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ABSTRACT

The maize (Zea mays L) initiator-binding protein2 (IBP2) gene is known to encode a
protein, IBP2, with promoter-binding activity. IBP2 also resembles telomere DNA-binding
proteins from other plant species. Therefore, we investigated whether the IBP2 protein, a
presumed transcription factor, may actually have telomere DNA-binding activity. Using
Electrophoretic Mobility Shift Assay (EMSA) we found that a C-terminal sublcone of the IBP2
protein, rIBP2 Myb-Q, binds telomeric repeat DNA in vitro. We also found that rIBP2 Myb-Q
binds strongly to double stranded telomere repeat sequences with three or four tandem repeats,
but only weakly to sequences with two tandem repeats. Furthermore, we found no evidence of
binding with a single repeat (5’ TTTAGGG 3’) sequence. We also found that single point
changes in (T1:A and G6:T) in the three-repeat sequence diminished, but did not entirely
abolish, binding activity. Additionally, we found that the rIBP2 Myb-Q did bind weakly to the
initiator sequence of the Shrunken1 promoter. From these experiments, we conclude that IBP2
is likely to have telomeric functions in vivo, and possibly play a role in both gene transcription
and telomere functions.
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CHAPTER 1

INTRODUCTION

Telom eres
Telomeres comprise the ends of linear chromosomes in eukaryotic organisms (Blackburn, 1984). Their
role in genome maintenance in mammals is revealed in cases where misregulation of telomere length
contributes to genome instability, cancer, heart disease, and infertility (Serrano et al., 2004). Telomeres
are now understood to be composed of species-specific non-coding tandem DNA repeat sequences
(Bryan and Cech, 1999; Price, 1999; McEachern et al., 2000; Shore, 2001), and a complex of proteins
with telomeric functions (de Lange, 2005). Telomeres consist of tandem repeat sequences of 5’
TTAGGG 3’ in humans and 5’ TTTAGGG 3’ in most plant species and are synthesized in vivo by a
reverse transcriptase called telomerase (Greider and Blackburn, 1985). After the initial synthesis, the
repeat sequences are maintained by several mechanisms including DNA replication, recombination,
and extension of the G-rich 3’ overhang strand by telomerase (Hartl and Jones, 1998). The
conservation of many telomere functions across eukaryotes is indicative of their ancient origin and
essential functions (Blackburn et al, 2006).
Telom eric Proteins
Telomeres were initially defined cytologically, in fruit flies, as the ends of linear chromosomes (Muller
1938), and their functions were first characterized in maize (McClintock 1941). More recently,
telomeres have been defined biochemically as a complex of telomeric repeat DNA and specific
associated proteins (de Lange, 2005). In the human cell, telomeric DNA is protected and maintained by
a group of six telomere-associated proteins collectively referred to as the Shelterin complex (de Lange,
2005). Among the Shelterin protein subunits are human Telomere Repeat binding Factors 1 and 2
(hTRF1 and hTRF2, respectively), conserved double stranded telomere DNA-binding proteins. The
Myb-like domains of the TRF1 and TRF2 are diagnostic of this class of telomere proteins and are
widely conserved across species in animals, plants and fungi. Identification of plant counterparts of
human and yeast telomeric proteins allow for biochemical, genetic, and evolutionary comparisons. A
current model summarizing the interactions between telomeric DNA and its associated proteins in both
plants and animals is shown in Figure 1.
Homologous telomeric proteins from other eukaryotes include the Rap1 protein found in budding
yeast (Saccharomyces cerevisiae) which binds ds telomeric DNA and regulates gene expression at
1

telomeric and other loci (Lustig et al, 1990). In higher plants, the molecular picture of the telomeric
complex is just beginning to be described yet indications are that similar telomeric complexes likely
exist in plants (Bilaud et al, 1996, Schrumpfova et al, 2008, Bass, 2000).
Maize has been a model genetic system with a rich history in contributing towards our understanding
of telomeric biology and other conserved genetic processes (McClintock et al., 1941). Transposable
elements were first discovered in maize and fruit flies (McClintock et al 1950, Lewis 1950) and the large
size of maize tissues, especially those from the seeds and male flowers, have made it a convenient
organism on which to conduct cytological, biochemical, and genetic experiments.
Our laboratory has pioneered 3D-FISH analysis of telomeres in maize (Bass et al., 2003, Bass et al.,
2000) and has been active in the identification of possible TRF homologs in this model system (Marian
et al., 2003, Marian and Bass, 2005). The work proposed here builds on this effort and focuses on the
molecular and biochemical functions of another maize TRF-like protein family represented by IBP2. The
maize genome encodes two IBP proteins, IBP1 and IBP2. These duplicate genes are very similar and
nearly identical in the C-terminal region used for these studies.

Thesis Plan
The primary goal of this project is to characterize the telomere DNA binding properties of maize IBP2,
which shares similarities to the TRF2 protein in humans and the rice telomere DNA-binding protein
RTBP1 (Yu et al, 2000). This study is designed to test the hypothesis that IBP2 has telomere DNAspecific binding activity. If evidence is found in support of this hypothesis, this will help to define the
telomeric complex proteins in this model eukaryote. The specific aims of this project are:

1. Produce E. coli-expressed rIBP2 Myb-Q (AA 579-684 of IBP2) for in vitro DNA-binding
assays.
2. Determine if rIBP2 Myb-Q binds ds telomere repeat DNA in vitro by Electrophoretic Gel
Mobility Shift Assay (EMSA).
3. Examine, by EMSA, the sequence specificity of rIBP2 Myb-Q using repeat copy number and
point mutation variants of the wild-type telomere repeat DNA probe.
4. Examine the binding affinity of rIBP2 Myb-Q for the initiator sequence by EMSA.
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CHAPTER 2

MATERIALS AND METHODS

Expression of Recom binant P rotein
A presumed full-length cDNA clone of maize IBP2 was obtained from a collaborator (Olga
Danilevskaya, Pioneer Hi-Bred Inc.). The full-length insert sequence was obtained by successive
primer walking on both strands, and the resultant cDNA sequence was submitted to Genbank
(accession no. GU080214 ). Three subclone constructs were produced by PCR. The full-length
construct was produced by use of PCR primers corresponding to amino acid positions 1 and 684 of the
IBP2 protein shown in Figure 4. Similarly, the Myb-Q region was produced using primers corresponding
to amino acid locations 579 and 684, while the Myb only region corresponded to the primers at
positions 579 and 636. The PCR products were size-verified by agarose gel and TA-TOPO cloned in
PCR II-TOPO. The plasmid DNA was then digested with Eco RI and HindIII to produce asymmetric ss
overhang regions. They were then subcloned again into the pProEx-Hta expression vector, which had
also been double digested with Eco RI and HindIII thus producing in-frame fusion proteins with an Nterminal Histidine tag. The resulting expression clones in pProEX HTa (IBP2FL,pProEX,
IBP2MybQ,pProEX, IBP2Myb,pProEX) were then transformed into the BL21 bacterial competent cell
line and grown in LB media containing .16 mg/ml ampicillin, at 370C for 6 hours.
Expression of the recombinant protein was achieved by growing the culture in 500ml LB with .16 mg/ml
ampicillin at 370C. When the culture reached an OD of 0.5, IPTG was added from a 1M stock to a final
concentration of 1 mM. The cultures were then grown for an additional 3 hours in a 37 0 C shaker at 190
RPM. Cells were then collected by centrifugation at 40C at 10,000 RPM in a Sorvall F14-250 rotor in
polypropylene centrifuge bottles and lysed in 40 mL lysis buffer (50mM Tris [pH8], 100mM PMSF,
Fisher Biotech, 0.1 mg/mL aprotinin Sigma Aldrich Inc., 0.1mg/mL lysozyme, Sigma Aldrich Inc.). The
resultant crude extract was dialyzed against TNE buffer (20 mM Tris HCL pH 7.5, 100mM NaCl, 1.0
mM EDTA-NaOH [pH 8.0], and 20% v/v glycerol) for 48 hours at -100C using 10kD MWCO Micropore
Floatalyzers. Extracts were tested for the presence of protein by analysis of Coomassie-stained
polyacrylamide gel.

W estern Blot Analysis
The presence of recombinant IBP2 with a histidine tag was confirmed by western-blot analysis. Protein
extracts were separated by electrophoresis (Bio-Rad Mini PROTEAN 3 Cell) using a 10%
3

polyacrylamide gel at 80V for 30 minutes. Protein extracts were transferred to PVDF membrane (Bio
Trace, Life Sciences, Pall) by electrophoresis for 1 hour at 100 V at a temperature of -200C.
Membranes were blocked by incubation at room temperature in 1% BSA blocking solution (136 mM
NaCl, 1.5 mM KH2PO4 , 8.3 mM Na2HP04, 2.7 mM KCl, 0.05% [v/v] Tween 20, 0.01% Sodium Azide
[v/v]) for 1 hour. Membranes were then incubated with primary antibody solution (1:1000 dilution of
mouse anti-histidine antibody, Jackson Immunoresearch, in blocking solution) for two hours, then
secondary antibody solution (1:5000 dilution of goat anti-mouse Alkaline Phosphatase, Jackson
Immunoresearch, in blocking solution) for 1 hour at room temperature. The immune complexes were
then detected using Alkaline Phosphatase-based BCIP staining solution (Sigma Fast BCIP/NBT).

Electrophoretic Mob ility Shift Assay (EMSA)
Initial EMSA reactions employed oligonucleotides consisting of four, three, two and one copy of the
telomere sequence, TTTAGGG. Annealing reactions for the forward strand oligonucleotide,MT-4xWTF-809F, and the reverse complimentary, MT-4x-WTF-809R , were carried out at room temperature
for 1 hour and radiolabled by Klenow fill-in reaction using 32P-dCTP according to methods by Sambrook
and Russell (2001). The three, two, and one copy sequences, as well as the complimentary Initiator
sequences, IBP-INIT-F and IBP-INIT-R, were annealed and radiolabed following identical procedures.
For competition EMSA reactions, non radiolabled MT-3x-G6T-809F and the reverse complimentary MT3x-G6T-809R were annealed 1 hour at room temperature according to methods by Sambrook and
Russell (2001). Other non-radioactive competitor oligos, MT-3x-T1A-809F, the complimentary MT-3xT1A-809R and BRS21-809F and the complimentary BRS21-809R were annealed in identical reactions.
The sequence of oligonucleotides are given in Table 1.
The EMSA bandshift assays were carried out essentially as described by Marian et al. (2003): A 20µL
reaction contained DNA protein binding buffer (10mM Tris-HCl, pH 8, 1 mM EDTA-NaOH [8.0], 1mM
dithothreitol, 50 mM NaCl, and 5% [v/v] glycerol), 6µg of poly d(I-C)(Roche), 5 nmol 32P-labled probe,
and crude dialyzed bacterial protein extract. This reaction was constructed room temperature and
allowed to sit for 10 minutes. The samples were then loaded onto an 8% (w/v) polyacrylamide gel was
then pre-run for 30 min. at 80V, the samples loaded and then separated by electrophoresis at 300 V for
1.5 hours in 0.5X TBE buffer (45 mM Tris-base, 45 mM boric acid, and 1 mM EDTA-NaOH [8.0], ph 8).
The labled probes were then visualized by exposure to x-ray film for 12hours at -800 C.
Nitrocellulose Filter Binding Assays
Nitrocellulose filters were incubated at -200 overnight in a 3mL solution of protein binding buffer as
described for EMSA reactions and 1mL dialyzed crude protein extract. To remove unbound proteins,
4

filters were then given three washes, 20 minutes each, in 4mL binding buffer at room temperature on a
shaker. Filters were then probed with 1 µmol 32P radiolabled oligonucleotides at room temperature for
10 minutes, rinsed in 4mL binding buffer for 1 hour to remove unbound probe, and visualized by
exposure to x-ray film for 12 hours at -800C.
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CHAPTER 3

RESULTS

Prior studies in other laboratories resulted in the identification of several proteins in plants with
telomeric DNA binding properties. RTBP1 in rice, and AtTRP1 in Arabidopsis were both identified as
having ds telomere repeat DNa binding activity in vitro via their Myb-like domains (Yu et al 2000, Chen
et al 2001). The IBP proteins also have this Myb-like domain (Lugert and Werr, 1994) and in silico
studies revealed structural similarity between it and RTBP1 and AtTRP1 (Marian et al, 2003). These
findings prompted us to investigate the possibility that Maize IBP has telomeric DNA binding activity.
A full-length IBP2 cDNA clone was obtained (Olga Danelevskaya, Pioneer Hi-bred)( Figure 2A). We
determined the full-length insert sequence as shown in Figure 2B. The cDNA is 2626 bp long, with a
single large open reading frame. This clone (Genbank accession no. GU080214) reveals a 5’ UTR
mRNA of 345 bp, and a 3’ UTR mRNA of 195 bp. The sequence is nearly identical to IBP2 sequences
of maize and very similar to the sequence of IBP1(Genbank accession no. X79085), a duplicate
unlinked gene. The predicted protein sequence for IBP2 is shown in Figure 3A. The Myb-like domain is
bolded and the region subcloned for binding assays (IBP2 Myb-Q) is underlined. The open reading
frame predicts a protein of 684 amino acids with a molecular weight of 74.7kD. An amino acid
sequence comparison between IBP2 and IBP1 reveals 100% identity between the two proteins in the
C-terminal region (579-667) that corresponds to the Myb domain and the predicted 4th alpha helix in the
Q-rich region. The Myb-Q domain (579-684) shared between the two proteins is 97.25 identical while
the identity between the two full-length sequences is 88.6% as summarized in Figure 3B.
Solution structure and NMR data on AtTRP1 suggested that a fourth alpha helix just C-terminal to the
Myb domain was necessary for binding (Sue et al, 2005). Three recombinant proteins were produced
as His-tagged fusion proteins in the pProEX HTa expression vector. They were rIBP2 FL (full length 1684), rIBP2 Myb-Q (579-684) and rIBP2 Myb (579-636). Of these, three we expected the rIBP2 Myb-Q
to be the most useful, and proceeded to confirm its expression for subsequent analysis. A diagram of
the IBP2 and SMH1 proteins is shown in Figure 4.

Expression of Recom binant Protein
A Coomassie-stained SDS PAGE gel was used to examine overall protein yields from IPTG-deprived
and IPTG-induced cultures (Fig 5A). Lanes 1 and 6 contain 5µL protein marker (EZ Run BP 3601-500,
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Fisher Scientific). Lanes 2-5 represent 0.5, 1, 2, and 4µL of IPTG deprived dialyzed crude protein
extract. Lanes 7-10 represent identical amounts of dialyzed crude protein extract with an IPTG
induction to a final concentration of 1M at an O.D. of 0.5. The IPTG induced lanes are characterized by
having slightly less total protein than the IPTG deprived extract.
Western blot analysis was used to verify the presence of recombinant proteins by detection of their
Histidine tags, as shown in Figure 5B. For both rSMH1 and rIBP2 Myb-Q, introduction of IPTG induced
accumulation of the expected size Histidine-tagged recombinant protein (arrows, lanes 3 and 5, Figure
5B).These results indicated a successful induction of rIBP2 Myb-Q, even though the levels were not
high enough to observe in Coomassie-stained whole protein gels.

Telom ere Binding A ctivity
Having confirmed successful cloning and expression of rIBP2 Myb-Q, the extracts were tested by
Electrophoretic Mobility Shift Assay (EMSA). Extracts induced to express rIBP2 Myb-Q showed a
specific bandshift product that increased in intensity along with increasing amounts of extract added to
the binding reaction, as shown in Figure 6. In the case of both rSMH1(a postive control) and rIBP2
Myb-Q, bandshift activities are indicated by impeded migration of the probe through the gel. Detection
of bands of different sizes (arrows, lane 7 versus 8) suggests that the protein may bind in more than
one confirmation, such as monomeric, at lower concentrations, and dimeric at higher concentrations.
These results indicate that rIBP2 Myb-Q has telomere DNA binding activity, confirming the central
prediction of this study that maize IBP2 is a telomeric protein.
In order to further characterize the binding properties of rIBP2 Myb-Q, similar EMSA experiments were
performed using DNA probes that were identical except for the copy number of tandem repeats as
shown in Figure 7. Probes with 3 or 4 repeats showed strong binding to rIBP2 Myb-Q, whereas the tworepeat probe showed limited but detectable bandshift. We did not observe any binding with the onerepeat oligonucleotide. Taken together, these results indicate that a 3-repeat probe would be good
substrate for further analysis.
To determine binding sequence specificity for IBP2, we next carried out competition experiments using
unlabled excess wild-type and mutant oligonucleotides as competitiors. The rIBP2 Myb-Q extracts were
added to binding reactions with 0.8 pmol radiolabled MT-3x-WTF-809 probe and cold competitor
probes in 1,3 or 10 fold molar excess. Figure 8 (panel A) shows a comparison between the MT-3xWTF-809 probe and the MT-3x-G6T-809 and MT-3x-T1A point mutation non-radioactive competitors.
Lanes 3 and 4 (Figure 8A) show a decrease in visible bandshift product as increasing amounts of nonradioactive MT-3x-WTB-809 probe is added to the binding reaction. In lanes 6, 7, and 8 (Figure 8A)
rIBP2 Myb-Q extract displays limited affinity for the MT-3x-G6T-809 non-radioactive mutant probe when
7

loaded in 1, 3, and 10-fold excess. In lanes 10, 11, and 12 (Figure 8A), rIBP2 Myb-Q displays slightly
higher binding affinity for the MT-3x-T1A-809 mutant compared to the G6T mutant in otherwise identical
reactions, indicated by its ability to better compete for binding.
Figure 8(panel B) shows a bandshift gel in which the first four lanes are identical to those in panel A,
but lanes 7-9 and 11-13 show competition with randomly scrambled sequence oligonucleotide. Lanes
7-9 and lanes 11-13 represent 1, 3, and 10-fold excess of random scrambled sequence, BRS-21-809,
competitor against 0.8pmol radiolabled MT-3x-WTF-809 probe per lane. Little to no change in binding
activity is noted, thus indicating rIBP2 Myb-Q has little to no affinity for the scrambled sequence under
these binding conditions.
The binding affinity of rIBP2 Myb-Q for Initiator sequence (IBP-INIT-F/R, Table 1) was tested in two
ways, by EMSA and by a nitrocellulose filter-binding assay, both shown in Figure 9. Extracts with
IPTG-induced rIBP2 Myb-Q expression showed a bandshift product that increased slightly in intensity
as increasing amounts of extract were included in the binding reaction, (Figure 9a, lanes 5-8). In each
experiment, the bandshift product noted was faint when compared to those using telomere probes in an
otherwise identical reaction. Similarly, Figure 9b shows weak binding of Initiator sequence by rIBP2
Myb-Q in a nitrocellulose filter-binding assay. In all cases, however, the bandshift product was more
pronounced than comparable reactions that used extracts from uninduced cultures as seen in Figure
9a, lanes 1-4. Together, these results indicate that our rIBP2 Myb-Q has telomere DNA binding activity
and a relatively weak affinity for the initiator sequence as well as the telomere point mutations G6T and
T1A.
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CHAPTER 4

DISCUSSION

rIBP2 Myb-Q Binds Telom eric DNA
Studies by Marian et al (2003) predicted telomere DNA binding activity for the IBP class of proteins
based on the Myb-domain homology and sequence similarity to rice RTBP1. Indeed, we have now
demonstrated that rIBP2 Myb-Q displays notable in vitro binding activity for dsDNA probes consisting
of 3 or more copies of the maize telomere repeat (TTTAGGG) sequence. The His-tagged fusion protein
rIBP2 Myb-Q includes amino acid resdues 579-684 from the full-length IBP2 protein. This region
includes the three alpha helices of the Myb-like domain plus the fourth alpha helix shown to make
specific DNA contacts in the tobacco homolog NgTRF1 (Ko et al, 2008). The full-length and Myb-only
constructs were predicted to lack binding activity, but this was not directly tested in this study.

rIBP2 Myb-Q Displays Stronger Affinity for Telom eric DNA than Initiator Sequence
Gelshift assays as well as binding assays with nitrocellulose filters confirmed findings by Lugert and
Werr (1994) that IBP2 has some affinity for the Initiator sequence of the Shrunken1 gene of maize. In
both of our assays, however, the binding affinity of rIBP2 Myb-Q was scarcely greater than that using
extract from uninduced (IPTG-) cultures. A similarly weak binding was observed using a two-repeat
telomere DNA probe. The initiator binding was too weak for use in competition experiments, thus
limiting any direct comparisons of rIBP2 Myb-Q for telomere versus initiator sequences. Nevertheless,
we provide clear evidence that of all of the probes tested, rIBP2 Myb-Q binds most strongly to telomere
repeat DNA that have at least 3 tandem repeats. If this differential binding activity holds true for native
IBP2 in vivo, then we would predict that the protein would be preferentially concentrated at native
telomeres in the plant cell.

rIBP2 Myb-Q M ay Bind as a D im er
Gelshift assays (Figures 6 and 7) display a multi-banded pattern suggestive of a multimeric binding
scheme. The idea that IBP2 may bind as a dimer is consistent with its similarity to the TRF class of
proteins that display similar behavior. The TRF1 protein in humans has been shown to bind as both a
monomer and a dimer with a strong preference for the latter configuration (Bianchi et al, 1999).

9

rIBP2 Myb-Q M ay Have Dual Functions in M aize
IBP2 was originally identified in a ligand-binding assay as part of a plaque-lift expression cDNA library
screen using the initiator sequence in the Shrunken1 promoter as the probe/ligand. This suggests some
yet undetermined role in starch synthesis. This notion is consistent with the fact that IBP mRNA is
upregulated in the cell-elongating region of the maize root (Kling et al, 1997). However, it is somewhat
surprising to note that IBP mRNA is also upregulated in the abortive floral organs, an observation that
remains puzzling with regard to Shrunken1 or telomeric functions (Kling et al, 1997). Unlike the SMH1
protein, rIBP2 Myb-Q displays some limited tolerance for mutations in the target sequence and may,
like the RAP1 protein in yeast, serve dual functions by playing a role at telomeres and some gene
promoters. In addition, given the similarity between the highly similar duplicate genes IBP1 and IBP2,
we expect that our findings regarding the C-terminal portion of IBP2 would also hold true for IBP1 (see
sequence identity table in 3B). Lastly, it should be noted that these findings are confined to in vitro
conditions. Further studies, such as immunolocalization of the protein in vivo, would add valuable
information to the speculations regarding its function.

10

Table 1: Oligonucleotides used in EMSA and Nitrocellulose Filter Binding Assays.
In the naming of these oligonucleotides, “MT Nx” indicates Maize Telomere repeat probe with variable
numbers (1x, 2x, 3x, or 4x) of tandemly repeated TTTAGGG. The “WTF” denotes Wild-Type for radiolabeling by Fill-in reaction. The “F” and “R” indicates the Forward and Reverse strands, respectively.
The G6T and T1A refer to point mutations in which G at position 6 is changed to a T and T at position 1
is changed to an A, respectively, with compensatory changes made in the reverse strand sequences.
The “BRS” indicates Blunt Random Scrambled sequence in which 21 bases were randomized using the
base composition of maize telomere DNA. The “INIT” denotes the Initiator sequence of the Shrunken1
promoter of maize.
Name

Sequence

MT-4xWTF-809F
MT-4xWTF-809R

5' AGCGGGATAC(TTTAGGG)(4)CGAGTC 3'
5' AGTGGACTCG(CCCTAAA)(4)AGTATCC3'

MT-3xWTF-809F
MT-3xWTF-809R

5' AGCGGGATAC(TTTAGGG)(3)CGAGTC 3'
5' AGTGGACTCG(CCCTAAA)(3)AGTATCC3'

MT-2xWTF-809F
MT-2xWTF-809R

5' AGCGGGATAC(TTTAGGG)(2)CGAGTC 3'
5' AGTGGACTCG(CCCTAAA)(2)AGTATCC3'

MT-1xWTF-809F
MT-1xWTF-809R

5' AGCGGGATAC(TTTAGGG)CGAGTC 3'
5' AGTGGACTCG(CCCTAAA)AGTATCC3'

MT-3xG6TB-809F 5' AGCGGGATAC(TTTAGTG)(3)CGAGTC 3'
MT-3xG6TB-809R 5' AGTGGACTCG(CACTAAA)(3)AGTATCC3'
MT-3xT1AB-809F 5' AGCGGGATAC(ATTAGGG)(3)CGAGTC 3'
MT-3xT1AB-809R 5' AGTGGACTCG(CCCTAAT)(3)AGTATCC3'
BRS21-809F

5' ACGGGGATACTGGATGTCGAGATATGGATTTCGAGTCCACT 3'

BRS21-809R

5' AGTGGACTCGAAATCCATATCTCGACATCCAGTATCCCGCT 3'

IBP-INIT-F

5' TATTTATTGGTCCCTCTCCCGTCCCAGAGAAACCCTCCCTCCC 3'

IBP-INIT-R

5' AGGAGGGAGGGAGGGTTTCTCTGGGACGGGAGAGGG 3'
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Figure1: Model of the telomere and proteins in humans and plants.
(A) G-rich upper strand is shown in red with 3’ overhang region. (B) 3’ overhang region is protected
from degradation by formation of T-loop structure. (C) T-loop structure in humans is maintained by the
Shelterin protein complex. (D) A summary of Shelterin proteins with their putative plant homologs.
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CACCTCCACC
AGCAAGACGA
GCGAGGCGGC
AGTAACCCTC
TCGCGGAGAT
CGCGACGGTG
GTGAAGAAGG
TCCAGCGGGC
GGGTTGTAAT
CCAGCAGGAT
GCGAGATGCC
CGATAAGTCC
AGTAAGTACA
ATACACGACA
AAACACGAAG
GATTGCCATG
TCGAGGCAGT
TATTGGTCAG
GAAACCATTG
CATTAGCAAT
TCCAGTTCCA
TCTGTTGCTG
GTACCTATGT
CGACCGGGTC
TAAATTCGAT
ATATATTAGG
AAAAAAAAAA

ACCAGAAGAA
GGAGGAAGAG
GATCCGAGGG
CTGTAAACTT
GCCGCGCGTT
GCAGGGAAGC
AGCAGTGTGA
GGTGAATAAT
TTTGGTGTGA
TTCATAAGAA
ATTGTATGGC
TCTGGGTGCA
GGAAAGTTGC
GAGGACACAA
AAGGTTACCG
TGAAACTTAA
GACTGCGATT
GAGGATATGC
ATACTGCTGA
GAACTACCAG
GCTGCAGATC
AAGTAGAAGC
TGATCTTAAG
CTGGCGGCCC
GATCCTGGCT
AAAAAAAAGA
AAAAAAAAAA

AAAACCAAGG
GGAGCACCCA
CGATCGGAGG
GAAGCAACCG
CCCAAGTCTG
TGCTTGATGA
CGAGGAAATG
GCTCGGAATG
TTGCAGATAG
TGCACCCGAA
GATAAAGTTC
CTCATCCCAG
TCCAGCGAGG
AGGAGTACAT
GAAGAGACTC
AATTAAGTCT
CTCGGAGGTG
TGGACAACCT
ACCCCTCGCA
GGCAGTGATC
CCAATGCAGG
ACTTGTGCTC
GACAAATGGA
AGGCCTACTG
GATGGCCTCC
ATACACATAT
AAAAAA

CGGAGGGCGG
GAGGTAGGGG
CGGGCGGGCG
AAGCGGAGAG
CGAGGGGCAA
GGGGGTGGGC
AAGCAGTTCA
AGGATCCTAA
GTGGTCGCCT
ATGTATAATT
ACCGCTCAAC
CACCACCACT
GTTTACAAAT
TCAAGCGTAG
CCATGCTGTG
TTTAAGGTGC
GTCTACGTGT
TGGCTTTTCA
AGGATTGCAC
ATGATTCTGT
AGCTATAGTT
GCAGTCGAAA
AGACGCTGGT
GTCCCAGCAG
TCCGAGGCCG
AAGGTACAAG

AGAGGAGAGC
AGGGGGAATA
TAGACGCCGG
CAGAAATGGT
GAGATCGGTC
TCGCTGGGGA
AGCATGAGGT
GGCGAAGTCT
GAATCCGTGG
TGCTTGATTC
CTCCTTACCA
AACAAGGATT
CTGATCTTTC
GAAGCTCTTT
TCTTTGGAAG
CTGAACTTCT
TGGTGTTCTT
CTTGAACCCA
CTGCTGACTC
GCACTCCCCT
CCAGCGAATA
AGCTTGGAAC
GCACACCGCG
CAAGCCAAGC
TTGCAGCCTT
AAGCATTGAC

AAGGAGGGTG
ATTCCGCAGG
CGAGATTTGT
GTTCCAAAAG
AGGAAGAAGG
ACATGAGCGC
GACAGATCAG
GAGGCCCAGG
AATCAGGAGC
AATGGATGTG
AGGGTCTCGA
TCAGGTCCAA
CTATAGTGAT
GATCGCCATT
CAAACAAGGG
TGTTGAAATC
CACCATGGAA
ACTGTACACA
GTCTTCTAAG
GGGGGCGTCT
AGTCTAAGAG
CGGAAGGTGG
AGCATCTCGC
TCCAGCCTAA
TGTATAAAGT
CGATTTGTTG

AAGGGGGAAA
GGCTGAGGGA
GTTGGTGACA
AGGTCCTCGT
AGGCCCAGAA
TGGTGCCCCA
GATAGCTGCA
ACAAGGAATC
CTTCACAGGA
GATGTCAAGC
AGGGAGTGGG
TTGTACAGCT
GTTGATCGGA
CAGTTCTAGC
GACTAGTTCA
CCAGAAAGTG
AGAAAGTTAG
AAACCCACAA
CATGGTGAAG
CATCGCCCGA
GTCACCAGAG
CGAGATGTTA
CGCAGCAGCG
GACGCCCCCG
CAGTAAGTCA
TAATATCTAC

AGGGTAATAA
TCTCGGCGAG
AGCCATGAAC
CAGAGTTGGA
CCCGCCCCAG
GCTTTGACTG
ATGAGAGTGC
CTCCATGATC
GATGCAGTGG
CTCCTCCTTT
GTTTTTTGCT
GAGTATAGTA
AGCCTTCTTT
ATCTGAATTT
ACGCCATTCC
CAACTGTTGG
AGATGATAAT
GTCCAAGCTC
TTGACCTATC
TAAAGTCTCC
CAGGGGCAAC
AACTTCGCGC
GCGCGGCGAG
CTGCTGGCTG
GTCAGTCCCT
TCACCAACAG

AAATAAAAGA
TCCGGCCGCG
AGCGCAACCA
GGCGTCCGGT
ATGTCAGCAT
CATGCGCGAA
AATTCTCCCG
AGCTGTACCA
CGAGCCTGAT
GGTCAGCTCT
GTAGATAGAG
GGGTAAGGAA
CCGGAACAAA
GGTACCGCAC
AGAAATCTCG
CTCACTAAAG
AAAACGTTGA
CTGAAGATAT
ACAGGAGTTT
ACAAACTCGC
GCAGAATCAG
GTTTGACAAT
CCGGTGCCTC
AGGCTCGCTT
TCACAGGAGG
ATATTCTTTA

A(32)

GGAGAGGAGA
GAGCAGCGCA
CCAGTTGTTA
GGAGGCCAAG
TCGACCTTCT
GGATGTCCGT
CACATTGTGT
AGGCTGAACT
GCCACCTGCC
GACAGCACCG
ATGATGACGA
GTTGCTCACC
AAAATGCATT
ATGGAAAGGG
TGGGTCAAAT
AAAACTGTTC
TTCAGGCTGG
CAGTTTCCTG
GCATTAACCC
GAGCTTTAGT
GCGCCCGTTC
GCGAAGCACC
AGGAGCTGCT
GCTCACCTAA
TTTAAGGAAG
AGCCAAAAAA

Figure 2: Full-length cDNA sequence of IPB2.
(A) Diagram of IBP2 mRNA deduced from the full-length cDNA sequence (GenBank Accession no.
GU080214). The locations of the 5' untranslated region (5' UTR), the 3' untranslated region (3' UTR),
and the largest open reading frame (ORF) are indicated. (B) The full-length cDNA sequence showing
the start codon (underlined ATG) and stop codon (underlined TAA).
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A

1 MVFQKRSSSE LEASGGGQVA EMPRVPKSAR GKRSVRKKEA QNPPQMSAFD
51 LLATVAGKLL DEGVGSLGNM SAGAPALTAC AKDVRVKKEQ CDEEMKQFKH
101 EVTDQDSCNE SAILPHIVFQ RAVNNARNED PKAKSEAQDK ESSMISCTKA
151 ELGCNFGVIA DRWSPESVES GAFTGDAVAS LMPPAPAGFH KNAPEMYNLL
201 DSMDVDVKPP PLVSSDSTGE MPLYGDKVHR STSLPRVSKG VGFFAVDRDD
251 DDDKSSGCTH PSTTTNKDFR SNCTAEYSRV RKLLTSKYRK VAPARVYKSD
301 LSYSDVDRKP SFRNKKMHYT RQRTQRSTFK RRKLFDRHSV LASEFGTAHG
351 KGNTKKVTGR DSHAVSLEAN KGTSSTPFQK SRGSNDCHVK LKIKSFKVPE
401 LLVEIPESAT VGSLKKTVLE AVTAILGGGL RVGVLHHGKK VRDDNKTLIQ
451 AGIGQEDMLD NLGFSLEPNC TQNPQVQAPE DISFLETIDT AEPLARIAPA
501 DSSSKHGEVD LSQEFALTPL AMNYQGSDHD SVHSPGGVSS PDKVSTNSRA
551 LVPVPAADPN AGAIVPANKS KRSPEQGQRR IRRPFSVAEV EALVLAVEKL
601 GTGRWRDVKL RAFDNAKHRT YVDLKDKWKT LVHTASISPQ QRRGEPVPQE
651 LLDRVLAAQA YWSQQQAKLQ PKTPPLLAEA RLLT*

B

Full-length
(aa 1-684)

Myb-Q
(aa 579-684)

Myb + !-helix 4
(aa 579-667)

!!"#$%$

&'"()$%$

*++$%$

Figure 3: Predicted protein sequence of IBP2.
(A) The full-length IBP2 protein sequence predicted from the cDNA (GenBank Acc. no. GU080214) is
shown and the Myb-like domain is indicated in bold. The region subcloned for bandshift assays,
termed "IBP2 Myb-Q" (underlined) corresponds to amino acids 579-684. (B) Protein sequence identity
between IBP1 (GenBank Acc. no. X79085) and IBP2 is shown for the full-length proteins and the
selected subregions indicated using the IBP2 amino acid numbers.
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A

B

SMH

IBP/ RTBP1/ TRFL
IBP2, 74.7 kD

SMH1, 36 kD

#$%" &'&" &()"

!"
N

C

N

C

H1

H2

H3

H4

B
IBP2

RPFSVAEVEALVLAVEKLGTGRWRDVKLRAF.....DNAKHRTYVDLKDKWKTLVH

TRF1

QAWLWEEDKNLRSGVRKYGEGNWSKILLHYK.....FN..NRTSVMLKDRWRTMKK

TAZ

RKWTDEEENELYEMISQHGCCWSKIIHIQ...KLENGPLKTFGPTQIKDKARLIKA

TBF1

RTWSKEEEEALVEGLKEVGPSWSKILDLYGPGGKITENLKNRTQVQLKDKARNWKL

Figure 4: Schematic diagram of the proteins used in this study.
(A) The SMH1 protein with Myb DNA binding domain indicated in black (Marian et al, 2003). (B) The
IBP protein class contains the Myb DNA binding motif with a C-terminal Glutamine/Q-rich extension
(red). (C) Protein sequence alignments are shown for the Myb-like domains of IBP2 and three nonplant telomere DNA-binding proteins, TRF1 from human, Taz1 from fission yeast, and TBF1 from
budding yeast.
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Protein extract input: 0.5, 1, 2, 4µL

Figure 5: Induction of rIBP2 Myb-Q.
(A) Comparative protein abundance from uninduced (IPTG-) and induced (IPTG+) cultures. The
amounts of extract added are indicated below the gel. (B) Detection of recombinant proteins by
Western Blot. Extracts from uninduced (lanes 2, 4) and IPTG-induced (lanes 3, 5) were separated by
SDS PAGE and subjected to immunoblot detection with anti-His antibodies. The rSMH1 (lane 3,
positive control) and rIBP2 Myb-Q (lane 5) bands are indicated (arrows).
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rSMH1
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#"
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rIBP2 Myb-Q
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Protein extract input: 2, 4, 6, 8 µL

Figure 6: DNA binding activity.
Triangles represent increasing amounts of dialyzed crude protein extract added to otherwise identical
binding reactions. The 32P-radiolabled ds probe, MT-3x-WTF-809, migrates as a bandshift product
(arrows) or as free probe (lower band). Bandshifts with 5 nmol radiolabled telomere probe were
incubated with increasing amounts of rSMH1-containing extract (lanes 1-4) as a positive control or with
increasing amounts of rIBP2 Myb-Q-containing extracts (lanes 6-9). Lane 5 has no sample. Amounts
of extract added are indicated at the bottom, and the position of detected bandshift products are
denoted by arrows.
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rIBP2 Myb-Q extract input: 0, 3, 6µL

Figure 7: Determining the minimum telomere repeat number for EMSA.
rIBP2 Myb-Q-containing protein extract was incubated with 0.8 pmol 32P-radiolabeled telomere probe
per lane. Lanes 1, 2, and 3 contain 0, 3, and 6µL rIBP2 Myb-Q incubated with radiolabled 4 repeat
probe (MT-4x-WTF-809). Lanes 4-6 represent the 3 repeat probe (MT-3x-WTF-809) in otherwise
identical reactions. Lanes 7-9 and lanes 10-12 correspond to binding reactions using the 2 repeat probe
(MT-2x-WTF-809) and the single repeat probe (MT-1x-WTF 809), respectively. The positions of the
most conspicuous bandhsift products are indicated by arrows. Free probe is evident as the bottom
band in each lane.
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Figure 8: rIBP2 Myb-Q binding specificity assay.
The rIBP2 Myb-Q-containing extract (9µL) was incubated with 0.8 pmol 32P-labeled WT probe plus
nonradioactive competitor probe in 1, 3, and 10 fold molar excess amounts. Lanes 1 contains no competitor.
Lanes 3 and 4 contain non-radioactive WT probe in 1 and 10 fold excess. (A) Lanes 6, 7, and 8 contain 1,
3, and10 fold molar excess, respectively, of non-radioactive Maize G6T mutant telomere sequence (see
Table 1). Lanes 10, 11, and 12 contain 0.8 pmol radiolabled WT probe with 1, 3, and 10 fold excess,
respectively, of nonradioactive Maize T1A mutant telomere sequence. (B) Lanes 1, 3, and 4 have the same
reactions as those from panel A. Lanes 7, 8, and 9 (and 11, 12, and 13) contain 1, 3, and 10 fold excess,
respectively, of non-radioactive blunt random scrambled sequences (BRS-21, Table 1). Only the bandshift
regions are shown in panels A and B. The unbound free probe is not shown.
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Protein input: 0, 3, 6, 13µL

Figure 9: rIBP2 Myb-Q binding affinity for initiator sequence.
(A) EMSA experiments with extracts from uninduced (Lanes 1-4) or IPTG-induced (lanes 6-9) cultures
using 0.8 pmol 32P-labeled initiator sequence (see Table 1). Relatively weak bandshift products are
indicated by the bracket. The free probe is seen as the large band at the bottom of the gel. The amount
of extracts added is indicated under the gel. (B) Nitrocellulose filters probed with radioactive Initiator
probe. Autogradiographs of filters incubated with uninduced (IPTG-) or induced (IPTG+) extracts are
shown.
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