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Abstract

Recently, Scm3p has been shown to be a nonhistone component of centromeric chromatin that binds
stoichiometrically to CenH3-H4 histones, and to be required for the assembly of kinetochores in S.
cerevisiae. Scm3p is conserved across fungi, and displays a remarkable variation in protein size,
ranging from ~200 amino acids in Saccharomyces cerevisiae to ~1300 amino acids in Neurospora
crassa. This is primarily due a variable C-terminal segment that is linked to a conserved N-terminal,
CenH3-interacting domain. We have discovered that the extended C-terminal region is strikingly
characterized by lineage-specific fusions of single or multiple DNA-binding domains—different
versions of the MYB and C2H2 zinc finger domains, AT-hooks, and a novel cysteine-rich metal-
chelating cluster—that are absent from the small versions of Scm3. Instead, S. cerevisiae point
centromeres are recognized by components of the CBF3 DNA binding complex, which are conserved
amongst close relatives of budding yeast, but are correspondingly absent from more distant fungi
that possess regional centromeres. Hence, the C-terminal DNA binding motifs found in large Scm3p
proteins may, along with CenH3, serve as a key epigenetic signal by recognizing and accommodating
the lineage-specific diversity of centromere DNA in course of evolution.

Introduction

Despite being a universal feature of eukaryotic chromosomes, centromeres are characterized
by enormous diversity. The structural spectrum of centromeres includes point centromeres that
are short composite DNA elements like transcription regulatory elements or enhancers,
extended regional centromeres that vary in length from 1kb to several megabases and
holocentric elements that are distributed throughout the length of the chromosome 1-3, within
a monophyletic lineage, closely related organisms might exhibit diversity of centromere
organization—for example, in fungi, Saccharomyces cerevisiae has point centromeres,
whereas Candida albicans has regional centromeres 3. This diversity in form is accompanied
by a concomitant diversity in the sequence of centromeric DNA (CEN) and in the proteins that
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Note added in proof

After this paper was accepted for publication we became aware of recent publications identifying proteins involved in cenH3 in animals
(Dev Cell. 2007 12(1):17-30. Priming of centromere for CENP-A recruitment by human hMis18alpha, hMis18beta, and M18BP1.Fujita
Y, Hayashi T, Kiyomitsu T, Toyoda Y, Kokubu A, Obuse C, Yanagida M. and J Cell Biol. 2007 176(6):757-63. Maddox PS, Hyndman
F, Monen J, Oegema K, Desai A.). These works implicates the orthologous MYB domain proteins Knl-2 (from Caenorhabditis
elegans) and M18BP1 from vertebrates as potential functional analogs of Scm3p in fungi. Interestingly, these proteins contain a well-
conserved N-terminal SANT-associated (SANTA) domain, while their C-terminal MY B domains are fast evolving. Their plant orthologs
appear to entirely lack the M'YB domains while conserving the SANTA domain. Furthermore, in plants the monocot and eudicot proteins
show considerable differences in their C-terminal architectures. Based on the analogy to the situation in Scm3p, we suggest that the
SANTA domain in these proteins might function as an analog of the Scm3p domain, with which it shares no apparent relationship.
Similarly, the rapidly diverging C-termini might play a role in interacting rapidly diverging features of centromeric chromatin.
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assemble kinetochores on them 173 Yet, all these diverse centromeres perform a comparable
set of functions across eukaryotes in chromosome segregation and spindle checkpoint control
1,2 This conserved function has been attributed to an epigenetic role played by the centromeric
chromatin proteins 1,2 Hence, elucidating the assembly of the distinctive centromeric
chromatin is necessary to understand the apparent paradox of centromere diversity form despite
the presence of conserved functions.

Major advances in this direction have come from studies on the centromere specific histone
H3 variant, CenH3 (Cse4p in yeast), which replaces the conventional histone H3 in centromeric
nucleosomes. CenH3 is a unique and critical component of centromeric chromatin, and appears
to have undergone adaptive evolution, probably in connection to the rapid sequence changes
in CEN DNA 1 2 4 Recent discoveries of a CenH3 interacting protein, Scm3p (Suppressor
of chromosome missegregation 3; a high-copy suppressor of mutations in cenH3) have further
illuminated the architecture and assembly of centromeric chromatin >, Scm3p was shown
to specifically bind the cenH3-H4 complex, but not conventional histones H3-H4 and it is
required for the assembly of CenH3 into the centromeric chromatin 6, Scm3p was also shown
to selectively replace H2A-H2B from cenH3-H4-H2A-H2B octamers in vitro, consistent with
the observed reduction of H2B, H2A and the H2A variant H2AZ at the centromeric
nucleosomes in vivo. Furthermore, Scm3p is required for the centromeric localization of inner
kinetochore proteins Cbflp, Mif2p, Cep3p, and Ndc10p, suggesting that it functions at a key
early step in the assembly of the unique centromeric chromatin structure ol

Material and Methods

Sequence profile searches were conducted using the PSI-BLAST program 8 with either single
sequences or multiple alignments as queries, with a profile inclusion expectation (e) value
threshold of 0.01. For queries and searches containing computationally biased segments, the
statistical correction option built into the BLAST program was used. Searches with conserved
position-specific score matrices (PSSMs) and hidden Markov models (HMMs) were
respectively conducted using the RPS-BLAST? and HMMer package 10 Multiple alignments
were constructed using the MUSCLE program 11 followed by manual adjustment based on
PSI-BLAST hsp results and information provided by solved three-dimensional structures.
Compositional bias and globular domains were identified using the SEG program 12 with
parameters of 3.4 and 3.75 for complexity thresholds and window size of 45. Secondary
structure was predicted using the combined information from residue frequencies, PSSMs and
HMMs with the Jpred program 13 The non-redundant (NR) database of protein sequences and
the Whole genome shotgun (WGS) (National Center for Biotechnology Information, NIH,
Bethesda, MD) were the sequence databases used in this study. Translating searches of WGS
was performed using TBLASTN.

Results and discussion

Sequence analysis of Scm3p shows that it is conserved across all fungi, irrespective of the type
of centromere (point or regional) or CEN sequence they possess (Fig. 1). The conserved core
of fungal Scm3p orthologs maps to a single globular domain that is predicted to adopt a
predominantly a-helical fold and potentially chelate a metal ion. This conserved domain
(hereinafter termed the Scm3p domain) corresponds to the region of Scm3, which is required
for the cenH3-specific interaction 6,7 The long predicted a-helix in this domain might be
critical for the observed dimerization of Scm3, via a zipper-like pairing, as well as interaction
with the corresponding helical segment in the histone fold. The incorporation of Scm3p into
the nucleosome along with the histones also suggests that the Scm3p domain might itself have
comparable non-specific DNA binding activity. Given the conservation of Scm3p across fungi,
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we investigated whether Scm3p has undergone evolutionary diversification that might
correlate with diversity in CEN sequences and centromeric organization.

Examination of the fungal Scm3p orthologs indicates a remarkable variation in protein size.
One group typified by S.cerevisiae, and closely related yeasts contain short Scm3p proteins
(approximately 200 aa in size). The other group represented by yeasts such as Candida
albicans, Pichia, Schizosaccharomyces, several diverse filamentous ascomycetes,
basidiomycetes and chytrids are characterized by longer Scm3p proteins (300-1300 aa; see
Fig. 1). Systematic analysis using the SEG program to measure compositional bias, and
sensitive position-specific score matrices and hidden Markov models revealed striking features
in the C-terminal extensions of the Scm3p orthologs. While the versions typified by
S.cerevisiae had little more than a short tail of low complexity sequence, we discovered
multiple, distinct DNA-binding modules in the C-terminal extensions of many of the longer
orthologs (Fig. 1, all detected with e-value<.01 in sequence profile searches with the respective
domain profiles. See supplementary material for further details). These include three distinct
versions of the MYB domain with the helix-turn-helix fold10, two distinct versions of C2H2
zinc fingers 14 (C2H2-znf), the AT-hook and related basic DNA-binding motifs 4,15 anda
novel potential DNA-binding Zn-cluster. Of the 3 versions of the MY B domain found in Scm3p
tails one of them usually occurs as two tandem MYB domains resembles the classical Myb
transcription factor, the second one is specifically related to the MYB domain in the RAP1p
proteins, and the third a distinct highly divergent form (Fig. 1 and supplementary material).
The C2H2-Znfs occur as either a single classical version, or else as a distinct module comprised
of three specialized C2H2 zinc fingers (Fig. 1).

In addition to the classical AT-hook which binds minor grooves 15 typically of AT-rich DNA,
some orthologs of Scm3p also possess a positively charged segment in the C-terminal tail with
central motif of the form G[RK][RK]P (Fig. 1 and supplementary material). This charged motif
is found in several DNA-binding proteins like Mif2p, Cbflp, Cse4p, Sirdp, Orclp, Datlp,
Arrlp and Yap7p (several of which are centromere or telomere froteins) and is comparable to
the AT-hook and minor groove binding motifs in histone tails *. Hence, in Scm3p orthologs
this motif is likely to contact the minor groove of CEN DNA sequences, possibly specifically
recognizing AT-rich DNA. Scm3p orthologs of several fungi, might also display a predicted
Zn-cluster with the sequence signature [CH]x4-6Cx4Cx2C (where X is any residue) with an
associated enrichment of positively charged and polar residues in their extreme C-terminal
regions. Given these features, it is conceivable that this module has a distinctive DNA-binding
or protein recruitment role. The C-terminal MYB domains and AT-hook motifs observed in
Scm3p orthologs are reminiscent of homologous domains which are found in other key
structural components of specialized chromatin at telomeres and centromeres, such as Raplp
16 (MYB domain), Mif2p and Datlp (both with AT-hooks) 15 These observations indicate
that longer versions of Scm3p typically have a domain architecture of the form “Scm3+
(DBD),”, where (DBD), represents one or more DNA-binding domains (Fig. 1) that might
bind to CEN DNA sequences and locally alter DNA and chromatin structure at the centromere.

Superposing domain architectures of Scm3p on the phylogenetic tree of fungi 17 makes it clear
that while different major lineages tend to have their own distinct architectures, these can
dramatically vary even within closely related forms (Fig. 1). Thus, we have acquisition of the
novel module with 3 C2H2-Znfs in one clade within Saccharomycotina while being absent in
the sister clade. Likewise, Scm3p from the closely related Phaeosphaeria and Pyrenophora
differ from each other in terms of the presence of a C2H2 Zn-finger. The Myb domains too
appear to have been independently acquired of three different occasions in different orthologs
of Scm3: versions from Aspergillus and related genera contain two tandem MYB domains,
which are specifically related to the equivalent domains of classical Myb transcription factors.
In contrast, those found in Sclerotinia and related species are specifically related to the version
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of the domain found in Rap1p, while the versions from Phaeosphaeria and relatives are highly
divergent and unique (Fig. 1). Similarly, the presence of AT-hooks and related DNA-binding
motifs in Scm3p tails show variability amongst related fungi, with these motifs being present
only Gibberella, Neurospora, Fusarium and Sclerotinia, but not their close relatives (Fig. 1).
The distribution of the novel Zn-cluster is similarly sporadic across fungi—it is found in both
ascomycetes (e.g. Schizosaccharomyces) and basidiomycetes (e.g. Neurospora), with apparent
losses in closely related sister taxa.

This variability of the C-terminal DNA-binding domains of Scm3p appears to have mirrored
the diversification of the CEN sequences in the fungal centromeres. In this respect, Scm3p
shows both certain parallels as well as differences to the concomitant diversification of cenH3
and CEN sequences in animals. In the case of animal cenH3, potential minor-groove-binding
oligopeptide motifs in their N-terminal tails show notable diversity even between related
species of the genus Drosophila 4. However, unlike Scm3, none of the cenH3 orthologs across
eukaryotes show a comparable accretion of a diverse array of additional DNA-binding domains
to their conserved core 4.

Members of the lineage within Saccharomycotina with the short Scm3p proteins, and lacking
obvious DNA-binding motifs, (Fig. 1) are known or securely inferred to have point centromeres
3. Centromeres of Yarrowia lipolytica are more complex, but they possess CEN sequences that
resemble S.cerevisiae sequences in size and structure. They appear to represent an intermediate
condition between point and regional centromeres 18, which might be consistent with the short
Scm3p ortholog in this yeast. In evolutionary terms, regional centromeres appear to be the
primitive condition for fungi, with point centromeres being derived in a subgroup of
Saccharomycotina 3 These yeasts possess a distinctive centromere-specific DNA-binding
protein in the form of Ndc10p (Cbf2p), which along with the basic-helix-loop-helix
transcription factor Cbflp, is a component of the CBF3 inner kinetochore complex 3, Ndc10p,
along with paralogous transcription factors like Hotlp, Msnlp, Gerlp and Sumlp, contains a
conserved DNA-binding domain that has been derived from a catalytically inactive version of
the transposase of the crypton family of fungal mobile elements 19 This raises the possibility
that recruitment of a degenerate transposable element a key CEN DNA-binding component
played a role in the recent emergence of the point centromeres in the yeasts, and favored loss
of the extended DNA-protein contact via the C-terminus of Scm3.

Though Scm3p has extensively diversified in course of fungal evolution to make different types
of potential DNA contacts via its C-terminal regions, it is likely to mediate a conserved
interaction with the CenH3-H4 complex via its N-terminal Scm3p domain. Hence, in functional
terms, Scm3p is probably a key element that facilitates the conserved roles of centromeres by
directing the assembly of an epigenetic signal in centromeric chromatin, while simultaneously
recognizing and accommodating the lineage-specific diversity in centromere structure in
course of speciation. Point centromeres in Saccharomycotina appear to be correlated on one
hand with a short Scm3, without C-terminal DNA-binding extensions, while on the other with
the presence of a distinctive sequence-specific CBF3 complex to bind CEN DNA. The regional
centromeres, which apparently lack the precisely defined short sequence elements seen in the
point chromosomes 1-3 might depend to a major extant on the Scm3p C-terminal modules to
make DNA contacts, perhaps by recognizing structural features such as narrow minor groves.
Evidence from the Scm3p architecture and the innovation of the CBF3 complex imply that the
shift to point centromeres probably proceeded through origin or recruitment of a new set of
proteins selected to mediate a qualitatively different kind of DNA contact, more akin to specific
transcription factors.

CenH3 is a more universal component of eukaryotic chromatin, and is well-attested in terms
of rapid sequence diversification 1,2 put it shows less dramatic architectural variability than

Cell Cycle. Author manuscript; available in PMC 2008 May 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Aravind et al.

Page 5

Scma3. Furthermore, the targeting of yeast CenH3 to centromeric chromatin itself seems to
depend in the first place on Scm3. Hence, in more general terms, these observations raise the
possibility that other eukaryotic lineages might similarly possess their own analogs of fungal
Scma3. Itis possible that these analogs might assist in assembly of cenH3 and provide additional
moieties to recognize rapidly diversifying CEN sequences. Discovery and analysis of such
proteins are likely to provide valuable insights into the role of centromere chromatin in
diversification of organismal lineages.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Diversity of domain architectures of Scm3p across fungal phylogeny

[Species name

Aspergillus ~550
Neosartorya fischeri 537
Coccidioides immitis 514
Neurospora crassa 1378
Magnaporthe grisea 828
Fusarium oxysporum 976
Trichoderma reesei 1021
Gibberella zeae 1371
Botryotinia fuckeliana 940
Sclerotinia sclerotiorum 952
Pyrenophora tritici 741
Phaeosphaeria nodorum 717
Candida glabrata 202
Saccharomyces cerevisiae 223
Ashbya gossypii 184
Kluyveromyces lactis 200
Candida albicans 623
Debaromyces hansenii 695
Pichia stipitis 691
Yarrowia lipolytica 227

Schizosaccharomyces pombe 336

Schizosaccharomyces japonicus 311

Cryptococcus neoformans 986
Coprinopsis cinerea 1371
Ustilago maydis 726

Batrachochytrium dendrobatidis 516
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Ascomycetes

Sordariomycetes

Leotiomycetes

Dothideomycetes

Saccharomycotina

Taphrinomycotina

Basidiomycetes

] Ustilaginomycotina

] Chytridiomycota

The domain architectures of Scm3p proteins have been superimposed on a maximum-
likelihood phylogenetic tree of fungi based on six conserved proteins. The major lineages
shown in the figure are supported by 80% or greater relative logarithm likelihood bootstrap
support. The proteins are not rendered to scale because of their enormous size difference,
though the conserved domains are approximately rendered to size. The actual size of each
protein is shown to its left and the small versions are boxed. The notations are: C- Cysteine
cluster; the orange box represents positively charged segments. Notably, the N-termini of
Scm3p orthologs across much of the fungal tree begin with a conserved block with the signature
MxxP (shown as a grey block), but those of most members belonging to Saccharomycotina
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lack this signature. Instead they possess a distinctive positively charged helical segment
indicated with a “+”. There is some uncertainty regarding the predicted gene structure, and
hence the predicted protein of Cryptococcus neoformans. The different independently acquired
versions of the MYB domain are shaded differently. The Ndc10 column reflects the presence
or absence of orthologs of the Ndc10p protein, where +: presence, —: absence and (-): species
with a homologous GCR1 domain, either in paralogous transcription factors or crypton family
transposons, but no Ndc10 ortholog. All domains noted here were detected with e-values <.01
in profile and HMM searches. They were confirmed through reciprocal searches using PSI-
BLAST that recovered known representatives of each of the depicted domains with e <.01
prior to convergence.
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