolp-related
proteins (Fig. 1B). All similarities to conventional kinases
abruptly end with subdomain IX (helix F). From the com-
bined PHI-BLAST/secondary structure alignments it may be
concluded that Riolp fulfills the criteria of subdomain struc-
ture and conserved residues of protein kinases despite the lack
of extensive similarity of the primary sequence.

The family of Riol-related proteins displays an unusually
high degree of conservation from yeast to man particularly in
the catalytic domain (Fig. 1B). Yeast has no further genes
with obvious similarity to R/OI. Higher eukaryotes from Cae-
norhabditis elegans (not shown) over D. melanogaster and
mouse to man have two related genes, one encoding a protein
which ends with the catalytic domain in subdomain XI (N-
subgroup: e.g. Homo sapiens SudD, the human homolog of
SudD of Emericella nidulans [21]), and the other has slightly
shorter N-termini, but pronounced C-terminal extensions (C-
subgroup: e.g. H. sapiens AD034 hypothetical protein, mouse
BAB306871, D. melanogaster AE003544 and A. thaliana
AAD230141). Strikingly, a short stretch in the N-terminal
flank of the catalytic subdomain I (comprising 27 amino acids
N-terminal of position 73 in Riolp) is highly conserved out-
side the catalytic domain part of which (positions 60-71) is o-
helical and could correspond to helix A in conventional pro-
tein kinases. Apart from this element, sequence similarity is
low in the N- and C-terminal parts between the two sub-
groups (shown in Fig. 1B). However, it is extremely high
between the two isoproteins belonging to the same subgroup
in mouse and man (e.g. 93.4% identity and 95.4% similarity
over the entire length between murine and human SudD ho-
mologs of the N-subgroup or 80.5% identity and 89.4% sim-
ilarity within the C-subgroup of the AD034 type). Riolp has
only a short N-terminal but a long C-terminal extension and
aligns slightly better with the C-subgroup of the AD034 type.
C-terminal of the catalytic domain (subdomains I-X, Fig. 1B)
sequence identity is marginal to any other species, except that
the C-termini of all isoproteins are rich in polar amino acids
(N- and C-termini are not shown).

Apart from the few residues which participate in the cata-
lytic reaction and are conserved simultaneously in established
protein kinases and Riolp, very few amino acids are identical
simultaneously in conventional protein kinases and the RIOI-
related family of proteins (Fig. 1A). On the other hand, a
strikingly high number of residues is conserved within the
presumptive catalytic domain of the family of Riolp-related
proteins that is not conserved or does not occur in conven-
tional protein kinases (printed red or blue in Fig. 1B, compare
with Fig. 1A). The sequence identity in the catalytic domains
I-X of Riolp and hSudD [21], the human homolog of SudD
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Fig. 1. Alignment of Riolp to selected homologs. A PHI-BLAST was run using the Riol signature (see text) as a search algorithm. The align-
ment (CLUSTAL W) of distant homologs (A) and Riolp family members (B) was refined by alignment of predicted secondary structure ele-
ments. Italics symbolize a-helices, underlining symbolizes B-structure, not emphasized sequences are either coil or turn. Bold superscripts denote
protein kinase domains I-XI or o-helices A-I or B-sheet structures 1-9 [6]. Amino acid residues printed in bold participate in the catalytic reac-
tion and are conserved in conventional protein kinases. Identical residues are indicated by red letters, conventional exchanges by blue letters.
Cele, Caenorhabditis elegans; Dmel, Drosophila melanogaster; Mmus, Mus musculus; Hsap, Homo sapiens; Scer, Saccharomyces cerevisiae;
Rrat, Rattus rattus; Atha, Arabidopsis thaliana. A: Alignment of Riolp to conventional protein kinases selected by PHI-BLAST. The alignment
was refined by eye according to prediction of secondary structure probabilities. B: Alignment of the catalytic domains of selected members of

the Riolp-related family of proteins.

of E. nidulans, is 39.8%, the similarity is as high as 63.5%.
This points to strong conservation of the sequences of Riolp-
related proteins and to a large number of distinct differences
between the Riolp family of proteins and conventional ki-
nases which are subsequently discussed.

In conventional protein kinases, subdomains I and II form
two anti-parallel B-sheets (with a loop of variable length be-

tween them) which contain the G-x-G-x-x-G motif and the
conserved lysine, respectively, which serve for orientation
and steric fixation of the B- and y-phosphate moieties of
ATP. In Riolp and its relatives, the primary structure of
the N-terminal glycine-rich part of the motif (in domain I)
deviates from the consensus in a unique fashion (G-C-I-S-T-
G), whereas the C-terminal part (domain II, containing the
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sequence Y-A-I-K, bold in Fig. 1A,B) and the B-sheet struc-
ture (B-sheets B2 and B3, separated by an extraordinarily long
loop) fully meet the conventions of the anion hole motif.
Moreover, mutation of the invariant K residue to Arg has
been shown to abrogate or severely diminish activity in both
Riolp and other protein kinases, e.g. cAPK from mouse
[4,22].

The ATP binding motif, in conventional kinases (subdo-
mains [ and II), is followed by helix oC in domain III which
contains, usually in its center, a glutamic acid (corresponding
to E91 in mouse cAPK-a [8]). In the family of Riolp-related
proteins the loop between helices aB and oC is much longer
than convention, and helix C — according to the prediction —
is very long and contains the fully conserved motif WAEKE
which does not occur in any conventional protein kinase or
any other protein. In its center, however, the helix contains
the conserved Glu residue. Domain VIb of established protein
kinases contains the active center, essentially consisting of the
invariant D-(x5)-N motif. The residues comprising the active
center and a number of amphiphilic amino acids with bulky
side chains within this motif and in both the N- and C-termi-
nal flanks of this motif are the most highly conserved in con-
ventional protein kinases. A closely related motif, which al-
lowed the co-isolation of conventional kinases in PHI-
BLAST, occurs in the Riol family of proteins. Recent work
has shown that a mutation of the essential Asp to Asn
(D244N) is lethal [4]. The next o-helix that nicely aligns
with the respective element in conventional kinases is the
long helix ooF which is predicted to be about one helical
turn longer than for most established kinases, but neverthe-
less, at its entrance, contains the conserved Asp residue (cor-
responding to D220 in cAPK). However, the loop structure
between the active center and helix F is unusually short
(about 50-60 residues in conventional kinases vs. as few as
23 residues in Riolp, Fig. 1A). The catalytic center, which is
located in a loop, is followed by a conserved B-sheet structure,
B8, both in Riolp and in established protein kinases. This
structure, in conventional kinases, is bordered by an extended
loop, the so-called catalytic loop or T loop, containing at its
N-terminal side, in subdomain VII, the strictly conserved mo-
tif D-F-G and at its C-terminal end the less conservative motif
A-P-E in subdomain VIII (see Fig. 1A). The D and the E
residues participate in the hydrolytic reaction and in the trans-
fer of the y-phosphate, respectively. The catalytic loop is dra-
matically shorter in the Riolp-related family of proteins (in
fact, it is reduced to a single Q residue) than in conventional
kinases and the two motifs are at variance with the conserved
catalytic motifs and replaced with the related sequences D-V-S
and S-V-E, respectively, which contain the conserved catalytic
D or E residues (corresponding to D184 and E208, respec-
tively, in cAPK) and are by themselves (nearly) invariant in
the family of Riolp-related proteins (compare domains VII
and VIII in Fig. 1A,B). However, we cannot exclude that the
Riolp family lacks an A-P-E substitute at all, as has been
observed with some other unconventional protein kinases.

Sequence similarity between Riolp-related proteins, which
was strikingly high through subdomains I-IX, dramatically
decreases in subdomain X (helix G) and abruptly ends within
helix H. The N-subgroup variants (SudD type) from fruit fly,
mouse and man display a low probability for helix al, and the
C-terminal end of this subgroup lies shortly C-terminal to this
region (Fig. 1B), whereas Riolp and the C-subgroup (AD034
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Fig. 2. Characterization of Riolp as a protein kinase. A: Recombi-
nant Riolp was affinity purified from E. coli. Native (n) or heat-de-
natured (d, control) protein was incubated with radiolabeled Y-
[?PJATP. B: E. coli cells expressing recombinant Riolp were lysed
and the soluble homogenate preincubated with PP1 or ATP or left
untreated (n t) before affinity purification of Riolp and kinase assay
(*?P). Lower panel: Western blot, immunodecorated with anti-His
antibodies.

type) have pronounced but poorly conserved C-terminal ex-
tensions (not shown).

In summary, the family of Riolp-related proteins contains
simultaneously most of the invariant catalytic residues and
secondary structure elements conserved in conventional pro-
tein kinases implying that it constitutes a novel subfamily of
protein kinases.

3.2. Optima of activity of recombinant Riolp

We purified recombinant Riolp as an N-terminally Hisg-
tagged version from E. coli. By using inactive alleles or a
vector control in parallel experiments, we have previously ex-
cluded that this preparation is contaminated with other ki-
nases [4]. Since all established heterologous substrates (casein,
histones H1 and H2A, enolase, myelin basic protein or poly-
(Glu/Tyr)) were found to be very poor substrates and a ho-
mologous substrate has not yet found, we assayed autophos-
phorylation (Fig. 2) which gives reasonable rates of phosphate
incorporation. Native Riolp displays an autophosphorylation
signal, whereas no radioactivity is found in the denatured
control, demonstrating that the phosphate incorporation is
due to an enzymatic reaction (Fig. 2A).

The activity of many protein kinases is influenced by auto-
phosphorylation. To test whether this also holds for Riolp
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Fig. 3. pH and ion dependence of Riolp activity. A: Affinity-purified Riolp isolated from E. coli was incubated with radiolabeled y-[*>P]ATP
in HEPES-KOH buffer at variable pH. Top row, autoradiogram; bottom, graph derived from the densitometric evaluation. B: Determination
of the optimal Mg>* concentration. C: Determination of the optimal Mn>* concentration.

and, in addition, to verify that phosphate incorporation is due
to the enzymatic activity of Riolp, the bacterial lysate was
pretreated with PP1 or unlabeled ATP before affinity purifi-
cation of Riolp (Fig. 2B; ATP or PP1 had been removed
during affinity purification by washing; the bottom line dis-
plays a Western blot, challenged with an anti-His antibody
to demonstrate that similar amounts of protein had been
applied). Riolp is inactive in lysis buffer. After affinity puri-
fication, the activity of Riolp strongly depends on previous
autophosphorylation. Dephosphorylated Riolp is nearly in-
active. Apparently, it requires some time before a steady
state of autophosphorylation is reached. On the other hand,
Riolp displays full activity, when isolated directly from a
bacterial lysate without pretreatment (autophosphorylated
by endogenous ATP) or after preincubation with (unlabeled)
ATP.

To prove the enzymatic nature of phosphate incorporation
into Riolp, the pH optimum of the reaction and the depen-
dence on bivalent cations was examined. Autophosphoryla-
tion displays a pH optimum at close to neutral pH (at pH
7.2) (Fig. 3A). The reaction requires the presence of either
magnesium (optimum 15 mM, Fig. 3B) or manganese (opti-
mum 1 mM, Fig. 3C). In the absence of bivalent cations,
Riolp is completely inactive. About the same level of activity
is reached by either Mg?>* or Mn?*, Mn>* being significantly
more efficient as frequently observed with autophosphoryla-
tions (in the presence of 15 mM MgCl, 90% of the activity is
obtained of 1 mM MnCl,). Phosphate incorporation into
Riolp, thus, fulfills the criteria of an enzymatic reaction.

Riolp is a novel type of protein kinase despite low sequence
similarity to conventional protein kinases. This conclusion is
based on two principal observations: (i) Riolp and the Riolp-
related family of proteins display, in their catalytic domains,
the same subdomain structure as established protein kinases
and have the same residues, which play important roles in the
catalytic process, at comparable positions within comparable

secondary structure elements; (ii) as shown by the initial bio-
chemical characterization of Riolp, incorporation of the y-
phosphate from ATP into Riolp is due to an enzymatic re-
action. The low activity with commonly used heterologous
substrates and autophosphorylation is not unexpected, since
Riolp is only distantly related to conventional protein ki-
nases. Therefore, it will be an important issue to find a natural
homologous substrate of Riolp in order to investigate how
the activity of Riolp is regulated in yeast cells, e.g. by cova-
lent modification(s) or by additional subunits.
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