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TED P
RAbstract

Atypical protein kinases (aPKs) include proteins known to be involved in the phosphorylation-mediated regulation of a wide variety of cellular

processes, as well as some for which the function is, as yet, unknown. At present, 13 families of aPKs have been identified in the human genome.

This review briefly summarizes their known properties, but concentrates in particular on the RIO family of aPKs. Representatives of this family

are present in organisms varying from archaea to humans. All these organisms contain at least two RIO proteins, Rio1 and Rio2, but a third Rio3

group is present in multicellular eukaryotes. Crystal structures of A. fulgidus Rio1 and Rio2 have shown that whereas the overall fold of these

enzymes resembles typical protein kinases, some of the kinase structural domains, particularly those involved in peptide substrate binding, are not

present. The mode of binding of nucleotides also differs from other kinases. While the enzymatic activity of Rio1 and Rio2 has been demonstrated

and both have been shown to be essential in S. cerevisiae and required for proper cell cycle progression and chromosome maintenance, the

biological substrates of RIO proteins still remain to be identified.

D 2005 Published by Elsevier B.V.
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UNCORR1. Introduction

The protein kinases are critical for regulating a large variety

of cellular processes and thus many of them are becoming

extremely important drug targets. In human cells, 518 protein

kinases that have been identified so far catalyze transfer of

phosphates to serine, threonine and tyrosine residues [1]. These

enzymes, structurally exemplified by the cyclic adenosine

monophosphate-dependent protein kinase (PKA) [2,3], are

characterized by the presence of a catalytic domain of 250 to

300 amino acids (solely or in combination with regulatory

domains) which contains conserved residues that play a role in

nucleotide binding, peptide substrate binding, and phosphoryl

transfer. The classical protein kinase fold consists of an N-

terminal lobe containing a h-sheet adjacent to a single a-helix

(aC) and a C-terminal lobe that is mostly helical. These lobes

are connected by a short flexible linker that allows movement
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of the two lobes relative to each other when nucleotide binds in

the cleft between them. The conserved residues are located

within functional domains, or subdomains, that are used to

describe structural details of protein kinases [4]. Among these

subdomains are a nucleotide-binding loop (subdomain I),

typically with the sequence GXGXXG, which binds and

orients the phosphates of ATP; a hinge region which interacts

with the adenine moiety of the ATP via hydrogen bonds and

hydrophobic interactions; a catalytic loop (subdomain VIb)

which contains conserved catalytic Asn and Asp residues

directly involved in phosphoryl transfer; and a metal-binding or

‘‘DFG’’ loop (subdomain VII) with a conserved Asp required

for the positioning of metal ions. Canonical eukaryotic protein

kinases (ePKs) also contain a loop between the metal-binding

and the catalytic loop known as the ‘‘APE’’ or activation loop

(subdomain VIII). In these kinases, phosphorylation of this

loop results in modulation of the kinase activity [5,6]. The

activation loop is also critical for binding and recognition of a

peptide substrate [3,5]. Additional peptide substrate binding

surface is provided by C-terminal helices known as subdo-

mains X and XI in the structure of PKA bound to an inhibitory

peptide, PKI [3].
ta xx (2005) xxx – xxx
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2. Atypical protein kinases

Recent analysis of the set of protein kinases in the human

genome, termed the ‘‘kinome’’, has revealed several proteins

with confirmed protein kinase activity which have little

sequence similarity to any known eukaryotic protein kinases

(ePKs) [1]. These kinases are called atypical protein kinases

(aPKs) and include proteins known to be involved in the

phosphorylation-mediated regulation of a wide variety of

cellular processes, as well as some for which the function is

yet unknown. Atypical protein kinases should not be confused

with atypical protein kinase C’s, which are different from PKC

(calcium-dependent protein kinase) in the regulatory regions

of the molecules, but retain homology to PKC in the kinase

domain. Of the 518 identified human kinases, 40 are classified

as atypical. These 40 fall into 13 families or homology groups.

Unlike ePKs, each of the identified aPK families is repre-

sented in the human kinome by only a few members (2–6).

Many of these aPKs have been shown to bear significant

structural homology to ePKs, despite the lack of sequence

similarity, while others are structurally distinct [1]. Some of

the groups are restricted to metazoans, while others show

conservation even in prokaryotes. A brief description of what

is known to date about each of the 13 families identified by

Manning et al. is included below. Table 1 provides a brief

summary of the functional information available and, if

known, the amino acid(s) that they phosporylate. Subsequent-

ly, we will discuss in significantly more detail the properties of

the RIO family of aPKs.

2.1. Alpha kinases

The a-kinases form a family which includes EF-2 kinase, a

molecule shown to phosphorylate elongation factor-2 [7,8].
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Table 1

Atypical protein kinase families

Kinase Type Functional information

A6 K Tyr unknown

ABC1 ND unknown

Alpha Ser/Thr Translation regulation (EF2 Kinase); Ion channel

kinase (TRP-PLIK/ChaK).

BCR Ser/Thr Fusion partner in Bcr-Abl; downregulates Ras

signaling by phosphorylating AF-6 and 14–3–3.

BRD ND Bromodomain containing; transcriptional regulators

a.k.a BET proteins; meiosis, cell cycle control,

homeosis. Eg: BRD2/Ring3, MCAP/BRD4.

FAST Ser/Thr Apoptosis; activated downstream of the Fas antigen.

G11 Ser/Thr Located in the major histocompatibility locus.

H11 Ser/Thr Heat shock protein (H11/HspB8); contains

a-crystallin domain.

PDK Ser Regulation of oxidation of pyruvate (PDK), or

branched chain a-ketoacids (BCKD).

Both are mitochondrial.

PIKK Ser/Thr Stress response (DNA-PK, ATM, ATR, SMG-1),

translation regulation (m-TOR).

RIO Ser Ribosome biogenesis (Rio1, Rio2), cell-cycle

progression (Rio1).

TAF Ser/Thr Transcription initiation (TAF II-250/TFIID).

TIF Ser/Thr Transcription regulation (TIF1-a).
ED P
ROOF

This family also includes the myosin heavy chain kinases of

Dictyostelium discoideum, as well as the ¨ 300 residue domain

of ChaK [9,10]. The crystal structure of the kinase domain of

ChaK (channel kinase) is the only one available for an a-kinase

[11]. Despite the lack of sequence homology with the known

protein kinases, the structure of ChaK kinase domain is

homologous to ePK kinase fold. It consists of two globular

domains, the N-terminal mostly h-sheet lobe and the C-

terminal mostly a-helical lobe, connected by a flexible linker

(Fig. 1A). As seen in canonical protein kinases, the ATP

molecule binds in the cleft between the two lobes. The

activation loop is highly conserved among the a-kinases and

contains a glycine-rich sequence, which is thought to partic-

ipate in substrate interaction. Although there is significant

similarity between the a-kinase catalytic domain and the ePK

kinase domain, the C-terminal lobe of the a-kinase domain

contains several distinct features. The C-terminal lobe of ChaK

contains a zinc-binding module required for structural stability

of the domain, unlike ePKs, and a Gln residue located two

positions away from the catalytic Asp replaces the catalytic

Asn residue which is located five positions away from the

catalytic Asp in ePKs [11]. The ChaK kinase domain has been

shown to phosphorylate myelin basic protein (MBP) on both

serine and threonine residues [10].

2.2. The A6 kinases

The founding members of this family are the human A6 and

A6r gene products [12,13]. A6 kinase, also known as PTK9,

was shown to exhibit tyrosine kinase activity in vitro when

produced as fusion proteins in bacteria. However, subsequent

studies have shown that these proteins interact with PKC~ and

bind ATP, but did not detect kinase activity [13]. Therefore,

the inferred kinase activity of this group is based on a single

report [12]. A6 kinases do not show significant sequence

homology to known ePKs and their structure is at present

unknown.

2.3. The phosphoinositide 3V kinase-related kinases (PIKK)

This family contains large proteins such as mTOR

(mammalian target of rapamycin), DNA-PK (DNA-dependent

protein kinase), and ATM (ataxia telangiectasia mutated) [14].

Members of this family contain a kinase domain similar to the

phosphoinositide 3V kinase (PI3K) domain (Fig. 1B). Despite

significant similarity to these lipid kinases, members of the

PIKK family only phosphorylate proteins. The PI3K domain is

indeed structurally related to the ePK kinase domain, contain-

ing two lobes joined by a linker that binds ATP in the cleft in

between them [15]. The significant difference between the

PI3K domain and the ePK kinase domain is that the loop in

PI3K that is homologous to the P-loop of ePKs contains no

glycine, and instead contacts the triphosphate group via a side

chain interaction from a conserved serine in the loop. PI3K

catalytic domains also contain an activation loop segment

analogous to that seen in ePKs, but with a distinct sequence

which determines the sequence specificity of the PI3Ks.
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Fig. 1. Structures of the kinase domains of atypical protein kinases. (A) ChaK (PDB code: 1IA9); (B) PI3K (phosphoinositol 3_ kinase; PDB code: 1E8X); (C) PDK2

(PDB code: 1JM6); (D) Rio2 (PDB code: 1ZAO). The green-colored domains are homologous to the canonical ePK kinase domain. The kinase domain of PI3K is

expected to be similar to that of the PIKK group of atypical protein kinases. The catalytic domain of wheat PDK2 is homologous to histidine kinases. The catalytic

residues are highlighted in cyan, and ATP or ATP analogue is shown bound to the active site of the molecules.
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2.4. The ABC1 kinases

The founding member of this family of kinases is ABC1

from yeast and includes AarF from E. coli. The ABC1

kinases are not related to the family of ATP transport

proteins. In yeast the protein is mitochondrial and necessary

for coenzyme Q synthesis. Leonard et al. [16] noted that the

proteins of the ABC1 family, of which there are representa-

tives in a diverse range of organisms from bacteria to

humans, contain a kinase signature with conserved important

catalytic and metal binding residues of the ePK kinase

domain. The exact function of these proteins in mammals
has not been defined, and there is no structure of any of

them.

2.5. The bromodomain kinases (BRD)

This family was first discovered through characterization of

a nuclear kinase named RING3 or BRD2 [17]. The founding

members of the family are human BRD2, fruit fly Fsh, and

yeast Bdf1p [18]. BRD2 is known to drive leukemogenesis

when overexpressed in mice [19]. These proteins contain a

conserved region that shows weak homology to the ePK

kinase domain, and contains two bromodomains. The BRD2
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protein and its homologs are thought to be transcription factor

kinases and BRD2 has been shown to interact with E2F, a

cell-cycle regulating transcription factor, in the presence of

acetylated histones [20]. In complexes with E2F, BRD2

transactivates the promoters of E2F-dependent cell cycle

genes [20]. The structure of the kinase domain of these

proteins is still unknown.

2.6. The BCR kinases

The BCR (breakpoint cluster region) kinase is known as a

component of BCR-Abl, the fusion protein of BCR with the

Abl nonreceptor tyrosine kinase which is present in up to

95% of cases of chronic myeloid leukemia [21]. The unfused

BCR is a large (145 kDa) protein containing several domains,

including an oligomerization domain, a DH/PH pair of

domains (guanine nucleotide exchange and pleckstrin homol-

ogy) and a Rho-GAP domain [22]. BCR is known to form

tetramers on its own, or as part of the BCR-Abl fusion

protein. In 1991, it was reported that purified BCR contained

autophosphorylation activity and could phosphorylate other

substrates [23]. Since then, additional substrates for the

kinase have been identified [24]. The kinase domain was

mapped to within the N-terminal 400 residues of the protein

[23]. This region does not show any relevant homology to

known kinase domains and the structure of the kinase domain

is unknown.

2.7. The H11 kinase

The human H11 gene was identified in a search for human

homologs of the ICP10 protein kinase (ICP10PK) of the herpes

simplex virus [25,26]. H11 is overexpressed in melanoma cells

and is 30% identical to ICP10PK and also displays Mn2+-

dependent Ser/Thr autophosphorylation activity which is

blocked by mutation of the putative ATP binding Lys residue

from subdomain II [25]. Later, it was noted that H11 belongs to

the family of small heat shock proteins characterized by a

conserved a-crystallin domain and the protein was renamed

HSPB8 [27]. Although the HSP20 family contains several

other members, kinase activity has not been demonstrated for

any others besides H11. Only very speculative conservation of

ePK subdomains was noted and the structure of H11 remains

unknown.

2.8. The Fas-activated s/t kinases (FASTK)

The FAST kinase was identified in a screen aimed at

identifying proteins which bind to TIA-1, an RNA-binding

protein which is an effector of apoptotic cell death [28].

Sequence analysis revealed that it contained limited sequence

similarity to the ICP10 protein kinase domain of the herpes

simplex virus. FASTK was shown to have serine/threonine

autophosphorylation activity, and phosphorylation activity on

TIA-1. Weak sequence similarity to ePKs was noted,

although clear candidates for the catalytic residues were not

identified.
ED P
ROOF

2.9. The pyruvate dehydrogenase kinases (PDK)

These kinases are mitochondrial and specifically phosphor-

ylate the E1 subunit of the pyruvate dehydrogenase complex,

thereby regulating the activity of the complex and the flow of

energy from glycolysis to oxidation or storage [29]. Activation

or induction of PDKs results in inactivation of E1 by

phosphorylation, which corresponds to an increase in serum

glucose levels as seen in diabetic hyperglycemia [30]. These

kinases, for which four isozymes have been identified in

humans, have no homology to ePKs but have significant

homology to bacterial histidine kinases. PDK2, which is the

most abundantly expressed isozyme, phosphorylates only

serine residues. Structures were determined for the PDK2

(Fig. 1C) and a related enzyme, BCK (branched-chain a-

ketoacid dehydrogenase kinase), from rat [31]. The structures

showed that these kinases are indeed structurally homologous

to bacterial histidine kinases, and in both cases formed a dimer

in the crystal which was also confirmed in solution.

2.10. TATA binding factor associated factor 1 (TAF1)

In 1996, Dikstein et al. [32] reported that TAF1, also known

as TAF II-250, is a protein kinase. TAF1 is a part of the

transcription initiation factor TFIID and plays a role in basal

transcription initiation. TAF1 was shown to contain two kinase

domains which conserve the catalytic residues of ePK domains.

Kinase activity was demonstrated for both domains, and the

protein was shown to specifically phosphorylate RAP74, a

component of TFIIF [32]. Other than the conserved catalytic

residues, very little sequence homology was noted between

TAF1 and protein kinase domains. Later studies confirmed the

kinase activity of TAF1, and established that TFIIA, another

subunit of the transcription complex, is phosphorylated by

TAF1 [33]. TAF1 also contains two bromodomains for which

the crystal structure was solved, but the structure of the kinase

domain remains unknown.

2.11. Transcription intermediary factor I (TIF1)

This family contains three related proteins, TIF1a, h, and g,

involved in regulation of the transcriptionmachinery. TIF1awas

shown to have kinase activity, and due to the high level of

conservation (43% similarity with TIF1h and 77% similarity

with TIF1g), the other TIF1 proteins are expected to have kinase

activity as well [34]. Autophosphorylation activity was detected,

and the ability to phosphorylate TFIIEa, TAFII28, and TAFII55

in vivo was also reported. These proteins contain an RBCC

(RING finger-B boxes-coiled coil) motif on the N-terminal end

and a PHD finger and a bromodomain on the C-terminal end.

The location of the kinase motif has not been identified.

3. RIO kinases: ancient molecules linked to kinase evolution

The RIO family was first identified as a group of proteins

containing the conserved RIO domain, named based on the

founding member of the family, yeast Rio1 (right open reading
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frame). The RIO domain contains a discernible kinase

signature, but otherwise exhibits little sequence similarity with

ePKs [35]. Representatives of this family are present in

organisms varying from archaea to humans. All these organ-

isms contain at least two RIO proteins, one which is more

similar to yeast Rio1, and one with a moderately different RIO

domain and a conserved N-terminal domain, homologous to

yeast Rio2. Eventually, a third group of RIO proteins,

designated Rio3, was discovered. Members of the Rio3

subfamily, which is more similar to Rio1, but also contains a

conserved N-terminal domain different than that of Rio2, have

been found thus far only in multicellular eukaryotes. As shown

in Fig. 2A and B, each RIO subfamily is distinguished by

specific sequence variations in the RIO kinase domains, as well

as the presence of subfamily-specific, conserved N-terminal

sequences.

It was also reported that a group of bacterial kinases bear

significant sequence homology to the RIO kinases. These
UNCORRECT

Fig. 2. Structural features of the RIO kinases. (A) The structure of the Rio1 kinase (

(B) The structure of the ATP-bound form of Rio1 (red; PDB code: 1ZP9) sup

representation of the PKA and a backbone representation of the bound peptide inhibi

of the conserved sequences of the four RIO subfamilies with the sequences of PKA

similar or weakly similar positions as determined by ClustalW alignment of several

hydrophobic or charged residues, respectively, are conserved.
OOF

bacterial RIO kinases are present in a few species of bacteria,

and there is only a single representative per organism.

Examination of the sequences revealed that the bacterial RIO

kinases are more similar to Rio1 in the N-terminal half, and

more similar to Rio2 in the C-terminal half of the kinase

domain. Thus, it appears that the bacterial RIO kinases are

related to both enzymes, and may represent the remnants of a

common progenitor of the two subfamilies. This is interesting

because it has also been reported that the KDO lipid kinases

bear significant homology to the bacterial RIO kinases, and

thus the RIO kinases may represent the evolutionary link

between bacterial lipid kinases and ePKs [16,36].

3.1. RIO kinases and ribosome biogenesis

The founding member of the RIO family, Rio1, is an

essential gene in S. cerevisiae, required for proper cell cycle

progression and chromosome maintenance [35]. In yeast cells
ED P
R

red; PDB code: 1ZTF) superimposed on that of Rio2 (green; PDB code: 1TQI).

erimposed on that of PKA (blue; PDB code: 1ATP). A transparent surface

tor PKI (cyan) are shown. Roman numerals indicate subdomains. (C) Alignment

and casein kinase (CK1). Red, green, and blue text represents identical, highly

representatives of each group. The symbols o and + represents positions where
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deprived of Rio1, cell cycle arrest occurs in G1 or mitosis,

indicating Rio1 activity is required for entry into S phase and

exit from mitosis [35]. In addition, Rio1 and Rio2 were

identified as non-ribosomal factors necessary for late 18S

rRNA processing. In yeast, depletion of Rio1 or Rio2 also

affects growth rate and results in an accumulation of 20S rRNA

[37–39]. Deletion of either Rio1 or Rio2 is lethal, suggesting

that the two proteins perform distinct functions [38,40]. It has

been demonstrated that the yeast RIO proteins are indeed

capable of serine phosphorylation in vitro, and conserved

kinase catalytic residues are required for their in vivo function

[35,37,39].

3.2. Structural characteristics of the RIO domain

The RIO kinase domain was first characterized structurally

on the basis of the crystal structure of the full-length

Archaeoglobus fulgidus Rio2 protein (Fig. 1D) [41]. The

RIO domain is structurally homologous to kinase domains but

is surprisingly small, truncated by deletion of the loops known

to be important for substrate binding in ePKs (subdomains

VIII, X, and XI). This is unexpected since subdomain VIII,

also known as the ‘‘activation loop’’, was thought to be

absolutely necessary in order to provide peptide recognition

and binding and thus enable protein kinase activity. Analysis of

the amino acid sequences indicates that the absence of this loop

appears to be a feature of all RIO kinases, including their

eukaryotic versions. The RIO domain contains the h-sheet N-
lobe and the a-helical C-lobe connected by a flexible hinge

region, as seen in typical protein kinases. When the sequence

of the RIO domain is aligned with the kinase domain of PKA,

the catalytic loop and metal binding loop residues are in a

similar position. Comparison with the subsequently determined

structure of the Rio1 protein [42] from the same organism

revealed that the minimal RIO domain also includes a helix N-

terminal to the canonical N-lobe, and a loop inserted between

the third h strand of the N-lobe and the a helix C (Fig. 2C).

The sequences of this insertion are conserved only within each

subfamily and the residues in this region form a small helix

packed against the side of the molecule near the active site in

Rio1, but are largely disordered in the structure of Rio2.

3.3. Nucleotide binding by the RIO kinases

Although several of the key residues involved in catalysis

in the typical kinase domain are conserved in the RIO

kinases, several differences exist in the active site,

corresponding to differences in how RIO kinases interact

with ATP. The canonical phosphate-binding loop (or P-loop),

as seen in PKA, contains several glycines (GxGxxG) and the

lack of the side chains facilitates direct interactions between

the phosphate groups of the ATP and the backbone of the P-

loop. However, the RIO kinases have subfamily-specific

loops, with the sequence STGKEA for Rio1, GXGKES for

Rio2, and STGKES for Rio3, significantly different than their

counterparts in ePKs. This results in significant differences in

how the RIO proteins interact with the phosphates. In Rio1,
ED P
ROOF

direct contacts are made from the side chain of the invariant

Ser in the start of the P-loop, to the h phosphate (Fig. 3A). In

Rio2, this contact is replaced by the invariant Ser in at the

end of its P-loop sequence (Fig. 3B). In the case of both Rio1

and Rio2, the phosphate is bound in an extended conforma-

tion that is significantly altered from that seen in most active

protein kinase-ATP complexes (Fig. 3C). The conformation

of the phosphate bound to Rio3 remains to be established

since its P-loop sequence contains two conserved serine

residues.

The coordination of a metal ion between the a and h
phosphate is observed in the structures of Rio1 and Rio2 (Fig.

3). In Rio2, an additional metal ion is seen between the g and h
phosphates (Fig. 3B). The observation of a single metal in Rio1

versus two metal ions in Rio2 may be due to low occupancy of

the second site that results from partial hydrolysis of the g-

phosphate in Rio1. Much remains to be elucidated regarding

the occupancy of metal ion sites upon peptide substrate

binding. The metal ion that is seen in the structures of both

Rio1 and Rio2 is in fact conserved in other protein kinases.

However, in those kinases, such as PKA, the metal ion is

coordinated by the a- and g-phosphates, and plays a role in

catalysis through direct interaction with the leaving phosphate

group (Fig. 3C). The importance of this discrepancy between

RIO kinases and canonical ePKs remains to be explored.

A comparison of the ATP binding pocket of the RIO kinases

with that of the ePKs has revealed several unique features. Fig.

4 illustrates the differences in the ATP binding cavity of Rio1,

Rio2, and PKA and indicates differences between the RIO

kinases and canonical ePKs in terms of the charge distribution

in the active site, and the placement of cavities. The figure also

shows significant differences between the Rio1 and Rio2

cavities, illustrating more open access to the g-phosphate in

Rio1, and more open access to the adenine moiety in Rio2. The

environment surrounding the ribose moiety is also unique for

each enzyme. This is important in considering the design of

inhibitors that will not only be RIO kinase specific, but RIO

subfamily specific as well.

3.4. The flexible loop of RIO domains

A region between the third h sheet of the RIO domain N-

lobe and aC is disordered in the structure of Rio2 and was

therefore called the flexible loop. This region is 18-residue long

in Rio2 and 27-residue long in Rio1. In the structure of Rio1

without bound ATP, the entire region was traceable in the

electron density, but in the presence of ATP and ADP, small

portions near the ends of this region were not seen. This

observation illustrates that a high degree of flexibility is

exhibited by this loop in Rio1 as well. In Rio1, the flexible

loop forms a small a helix which binds to the side of the

molecule via hydrophobic and hydrophilic interactions. The

position of this helix relative to the rest of the molecule is

altered depending upon the presence of the triphosphate group,

representing a large conformational change which occurs in the

molecule in response to nucleotide binding. As such, this part

of the molecule may participate in regulation of the activity of
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the molecule, and the positioning of side chains originating

from the flexible loop may influence the position of residues

that directly interact with the triphosphate moiety.

The sequence of the flexible loop (subdomain V) is

conserved among subfamily members but not between them

(Fig. 2B). All three identified subfamilies contain a specific

sequence in this region. Therefore, the function of this region

may be different for each RIO kinase in an organism, and may

play a role in the subfamily specific functions of these kinases.

The family of bacterial RIO kinases contains a conserved

sequence in this region as well, and this sequence is different

from all of the other RIO kinases. Thus, the flexible loop seems

to be an important distinguishing feature of the RIO kinase

domain.

3.5. Autophosphorylation activity of the RIO kinases

The RIO proteins from yeast and archaea have been shown

to undergo autophosphorylation in vitro [42–44]. At present,

autophosphorylation sites for the Rio1 and Rio2 kinases from

archaea have been identified, but equivalent sites in the yeast

(or other) enzymes are unknown. In the case of Rio1, the

autophosphorylation site, identified by phosphopeptide map-

ping and sequencing, was determined to be Ser108, a residue

located on the flexible loop directly adjacent to the start of aC,

and containing the sequence DMRRISPKEK [42]. Mutation of

this residue to Ala results in a loss of autophosphorylation, but

the mutant is capable of phosphorylating other substrates, as

well as an inactive mutant of Rio1, with activity similar to that

of the wild-type kinase. Thus, it would seem that lack of

autophosphorylation does not affect the phosphorylation

activity of the enzyme. This is in contrast with the report that

dephosphorylated yeast Rio1 is nearly inactive [43]. Ser108 of

A. fulgidus Rio1 is not conserved among the eukaryotic

versions of the protein, so the autophosphorylation site(s) of

these enzymes remain to be determined. For Rio2, the site of

autophosphorylation was determined by phosphopeptide map-

ping and sequencing to be Ser128 [44], which is located also

within the flexible loop, but this time near the end that is

connected to h3, and within the sequence KVGHTSFKKVK.

This serine is conserved among the eukaryotic Rio2 homologs

and may represent a conserved regulatory site, but mutants

have yet to be constructed and properly tested to confirm this

hypothesis.

3.6. The hinge region of the RIO kinases

The flexible connection between the N-lobe and the C-lobe

of the kinase domain around which they move in response to

nucleotide binding has been called the hinge region. The Rio1

and Rio2 proteins exhibit a significant difference in this portion

of the molecule which may translate into differences in how the

two proteins bind ATP. The hinge region of canonical ePKs is

typically 5- or 6-residue long and consist simply of an extended

chain linker between the two lobes. A similar extended chain is

also seen in Rio2. In Rio1, however, the linker region contains

an insertion of five amino acids which allow for the formation
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results in closing off of the ATP-binding cavity and may result

in a difference in affinity for ATP relative to Rio2. No

equivalent h-hairpin has been seen in any other protein kinase

known to date.

3.7. Additional domains of RIO kinases

Unexpectedly, the N-terminal Rio2-specific domain was

found to contain a winged helix–loop–helix fold [41]. This

fold type is seen primarily in DNA-binding proteins, but has

been reported to mediate protein–protein and protein–RNA

interactions as well [45–47]. Based on these findings, and

given the role of Rio2 in rRNA processing in yeast, we have

investigated the ability of Rio2 to bind nucleic acids. Analysis

of the electrostatic properties of the surface of Rio2 shows that

charge distribution is consistent with known nucleic acid-

binding proteins, and fluorescence anisotropy experiments

using labeled oligonucleotides indicate that Rio2 is indeed

capable of binding single-stranded nucleic acids (LaRonde-

LeBlanc, unpublished data). However, the domain does not

contain many solvent-exposed residues that are conserved

between the archaeal Rio2 and the eukaryotic Rio2 kinases,

which would argue against a conserved nucleic acid binding

site. The target of the binding may be sufficiently different

between organisms to allow for this difference in the putative

recognition residues. Indeed, if Rio2 proteins from metazoan
organisms are aligned, much more conservation of surface

residues is observed. For alignment of the human, mouse, rat,

dog, frog, zebrafish, chicken, fly, and worm sequences, 58% of

the residues are highly conserved or identical in the N-terminal

winged helix domain of the Rio2 protein. If only the

mammalian sequences are included, the sequence conservation

is 81%. This includes the conservation of several basic amino

acids in helix a3 and the wing of the winged helix domain

which could potentially interact with the major groove of

double-stranded nucleic acid. More data are required in order to

determine the function of the winged helix domain, but the

structure of A. fulgidus Rio2 has provided clues about which

residues to probe to answer this question.

Although sequence alignments did not indicate that any

other conserved domain(s) are present in the Rio1 proteins, the

structure of A. fulgidus Rio1 [42] has identified an a-helix N-

terminal to the RIO domain that appears to be conserved in

other sequences as well. This helix is part of a conserved region

that is only 14-residues long. The function of this helix cannot

be elucidated by this structure, but the position of the helix

relative to the RIO domain shifts if the Apo-Rio1 and the ATP-

Mn-Rio1 are compared. An additional helix is also seen N-

terminal to the conserved helix in the ATP complex, but not in

the Apo structure. This helix does not appear to be conserved,

and the significance of the conformational change is not

apparent since this part of the molecule participates in different

crystal contacts in the Apo and ATP-bound forms.
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3.8. Two subfamilies of Rio1-like kinases

Only two RIO proteins, Rio1 and Rio2, have been identified

in the Saccharomyces cerevisiae [35,43] and in A. fulgidus [1].

However, two genes encoding different Rio1-like enzymes can

be distinguished in the genomes of mammals and other higher

organisms. Their products have been named Rio1 and Rio3 [1],

although the latter subfamily has not been so identified

elsewhere. SudD, a product of a gene first identified in

Aspergillus nidulans [16,48], is considered to be the defining

member of the Rio3 subfamily. Through a comparison of

structure-based sequence alignment, we noticed that the

association between Rio3 and SudD may be, however,

incorrect, since the latter enzyme appears to be more similar

to mammalian Rio1 than to the putative Rio3. In particular, the

Rio3 enzymes contain a unique and highly conserved N-

terminal domain consisting of over 200 amino acids that is

predicted to be highly helical. Thus far, no sequence homology

to any known domains has been detected, but it is very highly

conserved from human to flies. The presence of this divergent

RIO kinase in higher eukaryotes suggests an additional

function for the RIO kinases in these organisms, but the nature

of such a function is not presently known. No similar domain is

present in either SudD or in Rio1 from mammals or yeast, and

thus SudD might be more similar to the Rio1 than to Rio3

enzymes. We have recently subcloned and expressed human

Rio3 kinase (unpublished) and the structure of this enzyme

may help in resolving the evolutionary relationships within the

RIO family.

4. Conclusions

The studies of the RIO kinases have revealed the important

structural characteristics that distinguish this group of serine

kinases from their ‘‘typical’’ counterparts. The minimal RIO

domain was revealed, as well as the structural features which

distinguish Rio1 from Rio2 enzymes and provide the basis for

distinct function. It is clear that the ATP binding pocket and the

mode of substrate binding will be distinct for RIO kinases.

Given that there is only one copy of each RIO subfamily

member per organism, this should allow design of inhibitors

with extreme specificity which would target a distinct pathway.

For the RIO kinases, the target is indeed attractive, since

ribosome biogenesis is an important requirement for tumor

progression [49]. Production of massive amounts of daughter

cells requires synthesis of large quantity of ribosomes. Shutting

down a single RIO kinase will likely have the effect of

stopping ribosome production.

There are still many unanswered questions regarding the

structure of the RIO kinases. The structures that have been

solved to date were obtained from the RIO kinases of an

archaeal organism, which are perhaps the most divergent of all.

As such, some of the structural features observed may not

translate into the eukaryotic homologs. However, based on

sequence analysis, we can conclude that certain structural

features will indeed be present in eukaryotic RIO kinases as

well. The lack of the activation loop, a surprising discovery
ED P
ROOF

because of its established role in peptide substrate binding and

selectivity, is expected to also be a feature of the eukaryotic

RIO kinases since their sequences contain no insertion between

subdomains VII and IX when compared to the archaeal

counterparts. A h-hairpin in the hinge region of the Rio1

kinases is also expected to be present in the eukaryotic Rio1

kinases, based on sequence comparisons. The P-loop, catalytic

loop, and metal binding loop sequences are all very highly

conserved between the archaeal and eukaryotic RIO kinases, so

the ATP binding features described here may be the same, or

very similar. The flexible loop and some of the sequence is

conserved, and thus these may function in a similar fashion.

However, the presence of a non-conserved autophosphoryla-

tion site in archaeal Rio1 may point to some differences in the

way the flexible loop functions in the eukaryotic proteins. The

eukaryotic RIO proteins also have the distinction of including a

long stretch of conserved sequence beyond the C-terminus of

the archaeal RIO kinases. This region has been identified as

another domain and is termed ‘‘K-rich’’, due to a high

percentage of lysine residues. This region may in fact be the

missing subdomains X and XI of the ePK fold, or may be

another domain entirely. Structural studies of eukaryotic RIO

kinases are required in order to answer these questions.

How do peptide substrates bind to RIO kinases? With no

activation loop present, there is no real way of obtaining this

information by comparison with the ePK structures solved with

bound peptides. It becomes even more challenging given the

observation that the catalytic aspartate residues of the RIO

kinases are more than 5.5 Å away from the g-phosphate,

compared to 3.8 Å in PKA. In addition, in the case of Rio2, the

g-phosphate is completely enclosed by an ordered part of the

flexible loop and conformational changes would be required to

allow access for phosphoryl transfer. Based on the position of

conserved surface residues over a large area surrounding the

active site of Rio2 and the lack of the activation loop, we

initially proposed that RIO kinases may recognize a surface of a

substrate protein rather than a peptide, in order to catalyze

phosphorylation. However, the autophosphorylation sites de-

termined for A. fulgidus Rio1 and Rio2 were both located within

the flexible loop regions of the RIO domain, which suggests that

the RIO kinases may indeed recognize an extended peptide.

Further experiments are required to determine if peptides will

indeed be accepted by the RIO kinases as substrates.

Although only two subfamilies of RIO kinases are generally

recognized, we propose that the Rio3 kinases are sufficiently

distinct from the Rio1 kinases to identify a third subfamily. The

conserved N-terminal domain has no sequence homologs in

any known proteins and thus its function is completely

unknown. In addition, the bacterial RIO kinases may represent

a fourth subfamily which may correspond to the progenitor of

both the Rio1 and Rio2 kinases. Since the RIO kinases are

essential proteins that have homologs in many prokaryotic and

all eukaryotic organisms, including, for example, pathogens

such as Yersinia pestis, this kinase may also become a tractable

target for some pathogen-driven diseases. What remains to be

deciphered is the exact function of each subfamily of RIO

kinases in the organisms in which they are represented.
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