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Dbf4 and its related molecules were originally
identified as cyclin-like partners for Cdc7 kinases,
essential for S-phase. Recent reports and database
search indicate the presence of multiple Dbf4-
related molecules with distinct functions. We have
identified three stretches of amino acids which are
conserved in various Dbf4-related molecules and
possibly play distinct functions in binding to and
activation of the catalytic subunits as well as in
interactions with other proteins. Discovery of con-
served motifs for this possible new protein family
would serve as a useful framework for future iden-
tification of new members of this family as well as for

probing their functions. © 2000 Academic Press

Cdc7-Dbf4 kinase complexes, originally identified in
Saccharomyces cerevisiae, play pivotal roles in initia-
tion of DNA replication (1, 2). Recent studies have
demonstrated the presence of related kinase com-
plexes, composed of Cdc7-related catalytic subunit and
Dbf4-related regulatory subunit, in varieties of eu-
karyotes including distantly related fission yeast and
human (3-11). Furthermore, recent reports and data-
base search indicate the presence of multiple Dbf4-
related molecules with distinct functions, suggesting
the presence of a novel “Dbf4-family.”

Studies of Cdc7-Dbf4 related kinase complexes in
various eukaryotes pointed to striking conservation in
expression and functions of this essential kinase com-
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plex (3). Similar to Cdk-cyclin, kinase activity of Cdc7
is generally strictly dependent upon the activation sub-
unit (12, 13), except for fission yeast where the cata-
lytic subunit alone exhibits intrinsic kinase activity
which is stimulated by the activation subunit. Cdc7-
Dbf4 kinase complexes appear to be associated with
chromatin (14), suggesting that components in the rep-
lication complex may be the targets of Cdc7-Dbf4 Ki-
nase. ORC (origin recognition complex), Cdc6, and
MCM (minichromosome maintenance) proteins consti-
tute prereplicative complex (preRC) at each cell cycle
which acts as a landing pad for subsequent assembly of
an active replication complex and is prerequisite for
initiation of DNA replication (15). Biochemical and
genetic evidence has indicated that MCM2 is the pri-
mary target of Cdc7 kinase during S phase (5, 7, 16).

Cdc7-Dbf4 acts as a molecular switch for activa-
tion of replication origins (3). The activity of Cdc7
kinase is largely determined by the level of the ac-
tivation subunits, which oscillates during cell cycle.
The protein levels of the regulatory subunits are
regulated at both transcriptional and post-transla-
tional levels. In yeast, the protein stability is regulated
by APC (anaphase promoting complex), and the Dbf4
protein amount increases at the G1/S boundary and
stays at a high level throughout S through G2 phases
(17, 18).

Recently, a potentially novel Cdc7-Dbf4-related ki-
nase complex which plays roles distinct from known S
phase regulation was reported in fission yeast (19), and
search of database indicates the presence of other
Dbf4-related molecules on the genome of higher eu-
karyotes (data not shown). Through comparison of the
primary structures of the regulatory subunits for Cdc7-
related kinases and Dbf4-related molecules, we have
identified three conserved motifs and two of them bear
similarity to the BRCT (BRCAL carboxyl terminal do-

main) motif and a CCHH-type zinc-finger motif.
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The multi-sequence alignment program “DIALIGN2.1” (20) was
used to obtain the best alignment of multiple polypeptide sequences.
Protein patterns were searched by “Proscan” program (Pole Bio-
Informatique Lyonnais).

RESULTS AND DISCUSSION
Three Conserved Motifs in Dbf4-Related Molecules

In spite of striking similarity to cyclins in its periodic
expression and kinase activation, Dbf4 and its func-
tional homologues do not bear any sequence similarity
to known cyclin molecules. Therefore, the mechanism
of kinase activation of Cdc7 by Dbf4 may be quite
different from that of Cdk by cyclins. The structures of
the Cdc7 catalytic subunits are also unique in that they
contain insert sequences which split kinase conserved
motifs, although the kinase domains share about 45%
identity between yeasts and human (6). In contrast,
known activation subunits for Cdc7-related kinases
share only a low degree of sequence similarity. Dbf4
and Him1/Dfpl, the fission yeast Dbf4 homologue,
share only 26% identity in the central 254 amino acids
(from 165 to 416 of Him1/Dfpl protein) in addition to
the C-terminal 69 amino acids (465-534) with 39%
identity (7, 10), and no overall sequence similarity was
identified between the human homologue ASK and
yeast counterparts (9, 11).

We have identified three small stretches of amino
acids which are present in all the known Dbf4-related
molecules from various eukaryotes as well as in coding
frames identified in database. We have named these
conserved motifs, in the orientation from N-terminus
to C-terminus, Dbf4-motif-N, Dbf4-motif-M and Dbf4-
motif-C, respectively, since they are always found in
this orientation on the polypeptides (Fig. 1). These
motifs are found in Spo6 (20), a second fission yeast
Dbf4-related protein whose functions are specific for
meiosis. Recently, Spo4 (Database Accession No.
AB036342), another Cdc7-like kinase in fission yeast,
was identified and was found to form a complex with
Spo6 (21). This, together with the presence of uniden-
tified open reading frames containing similar Dbf4 mo-
tifs in the database (data not shown), suggests the
presence of a novel family of Cdc7-Dbf4-related kinase
complexes with distinct cell cycle functions for each
member.

Dbf4-Motif-N Related to BRCT

Dbf4-motif-N shows some similarity to the domain |
of BRCT, which was shown to be present on wide
varieties of repair and DNA damage/replication check-
point proteins (22, Fig. 2). Sequences similar to Dbf4-
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motif-N were found in fission yeast Cut5/Rad4 (23) and
its budding yeast homologue Dpbll (24). These se-
guences are parts of previously identified BRCT motifs
in these proteins. Dbf4-motif-N is dispensable for mi-
totic functions but plays essential roles in DNA repli-
cation checkpoint and recovery from DNA damages
(10). Thus, this motif may interact with checkpoint
regulators to transduce checkpoint signaling from the
replication forks to cell cycle and/or repair machinery.
Studies on budding yeast Dbf4 indicated its sequence-
specific interaction with replication origins (25), possi-
bly through association with replication machinery at
the origins. Dbf4-motif-N may also interact with com-
ponents of replication complexes to facilitate recogni-
tion of its substrates and/or to promote responses to
stalled replication forks.

Dbf4-Motif-M, a Proline-Rich Motif, Involved
in Protein-Protein Interaction

Dbf4-motif-M is characterized by the presence of con-
served prolines and aromatic residues. In spite of ex-
tensive search of database by using Profile Scan or
PATTINPROT search as well as by other programs, no
similar motifs have been identified on database. Thus,
Dbf4-motif-M may represent a novel protein interac-
tion domain unique to the Dbf4 protein family. Func-
tional significance of Dbf4-motif-M is strongly indi-
cated by the existence of amino acid substitutions of
conserved prolines in this motif in some of the natu-
rally occurring dbf4(ts) mutants of S. cerevisiae (Fig. 1).
We have recently shown that an isolated Dbf4-motif-M
polypeptide can bind to Hsk1 (Ogino et al., unpublished
result). Thus, this motif functions for association with
and activation of the catalytic subunit.

Dbf4-Motif-C, a CCHH-Type Zinc Finger-like Motif

Dbf4-motif-C bears the highest degree of conserva-
tion among the three, and it contains the highly con-
served GXCEXC(X),H(X)sH(X),FA motif, which re-
sembles the CCHH-type zinc finger motif (consensus:
C-N,_;,-C-N3-U-Ng-H-N; 5-H where N and U represent
any residue and hydrophobic or aromatic residues, re-
spectively) (Fig. 1, 26). Dbf4-motif-C is also essential
for functions of Him1/Dfpl, since C-terminally trun-
cated mutants of Him1 protein lacking a portion or all
of this motif cannot exhibit full mitotic functions. An
isolated Dbf4-motif-C polypeptide of 65 amino acid can
bind to Hskl (Ogino et al., unpublished result). Con-
sistent with this result, the 50 amino acid segment of
Him1/Dfp1 protein (10) and the C-terminal 123 amino
acids of Dbf4 (25, 27), both of which contain the
Dbf4-motif-C, were shown to be sufficient for interac-
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Dbt4 |

Him1/
Dfp1

100 amino acids

Dbf4-Motif-N

Db£4(135-179)_Sc EMNTP{NKSKMDKRRDL IKIGF LTIRer QL F AlR UD T T RU I\ A RAR ISV
Himl(151-195)_Sp LR F Y LD o) SIVENR VIR T LG G VESLF F S eV THVA TVURLSS
huASK (48-92) Hs (S QV[F Y LD AT I I AR LK T NG GRVEIAF 1 ASIAD T S)LI S1 K14
muASK (48-92) Ms (S8 {F Y LD AIE H 4T QAR LINKI T/ 441G GRVEI AF 1 ASIAD T S} 4 VS UKI 4
Chiffon(45-89) Dm  HFKBSAICDHOAK IIES DEKAIRSCH A FIGLED E Ee LD {PE
Spo6(130-174) Sp FPNERIFINVDEE KR TOREINNI R QAT L (P s. [F AT | TT
NimO(145-189) An HFVIRFIAVP IDLRS HCS Ol T AITEr e K S R L L A4S LP T

Consensus FYuD U BU B I LGgbUX FfS xvThuUT B

Dbf4-Motif-M

Dbf4(260-309) Sc NIF KL {P L (VELE (DI (i) P R AEWD $ 3035383 P ADI AL 1Y Ph 8 8 8 O3 4GRC PF|
Himl(276-323)_Sp PAFR[EP YLY4V1: DI 8N BAY KPp S AL JEW]S) 488 3 - IDMY) 1 Phu g 3- U -3 4GRC PF|
huASK(214-253) Hs  RLUKZAUKIESMSOLIISFviloLTNMP-FINYS-FlokEcs ——————-- pF
muASK (214-253) Ms  RLKZEAKIELVNRCEEISF Y IOLPSLP-CINYF - [JOK/ECS ~— - - - pF|
Chiffon(200-237) Dm OQLIYKOI4KIESVKRNIS:13YYHLIKQPDDWPKI HLSSED

Spo6(249-296) Sp YE Y ACHRILS O Y IE SS T A RIS IEKT - LDS G2 -FIL I3SLATTAQ e 5 d
NimO(321-368) An Pl Gl R Y HINDEK T I gVML R {PKV -ARRQ} -GV [30F RSAPL /S (o154

* *

*

Consensus jB PJU U D YBPu U ej X U jP gbcPF

Dbf4-Motif-C

Dbf4(656-697)_Sc K[IG Y CENCR\K YEGILE S H IV SR HIRIF AINDS ANFIPAT DL T
Himl(494-535)_Sp VK1 2G Y CENCRIKFDIUAE S H TSR HREF AN NN FI AL DELiZ
huASK(291-331)_Hs | SuKE (IACHLOM LA ATt R I EQEIINGNOS NO ~ O VIEY P4
muASK (290-330) Ms  [GSKeRqaniclrolS i ot e CIANINOS N - FIQVIEN 4
Chiffon(309-350) pm [ocEvEar el N loBkoMeL T s o i a/ B
Spo6(423-464) _Sp K Y CENC/ AR Y| D LE I H LIl & (HREIF Al A S ANFI L DD L
Nim0(592-633) An 1 3KI3G Y CENCRINKFDDIaDIoH IMTIIKHRIAF ALNITANWIASL DRIL L

* * * *

Consensus bK GYCEnCb BJXdAUX HUuS bHR FA n NJ UDxLU

FIG. 1. Alignment of three conserved Dbf4-motifs. The upper drawing shows relative locations of each motif on the Cdc7 regulatory
subunits from three species, shown by striped boxes (Dbf4 from budding yeast, Him1/Dfpl from fission yeast and ASK from human). The
white letters in black backgrounds represent those amino acids conserved in more than five members of the seven Dbf4-related proteins,
Dbf4, Him1/Dfpl, huASK, muASK, Chiffon, Spo6 and NimO. The white letters in gray backgrounds represent the positions at which similar
or identical amino acids are found in more than half of the members. In the consensus, the residues conserved in more than five members
are indicated by large capitals, while those conserved in four members are shown with small letters. In Dbf4-motif-M, the two proline
residues indicated by asterisk were shown to be mutated in dbf4 temperature-sensitive mutants (the proline with one asterisk to leucine in
dbf4-1, and the proline with two asterisk to leucine or serine in dbf4-2 or dbf4-3, respectively; Sugino et al., submitted). In Dbf4-motif-C, the
conserved cysteine and histidine residues predicted to constitute a CCHH zinc-finger structure are indicated by asterisks. The data base
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Dbf4_Sc 129 DITDDYEENNTIIUKSK: - - - - MDRRRDLIKRGHLTLEIOHFAF - - - - FDTTVIEREITRRSV
Himl_Sp 144 oyrra§jruIREEIDGC: - - - - DPSVAHRYKKIEIQOLIEHNETF - - - - FSGNVTEAATVRATL
huASK_Hs 41 skckpllwerv[EIDLP - - - - - SVTLSEKIORDHKDLIERNEEF - - « - LSKDISFSRISNKKE
BRCAl Hsa 1649 RMSMURUSGIRTPE: - -+« - - EFML{YKJARKHHITISTNL - - 1 - - TEETTEUREIKTDA
BRCA1l Hsb 1756 QDRKEJJRGHERCCYGP- -1 - - TMNPTDQIEWIRIQLCIIASNVKE - - 7 - - TGVHPERAAYOPDA
53BP_Hsa 779 LNKTIRJLGHAIRRATM - -30- - PPFNKQYTES/YIRAGIEYHLED - - 7 - TavQciRRIADQHC
53BP_Hsb 919 PRENP[JONIKIZRIVSD - -1 - - QONFLEL{SELEIMTGIEINASVRQ - 11 - - LGVFDRRRUTDPSC
Rad9 Sc 1027 VIESGSTFIIITHPL - - - - - AKSLVNKGNTDIRELIMLKLAW- 11 - - ACRFACIBATKRHL
Rad9 Sc 1144 KSNNPRSFRITIIZIRGS - 23 - - SELDSFVKFAACLSINERYLTI - 30 - - RKLKFIRFIANENN
Cut5_Spc 298 NEAKRAKNATLREIVEF: - - - - PNTRVSRIEKCEsDNEEOlISEF - - 1+ - sSTIDERARIPHYF
DPB11_Spc 322 NSTLESIKNCARERIRHI - -1--PGNHRSIPTKERVONEIEKHETS - - 5 - - YDHSYTEEIPSNKA
crb2_Spa 534 SNOLHgpDCVialiscP - -3 -DAYDRSAMETIRIODHEELYLDT - 30 - - SWNQAlRAJSDTFS
crb2_sSpb 656 YSHREDCTHSEREEPF------ pTTDSLEDRIBIARKEPLIIGKK - 23 - - LaARVY[allaLcaD
Ect2 Msa 1 MLNLIEICFTGHRKK: - - - - - - KKEELVKINVTIRGHEMEEVERKE - - 1 - - NSKVTEIRJANCTO
Ect2 Msb 91 FrvpPP[JopcIfsfLeF- .- - SDEEKRSIEENTEMQ[TESHLPV - - 1+ - DERCTEIRAJEENT
UU U Uuy U UU o0 U vuuy
H

FIG. 2. Alignment of Dbf4-motif-N with sequences within the representative BRCT domains.

The residues which conform

with the consensus for the BRCT domain (22), shown at the bottom of the alignment, are shown in white letters with black back-
ground. Only the motif-1 of the BRCT domain is shown. U, hydrophobic residues; O, small residues; H, histidine. The italic letters
following the name of the protein sequence indicate consecutive copies of the BRCT domain present within the same protein. The
numbers at the beginning of the sequences indicate the position of the first residue. The numbers within the gaps of the sequences
indicate those of the additional residues present within the gaps. Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe; Hs,

human; Ms, mouse.

tion with Hskl and Cdc7, respectively, in two-hybrid
assays.

Regions on Dbf4-Related Proteins Other
Than Dbf4-Motifs

The regions N-terminal to Dbf4-motif-N are diverged
both in terms of lengths and sequences among species
and are unlikely to play significant roles. The distances
between Dbf4-motif-N and Dbf4-motif-M are relatively
constant; 86 amino acids in Dbf4 and Him1/Dfp1, and
127 amino acids in ASK. The sequences of this region
are well conserved between Him1l/Dfpl and Dbf4.
Therefore, this segment, which may not be essential for
mitotic functions, still play some role in functions of
Him1/Dfpl protein. On the other hand, the distances

between Dbf4-motif-M and Dbf4-motif-C are variable
with very little sequence conservation; 357, 182 and 40
amino acids in Dbf4, Him1/Dfpl and ASK, respec-
tively. This region may be involved in species-specific
interactions between regulatory and catalytic sub-
units. Alternatively, it may not be essential for kinase
activation nor mitotic functions and serve merely as a
“bridging segment” which connects the two conserved
motifs for kinase activation.

Identification of conserved motifs on Dbf4-related
molecules will provide important framework to further
elucidate details of protein-protein interactions as well
as mechanisms of kinase activation involving this im-
portant cell cycle regulator, and will also help identify
novel members of “Dbf4 family.”

accession numbers are as follows; Dbf4, Siss-prot DBF4_YEAST; Himl, TrEMBL 059836; huASK, TrEMBL Q9Y2M6; muASK, gp:
MMDBF4_1; Chiffon, gp:AF158178_1; Spo6, gp:AB020809; NimO, TrEMBL 093843. The abbreviations for species from which each member
is derived are as follows; Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe; Hs, human; Ms, mouse; Dm, Drosophila melano-
gaster; An, Emericella nidulance. Amino acids are indicated by regular one letter representation in addition to the following denotations; U,
hydrophobic residues; J, aromatic residues; B, basic residues; X, acidic residues. Some of the calculated E values of each motif in comparison
with Him1 are as follows. Motif-N: huASK, 0.39; muASK, 0.51; Chiffon, 5e-07; Spo6, 0.005; NimO, 0.005. Motif-M: Dbf4, 0.001; Spo6, 8e-8;
NimO, 6e-08. Motif-C: Dbf4, 7e-07; huASK, 3e-04; muASK, 3e-04; Chiffon, 0.002; Spo6, 7e-07; NimO, 3e-10.
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