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ABSTRACT 

 

 

In order to understand the molecular basis of meiotic telomere behavior, 

we have set out to identify genes that encode proteins with telomere repeat DNA-

binding activity in maize (Zea mays L.), a model organism system.  Using a 

combination of sequence similarity searches and DNA hybridization library 

screens we have isolated, sequenced, and characterized several full-length 

cDNA clones that resulted in the identification of two new gene families.  These 

are the Single Myb histone (Smh) and the Terminal acidic SANT (Tacs) gene 

families.  The Smh genes encode small (~32 kDa), basic proteins with a unique 

triple motif structure consisting of an N-terminal SANT/Myb-like domain, a 

centrally located linker histone H1 globular domain, and a coiled-coil dimerization 

domain near the C terminus.  The SMH proteins appear to be unique to the plant 

kingdom and are encoded by small gene families in Arabidopsis, rice, and the 

PcMYB1 gene of parsley.  The Smh1 gene is expressed in leaves and maps 

genetically to chromosome 8 (bin 8.05), with a duplicate locus on chromosome 3 

(bin 3.09).  A recombinant full-length SMH1, rSMH1, was found by band-shift 

assays to bind double-stranded oligonucleotide probes with at least two internal 

tandem copies of the maize telomere repeat, TTTAGGG.  Point mutations in the 

telomere repeat residues reduced or abolished the binding, whereas rSMH1 

bound nonspecifically to single-stranded DNA probes.  We focused next on a 

second class of plant genes, which encode ~45 kDa proteins with a C-terminal 

acidic SANT (SWI3, ADA2, N-COR, and TFIIIB B'') domain.  A full-length cDNA 

from a juvenile leaf and shoot mRNA library was chosen for further analysis and 

named Terminal acidic SANT 1 (Tacs1).  Polymorphic Tacs1 PCR products from 

genomic DNA map to the genetic bin 2.08.  The Tacs1 gene structure and 

predicted protein sequence are nearly identical to those of the rice ANTHER 

INDEHISCENCE1 (AID1) gene of rice, indicating that maize Tacs1 and rice AID1 

are homologous genes.  Analysis of maize EST databases revealed that Tacs1 
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mRNA is found at relatively low levels, limited to very young reproductive organs, 

such as the primordia of ear and tassel shoots.  The SANT domain is similar in 

sequence and structure to the DNA-binding domain (DBD) of Myb-related 

proteins, but the SANT domain exhibits an acidic surface chemistry that may 

impart a different function to this domain.  The SANT domain of the maize 

TACS1 protein exhibits an acidic isoelectric point and a negative electrostatic 

surface potential.  The discovery of these two plant gene families will help 

decipher the protein composition of plant telomeres and shed some light on 

telomere functions associated with some of these proteins. 
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INTRODUCTION 

 

 

Telomeres and Telomerase 

 

Telomeres, the nucleoprotein structures that cap the end of the linear 

chromosomes, have become recently the focus of intensive research efforts 

because of their potential roles in human aging and cancer (reviewed by Shay 

and Wright, 2005).  Although most of the fundamental questions of telomeres 

biology were first answered in animals, yeast and fungi, the analysis of plant 

telomeres has a long history.  Barbara McClintock provided the first functional 

definition of telomeres after studies of the breakage-fusion cycle in maize 

(McClintock, 1939; McClintock, 1941).  Also, the first multicellular eukaryote 

telomere was isolated from Arabidopsis thaliana (Richards and Ausubel, 1988).  

Telomeres are currently defined as protein-DNA complexes whose main 

function is to protect the ends of linear eukaryotic chromosomes from end-to-end 

fusions or degradation (McKnight and Shippen, 2004).  In the absence of a 

functional telomere, the free DNA end activates DNA damage checkpoints and 

the chromosomes are then targeted by nucleases.  

Telomeres also play an important role in nuclear architecture and 

chromatin dynamics, especially during meiosis (for reviews see Schertan et al., 

2001; Bass, 2003).  In maize cells, at the transition from the leptotene stage to 

the zygotene stage of meiotic prophase, chromosomes form a bouquet 

arrangement where telomeres cluster together on the nuclear envelope (Bass, 

1997).  The bouquet stage is conserved among sexually reproducing organisms 

and it is believed to facilitate homologous pairing and synapsis (Bass et al., 1997; 

Bass et al., 2000; Harper et al., 2004). 

The DNA sequence of telomeres is highly conserved in most eukaryotes 

and consists of double-strand tandem repeats arrays.  For the majority of plant 

species, the repeat sequence is TTTAGGG (Richards and Ausubel, 1988).  A 
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few exceptions are known in species from Asparagales and Liliales where some 

species display vertebrate-like repeats (TTAGGG) and others apparently lack 

vertebrate-like or plant-like repeats (de la Herran et al., 2005).  The G-rich strand 

extends beyond the complementary C-rich strand and forms a 3’ overhang that 

was identified in several organisms (Zakian, 1995; Wright et al., 1997).  It was 

discovered that the telomere loops back on itself forming a lariat-like structure 

and the 3’ overhang invades the duplex telomeric repeats forming a 

displacement loop (Griffith et al., 1999).  This packaging at the end of linear 

chromosomes is thought to mask telomeres from being recognized as broken, 

damaged or linear DNA.  The presence of telomeric loops was first observed in 

humans, mouse, oxytricha, and trypanosoma, and later in garden pea (Griffith et 

al., 1999; Cesare et al., 2003).  

In addition to their protection role of chromosome ends, telomeres have 

evolved mechanisms that solve the problem of end-replication (Olovnikov, 1971).  

The ends of linear chromosomes create a challenge for the DNA replication due 

to the use of short RNAs to prime DNA synthesis.  On a linear template, the last 

RNA that primed lagging-strand synthesis will leave a gap that cannot be filled.  

This problem is solved in most eukaryotes by the enzyme telomerase, which can 

extend the 3’ end of the DNA without the need for complementary DNA strand 

template.  The telomerase is a ribonucleoprotein enzyme with reverse 

transcriptase activity that uses its own RNA subunit as template (Zakian, 1995; 

Nugent and Lundblad, 1998).  

Telomerase-mediated DNA synthesis is the most common mechanism of 

telomere length maintenance in eukaryotes.  Plant telomerase activity has been 

observed in extracts from BY-2 tobacco (Nicotiana glutinosa L.) cell cultures and 

meristematic tissues of several species (Fajkus et al. 1996; Yang et al., 2003; 

Heller at al. 1996; Fitzgerald et al., 1996).  The gene encoding the catalytic 

subunit of Arabidopsis (AtTERT) was identified by sequence homology with 

conserved motifs found in humans and yeast (Fitzgerald at al., 1999), but the 

gene encoding the RNA subunit of the plant telomerase (TR) remains elusive.  

The conservation of plant TERT and telomerase activity in vitro indicates that a 
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common mechanism of telomere length maintenance might exist in plant and 

animal species.  

 

The Telomeric Complex 

 

The molecular definition of telomeres comprises the DNA repeats, 

proteins that bind these repeats and additional factors recruited to the telomere 

via protein-protein interactions.  Collectively, these molecules make up what is 

now referred to as the telomeric complex (for reviews, see Smogorzewska and 

de Lange, 2004; Kanoh and Ishikawa, 2003).  Based on their DNA-binding 

properties, these proteins can be separated into two major groups, those that 

bind single-stranded (ss) DNA and those that bind double-stranded (ds) DNA. 

Proteins that bind the single-strand 3’ overhang, such as Cdc13 from 

budding yeast (S. cerevisiae) and Pot1 from fission yeast (S. pombe) and 

humans are necessary for chromosome capping and telomerase regulation 

(Nugent et al., 1996; Baumann and Cech, 2001).  Cdc13 protects the 

chromosome ends and recruits telomerase in budding yeast, mutations of this 

gene influencing the telomerase activity in vivo but not in vitro (Nugent et al., 

1996).  Pot1 also has an important role in the protection of chromosomes ends. 

Deletion of Pot1 gene affects chromosome stability, causing rapid loss of 

telomere DNA and chromosome circularization (Baumann and Cech, 2001). 

The double-stranded telomere DNA binding proteins include the budding 

yeast Rap1p, fission yeast Taz1p, and human TRF1 and TRF2. Rap1p acts in a 

complex with Rif1p and Rif2p as a negative regulator of telomere elongation 

(Wotton and Shore, 1997).  Taz1p was identified in a genetic screen using 

double-stranded telomere DNA as target and found to be involved in telomere 

regulation, repression of telomere adjacent genes (Cooper et al., 1997) and 

interactions between telomeres and the spindle pole body during meiotic 

prophase (Nimmo et al., 1998; Cooper et al., 1998).  

The human Telomere Repeat binding Factor (TRF) proteins are relatively 

well characterized and known to play important roles in the maintenance of 
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telomere length and structure within the nucleus.  TRF proteins interact with DNA 

via a Myb-like helix-turn-helix domain at their C terminus (Broccoli et al., 1997). 

TRF1 and TRF2 both bind duplex telomeric DNA and share the highest 

homology in their Myb-like domain (56% amino acids identity).  TRF1 binds two 

identical YTAGGGTTR half sites that engage one Myb domain in the TRF1 

homodimer (Bianchi et al., 1999), as determined by Systematic Evolution of 

Ligands by EXponential enrichment (SELEX).  TRF2 binds the same duplex 

TTAGGG repeats in vitro but its overall sequence specificity has not been yet 

determined by SELEX or comparable techniques (Broccoli et al., 1997).  Based 

on the T-loop model of telomere length homeostasis, telomerase-dependent 

telomere elongation is blocked by telomere loops induced by TRF1 and TRF2, 

which conceal the 3’ telomere ends (Smogorzewska et al. 2000).  Over-

expression of a tetracycline-responsive TRF1 construct in human fibrosarcoma 

results in a gradual decline of telomere length at a rate of ~10bp/population 

doubling (PD) and expression of a dominant negative allele of TRF1 leads to 

telomere elongation (van Steensel and de Lange, 1997).  TRF1 also has the 

ability to induce bending, looping and pairing of duplex telomeric DNA (Bianchi et 

al., 1997; Bianchi et al., 1999), activities that could facilitate the folding back on 

the telomere.  Over-expression of the full-length TRF2 in human cells results in a 

progressive shortening of telomere length, but unlike TRF1, the expression of 

exogenous TRF2 ceased after ~50 PDs and the telomeres regained their original 

length.  Telomeres lacking TRF2 lose their 3’ G overhang, the p53 damage 

pathway becomes activated (Karlseder et al., 1999) and microscopical analysis 

reveals frequent occurrence of anaphase bridges (van Steensel et al., 1998).  

Yeast two-hybrid experiments with TRF1 identified several interacting 

proteins. Tankyrase1 (Tank1) has homology to ankyrins and to the catalytic 

domain of poly(ADP-ribose) polymerase (PARP) enzyme.  Tank1 can ADP poly-

ribosylate the TRF protein and release it from telomeres, thereby inhibiting the 

telomere-binding activity of TRF1 and allowing access of telomerase to 

telomeres (Smith et al., 1998).  Over-expression of Tankyrase2 (Tank2) leads to 

rapid cell death by necrosis (Kaminker et al., 2001).  TIN2, another TRF1-
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interacting partner, participates in chromosome end protection (Kim et al., 2004) 

and negatively regulates telomere length by binding to TRF1 (Kim et al., 1999).  

Co-immunoprecipitation, Far-Western assays, and two-hybrid assays showed 

that TIN2 also interacts directly with TRF2.  Furthermore, TIN2 was found to bind 

TRF1 and TRF2 simultaneously, showing that TIN2 can link these telomeric 

proteins (Ye et al., 2004).  In addition, TIN2 binds the telomeric protein PTOP, 

also known as PIP1 (Kim et al., 2004; Liu et al., 2004; Ye et al., 2004).  PTOP 

PTOP heterodimerizes with POT1 and regulates POT1 telomeric recruitment and 

telomere length.  Similar to fission yeast POT1, in human cells the binding of 

POT1 to telomere ssDNA controls telomerase-mediated telomere elongation 

(Baumann et al., 2002; Baumann and Chech, 2001).  

Recently, the human homolog of yeast RAP1 (hRap1) was identified and 

found to have protein-protein interactions with TRF2 (Li et al., 2000; Li and de 

Lange, 2003).  hRap1 negatively regulates telomere length in vivo and a linker 

region within hRap1 may modulate the recruitment of other negative regulators of 

telomere length (O’Connor et al., 2004). 

In several immunoprecipitation experiments, TRF2 has also been shown 

to associate with the MRN complex that includes Rad-50, Mre-11, and NBS1 

(Zhu et al., 2000).  It was hypothesized that retention of MRE11/RAD50 at the 

telomere may be required for the maintenance of t-loops and the recruitment of 

NBS1 to telomeric RAD50/MRE11 may regulate a helicase-mediated unpairing of 

the t-loop promoting subsequent removal of the 3' overhang by MRE11.  This 

process would open the t-loop, perhaps facilitating progression of the DNA 

replication machinery to the end of the chromosome (Zhu et al., 2000).  TRF2 

also shows protein-protein interaction with Ku, a heterodimer of 70- and 80-kDa 

subunits that plays a general role in the metabolism of DNA ends in eukaryotic 

cells, including double-strand DNA break repair, V(D)J recombination, and 

maintenance of telomeres (Song et al., 2000).  

All proteins known to bind ds telomere DNA have a DNA-binding motif 

similar to the c-Myb family of transcriptional activators called the telobox (Bilaud 

et al., 1996).  TRF1, TRF2, and Taz1p have a functional single Myb-like DNA 
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binding domain at their C termini and Rap1p possess two Myb-like domains 

linked by a flexible region (Konig et al., 1996).  The crystal structure of TRF1 and 

TRF2 revealed that these proteins also harbor a centrally located horseshoe-

shaped structure called the TRF homology domain, TRFH, that is required for 

homodimer formation and interaction with other telomere-associated proteins 

(Fairall, 2001).  These studies illustrate the central importance of TRF1 and 

TRF2 in telomere metabolism, providing the conceptual basis for the solution of 

their counterparts in plants. 

 

Plant Telomeric Proteins 

 

The structure and molecular composition of the plant telomeric complex is 

less understood compared to the extensive knowledge of yeast and mammalian 

telomeres.  Some recent studies suggest that the higher plants telomere 

structure and telomerase regulation are very similar to that of other eukaryotes 

(reviewed by Riha and Shippen, 2003).  Telomerase activity has been shown in 

plants to be highly correlated with cell division capacity (Killan et al., 1995; 

Fitzgerald et al., 1996; Heller et al., 1996).  For instance, the expression levels of 

the telomerase catalytic subunit are high in callus and meristems, both of which 

are characterized as actively dividing cells, but not detectable in differentiated 

leaf tissues (Fitzgerald et al., 1999; Oguchi et al., 1999).  The importance of 

telomerase for plant development was demonstrated by the phenotype of 

Arabidopsis telomerase-null mutants (Fitzgerald et al., 1999).  These mutants 

can survive up to ten generations without telomerase (Riha et al., 2001).  The 

last five generations of telomerase-deficient Arabidopsis plants endured 

increasing levels of cytogenetic damage, correlated with developmental 

anomalies in both vegetative and reproductive organs (Riha et al., 2001).  

Although the plant telomere repeat sequence (TTTAGGG) is very similar 

to that of humans (TTAGGG) the protein composition of plant telomeres is still 

being defined.  Some understanding was derived from the characterization of 

plant orthologs of repair proteins involved in telomere metabolism.  In 
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Arabidopsis, AtKu70 and AtKu80 form heterodimers that bind double-stranded 

telomere DNA sequences.  The AtKu70/80 heterodimer possess single stranded 

DNA-dependent ATPase and ATP-dependent DNA helicase activities (Tamura et 

al., 2002).  Mutants lacking the AtKu70 or AtKu80 exhibit lengthening of the G-

strand overhangs (Bundock et al., 2002; Gallego et al., 2003).  In the plants that 

lack both AtKu70 and AtTERT (the catalytic subunit of telomerase) the telomere 

shortening is much more rapid than that observed for AtTERT knockouts alone 

(Riha and Shippen, 2003).  Arabidopsis mutants that lack the AtMre11 protein 

show increased sensitivity to DNA damaging agents as well as a lengthening of 

the telomeres, indicating a role for this protein in telomere length maintenance 

(Bundock and Hooykaas, 2002).  AtRad50 mutant cells show progressive 

shortening of the telomeres, suggesting it is a protein essential for double-strand 

break repair in telomere maintenance in higher eukaryotes (Gallego and White, 

2001).  Given the high degree of sequence and function conservation of 

telomeric proteins (including TRF1 and TRF2), several research groups focused 

on the identification of plant homologs of telomere-binding proteins. 

 The first plant protein identified to bind telomere DNA repeats is called the 

G- strand binding protein and was found in Chlamidomonas reinhardtii (Petracek 

et al., 1994).  Another single-strand telomere binding protein (RGBP) was 

identified in rice nuclear extracts using band-shift assays (Kim et al., 1998).  

Similar nucleoprotein complexes were identified using nuclear extracts of mung 

bean (Lee et al., 2000).  Nuclear extracts from telomerase-negative tissues of 

tobacco and Silene latifolia led to the identification of several nucleoprotein 

complexes associated with the telomere G-rich 3’ overhangs (Fulneckova and 

Fajkus, 2000).  A derivative of a chloroplast RNA-binding protein, STEP1, was 

identified in Arabidopsis and found to bind single stranded telomeric DNA and 

modulates telomerase activity (Kwon and Chung, 2004).  The same research 

group reported recently the identification of another protein factor, Gm-STBP, 

that binds plant single-stranded telomere DNA, and suggested that 

developmental regulation of single-stranded telomere binding proteins may play 

a role in the proper functioning of telomeres (Kwon et al., 2004).  
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 AtTBP1 was the first double-stranded telomere-binding protein isolated in 

Arabidopsis (Zentgraf, 1995), and found to bind both single and double-stranded 

TTTAGGG repeats in vitro as summarized in Table1.  Double-stranded telomere 

DNA-binding proteins from rice (RTBP1) and Arabidopsis (AtTBP1 and AtTRP1) 

were then characterized as being plant homologs of single-Myb telomere DNA 

binding proteins (Yu et al., 2000; Chen et al., 2001; Hwang et al., 2001).  These 

proteins contain a Myb-like domain at the C-terminus and are capable of binding 

double-stranded, but not single-stranded nucleotides that have at least two 

TTTAGGG telomere repeats (Table1).  Two homologs of AtTBP1, AtTBP2 and 

AtTRP2, were identified in Arabidopsis and encode proteins that specifically bind 

to the telomere DNA (Hwang et al., 2005).  DNA bending assays revealed that 

AtTBP1 and AtTBP2 have DNA-bending abilities comparable to that of the 

human TRF1, and higher than those of AtTRP1 and AtTRP2.  A cDNA clone for 

the tobacco gene NgTRF1 encodes a protein which can specifically bind double-

stranded plant telomere repeat sequences (Yang et al., 2003).  In synchronized 

BY-2 cells, NgTRF1 is primarily expressed in G1 phase, in contrast with 

telomerase, which is active in S phase.  Further studies with transgenic BY-2 

tobacco cell lines in which NgTRF1 was over-expressed or suppressed (Yang et 

al., 2004) showed that perturbation of NgTRF1 expression caused changes in 

telomere length and stability.  These findings represent the most extensive in 

vivo data for plant double-stranded telomere-repeat binding proteins. 

 In maize, a novel class of genes encoding telobox-containing motifs was 

described as encoding the Single Myb Histone (SMH) proteins (Marian et al., 

2003).  The SMH proteins have a single Myb-like domain at the N-terminus, a 

histoneH1-like globular domain in the central region of the protein and a coiled 

coil domain near the C terminus.  A full-length recombinant protein encoded by 

Smh1 was found to bind with high specificity telomere DNA repeats in vitro.  The 

presence of two DNA-interacting motifs in these proteins might provide a link 

between sequence recognition and chromatid dynamics.  Two other proteins 

from this class, AtTRB2 and AtTRB3, were characterized in Arabidopsis, and in 

addition to the DNA binding activity expressed strong self and mutual protein-
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protein interaction in yeast two-hybrid assays (Schrumpfova et al., 2004).  These 

proteins do not show direct interactions in this assay with the telomerase catalytic 

subunit, but could participate indirectly in the regulation of telomere metabolism.  

AtTRB1, another member of SMH family, interacts in yeast two hybrids with itself 

and with the proteins AtTRB2 and AtTRB3 (Kuchar and Fajkus, 2004).  AtTRB1 

also interacts also with AtPot1, the Arabidopsis homolog of human Pot1.  Based 

on yeast two-hybrid interactions the authors suggested that AtTRB1 has a TRF1 

homologous function in plants. 

 Searches of the Arabidopsis genome database for plant homologs of 

TRF1 and TRF2 led to the discovery of ten new genes that were designated as 

TRF-like or TRFL (Karamysheva et al., 2004).  All of these genes encode 

proteins with a single Myb-like domain at or near the C terminus and they are 

therefore structurally very different from the SMH proteins, which have a 

diagnostic N-terminal Myb-like domain as illustrated in Figure 1.  A detailed 

characterization revealed that TRFL genes encode two distinct gene sub-families 

of proteins that differ in their amino-acid sequence, DNA binding properties, and 

protein interactions.  The first TRFL sub-family, designated TRFL-1 possesses a 

highly conserved region beyond the Myb domain called Myb-extension.  The 

TRFL-1 extension is usually rich in glutamine residues and its presence is 

essential for binding to telomere DNA repeats.  This gene family also exhibits a 

centrally located conserved domain that might serve as a substrate for 

ubiquitination.  The second TRFL sub-family, designated TRFL-2, lacks the Myb-

extension and also failed to exhibit DNA binding activity in vitro. 

 TRFL5, a member of the TRFL-2 sub-family, is highly homologous with a 

maize gene, Tacs1, characterized by the presence of a SANT domain at the C 

terminus (Marian and Bass, 2005).  The SANT (SWI3, ADA2, N-COR, and TFIIIB 

B”) domain was described as a putative DNA-binding domain found initially in 

nuclear receptor co-repressors and later in subunits of several chromatin-

remodeling complexes (Aasland et al., 1996).  In fact, the SANT domain shows a 

high degree of amino acid sequence and secondary structure similarity to Myb-

like DNA-binding domains, including those of TRF1 and TRF2.  However, SANT 
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domains are characterized by a relatively acid isoelectric point and negative 

electrostatic surface potential, in contrast to the basic character of the Myb DNA-

binding domains (Boyer et al., 2004).  Therefore, SANT domains are likely to 

have a different function than the canonical Myb domains.  This observation has 

important implications for homology-based searches of plant telobox-encoding 

genes because these domains have similar sequence but different chemistry.  

Further complications arise from the fact that many plant genes have been 

annotated as “telomere binding” on the basis of sequence similarity alone.  

Recently, Marian and Bass (2005) have shown that computer-assisted protein-

structure analysis provides a method distinguishing between Myb and SANT 

domains before undertaking an extensive biochemical approach. 

 

Dissertation Plan 

 

Given the conservation of the telobox domain in eukaryotes and our desire 

to study telomeres function, we have chosen to clone and characterize the 

telomere-binding activities of telobox-encoding genes in maize.  This research 

project was undertaken under the assumption that we would likely identify some 

novel genes that can be further tested for telomere binding activity in vivo. 

The discovery of SMH protein family was published in Plant Physiology 

(Marian et al., 2003) and the full-length text of this article constitutes the Chapter 

1 of this dissertation.  Identification and characterization of Tacs1, a gene 

encoding proteins from the TACS family was published in Biochimica et 

Biophysica Acta - Gene Structure and Expression (Marian and Bass, 2005) and 

the content of this paper is reproduced in Chapter 2.  

Apart from the telobox proteins, a growing number of proteins are known 

to be present in the telomeric complex.  In order to identify some of these 

proteins homologs in maize, we chose to clone the corresponding cDNAs by 

screening expression libraries with telomere DNA repeats.  The results of this 

biochemical screening are described in Chapter 3.  
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Finally, immunochemical experiments that attempted the localization of 

SMH1 and TACS1 on the chromosomes or within the nucleus yielded largely 

negative results and were not included in the publications.  These studies are 

combined in Chapter 4. 
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Table 1.  Plant genes encoding proteins with Myb/Sant domains  

Proteina  Typeb Accesion 
no.c 

Species Telomere 
DNA 
bindingd 

Additional comments References 

IBP1 TRFL-1  S46308 Maize ND Initiator binding factor of 
Shrunken 1 promoter 

Lugert and Werr, 1994 

RTBP1 TRFL-1 AAF97508 Rice Yes First telomere DNA-
binding protein cloned in 
plants 

Yu et al., 2000 

AtTBP1 TRFL-1 AAK31590 Arabidopsis Yes Binds minimum 2 repeats Hwang et al., 2001 

AtTRP1 TRFL-1 CAB50690 Arabidopsis Yes Binds minimum 4 repeats, 
Interaction with AtKu70 

Chen et al., 2001 

AtTBP2 TRFL-1 BT006452 Arabidopsis Yes DNA-bending ability Hwang et al., 2005 

AtTRP2 TRFL-1 NP_190243 Arabidopsis Yes DNA-bending ability Hwang et al., 2005 

TRFL1 TRFL-1 NP_190243 Arabidopsis Yes Binds minimum 6 repeats Karamysheva et al., 2004 

TRFL2 TRFL-1 NP_172234 Arabidopsis Yes Binds minimum 6 repeats Karamysheva et al., 2004 

TRFL4 TRFL-1 NP_190947 Arabidopsis Yes Binds minimum 4 repeats Karamysheva et al., 2004 

TRFL9 TRFL-1 NP_187862 Arabidopsis Yes Binds minimum 4 repeats Karamysheva et al., 2004 

NgTRF1 TRFL-1 AAN39330 Tobacco Yes Inhibits telomerase 
activity 

Yang et al., 2003 

TRFL3 TRFL-2 NP_564025 Arabidopsis No - Karamysheva et al., 2004 

TRFL6 TRFL-2 NP_565045 Arabidopsis No - Karamysheva et al., 2004 

TRFL7 TRFL-2 NP_683280 Arabidopsis No - Karamysheva et al., 2004 

TRFL8 TRFL-2 NP_671929 Arabidopsis No - Karamysheva et al., 2004 

PcMYB1 SMH AAB61698 Parsley Yes Interacts with a light-
regulatory promoter unit 

Feldbrugge et al., 1997 

SMH1 SMH AAQ01754 Maize Yes Unique triple motif Marian et al., 2003 

SMH3 SMH AAQ62066 Maize ND Unique triple motif Marian et al., 2003 

SMH4 SMH AAQ62068 Maize ND Unique triple motif Marian et al., 2003 

SMH5 SMH AAQ62067 Maize ND Unique triple motif Marian et al., 2003 

SMH6 SMH AAQ62069 Maize ND Unique triple motif Marian et al., 2003 

AtTRB1 SMH AAL73123 Arabidopsis Yes Interaction with AtTRB2, 
AtTRB3 as well as AtPot1 

Kuchar and Fajkus, 2004 

AtTRB2 SMH AAL73441 Arabidopsis Yes Interacts with itself and 
AtTRB3 

Schrumpfova et al., 2004 

AtTRB3 SMH NP_190554 Arabidopsis Yes Interacts with itself and 
AtTRB2 

Schrumpfova et al., 2004 

AID1 TACS AAR85480 Rice ND Partial male sterility  Zhu et al., 2004 

TACS1 TACS AAV28560 Maize No Contains a SANT domain Marian and Bass, 2005 

TRFL5 TACS NP_173024 Arabidopsis No TACS1 homolog Karamysheva et al., 2004 

TRFL10 TACS NP_195998 Arabidopsis No - Karamysheva et al., 2004 

a At-Arabidopsis thaliana; Ng-Nicotiana glutinosa; Pc-Petroselinum crispum 
b TRFL-TRF-like; SMH-Single Myb Histone; TACS-Terminal Acidic SANT 
c GenBank Acession Numbers 
d ND-not determined  
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Figure1.  Comparison of domain organization for SMH, TACS, and TRFL/IBP 
classes of proteins.  The Myb/SANT, Histone H1, and coiled-coil conserved 
motifs are indicated by colored rectangles.  
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CHAPTER 1 

 

THE MAIZE SINGLE MYB HISTONE 1 GENE, SMH1, BELONGS TO A 

NOVEL GENE FAMILY AND ENCODES A PROTEIN THAT BINDS TELOMERE 

DNA REPEATS IN VITRO 

 

 

Introduction 

 

Telomeres, the ends of linear chromosomes, are capped with a 

specialized telomeric complex composed of species-specific noncoding tandem 

DNA repeats and associated proteins with various functions (for reviews see 

Bryan and Cech, 1999; Price, 1999; McEachern et al., 2000; Shore, 2001).  In 

maize, Arabidopsis, and many other higher plant species, the repeating unit is 

the seven-base sequence 5’-TTTAGGG-3’ (Richards and Ausubel, 1988; 

reviewed by McKnight et al., 2002; Riha and Shippen, 2003).  The total number 

of tandem repeats at any given telomere varies with cell type, developmental 

stage, replicative capacity, age, and genetic background as is well documented 

for animals (Allsopp et al., 1992; Fossel, 1998; Smogorzewska et al., 2000; Kim 

et al., 2002).  The DNA repeats are synthesized in situ by telomerase, a reverse 

transcriptase that adds short species-specific repeats in tandem to the 3’ ends of 

the chromosomes (Reviewed by Collins and Mitchell, 2002; Riha and Shippen, 

2003).  Once synthesized, the repeats are dynamically maintained by a 

combination of mechanisms that include DNA replication, 3’ extension of the G-

rich strand by telomerase, and recombination (see Neumann and Reddel, 2002 

and references therein). 

 Plant telomeres exhibit remarkable variation in length, ranging from less 

than 1 kb to more than 100 kb (Burr et al., 1992; Kilian et al., 1995; Fitzgerald et 

al., 1996; Riha et al., 1998).  The telomerase reverse-transcriptase catalytic-

protein subunit, TERT, has been shown to be essential for telomere maintenance 
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in Arabidopsis; TERT knockout plants show a progressive disruption of growth 

and viability after several generations (Fitzgerald et al., 1999; Riha et al., 2001).  

The basic functions of telomeres are likely to be conserved among plants, 

animals, and fungi, and include roles in chromosome end protection (Fitzgerald 

et al., 1999; Baumann et al., 2002) and nuclear reorganization during meiotic 

prophase (Bass et al., 1997; Scherthan, 2001; Jin et al., 2002).  Even though 

telomere capping, or healing, was described in maize nearly 70 years ago 

(McClintock, 1939, 1941), a molecular picture of a plant telomeric complex has 

yet to emerge.  Identification of the members of the plant telomeric complexes 

therefore represents an important first step toward a more complete 

understanding of plant telomere functions. 

The double-stranded telomere-repeat DNA-binding proteins of animals 

and fungi share a characteristic Myb-like protein domain referred to as a 

"telobox" in a survey reported by Bilaud et al. (1996).  Some well characterized 

members of this group of proteins include the human proteins TRF1 and TRF2 

(Chong et al., 1995; Broccoli et al., 1997; Konig et al., 1998), the budding-yeast 

protein Rap1 (Shore and Nasmyth, 1987; Hanaoka et al., 2001), and the fission-

yeast protein Taz1 (Cooper et al., 1998; Nimmo et al., 1998).  TRF1 contributes 

to telomere stability by negative regulation of telomerase (van Steensel and de 

Lange, 1997) whereas TRF2 appears to mediate formation of the T-loop involved 

in protecting telomeres from lethal end-to-end fusion events (van Steensel et al., 

1998; Griffith et al., 1999).  The fission-yeast protein Taz1 functions in both 

telomere-length regulation and meiosis, and the budding-yeast protein Rap1 is 

required for telomeric transcriptional repression but is also known to bind to a 

large number of different promoters repressing or activating transcription 

genome-wide (Konig et al., 1996; Shore, 1997; Lieb et al., 2001). 

Recently, several studies have shown that plant proteins with single Myb-

like domains can bind to double-stranded telomere repeat DNA in vitro (Yu et al., 

2000; Chen et al., 2001; Hwang et al., 2001).  These proteins, RTBP1 from rice, 

and ATBP1 and AtTRP1 from Arabidopsis, have been biochemically 
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characterized, but whether they have a telomeric localization or function in the 

plant has yet to be determined. 

 A project was initiated to define the telomeric complex proteins in higher 

plants using maize as a molecular genetic and cytological model system.  Here 

we describe the discovery and characterization of the maize Single Myb histone 

1 (Smh1) gene encoding a DNA-binding protein capable of binding maize 

telomere repeat sequences in vitro. 

 

Results 

 

To identify maize genes with the Myb-like domains that are characteristic 

of telomeric proteins, we searched EST databases using the Myb-like domain of 

human TRF1 and a consensus Myb-like domain as the query sequences.  From 

GenBank and Pioneer Hi-Bred database searches, we identified candidate ESTs 

that encoded proteins with single N-terminal Myb-like domains.  Three different 

clones were identified from the Pioneer HiBred, Inc. (PHI) databases, and full-

length cDNAs corresponding to them were obtained and sequenced.  One clone, 

AW067414, was identified from the ZmDB EST project database 

(http://www.zmdb.iastate.edu). A PCR product from this clone was used as a 

hybridization probe at moderate stringency to screen cDNA libraries for additional 

related sequences. 

 Together the EST and cDNA library screens uncovered cDNAs from five 

related genes, three from PHI and two from an immature-tassel cDNA library (the 

full-length version of AW067414 and one other cDNA).  The deduced protein 

sequences from five different full-length cDNAs revealed a family of small basic 

proteins.  The cDNAs are from an uncharacterized gene family, the Smh gene 

family.  One representative member, Smh1, was arbitrarily chosen for a more 

detailed molecular, genetic, and biochemical analysis. 

 

The Smh1 Gene Encodes a Protein with a Unique Triple-domain Organization 
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 The cDNA sequence, deduced protein sequence, and protein motif 

positions for the Smh1 gene are shown in Figure 2.  The full-length cDNA (Fig. 2) 

is 1212 bp long and has a predicted open reading frame (ORF) of 900 bp 

encoding a 299-residue protein with a mass of 32.5 kD and a predicted 

isoelectric point of 9.07.  Sequence analysis of the Smh1 gene and deduced 

protein revealed a number of surprising features.  The most remarkable aspect of 

SMH1 was its triple-motif structure (Fig 2) that, so far as we know, has not been 

previously described in any system, plant, animal, fungal, or bacterial.  Namely, 

SMH1 has (1) an N-terminal Myb-like or SANT domain, (2) a central region with 

homology to the globular domain of linker histones H1/H5, and (3) a strong 

prediction signature for a coiled-coil domain near the C-terminus.  The relative 

locations of these domains are spatially distributed over the protein length as 

diagrammed (Fig. 2). 

 The Myb/SANT and the linker-histone domains each belong to the 3-

helical-bundle class of proteins, and the location of these three predicted alpha-

helix regions are indicated (cylinders, Fig. 2).  The Myb-like domain is similar to 

that of the human telomeric proteins TRF1 and TRF2 (Broccoli et al., 1997).  The 

SMH1 Myb-like domain shares more sequence identity with that of human TRF2 

than it does with the any of the R2R3 type Myb domains from maize.  Not 

expected, however, was the N-terminal location of this domain in SMH1, given 

the fact that most Myb-like domains are found at the C-terminus.  The SMH1 

Myb-like domain also closely resembles a SANT domain, a DNA-binding domain 

found in the SWI-SNF and ADA complexes, the transcriptional co-repressor N-

CoR and TFIIIB (Aasland et al., 1996). 

To examine the relationship between the SMH Myb domain and other 

plant Myb domains, we generated a consensus sequence of maize SMH Myb 

domains and aligned it with an Arabidopsis Myb consensus sequence derived 

from the common residues in each of two Myb domains, R2 and R3 (from Fig. 1 

of Stracke et al., 2001).  The maize SMH consensus had 31% identity and 41% 

similarity with the R2 consensus but only 24% identity and 32% similarity with the 

R3 consensus.  The maize SMH consensus and the R2 consensus were notably 
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conserved at three particular residues, the W8 (AA and numbering from Figure 1 

of Stracke et al., 2001), basic residues at K45, and the N48.  From this 

comparison between SMH Myb genes and R2R3 Myb genes, the single Myb in 

SMH appears more closely related to R2 than to R3.  The R3 of R2R3 Myb 

genes has a characteristic omission of a W at W8.  However, in the R1R2R3 Myb 

genes in plants (Braun and Grotewold, 1999), none of the three repeats exhibit a 

missing W. 

Surprisingly, we found a central region of SMH1 to have significant 

homology with the linker histone conserved globular domain (GH1/GH5).  The 

linker histone is a major component of chromatin, and is thought to play a role in 

chromatin dynamics by nucleosomal interactions.  The GH1/GH5 domain of the 

linker histone also contains a 3-helical bundle followed by a b–hairpin or “wing” 

(Jerzmanowski et al., 2000).  We note that the SMH1 protein is predicted to have 

a similar arrangement—three alpha helices (cylinders in Fig. 2) followed by two 

short beta strands (thick arrows, Fig. 2).  Finally, we detected a region near C-

terminus that has a high probability of forming a coiled-coil domain (thick wavy 

line, Fig. 2).  Coiled-coil domains are predicted to stabilize protein dimer 

formation and are found in many proteins, including some transcription factors 

(Lupas et al., 1991).  Unlike the Smh1 gene, the fungal and animal telomeric 

proteins such as TRF1, TRF2, Rap1, and Taz1 contain neither linker-histone nor 

coiled-coil domains. 

 

SMH Proteins are Encoded by Gene Families in Maize and Arabidopsis 

 

 We also observed this unique triple-motif arrangement in the four other 

cDNAs we isolated and sequenced.  GenBank database searches revealed that 

Smh-type genes were found in other members of the plant kingdom, as partly 

summarized in Table 2.  We found up to six different Smh-type genes in 

Arabidopsis, each from uncharacterized cDNAs or genes predicted from genomic 

sequence (Table 2).  A phylogenetic tree was created using 12 SMH protein 

sequences (Fig 3).  The topology was essentially the same between trees 
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derived with two different phylogenetic analyses, parsimony and maximum 

likelihood.  Several closely related sequence pairs are evident in maize and 

Arabidopsis, possibly reflecting recent genome duplication events.  The pairs are 

maize SMH3-S-MH4 and SMH5-SMH6, and Arabidopsis TRB2-TRB3 and K9I9-

At1g72740.  Of the three domains from all of the sequences analyzed, the 

SANT/Myb-like domain is the most highly conserved within and among different 

species. From these comparisons, we conclude that the maize Smh1 gene 

encodes a protein that represents a newly recognized class of plant proteins, the 

SMH proteins. Furthermore, the multigene family aspect may be a general 

feature of SMH-type genes, being found in both monocots and dicots.  The 

previously characterized parsley gene PcMYB1, reported to have a single Myb 

domain and encoding a protein with promoter-binding activity (Feldbrugge et al., 

1997), would belong to this Smh gene group. 

 The difference between SMH-type protein organization and that of related 

proteins is illustrated in Figure 4, which shows representative members from 

three different classes of classes of proteins.  The histone H1/H5 proteins (Fig. 

4B) and the SMH proteins share a central GH1/GH5 histone globular domain 

(Ramakrishnan et al., 1993), but the SMH proteins do not have the lysine rich C- 

and N-terminal tails that are common to linker histones.  E-value scores for RPS-

BLAST searches against conserved domain databases are given in Table 2, and 

range from 1e-4 to 9e-6 for the central region of the maize SMH proteins and the 

linker histone domain (H15/cd00073).  Also, we show that the SMH proteins are 

quite distinct in size and Myb domain location from members of the IBP/RTPB1-

type proteins, some of which have been shown to bind telomere repeat DNA in 

vitro (Yu et al., 2000; Chen et al., 2001; Hwang et al., 2001). 

 

Evidence for a Duplicate Locus of Smh1 

 

Southern blot analysis with the full length Smh1 cDNA probe resulted in 

the detection of 6-10 bands from several different inbred lines of maize DNA 

digested with Eco RI, Bam HI, or Hind III (not shown).  This result was consistent 
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with the identification of five different Smh cDNAs.  We attempted to specifically 

detect Smh1 on Southern blots by using a 3’-UTR segment (Fig 2) of the Smh1 

cDNA, unique to Smh1, and not expected to cross-hybridize with Smh3, Smh4, 

Smh5, or Smh6.  Even with the Smh1 3’-UTR probe, we still detected several 

bands on a Southern blot as shown in Figure 5.  The major cross-hybridizing 

bands had the following sizes (kb):  4, 4.2, 9 from Eco RI–digested B73; 4 from 

Eco RI–digested Mo17; 2.9 and 6.7 from Bam HI–digested B73; and 1.8, 5, 6.7 

from Bam HI–digested Mo17.  Larger, poorly resolved bands can be observed in 

some cases.  One or more of these bands are likely from Smh1, but there may 

also exist another sequence that is similar to Smh1, detected on the blot, but 

different from any of the other Smh cDNAs.  Consistent with this possibility was 

the observation that gene-specific primers for Smh1 resulted in the amplification 

of two PCR products as shown in Figure 6.  The primers produced two PCR 

products for each inbred genotype.  The amplified DNA included a single small 

intron at a position in the gene that codes for the recognition (third) helix of the 

Myb-like domain.  We cloned and sequenced the PCR products, the top and 

bottom bands, from inbred B73.  The exon regions of the bottom band matched 

Smh1, but those of the top band were quite similar to Smh1, but not Smh3, 

Smh4, Smh5, or Smh6 sequences.  This top band is amplified from a locus we 

called Smh2, possibly responsible for some of the bands detected in the 

Southern blot (Fig 5) with the Smh1 3’-UTR probe. 

We next wanted to see if the two PCR product sequence-tagged site 

(STS) markers were genetically linked.  For this, we made use of the IBM 

recombinant inbred lines, a recently developed maize mapping population (Coe 

et al., 2002; Cone et al., 2002; Sharopova et al., 2002).  Co-dominant marker 

loci, such as these sequence-tagged site (STS) fragment length polymorphism 

alleles, can be genetically mapped within this population by scoring individual 

recombinant inbred lines (RILs) for the parental alleles (Burr and Burr, 1991).  

Linked markers co-segregate and have similar scores across the panel of RILs, 

which were immortalized by self-fertilization and obtained as seed or as DNA in 

96-well plates for PCR (http://w3.ag.uiuc.edu/maize-coop/IBM-Stocks.html). 



 21 

Using primers initially designed to be gene-specific, we repeatedly 

amplified two fragments from each of the inbred lines B73 and Mo17 as shown in 

Figure 6.  The STS markers were polymorphic for Smh2 but not Smh1, so we 

generated an Smh1 STS polymorphism by restriction digestion with Pst I. (Fig. 

6A).  Using the IBM DNA mapping kit, we mapped Smh1 to chromosome 8 (bin 

5) and Smh2 to chromosome 3 (bin 9) as shown in Figure 6B.  Smh1 mapped 

between markers umc1889 and umc1149, and Smh2 mapped to marker 

bnlg1754.  The approximate positions are shown for the UMC 1998 map in 

Figure 6B.  Chromosomes 8 and 3 are known to have many large segments of 

duplicated genes (Gaut and Doebley, 1997), consistent with the hypothesis that 

the Smh1 primers amplified sequences from recently duplicated but unlinked 

gene loci. 

 

Detection of SMH Protein in the Plant 

 

The Smh1 gene was detected as an EST from a cDNA library made from 

etiolated mesocotyl tissue.  To see if the Smh1 gene was also expressed in other 

parts of the plant, we carried out a western blot analysis on plant tissue extracts 

as shown in Figure 7.  A rabbit polyclonal antibody was raised against spMYB 

(Fig. 7B), an oligopeptide corresponding to the Myb region of SMH1.  The 

antiserum was affinity purified against a smaller peptide, spRH (Fig. 7B).  The 

affinity-purified antiserum detected a single ~ 36 kD band in protein from leaf 

(arrow, Fig. 7A).  A similarly sized protein was also identified in husk and silk, but 

was less abundant.  This band size corresponds to the expected size of SMH1.  

Given the sequence (Fig. 4) and size (Table 2) similarities to other SMH proteins, 

we cannot rule out the possibility that the ~36 kD detected on the western blot 

resulted from the presence of one or more co-migrating SMH proteins.  However, 

RNA gel blot analysis with a 3’ UTR Smh1 probe revealed the presence of a 

single hybridizing band from leaf mRNA (not shown).  Together the data suggest 

that at least Smh1 is expressed in leaf tissue. 
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Sequence-Specific Binding of rSMH1 to Double-stranded Telomere Repeat-

containing Oligonucleotides 

 

 We next wanted to test the encoded protein for its ability to bind telomere 

repeat DNA, a central prediction of this study.  We produced a recombinant 

fusion protein, rSMH1, to allowing definitive assignment of any observed DNA-

binding activity to SMH1 itself.  The rSMH1 was expressed in E. coli at a 

relatively high level (Fig. 8A), where it represents the most abundant species of 

soluble protein present in the bacterial lysate following induction.  Western blot 

analysis verified that rSMH1 is detected in lysates from cells harvested after 

induction by IPTG, but not before induction, and not in lysates from cells 

harboring an empty vector control (Fig. 8A).  Both western blots (Figs 7 and 8) 

reveal that the affinity-purified antibody is fairly specific, detecting only a single 

band from plant or E. coli protein extracts.  The protein lysates from samples 

corresponding to lanes 2 and 4 (Fig. 8A) were dialyzed for use in DNA-binding 

assays. 

To test whether rSMH1 had telomere-repeat DNA-binding activity we 

employed a protein-DNA in vitro interaction assay, the EMSA.  When incubated 

with a radiolabeled probe containing 4 copies of the telomere repeat, 

(TTTAGGG)4, an oligonucleotide-protein complex was observed (arrow Fig. 8B) 

in the presence, but not the absence, of rSMH1.  The amount of protein-DNA 

complex increased as a function of increased lysate added to the otherwise 

identical binding reactions (Fig. 8B). 

To examine the sequence-specificity of the binding reaction, we used a 

simple probe containing a single pair of internal telomere repeats (TTTAGGG)2, 

which also produced a discrete band shift in the EMSA.  This two-repeat 

oligonucleotide, called WT-28, was used for subsequent experiments along with 

a matching set of mutant oligonucleotide probes designed to represent all 21 

possible point mutations across the 7 bp telomere repeat, as summarized in 

Table 3.  The mutant oligonucleotides were used as cold competitors to 



 23 

challenge the binding of rSMH1 to the labeled WT-28, and the results are shown 

in Figure 9.   

We first established the competition conditions using the cold wild-type 

sequence to compete with itself at an excess of 5, 50, or 500 fold (Fig. 9A). A 50-

fold excess (middle lane under W28, Fig. 9A) of cold wild-type oligonucleotides 

resulted in a loss of the band shift, whereas the mutant oligonucleotide G6C 

failed to compete even at a 500-fold excess.  In competition experiments with all 

21 modified oligonucleotides, three variants (T1C, T2C, and G7T) showed some 

level of competition, but not as much as was observed for the wild-type probes.  

Even at 500X excess, none of the mutant oligonucleotides were able to 

completely replace the wild-type probe.  These data suggest that of the 

sequences we tested, the rSMH1 protein has the highest binding affinity for the 

WT-28 oligonucleotide sequence, which contains TTTAGGGTTTAGGG, a 

tandem pair of the 7 bp maize telomere repeat. 

 

Sequence-nonspecific binding of rSMH1 to Single-stranded Oligonucleotides 

 

 Telomeres structures in vivo have both double-stranded (ds) and single-

stranded (ss) regions.  We tested therefore the ability of rSMH1 to bind the G-rich 

and the C-rich ss oligonucleotides in the absence of the corresponding 

complementary strand, and the results are shown in Figure 10.  The rSMH1 

binds similarly and nonspecifically to C-rich (WT-28C) and G-rich (WT-28G) 

single-stranded oligonucleotides.  Consistent with this observation, and in 

contrast to the EMSA data from the ds oligonucleotides, the mutant 

oligonucleotide G6C-28G (and G6A-28C) competed as well as the wild type for 

both G- and C-rich strands. To test further this apparent lack of sequence 

specificity, we used three irrelevant oligonucleotides that lacked any telomere-

related sequences (SSC1, SSC2, and SSC3).  At 500-fold excess, all three 

irrelevant oligonucleotides outcompeted the single-strand wild-type 

oligonucleotides, Wt-28G and WT-28C (Fig. 10). 
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In summary, we have identified a novel gene family using homology-

based searches and screens for maize telomeric protein genes.  We have shown 

that the SMH proteins are encoded by a multi-gene family, detected in leaf 

tissues, and that rSMH1 specifically binds in vitro to ds DNA containing at least 

two adjacent repeats of the maize wild-type telomere sequence. 

 

Discussion 

 

 The research described here identifies a new class of genes with a unique 

combination of protein domains.  A bioinformatic survey revealed that the maize 

Smh1 can be considered a founding member of a class of plant proteins defined 

by the presence of a unique triple-motif structure, an N-terminal SANT/Myb-like 

domain, a central linker histone globular domain, and a coiled-coil domain near 

the C terminus.  The parsley protein, PcMYB1, apparently belongs to this family.  

It had been described as having a Myb-like domain (Feldbrugge et al., 1997), 

and our sequence analysis shows that it does indeed have a H1G-related and a 

coiled-coil domain as well (see Fig. 4, Table 2).  Interestingly, the Myb-like 

domain of PcMYB1 binds to MRECHS, a cis-acting element in the promoter of the 

light-responsive chalcone synthase gene (Feldbrugge et al., 1997).  The MRECHS 

includes no exact copies of the TTTAGGG-type telomere repeats.   The authors 

did point out, however, the similarity between the Myb-like domain of PcMYB1 

and those of other single Myb proteins, including maize IBP1, human TRF1 and 

TRF2, and yeast Rap1 (fig. 3 of Feldbrugge et al., 1997). 

 In maize, we have evidence for six different SMH genes, five with full-

length cDNAs and the sixth from a genomic PCR STS that appears to be an 

unlinked duplicate of Smh1 (Fig. 6).  The Smh2 gene data are limited to the 

genomic STS sequence and map position.  The Smh2 locus has not been shown 

to have a complete or expressed gene.  An SMH gene family of similar size was 

found in Arabidopsis.  Furthermore, we found evidence from EST database 

searches that these genes are present in more than one copy from many 

different plant species but not from Chlamydomonas, which has the telomere 
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repeat sequence TTTTAGGG (Petracek et al., 1990).  The SMH genes may 

therefore represent a gene family conserved among higher plants. 

 The presence of a histone H1-like domain in SMH1 suggests a possible 

role in chromatin dynamics, with interesting implications for gene regulation.  The 

canonical plant H1 histones include a family of diverse isoforms that are not as 

well understood as the nucleosomal histones (Jerzmanowski et al., 2000).  The 

linker histone homology with SMH only extends over the conserved H1 globular 

domain of H1/H5 histones.  The SMH proteins lack the N- and C-terminal tails 

with high lysine content, a common feature of regular H1 histones (Jerzmanowski 

et al., 2000).  The SMH protein therefore may have different chromatin 

interacting properties than those of conventional H1 histones.  Another 

interesting finding with structural implications is the protein dimerization motif 

near the C-terminus.  This coiled-coiled domain could contribute to SMH protein 

dimer formation in vivo.  If so, SMH proteins could have the additional 

complexities of a two-subunit DNA-binding system.  And given that the 

SANT/Myb-like domain and the coiled coil domain are widely separated on the 

protein, the SMH proteins may be able to intra- or inter-chromosomal 

interactions. 

 A different set of questions concerning the SMH protein family has to do 

with their evolutionary relationship to the highly abundant R2R3 Myb gene 

families in plants (Rosinski and Atchley, 1998; Stracke et al., 2001; Dias et al., 

2003).  Plant MYB proteins have been grouped into three subfamilies on the 

basis of the number of adjacent Myb repeats, R1, R2R3, and R1R2R3.  The 

R2R3 Myb gene group is by far the most abundant, the R1R2R3 Myb gene group 

has only recently been identified, and the R1 Myb gene group represents a 

diverse group of proteins possibly reflecting a functional diversity (Rosinski and 

Atchley, 1998; Rabinowicz et al., 1999; Riechmann et al., 2000; Stracke et al., 

2001; Dias et al., 2003).  The phylogenetic relationships among the different 

groups of plant Myb gene families are still being resolved.  The R2R3 Myb genes 

appear to have originated from ancestral R1R2R3 Myb genes that are 

represented in plants by the small number of pc-Myb genes (Braun and 
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Grotewold, 1999). Another useful phylogenetic signature could be the location of 

introns and interestingly, we detected an intron the recognition helix of the Myb 

domain (Fig. 2).  In general, the relationships among different Myb genes are still 

difficult to discern for single Myb genes (Rosinski and Atchley, 1998; Stracke et 

al., 2001; Dias et al., 2003). 

 The maize genome contains extensive duplications, believed to be the 

result in part of an ancient polyploidization event (Devos and Gale, 1997; Gaut, 

2001).  Pair wise sequence analysis suggests that the six Smh genes comprise 

three pairs of duplicated genes, Smh1 and Smh2, Smh3 and Smh4, and Smh5 

and Smh6 (Fig. 3).  Smh1 and Smh2 map to chromosome 8 and 3, respectively.  

These two chromosomes share several duplicated regions (Gaut, 2001).  If these 

genes are present as duplicated gene pairs, then functional redundancy may 

prove important for interpretations of future gene-disruption studies.  That is, it 

may be necessary to establish double mutants (smh1/2, smh3/4, or smh5/6) to 

uncover a phenotype.  It also may be important to examine gene-specific 

expression patterns, especially if functional redundancy also exists between the 

lesser-related members of the Smh family. 

 In recent years, genes encoding plant single Myb-like proteins that can 

bind to telomere repeat DNA in vitro have been discovered.  These genes 

include RTBP1 from rice (Yu et al., 2000) and AtTRP1 and AtTBP1 from 

Arabidopsis (Chen et al., 2001; Hwang et al., 2001).  The DNA binding assays for 

used in these studies were similar to ours in that they made use of E. coli-

expressed proteins.  These studies differed from ours, however, in that the 

expression of an isolated Myb domain was needed to observe strong binding to 

oligonucleotides with a few tandem telomere DNA repeats, whereas our binding 

assays used a full-length recombinant SMH protein.  The SMH and IBP-like 

proteins therefore may not have comparable binding specificities.  The RTBP1, 

AtTRP1, and AtTBP1 genes (Yu et al., 2000; Chen et al., 2001; Hwang et al., 

2001) are similar to the IBP1 gene of maize (Fig. 4C).  The IBP1 cDNA was 

isolated by southwestern screening of an expression library with a fragment of 

the Shrunken gene promoter as a probe (Lugert and Werr, 1994), but IBP1 has 
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not been tested for telomere DNA-binding activity.  The IBP1-related proteins 

therefore seem able to bind telomere repeats in vitro, yet none of them have 

been localized to telomeres in vivo.  We attempted to localize SMH1 by 

immunocytochemistry but were unable to detect convincing nuclear signals 

above background using leaf tissue (not shown).  At least two other single-Myb 

protein classes have been described, but the Myb-like domains of these are not 

that similar to those from SMH or IBP1-related proteins (Baranowskij et al., 1994; 

Mercy et al., 2003). 

 A critical question is whether the SMH proteins are in fact located at the 

telomeres in plants.  It could be that both SMH and IBP/RTBP-like proteins are 

present at plant telomeres, a hypothesis that could be tested by analysis of in 

vivo protein interactions.  The proteins that do reside at the telomeres could be 

located there by as many as three different mechanisms, direct binding to the ds-

telomere DNA, direct binding to the ss-telomere DNA (G-rich 3’ overhang), and 

protein-protein interactions.  In rice, three types of protein complexes bound to 

ss-DNA were identified by EMSA in nuclear protein extracts (Kim et al., 1998).  In 

mung bean (Vigna radiata), at least thee specific DNA-protein complexes were 

identified with ss-DNA telomere repeats and nuclear proteins that showed a 

possible change in telomeric protein composition under developmental regulation 

(Lee et al., 2000).  We found that rSMH1 binds ss-telomere DNA repeats but 

without sequence specificity.  Therefore, if SMH1 were in fact located at 

telomeres in vivo, the localization would probably be mediated by interactions 

between the SANT/Myb-like domain and the double-stranded region. 

The length of a maize telomere can average 8 kb (Burr et al., 1992), and 

maize (2n = 20) has 40 telomeres, corresponding to more than 10,000 potential 

binding sites, if one assumes one site for every two repeats in a nucleus at the 

G1 phase.  If the length of the 3’ overhang in maize is similar to that in other 

species, such as Arabidopsis (Riha et al., 2000), then a large fraction of the 

telomeric complex may consist of ds-DNA-binding proteins.   It is interesting that 

both SMH-type and IBP-type proteins have been characterized in some cases as 

binding to regulatory regions of genes (da Costa e Silva et al., 1993; Lugert and 
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Werr, 1994; Feldbrugge et al., 1997) and in other cases as being able to bind to 

telomere repeats (Yu et al., 2000; Chen et al., 2001; Hwang et al., 2001, and this 

study).  These observations suggest a possible dual function for some of these 

proteins, telomeric and transcriptional, similar in principle to yeast Rap1.  Rap1 

has Myb-like domains that bind to telomere repeat DNA.  At the telomeres, Rap1 

represses transcription by recruitment of SIR proteins, which in turn establish a 

"silenced" state on nearby genes.  Rap1 also binds the promoters of a large 

number of genes, as was recently documented in a genome-wide affinity assay 

(Lieb et al., 2001).  Thus there is precedent for a single protein species to 

function at telomeres and gene regulatory regions. 

In conclusion, the discovery of the maize Smh gene family opens new 

avenues for investigation of molecular mechanisms that may link sequence 

recognition to chromatin structure in maize.  In addition this gene family may 

shed light on the structure of plant telomeres.  Future analysis with gene knock-

out or gene knock-down plants will be important for defining the biological role of 

the plant Smh genes. 

 

Materials and Methods 

 

Plant Materials 

 

 Field-grown maize immature earshoots (inbred line B73 or Mo17) were 

used for extraction of total DNA for Southern blot analysis.  The Tom Thumb line 

of corn (Bass HW, Kang LC, and Eyzaguirre A, 2001; Tom Thumb, a useful 

popcorn. Maize Genetics Newsletter 75:62-63) was maintained in the 

greenhouse (Department of Biological Science, Florida State University, 

Tallahassee, FL), and used for protein and RNA extractions. Tissues were 

harvested in the daytime from plants at the fertilization stage, frozen in liquid 

nitrogen, ground frozen with a mortar and pestle, and stored at –80˚C until used. 

Molecular Cloning and Sequence Analysis of the Maize Smh Genes 
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 Five different full-length cDNA clones were isolated, sequenced, and 

named Smh1 (Single Myb histone 1), Smh3, Smh4, Smh5, and Smh6.  The 

cDNAs for Smh4 and Smh6 were obtained by hybridization screening of a tassel 

cDNA library from maize inbred W23 (“library 11,” a gift from J. M. Gardiner, 

Univ. Missouri) with a radiolabeled subclone corresponding to a predicted Myb-

like domain from the public clone AW067414 (ZmDB, 

http://www.zmdb.iastate.edu).  The cDNAs for Smh1, Smh3, and Smh5 were 

detected with tBLASTn search of an EST database (made from etiolated 

mesocotyl tissue; Pioneer Hi-Bred International, Inc.) that used as a query 

sequence the human TRF1 protein or a consensus sequence (N-

RIRRPWSVEExEALVxxVEKLGTGxWxxKLRAFxxxxxDNxKxRTYVxLKDKWRTL

KH-C, where “x” is an unspecified residue) that we derived from the Myb-like 

domains of several animal and fungal telomeric proteins.  The full-length cDNA 

sequences were determined for both strands for all cDNA clones (Sequencing 

Facility, Florida State University); subjected to the ORF Finder program 

(http://www.ncbi.nlm.nih.gov/gorf/gorf.html), which produced a protein sequence 

for domain analyses; and submitted to GenBank (Table I).  Secondary protein 

structure predictions were obtained from PredictProtein meta-server 

(http://cubic.bioc.columbia.edu/predictprotein/) using PHDsec or from the 

PSIPRED server (http://bioinf.cs.ucl.ac.uk/psipred/) to locate predicted helices 

and strands (Fig. 2, 4A, & 4B) within the G1H domain (Rost, 1996; Jones, 1999) 

or just PSIPRED to locate predicted helices (Fig. 2) in the Myb-domain.  Protein 

domain analyses are detailed in Figure 4 legend and Table 2 footnotes. 

 The phylogenetic tree in Figure 3 was produced using the ProML (Protein 

Maximum Likelihood) program version 3.6 alpha 3. This program is part of 

PHYLIP (Phylogeny Inference Package) and estimates phylogenies from protein 

amino acid sequences by a maximum likelihood method (Felsenstein, 1989).  

This tree was identical in topology with a parsimony tree generated using PAUP* 

(Swofford DL, 2002, PAUP* Phylogenetic Analysis Using Parsimony and Other 

Methods. Version 4.0 b10, Sinauer Associates, Sunderland, Massachusetts). 
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Genomic PCR products from primers for Smh1 (SMH1-57710, 

5’CGCCTCCGCTCCAATGTTGACCT3’ and SMH1-57711, 5’ACTCGAAAGCCATTGCTAACGGTTCCAC3’) 

produced a PCR band doublet from DNA isolated from the IBM recombinant 

inbred lines (RIL) B73 or Mo17.  The PCR products were mapped (below and 

Fig. 6B), cloned from RIL M0012, sequenced, and the B73 STS sequences were 

deposited in GenBank as genomic STS alleles of Smh1 (STS genetic locus fsu1a 

(smh1), GenBank accession(s) AY328854) or as STS alleles of a duplicate locus, 

Smh2 (STS genetic locus fsu1b (smh2), GenBank accession(s) AY328855).  An 

intron found in the STS sequence is indicated in Fig 2. 

 

Southern-blot Analysis 

 

 DNA was isolated from immature earshoots (with minor modifications of 

method from Saghai-Maroof et al., 1984) as instructed by the Maize Mapping 

Project at the University of Missouri (http://www.maizemap.org/rflp_protocols.htm). 

DNA (15 µg) from each genotype was digested with Eco RI or Bam HI at 90 U/µg 

(Invitrogen Corporation, Carlsbad, CA, USA) overnight at 37˚C, concentrated by 

ethanol precipitation, and separated by agarose gel electrophoresis.  The DNA 

was transferred by Southern blot (Southern, 1975) with 2X SSC buffer onto 

Nytran SuPerCharge membranes (Schleicher & Schuell, Inc., Keene, NH).  The 

pre-hybridization, hybridization, and washes were performed as previously 

described (Bass et al., 1994) with 1X SSC-containing buffers at 68˚C. The 

random-primed 32P–labeled probe was prepared from a gel-purified digested 

PCR fragment corresponding to the 3'UTR of the Smh1 cDNA (see Fig. 2). 

 

Mapping of Smh1 with Recombinant Inbred Lines 

 

 A pair of primers for Smh1 (SMH1-57710 and SMH1-57711, sequences 

given above) was used to amplify bands from total DNA extracts made from 

immature earshoots of maize lines B73 and Mo17 (above), resulting in a doublet 

for each sample.  The IBM DNA mapping kit was used as instructed (University 
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of Missouri, http://www.maizemap.org/dna_kits.htm), and the polymorphic top 

band of the doublet was scored from ethidium bromide-stained agarose gels 

following electrophoresis.  The bottom band of the doublet was made 

polymorphic by digestion with the restriction enzyme Pst I, gel fractionated, and 

scored as above.  Mapping scores were submitted through CIMDE 

(http://www.maizemap.org/CIMDE/cimde.html), and the map positions were 

obtained for the loci fsu1a (Smh1), the Pst I–digested bottom band, and fsu1b 

(smh2).  Map positions from the IBM linkage map were used to estimate the 

corresponding positions (Fig. 6B) on the UMC 98 linkage map (Davis et al., 

1999). 

 

Protein Gel Blot of Plant Material 

 

 We obtained total protein extracts by homogenizing 0.5 g frozen and 

ground plant tissue with 1.5 ml buffer containing 50 mM Tris-HCl (8.0), 1mM 

EDTA-NaOH (8.0), 10% w:v sucrose, 100mM dithiothreitol, and 1mM 

phenylmethylsulfonyl fluoride.  The homogenate was centrifuged at 12,000 x g 

for 20 min, the supernatant was recovered, mixed with 4X SDS loading buffer, 

boiled for 5 min, and separated by electrophoresis on a 12% SDS-

polyacrylamide gel. 

 A polyclonal rabbit antiserum was raised against spMYB (see Fig. 5B), a 

synthetic peptide containing the amino acid residues 1 to 57 of deduced SMH1 

protein (Genemed Synthesis Inc., San Francisco, CA).  The antibody was then 

affinity purified on a CN-Br column coupled to spRH (synthetic peptide for 

Recognition Helix, CRSNVDLKDKWRNL) corresponding to R43-L56 of SMH1.  

The antiserum that was affinity purified against this recognition helix oligopeptide 

is referred to as SMH1-rhap. 

 For Western-blot analysis, total plant protein extracts or E. coli lysates 

were transferred by electroblotting (1 h at 350 mA) on 0.45-mm nitrocellulose 

membranes (Bio-Rad Laboratories, Hercules, CA) in the Bio-Rad Mini Trans-Blot 

transfer cell.  After the membranes were blocked with 3% nonfat milk in TBS-T 
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buffer (150 mM NaCl, 10 mM Tris-HCl (8.0), 0.05% v:v Tween 20), they were 

incubated with SMH1-rhap diluted 1:2000 into TBS-T overnight at 4˚C.  After four 

15-min washes in TBS-T buffer at RT, the membranes were incubated with a 

1:8000 dilution (in TBS-T buffer) of anti-rabbit IgG horseradish peroxidase–linked 

antibody (Amersham Pharmacia Biotech, Piscataway, NJ) for 1 h at room 

temperature.  The immune complexes were detected with a chemiluminescent 

reaction kit (Amersham Pharmacia Biotech, Piscataway, NJ). 

 

Recombinant SMH1 and Electrophoretic Mobility Shift Assay (EMSA) 

 

For protein-induction experiments, an DNA segment containing the Smh1 

cDNA (in the vector pSport1) was amplified by PCR with M13 forward and 

reverse primers, digested with Eco RI and Not I, and then ligated into an Eco RI 

and Not I–digested expression vector, pProEX HTa (InVitrogen, Carlsbad CA).  

The His-tagged fusion protein, rSMH1, was overexpressed in E. coli cell line 

BL21 DE3 by addition of IPTG at cell OD of 0.3 to 0.5.  An empty vector cell line 

was also grown as a negative control.  Optimal induction conditions were 

determined by inspection of Coomasie Brilliant Blue R250–stained SDS PAGE 

gels containing crude lysates of the induced cells. 

 Initial EMSA reactions made use of an oligonucleotide probe that 

contained four tandem copies of the maize telomere repeat, TTTAGGG.  The G-

rich oligonucleotide (WT-4RG 5’GGATACTTTAGGGTTTAGGGTTTAGGGTTTAGGGCGAGTC3’) 

was annealed with a complementary oligonucleotide (WT-4RC) and then 

radioactively end-labeled with 32P by means of T4 polynucleotide kinase 

(Sambrook and Russell, 2001).  Similarly, a set of oligonucleotides containing 

only two tandem copies of the telomere repeats (listed in Table 3) were 

synthesized, annealed, and labeled.  Point-mutation oligonucleotides (21 in all, 

see Table 3) were used as unlabeled competitors in excess.  For the single-

stranded binding assays (Fig. 8) each strand of WT-28G or WT-28G 

oligonucleotide was labeled and used as a probe.  Cold competitors used for the 
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single-stranded binding assays were SSC1 (5’AAAGACCTCACGAAAGGCCCAAGG3’), SSC2 

(5’GCGAATTCATGGGGGCGCCGAAGCAG3’), and SSC3 (5’CTTGATCACCTTTCCTGCTGTCGCCA3’). 

 The binding reactions were performed (according to Yu et al., 2000) in a 

volume of 20 ml containing 1X DNA-protein binding buffer (10 mM Tris-HCl pH 8, 

1 mM EDTA-NAOH (8.0), 1 mM dithiothreitol, 50 mM NaCl, and 5% v:v glycerol), 

6 mg poly d(I-C), 5 nmol 32P-labeled probe, and 4 mg of crude bacterial protein 

extract dialyzed against TNE buffer (10 mM Tris-HCl pH 7.6, 50 mM NaCl, 0.5 

mM EDTA-NAOH (8.0), and 10% v:v glycerol). 

 For the competition experiments, molar excess amounts (5-fold, 50-fold, 

and 500-fold) of competitor double-stranded mutant oligonucleotides were added 

to the reaction.  The probe and competitor were added simultaneously to the 

reaction and incubated at room temperature for 10 min.  After the 8% 

polyacrylamide gel was prerun for 30 min at 80 V, the samples were loaded and 

separated by electrophoresis at 300 V for 1.5 h in 0.5X TBE buffer (45 mM Tris-

base, 45 mM boric acid, 1 mM EDTA-NAOH (8.0) pH 8).  The labeled probes 

were visualized by autoradiographic exposure to X-ray film for 2 h at room 

temperature. 
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Table 2.  SMH-type genes and predicted protein features. 

 
Gene

a
 

GenBank 

(Acc. No.) 
Protein

b
 

(Len, kD, pI) 
 
Domain

c
 

 
Location 

 
E-Value

d
 

ZmSMH1 AY271659
e
 299,  32.6,  9.07 SANT (cd00167) R7-L56 2.0e-06 

(cDNA)   H15 (cd00073) D130-K203 5.8e-06 

   Coiled coil K237-D280  

ZmSMH3 AY280629 285,  31.3 ,  9.45 SANT (cd00167) K7-L56 1.11e-06 

(cDNA)   H15 (cd00073) G111-V173 3.04e-04 

   Coiled coil E219-E264  

ZmSMH4 AY280631
e
 288,  31.3,  9.33 SANT (cd00167) K7-L56 1.47e-06 

(cDNA)   H15 (cd00073) P115-I173 5.24e-04 

   Coiled coil V229-S260  

ZmSMH5 AY280630 286,  31.4,  8.71 SANT (cd00167) R7-M56 2.11e-05 

(cDNA)   H15 (cd00073) K120-V182 9.48e-06 

   Coiled coil M226-V286  

ZmSMH6 AY280632 298,  33,  8.78 SANT (cd00167) R7-M56 1.09e-04 

(cDNA)   H15 (cd00073) N127-K200 1.09e-04 

   Coiled coil M236-A297  

OsMYB28 OSA495797 304,  32.9,  9.1 SANT (cd00167) K7-L56 2.03e-06 

(cDNA)   H15 (cd00073) S118-P202 1.77e-02 

   Coiled coil E220-S258  

AtTRB1 ATU83624 300,  33,0,  9.34 SANT (cd00167) K7-M56 4.9e-05 

(cDNA)   H15 (cd00073) P113-K180 7.1e-04 

   Coiled coil H240-G290  

AtTRB2 ATU83837 299,  33,  9.87 SANT (cd00167) K7-I56 6.4e-05 

(cDNA)   H15 (cd00073) I128-A200 7.1e-04 

   Coiled coil K237-H297  

AtTRB3 ATU83839 295 SANT (cd00167) K7-I56 2.1e-05 

(cDNA)   H15 
(smart00526) 

P117-K182 2.1e-08 

   Coiled coil M235-K287  

At_K9I9.15 BT005290 296,  32.7,  9.01 SANT (cd00167) K7-L56 1.37e-07 

(cDNA)   H15 (cd00073) P128-F195 9.81e-06 

   Coiled coil T241-Q289  

At1g72740 NM_105933 289,  32.2,  9.02 SANT (cd00167) K7-L56 5.08e-07 

(cDNA)   H15 (cd00073) P121-K198 2.61e-03 

   Coiled coil I226-V269  

PcMYB1 U67132 307,  33.5,  9.53 SANT (cd00167) K18-L67 7.1e-07 

(cDNA)   H15 
(smart00526) 

Y160-E217 5.39e-07 

   Coiled coil V273-I301  
a
Genes listed include all the known maize (Zm) and Arabidopsis (At) SMH-type cDNA sequences, plus one example each 

from rice (Os) and parsley (Pc) 
b
Predicted protein; length (Len) in amino acids, theoretical molecular mass (kD), and theoretical isoelectric point (pI) are 

given. 
c
Domain name is given and the database identifier is in parentheses; SANT/cd00167 is 'SWI3, ADA2, N-CoR and TFIIIB' 

DNA-binding domains from NCBI’s conserved domain database (CDD), H15/cd00073 linker histone 1 and histone 5 
domains, from CDD; and H15/smart00526 is Domain in histone families 1 and 5 from SMART (version 3.5, 
http://smart.embl-heidelberg.de), coiled-coil domain is indicated for any region where a peak probability exceeds 0.8 and 
with range delimitations at >0.25 (Lupas et al., 1991). 
d
E-values calculated by reverse position-specific (RPS) BLAST searches against the conserved domain database v1.61. 

e
Two of the maize SMH genes appear to have been identified as partial, unpublished cDNA clones listed in the ChromDB 

database (http://www.chromdb.org) as maize histone H1 sequences; HON107, a small part of AY271659; HON108, a 
large part of AY280631. 
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Table 3.  Point mutation oligonucleotides used for EMSA. 
 

Name Binding Sequence 

WT-28G 
WT-28C 

++ 
5’ GCACAACTTTAGGGTTTAGGGCACGCGC  

   CGTGTTGAAATCCCAAATCCCGTGCGCG 5’ 

T1C-28G 
T1C-28C 

+ 
5’ GCACAACCTTAGGGCTTAGGGCACGCGC  

   CGTGTTGGAATCCCGAATCCCGTGCGCG 5’ 

T1A-28G 
T1A-28C 

- 
5’ GCACAACATTAGGGATTAGGGCACGCGC  

   CGTGTTGTAATCCCTAATCCCGTGCGCG 5’ 

T1G-28G 
T1G-28C 

- 
5’ GCACAACGTTAGGGGTTAGGGCACGCGC  

   CGTGTTGCAATCCCCAATCCCGTGCGCG 5’ 

T2C-28G 
T2C-28C 

+ 
5’ GCACAACTCTAGGGTCTAGGGCACGCGC  

   CGTGTTGAGATCCCAGATCCCGTGCGCG 5’ 

T2A-28G 
T2A-28C 

- 
5’ GCACAACTATAGGGTATAGGGCACGCGC  

   CGTGTTGATATCCCATATCCCGTGCGCG 5’ 

T2G-28G 
T2G-28C 

- 
5’ GCACAACTGTAGGGTGTAGGGCACGCGC  

   CGTGTTGACATCCCACATCCCGTGCGCG 5’ 

T3C-28G 
T3C-28C 

- 
5’ GCACAACTTCAGGGTTCAGGGCACGCGC  

   CGTGTTGAAGTCCCAAGTCCCGTGCGCG 5’ 

T3A-28G 
T3A-28C 

- 
5’ GCACAACTTAAGGGTTAAGGGCACGCGC  

   CGTGTTGAATTCCCAATTCCCGTGCGCG 5’ 

T3G-28G 
T3G-28C 

- 
5’ GCACAACTTGAGGGTTGAGGGCACGCGC  

   CGTGTTGAACTCCCAACTCCCGTGCGCG 5’ 

A4C-28G 
A4C-28C 

- 
5’ GCACAACTTTCGGGTTTCGGGCACGCGC  

   CGTGTTGAAAGCCCAAAGCCCGTGCGCG 5’ 

A4T-28G 
A4T-28C 

- 
5’ GCACAACTTTTGGGTTTTGGGCACGCGC  

   CGTGTTGAAAACCCAAAACCCGTGCGCG 5’ 

A4G-28G 
A4G-28C 

- 
5’ GCACAACTTTGGGGTTTGGGGCACGCGC  

   CGTGTTGAAACCCCAAACCCCGTGCGCG 5’ 

G5C-28G 
G5C-28C 

- 
5’ GCACAACTTTACGGTTTACGGCACGCGC  

   CGTGTTGAAATGCCAAATGCCGTGCGCG 5’ 

G5T-28G 
G5T-28C 

- 
5’ GCACAACTTTATGGTTTATGGCACGCGC  

   CGTGTTGAAATACCAAATACCGTGCGCG 5’ 

G5A-28G 
G5A-28C 

- 
5’ GCACAACTTTAAGGTTTAAGGCACGCGC  

   CGTGTTGAAATTCCAAATTCCGTGCGCG 5’ 

G6C-28G 
G6A-28C 

- 
5’ GCACAACTTTAGCGTTTAGCGCACGCGC 

   CGTGTTGAAATCGCAAATCGCGTGCGCG 5’ 

G6T-28G 
G6T-28C 

- 
5’ GCACAACTTTAGTGTTTAGTGCACGCGC  

   CGTGTTGAAATCACAAATCACGTGCGCG 5’ 

G6A-28G 
G6A-28C 

- 
5’ GCACAACTTTAGAGTTTAGAGCACGCGC  

   CGTGTTGAAATCTCAAATCTCGTGCGCG 5’ 

G7C-28G 
G7C-28C 

- 
5’ GCACAACTTTAGGCTTTAGGCCACGCGC  

   CGTGTTGAAATCCGAAATCCGGTGCGCG 5’ 

G7T-28G 
G7T-28C 

+ 
5’ GCACAACTTTAGGTTTTAGGTCACGCGC  

   CGTGTTGAAATCCAAAATCCAGTGCGCG 5’ 

G7A-28G 
G7A-28C 

- 
5’ GCACAACTTTAGGATTTAGGACACGCGC  

   CGTGTTGAAATCCTAAATCCTGTGCGCG 5’ 

 
Binding: ++ indicates strongest binding; + indicates binding that is less strong but capable of 
competing with wild-type for binding to rSMH1; - indicates failure to compete or no observed 
binding to rSMH1.  The positions of the two tandem copies of wild-type telomere repeats are 
indicated by underline in first two sequences.  The individual point mutations are indicated with 
gray shaded box. 
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Figure 2.  The maize Smh1 cDNA: deduced amino acid sequence and protein 
sequence alignments. (A) Nucleotide and deduced amino acid sequence of the 
[Smh1 cDNA.  The deduced amino acid sequence (numbers at right) is indicated 
below the nucleotide sequence (numbers at left).  The location of conserved 
domains (see text) are drawn under the amino acid sequence. Helices are 
represented by cylinders connected by lines that span an entire domain, and a 
black wavy line represents the coiled-coil domain.  Gray arrows indicate the b-

strands in the linker-histone region.  Alpha helices and beta strands not 
associated with the SANT/Myb-like domain or the linker-histone domain are not 
indicated.  The two primers used for STS RI mapping indicated by arrows, and 
the position of an intron (triangle) found in the STS sequence is marked.  The 3’ 
UTR segment used as a probe for the Southern blot is indicated by the underline. 
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Figure 3. A phylogenetic tree of SMH proteins deduced from full-length cDNAs 
from maize (Zm), Arabidopsis (At), rice (Os) and parsley (Pc).  The protein 
maximum likelihood tree was created using ProML version 6.3a3 (see Methods).  
Accession numbers are given in Table I. 
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Figure 4.  Comparison of domain organization of SMH with those of related proteins.  
(A) Representative members of the SMH-type proteins.  The locations of the Myb 
(“MYB/SANT”, black box) domains, the conserved H1 globular (“H1G”, gray box) 
domains, and the coiled-coil (striped box) domains are indicated.  In addition, for the 
H1G domains, the positions of predicted alpha helices (black lines) and beta strands 
(double lines) are indicated.  (B) Histone H1/H5 proteins.  (C) IBP-family proteins.  The 
numbers represent amino acid residues.  Accession numbers are given in Table I for 
Smh genes.  Other accession numbers are maize H1, P23444; wheat H1, P27806; pea 
H1, P08283; chicken H5, P02259; ZmIBP1, CAA55691; OsRTBP1, AAF97508; 
AtHPPBF-1/AtTBP1, AAC24592; AtTRP1, CAB50690; PcBPF1, CAA44518. 
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Figure 5.  Southern blot analysis of Smh1. (A) Ethidium-bromide–stained gel of 
genomic DNA digest.  (B) Southern blot probed with a Smh1 3’ UTR probe (Tm-
22ºC).  The sizes in kb indicate the size of the major cross-hybridizing bands.  
The marker (Std) contained EcoRI- plus Hind III-digested lambda DNA.  The 
genomic DNAs from inbred lines indicated at top were digested with Eco RI 
(lanes marked 1) or Bam HI (lanes marked 2).  Images from panels A and B are 
not to scale. 
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Figure 6.  Recombinant inbred mapping of Smh1 & Smh2 PCR STS markers. 
(A) PCR amplification products with the SMH1-57710 and SMH1-57711 primers 
(uncut) or PCR products after restriction digest (PST I digest) with Pst I.  Total 
DNA was isolated from inbred B73 (lanes marked 1) or Mo17 (lanes marked 2).  
(B) Map positions of Smh1 and Smh2 on the UMC 1998 map (redrawn from 
Davis et al., 1999). 
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Figure 7.  Western blot detection of SMH protein. (A) SDS-PAGE gel and 
western blot.  Tissues from greenhouse-grown plants at the fertilization stage 
were used to isolate proteins from leaf (lanes 1), husk (lanes 2), or silk (lanes 3) 
tissues.  Equal amounts of protein were fractionated by SDS-PAGE and stained 
for total protein (Coomassie) or blotted and probed with SMH1-rhap antiserum 
(Western).  A single clear band (arrow) was seen for the leaf sample (lanes 1).  
Very faint bands of the same size were detected for the husk and silk samples. 
(lanes 2 and 3). (B) Sequences of the synthetic peptides used to produce and 
purify antibodies.  The sequences were selected from continuous regions of 
SMH1, except for the initial cysteine added for peptide coupling options. 

A

B
Synthetic peptides used to make (spMYB) or purify (spRH) antiserum.

spMYB, CMGAPKQRWTPEEEAALKAGVAKHGPGKWRTILRDSDFSALLRLRSNVDLKDKWRNLS

 spRH,                                            CRSNVDLKDKWRNL

kD

216
129

91

43.2

33

Coomassie          Western
1        2        3          1         2        3
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Figure 8.  Expression, immuno-detection, and DNA-binding activity of SMH1. (A) SDS-PAGE gel 
and western blot of E coli lysates from BL21 DE3 cells transformed with a full length SMH1 ORF 
in an expression vector (lanes 2 and 4) or transformed with an empty vector control (lanes 1 and 
3).  Equal amounts of protein were fractionated by SDS-PAGE and stained for total protein 
(Coomassie) or blotted and probed with SMH1-rhap antiserum (Western).  A single clear band 
(arrow) was detected 4 hours after induction with IPTG (lane 4).  Time intervals after IPTG 
induction are indicated (in hours) above the lanes.  The molecular masses of the protein 
standards are indicated at the left in kD.  (B) Band-shift assay with dialyzed lysates corresponding 
to the expression conditions lanes 4 in panel A.  Triangles represent increasing (2-fold per lane) 
amounts of protein added to otherwise identical binding reactions.  The labeled double stranded 
oligonucleotide probe, WT-4R (5’-GGATAC(TTTAGGG)4CGAGTC-3’ plus its complementary C-
rich strand), was observed as free probe (arrow head) or as shifted bands (arrow). 
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Figure 9.  Band-shift competition with 21 mutant oligonucleotides. (A) 
Determination of reaction conditions for competition assays.  Lanes were loaded 
with probe alone (P), or probe incubated with dialyzed lysates from empty vector 
(E) cells (E) or rSMH1 cells (*), and competed with excess unlabeled wild-type 
(W28) or mutant (G6C) oligonucleotides.  The free probe (arrow head) and band 
shift (arrow) positions are indicated at left.  Competition is evident with WT but 
not excess G6C mutant probe.  The G6C is named for the change of G at 
position 6 to a C.  The change was made for repeats on the G-rich (TTTAGGG)2 
and C-rich (TTTAGCG)2 strands.  The triangles above the lanes represent 
reactions with increasing amounts (5-fold, 50-fold, 500-fold) of competitor 
oligonucleotides.  (B-D) Each panel shows data from a single gel containing 
reactions challenged with cold competitors for each of the three possible point 
mutations for each of the seven telomere repeat sequence positions (see Table 
3.), and labeled as in panel A.  Three different mutations (T1C, T2C, and G7T) 
showed some competition at the highest concentration in this and subsequent 
(not shown) replicate experiments. 
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Figure 10.  Single stranded oligonucleotide-binding assay. Radioactive-labeled 
ss oligonucleotides were used as probes in reactions as described for Figures 7 
and 8.  Triangles represent excess amounts (5-fold, 50-fold, 500-fold) of 
competitor ss oligonucleotides and squares represent single-concentration (500-
fold excess) competition reactions. The shifted bands are indicated by arrows, 
the free probes by arrowheads, and the cold competitors used above the gels.  
SSC1, SSC2, SSC3 are single strand nucleotides that lack telomere-related 
sequences. Competition was observed with all 4 competitors in reactions with 
probes from either strand. 
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CHAPTER 2 

 

THE TERMINAL ACIDIC SANT 1 (TACS1) GENE OF MAIZE IS 

EXPRESSED IN TISSUES CONTAINING MERISTEMS AND ENCODES AN 

ACIDIC SANT DOMAIN SIMILAR TO SOME CHROMATIN-REMODELING 

COMPLEX PROTEINS 

 

 

 Bioinformatics has emerged as a powerful tool in functional genomics, 

providing critical clues for assignment of likely biological functions to DNA 

sequences (Benson et al., 2004).  Sequence-similarity searches, although 

valuable, can lead to mistaken annotations, especially when experimental 

evidence is replaced by computational gene models.  Within plant-science 

research, a wealth of gene and genome sequence data is available for computer-

assisted genetic analysis (Dong et al., 2004; Alba et al., 2004).  Gene annotation 

problems also exist in plant science, exemplified by several sequences 

annotated as encoding telomere-binding proteins.  Many of these proteins 

contain a so-called "telobox," a protein sequence motif that was first described as 

a single Myb-like DNA-binding domain (DBD) common to animal and fungal 

telomeric-complex proteins (Bilaud et al., 1996).  This motif was shown to be 

present in several plant proteins, including maize initiator-binding protein 1 (IBP1) 

(Lugert and Werr, 1994), parsley Box P-binding Factor-1 (BPF-1) (da Costa e 

Silva et al., 1993), and several uncharacterized open reading frames (ORFs) 

from rice and arabidopsis (Bilaud et al., 1996).  Analyses of these and related 

genes from plants provide evidence for at least two different classes of plant 

genes whose products bind to telomere repeat DNA in vitro.  The IBP/RTBP1-

type genes (named after maize IBP1 and rice RTBP1) encode proteins of ~70 

kDa with a single Myb-like telomere repeat DBD followed by a glutamine-rich 

stretch of ~50 residues at the –COOH terminus (Yu et al., 2000; Chen et al., 

2001; Hwang et al., 2001; Yang et al., 2003).  The SMH-type genes (named after 
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maize Smh1) encode basic proteins of ~32 kDa with an N-terminal Myb-like 

DBD, a central linker histone-related domain, and a C-terminal coiled-coil domain 

(Feldbrugge et al., 1997; Marian et al., 2003; Schrumpfova et al., 2004).  

Whether IBP/RTPB1-type or SMH-type proteins have in vivo telomeric functions 

remains to be determined, yet numerous sequence database entries have been 

annotated as "telomere binding," despite a lack of direct biochemical evidence 

(Yu et al., 2000; Chen et al., 2001; Hwang et al., 2001; Yang et al., 2003; 

Feldbrugge et al., 1997; Marian et al., 2003; Schrumpfova et al., 2004).  We have 

discovered a third and new class of plant telobox-related genes, the TACS-type 

genes, which encode ~45 kDa proteins with a C-terminal acidic SANT (SWI3, 

ADA2, N-COR, and TFIIIB B'') domain (Aasland et al., 1996).  The SANT motif 

was first described as a putative DNA-binding domain found initially in nuclear 

receptor corepressors and later in subunits of several chromatin-remodeling 

complexes (Aasland et al., 1996).  The SANT domain (cd00167 from 

http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) is characterized as a ~50 

amino acid motif with a high degree of sequence similarity to some Myb-like 

DBDs, including those of human telomeric proteins TRF1 and TRF2 (Chong et 

al., 1995; Broccoli et al., 1997).  Here we show that Tacs1 is expressed in 

meristem-enriched tissues and that the C-terminal domain of the predicted 

protein is acidic, a recently recognized characteristic of SANT domains (Boyer et 

al., 2004), providing new insights into its possible function. 

 We screened cDNA libraries with DNA sequences corresponding to the 

Myb/SANT-like domain of the maize EST AI622625.  From these screens we 

isolated, cloned, and sequenced several different TACS-type genes.  A cDNA 

from a juvenile leaf and shoot mRNA library (gift of S. P. Moose, Univ. Illinois) 

was chosen for further analysis and represents a gene hereafter called Terminal 

acidic SANT 1 (Tacs1).  The Tacs1 cDNA (GenBank accession AY738116) is 

1820 bp in length and contains an ORF coding for a 422-amino-acid 45-kDa 

protein with an overall isoelectric point of 6.04.  The ORF is preceded by a 52 bp 

5’UTR and followed by a 499 bp 3’UTR (Fig. 11A).  Tacs1-homologous genes 

were found in several plant species, including maize (GenBank Acc. AI622625), 
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arabidopsis (GenBank Acc. At1g15720), rice (GenBank Acc. AY429017, 

AK071940), and sorghum (GenBank Acc. BG41798).  One of these Tacs1-

homologous genes was identified by transposon tagging as the ANTHER 

INDEHISCENCE1 (AID1) gene of rice (Zhu et al., 2004).  The recessive mutation 

of aid1 results in partial to complete sterility of the spikelet, a reproductive 

structure defined as a small or secondary part of the inflorescence of grasses.  

Pair-wise protein sequence alignments revealed that AID1 has 65% identity (71% 

similarity) with TACS1 and that the homology extends beyond the SANT domain 

to the entire protein (GAP alignment, default parameters, Wisconsin Package 

Version 10.3, Accelrys Inc., San Diego, CA). 

 The AID1 gene was mapped to chromosome 6 of rice near a waxy gene 

and it was suggested that the maize ortholog of AID1 corresponds to the male 

sterile2 (ms2) locus on maize chromosome 9 near the waxy locus (Zhu et al., 

2004).  To test this hypothesis, we mapped Tacs1, as described by Marian et al. 

(2003) using the IBM Recombinant Inbred Lines (RILs) DNA mapping kit via 

CIMDE as described by Sanchez-Villeda et al. (Sanchez-Villeda et al., 2003).  

Two primers, 954F and 1106F (Fig. 11A), were used to generate polymorphic 

PCR products from genomic DNAs of the two parental genotypes, B73 and 

Mo17.  Co-segregation analysis of these products in the RIL population (n = 94) 

allowed us to map the Tacs1 PCR products to the genetic bin 2.08 (chromosome 

2, bin 8) between the genetic markers umc1604 and mmc0381.  This region of 

the maize chromosome 2 is not known to be syntenic with rice chromosome 6, 

nor is it known to be duplicate with the waxy region of maize chromosome 9. 

 To determine the genomic structure of the Tacs1 gene, we used the map-

position data to obtain linked BACs (from CHORI, http://bacpac.chori.org) and 

screened them by PCR for the presence of Tacs1 sequences.  We used DNA 

from a single PCR positive BAC (CH-201 123O8 = ZMMBBc123O08) as a 

template to obtain PCR products, which we sequenced to locate the introns of 

Tacs1.  We found four introns in Tacs1 (at cDNA positions 680/681, 1030/1031, 

1212/1213, and 1279/1280) using the program Spidey 

(http://www.ncbi.nlm.nih.gov/IEB/Research/Ostell/Spidey).  The Tacs1 genomic 
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structure is nearly identical to that of the AID1 gene of rice (Fig. 11B).  Therefore 

two lines of evidence, sequence homology and gene structure, indicate that 

maize Tacs1 and rice AID1 may be homologous, are possibly orthologous, but 

are apparently not in syntenic regions of the two genomes. 

 To learn more about the possible function of the Tacs1 gene, we 

examined its expression using maize EST databases.  BLASTn searches with 

the full-length Tacs1 cDNA as a query allowed for a measure of Tacs1 mRNA 

abundance in different tissues and organs of the plant.  For this analysis we used 

only EST libraries that have been sequenced deeply (>8000 ESTs), using a 

threshold of e-50 as a cutoff for a match.  Only 10 maize libraries matched the first 

criterion, and of these, only six had hits for Tacs1 cDNA lower than e-50.  Table 4 

summarizes the relative abundance of Tacs1 ESTs as parts per million (PPM).  

We found that the Tacs1 gene is expressed at relatively low levels in a specific 

subset of these libraries, consistent with the need for a sensitive procedure (RT-

PCR) to detect rice AID1 transcripts (Zhu et al., 2004).  In addition, RNA gel blot 

analysis with total RNA or poly(A) mRNA isolated from a variety of maize tissues 

repeatedly resulted in a lack of signal (data not shown).  Although EST analysis 

is primarily an in silico survey of gene expression, these results are based on a 

survey of a relatively large body of sequence data.  In this survey, we repeatedly 

found Tacs1 cDNAs, but only in libraries from very young reproductive organs 

(Table 4), such as micro-dissected primordia of ear and tassel shoots.  These 

observations are further consistent with our isolation of the Tacs1 cDNA from a 

juvenile leaf and shoot library.  The Tacs1 mRNA is not merely present at a low 

level in all tissues, as evidenced by the absence of Tacs1 mRNAs from the 

46,000 ESTs sequenced from the four libraries of mixed adult tissues (Table 4).  

The expression pattern of the Tacs1 gene encoding a Myb/SANT-like domain 

raises the intriguing question of whether Tacs1 plays a role in global nuclear 

processes associated with early developmental events such as organ initiation.  

Indeed, animal and fungal proteins that contain SANT domains are often 

associated with histone-modifying enzymes and ATP-dependent chromatin-

remodeling enzymes (Boyer et al. 2004). 
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 The SANT domain shares not only sequence but also structural 

similarities with the DBD of Myb-related proteins; they both have a three-helix-

bundle structural motif.  Despite these similarities, the SANT domain is 

increasingly being recognized as chemically and functionally distinct from the 

DNA-binding Myb-like domain (Boyer et al., 2004).  Specifically, many SANT 

domains are characterized by an acidic isoelectric point and a negative 

electrostatic surface potential.  We therefore examined the properties of the 

maize TACS1 Myb/SANT-like domain to determine whether it has the 

characteristic properties of a SANT domain.  The Myb/SANT-like domain at the 

C-terminus of TACS1 has a predicted secondary structure with three alpha 

helices as illustrated in Figure 12 (panel A).  This triple helical bundle 

arrangement is a common feature of Myb, Myb-like, and SANT domains.  Within 

this domain, TACS1 shares high similarity with several different plant proteins 

(Fig. 12B).  These domains fall into one of two categories on the basis of their 

calculated isoelectric point, basic or acidic.  Surprisingly, all of the TACS-type 

protein domains analyzed had an acidic pI (Fig. 12B).  In contrast, the Myb-like 

domains of known DBDs such as IBP1, SMH1, and TRF1 all have basic 

isoelectric points (Fig. 12B).  These results further strengthen the possibility that 

TACS1 contains a SANT domain. 

 To examine this possibility further, we performed protein homology 

modeling on several SANT, Myb, and Myb-like domains using SWISS-MODEL 

(Kopp et al., 2004; Schwede et al., 2003; Guex and Pietsch, 1997; Pietsch, 

1995).  We used the solved structure of human TRF1 (Nishikawa et al., 1998, 

2001) as a template (PDB 1ityA).  The Myb-like/SANT domain sequences 

(boldface in Fig. 12B) were threaded through the TRF1 structure to generate 

models shown as green ribbon diagrams in Figure 13.  All of the homology-

modeled protein domains (TACS1, AID1, At1g15720, IBP1, and SMH1) fit very 

well with the template, adopting the triple-helix-bundle structure.  We next 

calculated the surface electrostatic potential of these models using 

DeepView/Swiss-PdbViewer (Guex and Peitsch, 1997).  A SANT domain (ISWI, 

Fig. 13A) and Myb DBD (MYBR2, Fig. 13B) were included to illustrate the 
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negative (red) and positive (blue) electrostatic surfaces of previously 

characterized proteins.  The ISWI SANT model and the TACS-type models all 

produced a negative electrostatic surface potential (red in surface models of Fig. 

13B).  In contrast, the DBDs of MYBR2, TRF1, IBP1, and SMH1 all produced 

models with positive electrostatic surface potentials (blue in surface models of 

Fig. 13B).  These results are in agreement with the pI-based classification (Fig. 

12B) of the domains into two distinct groups.  The acidic patches observed on 

the surfaces of the plant TACS-type proteins are not compatible with direct DNA 

binding and may reflect areas for the binding of basic moieties, such as histone 

tails or basic regions of other proteins.  Consistent with this idea, the TACS-type 

proteins shown in Fig. 13 are not known to bind DNA, despite repeated efforts 

with in vitro DNA-binding assays (C. O. Marian and H. W. Bass, unpublished 

results, for TACS1; Karamysheva et al., 2005 for the Myb/SANT domain of 

At1g15720).  The combined approach of sequence alignments with 3-D protein 

modeling may be a method of differentiating between two closely related 

domains, reducing the possibility of misclassification.  For example, the 

Arabidopsis thaliana protein At1g15720 was identified in databases as a “Myb 

family transcription factor,” but by the approach we used, At1g15720 can be 

identified as a SANT domain.  In addition, our data suggest that the rice Myb-like 

DBD of AID1 is also a SANT domain.  This prediction has important implications 

for interpretation of the pleiotropic nature of the aid1 mutant phenotype.  

Investigation of the role of TACS-type proteins in protein-protein interactions or 

their role in chromatin-remodeling complexes may therefore be important. 

 In summary, we have isolated and characterized a cDNA for the Tacs1 

gene of maize.  In silico expression analysis revealed that Tacs1 is expressed in 

meristem-enriched tissues and shares extensive cDNA sequence and gene 

structure similarity with the rice AID1 gene.  Computer-assisted protein-structure 

analysis allowed us to identify the Myb-like/SANT domain of TACS1 as a SANT 

domain.  This overall approach appears to provide a valuable means of 

distinguishing Myb-like DBDs from SANT domains and may provide insight into 

the functional role of the Tacs1 gene. 
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Table 4.  Relative abundance of Tacs1 mRNA in different tissues 

Tissuesa
 cDNA library no.b Total EST no.c No. hitsd

 PPMe
 

Ear primordia (2 mm)  3529 19258 5 260 

Tassel primordia (1-3 

mm) 

946 21232 5 235 

Immature ears (0.5-2 cm) 1091 9277 2 216 

Endospermf
 Endosperm_4 10267 2 195 

Root 614 10612 1 94 

Juvenile leaf and shoot 949 10708 1 93 

Mixed tissues ISUM5-RM 20250 0 0 

Mixed tissues ISUM4-TN 9087 0 0 

Mixed tissues 3530 8283 0 0 

Two-week shoots 947 8878 0 0 

aTissues from which the libraries were derived; http://www.maizegdb.org/est.php 
bThe cDNA library numbers are from http://www.maizegdb.org/est.php 
cTotal number of ESTs in the library as of July 2004 
dNumber of Tacs1 hits better than e-50 as of July 2004 
eAbundance of the transcript expressed as parts per million (PPM) of ESTs in the 
given library 
fThe Endosperm_4 library appears to include some ESTs from embryo-specific 
genes 



 52 

 

 
 

Figure 11.  cDNA and genomic structure of the Tacs1 gene.  (A) Structure of 
Tacs1 full-length cDNA.  The position of the Myb/SANT-like domain within the 
open reading frame (ORF) is indicated.  The position and orientation of the 
primers are indicated and named according to the 5’ nucleotide (656F:17nt, 
761R:20nt, 954F:21nt, 1106R:21nt, 1148F:21nt, 1548R:19nt).  The position of 
the poly-A tail (A)n is indicated.  (B) Comparison of the genomic structures of 
Tacs1 rice AID1 genes.  The locations of the start (ATG) and stop (TGA or TAG) 
codons and the intron and exon numbers are indicated along with a scale bar 
(200 bp).  Sequences for the full-length Tacs1 cDNA (accession AY738116) and 
the intron-containing sequences (AY818403, AY818404, AY818405) are 
available from GenBank. 
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Figure 12.  Characterization of the SANT domain of TACS1 and related proteins.  
(A) Amino-acid sequence and predicted secondary structure of the Myb/SANT-
like domain of TACS1.  The positions of the alpha helices were determined as 
previously described (Marian et al., 2003) and are shown as cylinders above the 
sequences.  (B) Multiple sequence alignments of selected SANT and single Myb-
like domains of TACS1-related proteins (from ClustalW, 
http://www2.ebi.ac.uk/clustalw, Thompson et al, 1994).  The bold sequences 
(bracketed at bottom) indicate the region for isoelectric point (pI) calculations with 
Compute pI/MW (http://us.expasy.org/tools/pi_tool.html, Bjellqvist et al., 1993; 
Bjellqvist et al., 1994; Wilkins et al., 1998).  The known DNA-binding activity is 
indicated (DB; + for known DNA-binding, n.d. for not determined) along with the 
type of protein (TYPE).  The sequences used in this figure are listed under GENE 
and indicate species (Zm, Zea mays; Sb, Sorghum bicolor; Os, Oryza sativa; At, 
Arabidopsis thaliana; Hs, Homo sapiens) followed by the gene name or 
accession number. 
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Figure 13.  Homology modeling, tertiary structure, and electrostatic surface 
potential of the Myb/SANT domains of TACS1 and related proteins.  Ribbon 
models (Helices, yellow for solved structures, green for homology models) show 
the three helices (H1, H2, and H3) in the upper left panel for the SANT domain of 
ISWI (Grune et al., 2003).  Space-filling models showing the electrostatic surface 
potential are presented from two viewpoints for each model (Front, matching the 
ribbon model; Back, 180° rotation around the Y axis).  Residue charges are 
coded as red for acidic, blue for basic, and white for neutral by the Compute 
Surface Potential tool in the program DeepView/Swiss-PdbViewer.  Sequences 
used for threading are described in the legend of Figure 2.  A true SANT domain 
from ISWI (PDB 1OFC) and a true Myb domain (MYBR2, PDB 1GV5) are 
included for comparison.  (A) SANT or SANT-like acidic domains.  (B) Myb or 
Myb-like basic domains. 
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CHAPTER 3 

 

BIOCHEMICAL SCREENING OF EXPRESSION LIBRARIES TO IDENTIFY 

MAIZE TELOMERIC PROTEINS 

 

 

Introduction 

 

In order to better understand the plant telomere function we have taken a 

molecular approach to identify and characterize genes encoding proteins that 

bind telomere DNA using two different experimental strategies.  The first strategy 

employed sequence homology cloning to find plant homologs of the human TRF 

genes and the second strategy employed a biochemical affinity screen.  

The first strategy represents the majority of overall efforts and resulted in 

the identification of two new gene families and at least seven new genes (Marian 

et al., 2003; Marian and Bass, 2005).  Some of the genes we found using the first 

approach encode proteins that bind telomere repeat DNA in vitro (IBP-type, 

SMH-type) while other (TACS-type) may not bind DNA at all.  The second 

strategy was employed as a pilot study to determine if a telomere DNA ligand-

binding library screen could identify additional telomeres binding proteins that 

may exist but lack the telobox motif.  This biochemical screen for plant telomeric 

proteins independent of prior sequence knowledge represents an alternative 

approach to the overall goal of identifying maize telomeric complex proteins.  

Several other proteins that do not posses a telobox motif have been found in 

mammals and fungi, and the identification of possible plant homologs for these 

non-Myb proteins will be important for developing a complete picture of the 

molecular composition of maize telomeric complex.  Furthermore, the 

identification of non-TRF-like telomere DNA-binding proteins in maize would 

have important implications for comparisons of plant, animal, and fungal 

telomeres at both the structural and functional levels.  



 56 

 

Materials and Methods 

 

We have obtained high quality maize cDNA libraries, including some 

made from young tissues where telomerase or telomere-binding protein genes 

might be actively expressed.  Library 11, (gift of Dr. J. Gardiner, Univ. of Arizona) 

was made from young tassel tissue mRNA specifically harvested at stages that 

include meiotic and pre-meiotic cells.  The Lambda Ziplox version of this library 

was used to screen IPTG-induced plaques using the ligand-binding screen first 

described by Singh et al. (1988).  

The Lambda Ziplox library was plated with E. coli Y1090 on top agar and 

incubated at 37˚C for ~5 hours on 150 mm Petri plates at 1.5X105 plaque 

formation units (pfu) per plate.  The plates were then overlaid with nitrocellulose 

filters (Schleicher and Schuell, Keene, NH) which had been presoaked in 10 mM 

IPTG and dried, and incubated for 6 hours at 37˚C.  Plates were cooled at 4˚C for 

25 minutes before lifting the filters.  The filters were then blocked with 5% nonfat 

dry milk, 50 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 20 

mg/ml boiled calf thymus DNA for 2 h at room temperature with gentle shaking.  

The filters were washed twice with TNE-50 (10 mM Tris-HCl pH 7.5, 50 mM 

NaCl, 1 mM EDTA and 1 mM DTT), incubated with the 32P-labeled probe in TNE-

50 with 10 mg/ml poly(dI-dC) (Roche, Indianapolis, IN) for 1 h at room 

temperature, washed four times with TNE-50, air-dried for 30 min at RT and 

exposed to film with an intensifying screen at -80˚C. 

Several different 32P end-labeled oligonucleotide telomere probes were 

used for each screen, including single-stranded telomere repeats (Table 5).  As 

controls, duplicate filters were incubated and lifted from the same plates, then 

incubated with the mutant telomere sequences to reduce the number of false 

positives we might expect to result for cDNAs encoding non-specific nucleic acid-

binding activity.  
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Table 5.  Synthetic oligonucleotides used as probes for expression library 
screening. 

Oligonucleotide Sequence Strand* 

LP_4R 5’- GGATACTTTAGGGTTTAGGGTTTAGGGTTTAGGGCGAGTC -3’ 

3’- CCTATGAAATCCCAAATCCCAAATCCCAAATCCCGCTCAG -5’ 
ds 

LP_4R_G 5’- GGATACTTTAGGGTTTAGGGTTTAGGGTTTAGGGCGAGTC -3’ ss 
LP_4R_C 5’- GACTCGCCCTAAACCCTAAACCCTAAACCCTAAAGTATCC -3’ ss 
LP_4R_Gm 5’- GGATACCACAACGTTCACAGAGGAATCTTTGTACCGAGTC -3’ ss 
LP_4R_Cm 5’- GACTCGGTACAAAGATTCCTCTGTGAACGTTGTGGTATCC -3’ ss 

*ds – double-stranded; ss – single-stranded 

 

 

Results and Discussion 

 

This screen is based upon a bacteriophage expression library and thereby 

allows rapid screening of millions of cDNAs in order to isolate those that express 

telomere DNA-binding activity.  We expected to pick up some of the clones 

previously isolated, because they have been shown to possess sequence 

specific telomere DNA binding activity when expressed in E. coli.  These 

previously identified genes can be eliminated by cross-hybridization with IBP, 

SMH or TACS-specific sequences.   

 The number of phage screened on primary lifts was 1.35X106 for each 

probe (LP_4R, LP_4R_G and LP_4R_C).  The number of putative positives for 

which plate plugs were collected was 43 for LP_4R probe, 41 for LP_4R_G 

probe and 26 for LP_4R_C probe.  Eventually, the results of this screening 

proved to be inconclusive as the putative telomere-binding activity was not 

reproduced or increased in successive rounds of plaque purifications.  Several 

clones were taken through a third round of purification but even these failed to 

show the expected increase in relative titer of positive plaques.  A phage clone 

with the Smh1 cDNA in the right frame may allow for refinement and optimization 

of expression library lift and filter binding conditions. 

The small number of publications (Kawagoe and Murai, 1996; Martin et 

al., 1999) reporting use of biochemical screens to isolate plant DNA-binding 

proteins stems from the inherent limitations associated with this approach.  At 
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least two features of the expression library screening might be responsible for the 

outcome of this experiment. First, the expression of a functional protein without 

complex eukaryote-specific folding for binding is required.  Second, the binding 

affinity has to be very high and the proteins have to be monomers or homo-

multimers. 

Further optimization of the current protocol might lead to the discovery of 

some unique plant telomere-binding proteins. If these proteins have indeed some 

unknown (yet) domains, this approach will prove to be a valuable tool for the 

study of telomeric proteins in plants. 
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CHAPTER 4 

 

IMMUNOCHEMICAL ANALYSIS OF SMH AND TACS PROTEINS 

 

 

Introduction 

 

Over the last decade several publications have described in vitro telomere 

DNA-binding activity of plant proteins (Yu et al., 2000; Chen et al., 2001; Hwang 

et al., 2001), yet none of these proteins have been localized within cells or nuclei.  

Identifying the sub-cellular localization of presumed telomeric proteins is an 

important experimental approach for testing hypothesis regarding their possible 

function.  Telomeric proteins found in animal systems, such as TRF1, TRF2, and 

POT1 have been localized to the telomeres using antibodies or GFP-fused 

constructs (Smogorzewska et al., 2000; Baumann et al., 2002).  In contrast to 

animal systems, fluorescence immunocytochemistry in plants is often 

complicated by the presence of endogenous fluorescent pigments such as 

chlorophyll, carotenoids, and other secondary plant products, especially in green 

tissues.  

A significant number of maize proteins have been localized to the nucleus 

using indirect immunofluorescence microscopy.  For example, visualization of 

RAD51 recombination protein within meiotic nuclei was performed using a three-

dimensional immunofluorescence protocol that maintains native chromosome 

structure (Franklin et al., 1999).  In addition, CENH3, a highly conserved protein 

that replaces histone H3 in centromeres was shown by immunostatining 

techniques to co-localizes with kinetochore proteins in meiotic cell nuclei (Dawe 

et al., 1999; Zhong et al., 2002).  Other examples of nuclear-localized proteins in 

maize include Hsp101 (Nieto-Sotelo et al., 2002), the Opaque-2 transcription 

factor (Varagona et al., 1991), 14-3-3 proteins (Bihn et al., 1997), Rab17 protein 

(Goday et al., 1994), and Histone Deacetylase 2 (HD2), a phosphoprotein that 

might regulate ribosomal chromatin structure and function (Lusser et al., 1997). 
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SMH and TACS were described as novel classes of proteins with 

telomeric and perhaps chromatin-remodelling functions (Marian et al., 2003; 

Marian and Bass, 2005).  Given the importance of immunolocalization studies for 

putative telomeric proteins function, we performed a series of experiments to 

determine the precise sub-cellular and chromosomal localization of these 

proteins.  

 

Materials and Methods 

 

Plant Material 

 

Two types of slides were prepared for immunostaining, male meiocytes 

and flow-sorted mitotic root tip chromosomes.  For the meiocytes, maize cultivar 

Tom Thumb (Johnny’s Selected Seeds, Albion, ME) was grown in the 

greenhouse and immature tassels were harvested before emergence.  Anthers 

0.5-2 mm long containing meiocytes were harvested and fixed for 45 min in 4% 

formaldehyde-containing Buffer A (15mM Pipes, pH7, 80mM KCl, 20mM NaCl, 

2mM EDTA, 0.5 mM EGTA, 0.2mM spermine, 0.5 mM spermidine, 1mM DTT 

and 0.32 M sorbitol) as described by Bass et al. (1997).  After fixation, the 

anthers were washed by agitation at room temperature four times for 10 minutes 

with Buffer A and then stored at 4˚C.  For the mitotic chromosomes, slides with 

attached flow sorted maize metaphase chromosomes were obtained from Dr. 

Arumugunathan (Univ. of Nebraska).  

 

Antibody Production 

 

The synthetic peptides used for antibody production or purification were 

obtained from the B.A.S.S. lab (Florida State University) or Genemed Synthesis 

(San Francisco, CA).  Rabbit polyclonal antibodies were produced by Genemed 

Synthesis using the synthetic peptides listed in Table 6 as antigens.  
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Table 6.  Antibodies used for immunochemical studies 

Antibody In-house 

name 

Peptide sequence against 

which the antibody was raised 

Amino 

acids 

number 

Peptide sequence for 

antibody purification 

Epitope position 

Sp1SMH P5-57 CMGAPKQRWTPEEEAALKA

GVAKHGPGKWRTILRDSDFS

ALLRLRSNVDLKDKWRNL 

1-56 CRSNVDLKDKWRNL Entire Myb domain 

Sp2SMH P5-sp9 MGAPKQRWTC 1-9 MGAPKQRWTC First helix of the Myb 

domain 

Sp1TACS Y13-sp1 DNNAEAFTGRTP 397-409 DNNAEAFTGRTP Between second and 

third helix of the SANT 

domain 

Sp2TACS Y13-sp2 CADLHSIVEDPLPAAKA 248-265 CADLHSIVEDPLPAA

KA 

N-terminus of protein 

Sp3TACS RBOM2 KLAYPGVFEERST 396-409 KLAYPGVFEERST Between second and 

third helix of the SANT 

domain 

 

The antibodies were then purified using cyanogen bromide (CNBr) affinity 

columns (Harlow and Lane, 1999).  The CnBr beads (1ml beads/5-10mg protein) 

were activated by incubation with cold 1mM HCl three times for ten minutes, 

gently washed with deionized water and re-suspended in BSB buffer (100 mM 

Boric acid, 25 mM Sodium borate, 75 mM NaCl, pH8.2). The beads were coated 

with the peptide of interest by incubation overnight at 4˚C.  After several washes 

with BSB buffer, the non-reactive CnBr sites were blocked using 10 ml 0.2 M 

glycine and rotated at 4˚C overnight.  Acidic (100mM sodium acetate, 500mM 

NaCl, pH 4.0) and basic (BSB) washes were alternated three times, followed by 

the addition of 2ml of polyclonal antiserum and incubation overnight with rotation 

at 4˚C.  The mixture was then transferred to a syringe column and the effluent 

sera allowed to drain.  Three washes of 10 ml BSB buffer were followed by 

incubations with 250 ml 0.2 M glycine sulphate to elute the bound antibody and 

the eluate fractions were collected and dialyzed against BSB for six hours at 4˚C.  
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The fractions were then analyzed by SDS-PAGE for elution efficiency and 

pooled.  

 

Western Blot Analysis 

 

Maize seed from several genotypes (B73+, Mo17+, A344+, CM37+ from 

H.W. Bass stock, FSU) were planted in pots and different tissues including 

leaves, shoot and root meristems were excised 12-20 days after planting, frozen 

in liquid nitrogen, and stored at -80˚C. 

Total plant proteins were extracted using a buffer containing 2% SDS, 

50mM Tris-HCl (pH8), 100mM DTT, 1mM EDTA-NaOH and 1mM PMSF.  Frozen 

plant tissues were ground in liquid nitrogen, incubated in the extraction buffer, 

and centrifuged at 4˚C and 20,000xg for 1h.  The supernatant was collected and 

concentrated using Centricon tubes with 10kDa MW cutoff (Milipore Corporation, 

Bedford, MA).  After separation by 15% SDS-PAGE, the proteins were 

transferred to nitrocellulose membranes (BioRad, Herkules, CA).  Filters were 

blocked by incubation with 4% nonfat dry milk in 1xTBST buffer followed by 

incubation with the primary antibody overnight at 4˚C.  Incubation with the 

secondary anti-rabbit antibody conjugated with horseradish peroxidase (Jackson 

Immunoresearch, West Grove, PA) was performed for two hours at room 

temperature and the bands were visualized using chemiluminescence ECL 

reagents (Amersham Pharmacia Biotech).   

 

Immunofluorescence 

 

The conditions for 3D immunofluorescence of whole nuclei were optimized 

using an anti-CENH3 antibody as a positive control (gift of R. Kelly Dawe, Univ. 

of Georgia).  Meiocytes were extruded carefully from fixed anthers and 

embedded in 5% polyacryamide pads between the slide and a coverslip using 

3M Magic Tape as spacers, using a modified 3D polyacrylamide FISH technique 

(Bass et al., 1997).  The pads were washed twice with 1X PBS then 
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permeabilized for 1 hour in 1x PBS, 1% Triton X-100, and 1mM EDTA-NaOH 

(Franklin et al., 1999).  Samples were blocked for 2 hours in 1X PBS, 1mM 

EDTA, 0,1% Tween, 3% BSA and 5% normal goat serum (NGS).  Incubation with 

the primary antibodies was performed overnight at 4˚C in a humid chamber then 

washed five times (1h each) with 1x PBST and 0.2 mg/ml NGS.  The incubation 

with the fluorescein isothiocyanate-conjugated goat anti-rabbit secondary 

antibody (1:2000 dilution, Jackson Immunoresearch, West Grove, PA) was 

performed overnight at 4˚C and the washing process repeated the next day.  

After staining with DAPI (3mg/ml in 1x PBS), the samples were washed twice for 

ten minutes with 1xPBS, mounted in Vectashield and sealed with clear nail 

polish. 

 

Microscopy 

 

All images were collected using an Olympus IMT-2 wide-field microscope 

and an oil-immersed lens (60X NA 1.4 PlanApo, Olympus) with 1.5X 

magnification.  The optical data was recorded using a cooled 12-bit CCD camera. 

The raw data was subjected to 3-D iterative deconvolutions (Delta Vision, 

Applied Precision, Issaquah, WA).  Through-focus projections were made using 

the maximum intensity option. 

 

Results and Discussion 

 

Polyclonal antibodies were raised in rabbits against the synthetic peptides 

indicated in Table 6.  To verify if the antibodies specifically recognize maize 

SMH1 and TACS1, protein gel blots were prepared from different maize tissues.  

The purified Sp1SMH antibody raised against the entire SMH1 Myb-like domain 

detected a single band of approximately 36 kD in leaf tissues (Figure 7, Chapter 

1).  This band size corresponds with the expected size of the SMH1 endogenous 

protein (32.5 kD).  
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In order to test the hypothesis that SMH1 accumulates at the telomeres 

we designed an experiment that would test for the presence of the protein, 

predicted to be observed by immunofluorescence as dots at the end of 

chromosomes.  We examined at least ten slides for each antibody and between 

10-12 chromosomes were inspected and photographed for each slide. On the 

flow sorted metaphase chromosomes, the signal was very weak, and no clear 

pattern of telomere localization was observed (Fig 14).  Several chromosomes 

showed centromere and telomere signals (arrows on Figure 14), but when 

present, the signal was usually spread across the chromosomes.  The same 

pattern was observed when using maize meiocytes, in addition to a relatively 

high background level.  The other SMH1 antibody, Sp2MYB had a lower affinity 

in the western blots and did not yield a significant signal on chromosomes or 

nuclei. 

The antibodies designed to identify TACS1 did not show bands of the 

expected size (45 kDa) on western blots.  Instead, bands of smaller size (28 kDa 

and 35 kDa) were observed consistently after purification of all antibodies.  Three 

different anti-TACS antibodies were also tested for nuclear localization.  As a 

positive control, we used an antibody against maize CENH3, a highly conserved 

nuclear-localized chromatin protein that replaces histone H3 in centromeric 

nucleosomes (Zhong et al., 2002).  This positive control showed clear nuclear 

localization of the protein, indicating that the staining procedure was compatible 

with detection of nuclear proteins in these formaldehyde-fixed cells.  In contrast, 

none of the anti-TACS antibodies gave any obvious or reproducible staining 

patterns that would be interpreted as localization data.  Two immunofluorescent 

nuclei stained with anti-TACS antibodies are illustrated as a typical example in 

Figure 15.  

Several possible explanations for the failure to identify a clear telomere 

localization pattern for SMH1 have been considered.  The protein may be 

present at extremely low levels in plant tissues and our immunochemistry 

techniques might be not sensitive enough to pick up this signal.  Moreover, the 

choice of tissue is important, and from the western blot data appears that the 
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highest expression of SMH1 is in the mature leaf.  Our attempts to use leaf 

tissues for immunolocalization were unsucessful, mostly because of the 

accessibility of the antibody to the nucleus and the high levels of 

autofluorescense existent (even in etiolated leaves).  Interesting enough, the 

centromeric signal observed in several chromosomes (Figure 14) is very similar 

to the immunostaining results with TRF2 in which signals were observed at 

mitotic centromeres of hamster cell lines, attributed to TRF2 binding to internal 

telomere repeats (Smogorzewska et al., 2000).  It is known that maize 

chromosomes also possess these internal telomere repeats (Tremousaygue et 

al., 1999), therefore a real signal within the central region of the chromosome 

cannot be excluded in the case of a real telomere-binding protein.  Alternatively, 

SMH proteins may localize to centromeres via interactions with centromeric DNA 

or proteins. 

The anti-TACS antibodies were designed against various regions of the 

protein, trying to target regions that are easily accessible and conserved.  The 

expression pattern of Tacs1 prompted the use of concentrated protein extracts 

from the meristem-enriched tissues of the root tip and apical shoots.  Western 

blots analysis revealed bands of much smaller size (28 kDa and 35 kDa) than 

expected for the full-length protein.  Because we cannot exclude the possibility 

that the smaller bands were derived from the TACS1 protein, we proceeded to 

attempt some immunolocalization experiments.  One of the first problems we 

encountered was related to the accessibility of the antibody to the nucleus.  

Using a special permeabilization step we eliminated this hindrance as shown by 

the control CENH3 experiments (Figure 15, panel A).  

The failure to detect a consistent signal for TACS1 in the nucleus could 

also have several possible explanations.  First, the antibodies we used may not 

be designed against optimal regions of the protein to facilitate immunolocalization 

studies.  Second, even if these antibodies would be suitable for this purpose, the 

small amount of protein present in the nuclei might prevent the visualization 

using fluorescent microscopy.  
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Figure 14.  Maize metaphase chromosomes immunostaining for SMH1 protein. 
A) Negative control without primary antibody incubation B) Incubation with the 
purified Sp1SMH antibody (1:100 dilution). Through-focus projections of 
individual chromosomes are shown for each wavelength (DAPI, FITC and 
Combined). 
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Figure 15.  Maize nuclei immunostaining with a TACS1 antibody. A) Positive 
control with the CENH3 antibody (1:2000 dilution) B) Incubation with the purified 
Sp1TACS antibody (1:100 dilution). Through-focus projections of individual nuclei 
are shown for each wavelength (DAPI, FITC and Combined). 
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CONCLUSION 

 

 

The overall objective of this research project was to understand the 

function and structure of telomeres in higher plants during meiosis, using maize 

(Zea mays L.) as a model system.  The specific objective of this dissertation was 

to identify genes encoding maize telomeric complex proteins, especially those 

that encode telomere DNA-binding activity.  Telomere DNA-binding proteins 

recruit other proteins and thereby form the foundation of the telomeric complex. 

The telomeres are complex nucleoprotein structures that are known to be 

involved in various processes that include genome stability, capacity of cell 

proliferation and meiotic chromosome segregation.  Because the first step in 

understanding plant telomere biology is to define the molecular composition of 

these structures, the specific goal of this project was to decipher the protein 

composition of maize telomeres.  These studies have uncovered previously 

unknown genes encoding telomere-binding proteins and thereby open up new 

avenues of research for understanding maize telomeres and meiosis. 

The first research strategy, namely the isolation and characterization of 

genes encoding telobox proteins, resulted in the discovery of two new gene 

families that appear to be conserved amongst plant species.  The so-called 

telobox is a protein domain that is structurally similar to single Myb DNA binding 

domains but binds specifically to telomere DNA.  We used a consensus telobox 

protein motif to screen for homologous cDNAs in maize.  From multiple in silico 

and cDNA library DNA-hybridization screens, we identified maize cDNAs that 

could be grouped into three different homology classes on the basis of their 

primary and secondary protein structure.  They all had a single Myb-like domain 

with sequence similarity to human TRF1 and TRF2.  The predicted maize 

proteins contained the LKDKW sequence in the third helix of the Myb-like DNA-

binding domain.  This sequence (LKDKW) is highly conserved at the DNA level 

allowing for cross-hybridization at moderate stringency, but not allowing cross-
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hybridization with other single Myb-like or two repeat Myb cDNAs, which are 

abundant in the maize genome (Dias et al., 2003).  The three classes of maize 

proteins we obtained from these screens are summarized in Table 1. 

The IBP (Initiator Binding Protein) genes of maize belong to the TRFL-1 

group and were already characterized as encoding promoter-binding activity 

(Lugert and Werr, 1994).  Several other research groups are working with this 

class of proteins, and they all demonstrate that these genes, whether from rice, 

Arabidopsis or tobacco encode DNA-binding activity in vitro but without any 

evidence of in vivo activity.  The maize IBP proteins are predicted therefore to 

exhibit double-strand telomere repeats DNA-binding activity, but this hypothesis 

remains untested.  Our research focused on characterization of one 

representative member from the previously uncharacterized SMH-like group 

(Smh1) and TRF-like group (Tacs1).  

 The Smh genes encode proteins with a N- terminal Myb-like DNA-binding 

domain, a central histone H1 globular domain and a coiled-coil domain that 

indicates with high probability formation of dimers.  This unique triple domain 

structure was found only in angiosperms within the plant kingdom, being absent 

in animals, yeast, fungi or the alga C. reinhardtii.  Subsequent publications from 

other labs focused on homologs of this class of genes in Arabidopsis, one 

publication even suggesting that SMH proteins might serve as functional 

homologs of TRF proteins in plants (Kuchar and Fajkus, 2004).  An intriguing 

observation related to this idea is the localization of SMH1 to centromeric regions 

on maize chromosomes (Fig 14) and the interstitial localization of TRF2 in 

hamster cell lines (Smogorzewska et al., 2000).  These observations further 

support the possibility that we have indeed discovered the homologs or at least 

the functional analogs of TRF proteins in plants via the telobox-screen approach. 

The Tacs genes encode proteins with SANT domains at the -C terminus, 

involved most likely in chromatin remodeling complexes (Marian and Bass, 

2005).  The SANT domains are very similar to Myb-like DNA-binding domains in 

terms of amino acid sequence and secondary structure.  To better resolve the 

differences between SANT and Myb-like domains we implemented a 



 70 

computational method for distinguishing SANT domains from DNA-binding Myb 

domains.  Considering the large number of mistaken annotations present in the 

databases, this may be of general value for research on proteins encoding these 

motifs. 

The discoveries of these two novel classes of genes, Single Myb Histone 

(Smh) and Terminal Acidic SANT (Tacs) were published in two primary papers 

(Marian et al, 2003 and Marian and Bass, 2005).  As part of this work, we have 

submitted five full-length Smh cDNA sequences (AY271659, AY280629, 

AY280631, AY280630, AY280632), one full-length Tacs cDNA sequence 

(AY738116) and five genomic sequences (AY328854, AY328855, AY818403, 

AY818404, AY818405) to the NCBI DNA sequence database 

(http://www.ncbi.nlm.nih.gov/Genbank/index.html).  In addition, the Smh1, Smh2 

and Tacs1 genes were mapped and placed on the IBM linkage map.  The Smh 

gene family information has been also incorporated in the Plant Chromatin 

Database (www.chromdb.org) and in the gene family pages of the Arabidopsis 

Information Resource (www.arabidopsis.org). 

The second research strategy was to employ a biochemical screen of 

cDNA libraries to identify clones encoding telomere DNA-binding proteins.  This 

type of screening avoids some of the pitfalls associated with homology cloning, 

and may allow the discovery of telomere DNA-binding proteins with unknown 

domains.  However, this strategy is difficult to implement due to the requirement 

for high affinity interaction as well as the presence of the proteins in the right 

conformation for binding.  Our results proved inconclusive in this respect. 

Compared to the wealth of information regarding yeast and mammalian 

telomeres, the understanding of telomeres in higher plants is still rudimentary.  

Recent studies are making an effort to decipher some of the aspects of plant 

telomere biology and the telomeric proteins play an important role in fulfilling this 

objective.  This work resulted in the publication of two founding papers on the 

first maize telomere DNA-binding proteins described at molecular level.  Further 

studies are required in order to completely understand the protein composition of 
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plant telomeres, but our research shed some light on the telomere functions 

associated with some of these proteins.  
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