


Structure and activity of the atypical serine kinase Rio1
Nicole LaRonde-LeBlanc1, Tad Guszczynski2, Terry Copeland2 and Alexander Wlodawer1

1 Protein Structure Section, Macromolecular Crystallography Laboratory, National Cancer Institute, NCI-Frederick, MD, USA

2 Laboratory of Protein Dynamics and Signaling, National Cancer Institute, NCI-Frederick, MD, USA

Ribosome biogenesis is fundamental to cell growth

and proliferation and thereby to tumorigenesis. It has

been shown that ribosome biogenesis and cell cycle

progression are tightly linked through a number of

mechanisms [1,2]. Not surprisingly, several oncogenes

have been shown to deregulate ribosome biogenesis,

in order to meet the demand for cell growth and

increased protein production [3]. For example,

increased levels of ribosome biogenesis have been

reported for human breast cancer cells with decreased

pRb and p53 activity [4]. Ongoing studies in yeast have

identified many of the nonribosomal factors necessary

for the proper processing of ribosomal RNA (rRNA)

[5]. More recent efforts using proteomics methods have

begun to pinpoint the protein factors required for this

critical process. Although many of the factors have

been identified, the specific roles they play in rRNA

processing or ribosomal subunit assembly have not

been clarified. Understanding these basic pathways on

a molecular level is important for providing insight

into how the connection between ribosome biogenesis

and cell cycle control might be used to our advantage,

such as design of new classes of drugs.

Protein kinases are known players in the regulation

of cell cycle control, in addition to their role in a wide

variety of cellular processes including transcription,

DNA replication, and metabolic functions. This large

protein superfamily contains over 500 members in the

human genome [6] and represents one of the largest

protein superfamilies in eukaryotes [7]. One major class

of eukaryotic protein kinases (ePKs) catalyzes phos-

phorylation of serine or threonine, while another one

phosphorylates tyrosine residues [8–10]. All these

enzymes contain catalytic domains composed of con-

served secondary structure elements and catalytically

important sequences referred to as ‘subdomains’ that

create two globular ‘lobes’ linked by a flexible ‘hinge’

[7,8,10]. Twelve subdomains are recognized in ePKs: I

to IV comprising the N-terminal lobe, V producing

the hinge, and VIa, VIb, and VII to XI forming the

C-terminal lobe. The three-dimensional structure of

the ePK kinase domain is well established and the
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Rio1 is the founding member of the RIO family of atypical serine kinases

that are universally present in all organisms from archaea to mammals.

Activity of Rio1 was shown to be absolutely essential in Saccharomyces

cerevisiae for the processing of 18S ribosomal RNA, as well as for proper

cell cycle progression and chromosome maintenance. We determined high-

resolution crystal structures of Archaeoglobus fulgidus Rio1 in the presence

and absence of bound nucleotides. Crystallization of Rio1 in the presence

of ATP or ADP and manganese ions demonstrated major conformational

changes in the active site, compared with the uncomplexed protein. Com-

parisons of the structure of Rio1 with the previously determined structure

of the Rio2 kinase defined the minimal RIO domain and the distinct fea-

tures of the RIO subfamilies. We report here that Ser108 represents the

sole autophosphorylation site of A. fulgidus Rio1 and have therefore estab-

lished its putative peptide substrate. In addition, we show that a mutant

enzyme that cannot be autophosphorylated can still phosphorylate an

inactive form of Rio1, as well as a number of typical kinase substrates.
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and the model presented here does not represent a true

APO form. However, the structure in the absence of

added nucleotide does not represent an ATP-bound

form either. When nucleotide is added, Rio1 undergoes

conformational changes that result in a new crystal

form. Comparison of the APO and nucleotide-bound

structures indicates that in the presence of ATP or

ADP, two portions of the flexible loop become disor-

dered, and that the part that remains ordered changes

conformation and position relative to the rest of Rio1

molecule (Fig. 3A,B). In addition, the catalytic loop

and the metal-binding loop both move significantly

when ATP is added (Fig. 3A,B). The overall RMSD

between the two states is 0.91 Å for 228 Ca pairs. The

c-phosphate is modeled with partial occupancy, as

high temperature factors suggested that a fraction of

the molecules were hydrolyzed. Comparisons of the

four crystallographically independent molecules in the

Rio1-ATP complex showed that the N-terminal Rio1-

specific helices and aD adopt different positions, and

two of the molecules show a slightly different position-

ing of the ATP c-phosphate relative to the other two

(Fig. 3C). The structures of the Rio1-ATP-Mn and the

Rio1-ADP-Mn complexes are virtually identical, indi-

cating that the conformational changes which occur

require neither the presence of the c-phosphate nor

autophosphorylation (Fig. 4A).

The flexible loop and hinge region of the Rio1

kinases

The loop between aC and b3 of the RIO kinase

domain shows distinct conservation in each RIO

subfamily (Fig. 1D). In the case of Rio2, the electron

density for that region was not observed in any crys-

tals that have been studied to date. However, the

sequence in this region is highly conserved, suggesting

that it plays an important role in the function of Rio2

kinases. Similarly, Rio1 kinases also exhibit significant

conservation of residues in this loop (Fig. 1D). Align-

ment of A. fulgidus and S. cerevisiae Rio1 with human,

zebrafish, dog, plant, fly, and worm homologs yields

60% similarity and 20% identity in the sequence in

this region (data not shown). This increases to 87.5%

similarity and 66% identity when the yeast and archaeal

sequences are omitted from the alignment. In the

structure of APO-Rio1 presented here, this loop con-

sists of 27 amino acids (Arg83 of b3 through Glu111

of aC) and is significantly longer than the 18 amino

acids long disordered loop of Rio2 (Fig. 1D). In the

APO-Rio1 structure, this loop starts with a poorly

ordered chain between residues 84 and 90. This region

is characterized by weak density and high temperature

factors and makes no direct contact with other parts

of the protein, thus none of the side chains were mode-

led (Fig. 2A). Residues 90–96 form a small a-helix, fol-
lowed by a b-turn between Leu96 and Asp99. Three

more b-turns follow between Asp99 and Phe102,

Met104 and Ile107, and Ser108 and Glu111, which

marks the start of aC. The entire flexible loop packs

between the N-terminal portion of aC and part of the

C-lobe (Figs 2A and 3A).

The interactions between the flexible loop and the

rest of the protein include several hydrogen bonds

between conserved residues (Fig. 2A). The side chain

of Asp93 makes a hydrogen bond to Lys112, which is

Fig. 2. The flexible loop and flap of Rio1. (A) The flexible loop of Rio1 showing the interactions between the loop and the rest of the pro-

teins. The loop is colored in cyan, residues that are involved in the interaction are shown in stick representation. Rio1-conserved residues

are labeled in red text. Those residues that are also conserved in Rio2 proteins are indicated in green text. (B) The structure of the flap in

the hinge region. Residues of the hinge region are shown in green stick representation.
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