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ABSTRACT Extensive mutagenesis via massive recoding of retrotransposon Ty1 produced a synthetic codon-optimized retrotransposon
(CO-Ty1). CO-Ty1 is defective for retrotransposition, suggesting a sequence capable of down-regulating retrotransposition. We
mapped this sequence to a critical �20-bp region within CO-Ty1 reverse transcriptase (RT) and confirmed that it reduced Ty1 trans-
position, protein, and RNA levels. Repression was not Ty1 specific; when introduced immediately downstream of the green fluorescent
protein (GFP) stop codon, GFP expression was similarly reduced. Rap1p mediated this down-regulation, as shown by mutagenesis and
chromatin immunoprecipitation. A regular threefold drop is observed in different contexts, suggesting utility for synthetic circuits. A
large reduction of RNAP II occupancy on the CO-Ty1 construct was observed 39 to the identified Rap1p site and a novel 39 truncated
RNA species was observed. We propose a novel mechanism of transcriptional regulation by Rap1p whereby it serves as a transcriptional
roadblock when bound to transcription unit sequences.

SACCHAROMYCES cerevisiae Ty1 is the best-characterized
and most abundant of five retrotransposon families pres-

ent in the genome. Ty1 shares many similarities with retro-
viruses, such as HIV-1 and makes similar use of an RNA
intermediate in its propagation. Unsurprisingly, this Ty1
RNA intermediate is essential for Ty1 retrotransposition.
Not only does this “mRNA” code for the GAG and POL pro-
teins required for retrotransposition, but it also serves a crit-
ical function as the genetic material for replication. Both Ty1
mRNA and its cDNA product contain cis-acting nucleotide
determinants required for retrotransposition.

Mutagenesis of Ty1 and screening for cis-acting nucleo-
tide determinants has been previously performed with
various strategies, including in-frame linker insertion muta-
genesis (Braiterman et al. 1994; Devine and Boeke 1994;

Monokian et al. 1994), analysis of synthetic Ty1 DNA frag-
ments to determine minimal requirements for the integra-
tion reaction (Eichinger and Boeke 1990; Braiterman et al.
1994; Devine and Boeke 1994; Sharon et al. 1994), deletion
analysis and PCR-mediated mutagenesis of mini-Ty1 ele-
ments (Xu and Boeke 1990; Bolton et al. 2005), and
comparative sequence analysis followed by targeted muta-
genesis and/or generation of complementary mutations in
RNA stem regions (Chapman et al. 1992; Heyman et al.
1995; Lauermann et al. 1995; Friant et al. 1998; Cristofari
et al. 2002; Bolton et al. 2005). These studies provided
insights into mechanisms underlying Ty1 retrotransposition
and revealed several cis-acting sequences, including the
Meti-tRNA:primer binding site (PBS) interaction (Chapman
et al. 1992; Friant et al. 1998), LTRs (Eichinger and Boeke
1990; Braiterman et al. 1994; Devine and Boeke 1994;
Sharon et al. 1994), polypurine tracts (PPTs) (Heyman
et al. 1995; Lauermann et al. 1995), the GAG-POL frameshift
region (Belcourt and Farabaugh 1990; Lawler et al. 2001),
CYC5 and CYC3 (Cristofari et al. 2002), and an extensive 59
RNA structure required for efficient initiation of reverse
transcription (Bolton et al. 2005). Additional cis-sequences
may remain undiscovered in Ty1. To discover these requires
mutagenesis on a much larger scale. This motivated the
present study, which in the end led in a different direction.
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A near-comprehensive method of coding region mutagen-
esis is based on gene synthesis. Typically, synthetic genes
encode the same product as the gene of interest; extensively
recoding affects expression and/or base composition. This
technique has been used with great success (Han and Boeke
2004; Neves et al. 2004; Tian et al. 2004; Patterson et al.
2005), often producing codon-optimized (CO) genes capable
of elevated expression or expression in nonhost organisms.
Furthermore, this strategy has also been utilized on other
retroelements, such as HIV-1, to optimize expression and to
remove negative cis-acting sequence elements such as the Rev
response element (Kotsopoulou et al. 2000; Nguyen et al.
2004). Despite these successes, synthetic biology’s use of si-
lent mutations also has the potential to introduce negative cis-
acting sequence elements and to generate synthetic genes
with reduced expression and/or decreased RNA stability
(Kim and Lee 2006; Kudla et al. 2009; Welch et al. 2009).

In this study, we designed a synthetic element on the basis
of Ty1-H3 with GeneDesign (Richardson et al. 2006) to
recode Ty1-H3 with codons optimized for Saccharomyces cer-
evisiae expression, introducing 1209 base changes. The result-
ing synthetic codon-optimized Ty1 (CO-Ty1) was defective
for Ty1 transposition and had reduced Ty1 protein and full-
length RNA levels even though the known Ty1 cis-sequences
had not been altered, suggesting identification of a novel cis-
acting sequence capable of regulating Ty1 expression. Map-
ping and testing of this cis-acting sequence, however, revealed
that the defect was the consequence of an inhibitory sequence
in CO-Ty1 in the form of a Rap1p binding site.

Rap1p (Repressor Activator Protein) is a multifunctional
protein with the binding site consensus ACACCCRYACAYM
(Lieb et al. 2001) with transcriptionally opposing roles in the
activation of transcription at promoters of ribosomal and
glycolytic genes (Woudt et al. 1987; Tornow and Santangelo
1990) as well as in transcriptional silencing through the re-
cruitment of silencing factors to the HM loci and telomeres
(Shore and Nasmyth 1987; Buchman et al. 1988; Kyrion
et al. 1992). The latter activity has been attributed to the
nonessential Rap1-S domain, which is separate from the
DNA binding domain (Sussel and Shore 1991; Kyrion
et al. 1992). We describe here a new role for Rap1p in
controlling expression via its ability to bind Rap1p sites in-
side transcription units (TUs) and thereby block and/or ter-
minate transcriptional elongation. As Rap1p has been shown
to ChIP within several TUs (Lieb et al. 2001), this finding
may reveal a previously unexplored level of expression reg-
ulation and/or sequence constraints available within TUs.

Materials and Methods

Strains and media

All yeast strains used in this study, unless specified other-
wise, were in the genetic background of GRF167 (JB740;
MATa his3D200 leu2D1 ura3-167). Saccharomyces Genome
Deletion strains BY4742 and BY4743 were used for analysis

of rrp6D and rap1 variants, respectively. Media were pre-
pared as described (Sherman et al. 1987).

Gene synthesis and plasmid construction

CO-Ty1 design was performed with GeneDesign (Richardson
et al. 2006); construction of CO-Ty1 has been described
(Yarrington 2009).

Gal-Ty1-mhis3AI plasmids pRY022, pRY091, and all chi-
meric CO-Ty1 variants were described previously (Curcio
and Garfinkel 1991; Yarrington 2009). GFP expression vec-
tors used the GFP reporter cassette from pFA6a-kanMX6-
Gal1-GFP (Longtine et al. 1998) subcloned into pRS416
(Sikorski and Hieter 1989) via the EcoRI and SalI sites of
the multicloning site. GFP70WT and GFP70CO, as well as all
mutants and deletions, were constructed by subcloning the
appropriate hybridized oligos with AscI nucleotide over-
hangs into the AscI site immediately downstream of the
GFP stop codon.

Primers and oligos

All primer and oligo sequences are available in Supporting
Information, Table S3, Table S4, and Table S5.

RNA isolation

Yeast cells harboring the pGal-Ty1-mhis3AI and CO-Ty1 ele-
ments were grown in 5 ml 0.2% glucose at 30� overnight for
12–16 hr. The following day, yeast culture A600 was mea-
sured and 2 OD of culture was used to reinoculate a 10-ml
2% galactose culture at 0.2 A600 grown at 22� for 20–24 hr
to an A600 of �1.0. Total RNA was extracted by hot acid
phenol (Collart and Oliviero 2001), purified by RNeasy min-
ikit (Qiagen), and either fractionated on formaldehyde aga-
rose gels or reverse transcribed into cDNA (SuperScript III
First Strand Synthesis, Invitrogen) for quantitative real-time
PCR (Q-PCR) analysis.

RNA Northern blot analysis

For Northern quantification of Ty1-mhis3AI RNAs, 10 mg total
RNA was heat denatured in sample buffer (55% deionized
formamide, MOPS buffer, pH 7.0, 5% formaldehyde, 8 mM
EDTA, and 0.1% bromophenol blue) before electrophoresis
on 1% agarose gels containing MOPS buffer, pH 7.0 (40 mM
MOPS, 10 mM sodium acetate, and 1 mM EDTA) and 2%
formaldehyde. RNA was transferred by capillary action and
fixed by UV crosslinking to Gene Screen Plus filters as de-
scribed by the manufacturer (NEN Life Science Products,
Boston, MA). Membrane-bound RNAs were hybridized
with either a HIS3-specific (0.5-kb fragment of pECB4B) or
CO-Ty1–specific (0.1-kb fragment, 1 kb upstream of the
Rap1p site) probe. DNA probes were internally labeled and
purified over G25 Sephadex spin columns. Filters were ex-
posed to a Molecular Dynamics phosphoimager screen.

Q-PCR

Q-PCR was performed as previously described (Livak
and Schmittgen 2001). RNA levels were calculated by
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the 2(-DDC(T)) method, using actin as reference, and nor-
malized to the amount of native Ty1-H3 at the 0 min time
point.

Transposition assay

Transformants containing the URA3-marked Ty1 GAL-Ty1-
mhis3AI plasmid, pRY022, and synthetic variants were
patched onto SC2Ura with 2% glucose (Curcio and Garfinkel
1991). After 2 days at 30�, yeast patches were replica plated
to SC 2Ura medium with 2% galactose and incubated at 22�
for 2 days. After this period, plates were replica plated to YPD
and incubated at 30� for 1 day and then replica plated again
the following day to SC 2His for an additional day at 30�.
Transposition was recorded quantitatively by the ability of
patches to grow on SC 2His plates.

Immunoblot analysis

Yeast cells harboring the pGal-Ty1mhisAI and CO-Ty1 chimeric
elements were grown in 5 ml 0.2% glucose at 30� overnight for
�12–16 hr. The following day, yeast culture ODs were mea-
sured and 1 OD was used to reinoculate a 5-ml 2% galactose
culture at 0.2 A600 and grown at 22� for 20–24 hr. Yeast
cultures were then harvested and 2.5 A600 of cells were spun
down for immunoblot analysis.

Protein extraction of cells was performed by mild alkaline
treatment (Kushnirov 2000) by resuspending 2.5 A600 of cells
in 200 ml of 0.2 M NaOH for 10 min, centrifugation and re-
moval of supernatant, and boiling in 100 ml of SDS/PAGE
sample buffer for 10 min. Ten microliters of each extract was
run onto a 4–20% Tris-glycine polyacrylamide gel (Invitrogen).
Proteins were transferred onto 0.45 mm PVDF membranes
(Immunobilon-P from Millipore, Bedford, MA) in transfer
buffer (25 mM Tris base, 192 mM glycine, and 20% methanol)
at 30 V for 12–16 hr or 100 V for 2 hr. Membranes were
washed three times (10 min each) with blocking buffer
(Tris-buffered saline containing 1% nonfat milk and 0.1%
Tween 20) and incubated for 1 hr with a 1/1000 dilution
of Anti-IN 8B11 ascites to detect Ty1 integrase (IN) (Eichinger
and Boeke 1990). Membranes were washed as indicated
above and incubated for 1 hr with 1/2000 dilutions of ECL
antimouse (to detect IN). Immunoblots were washed again as
indicated above and visualized by ECL Plus chemifluorescence
(Amersham).

Flow cytometry

Flow cytometry on yeast was performed as previously
described (Starling et al. 2003). Briefly, yeast cells harboring
the GFP70WT and GFP70CO variants were grown in 5 ml
0.2% glucose at 30� overnight for 12–16 hr. The following
day, yeast culture A600 was measured and 1 OD was used to
inoculate a 5-ml 2% galactose culture at 0.2 A600 grown at
22� for 20–24 hr to an A600 of �1.0. Yeast culture A600 was
measured again, and 5 · 105 cells were added to 1 ml so-
lution of PBS and sorted on a BD LSR II (BD Biosciences)
FACS machine. GFP fluorescence was measured using the
fluorescein isothiocyanate (FITC) channel of the BD LSRII

and analyzed by the BD FaCSDIVA software package. Yeast
cells were gated such that an empty vector control plasmid
reported only 0.1% GFP+ cells.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed as pre-
viously described (Meluh and Broach 1999). Antibodies to yeast
Rap1p (Y-300, Santa Cruz) and RNAP II subunit Rpb3p (IY26,
Neoclone) were used for Rap1p and RNAP II IP, respectively.
Occupancy values and percent IP were calculated by dividing
the amount of PCR product (derived from the Ct value in the
best-fit regression real-time PCR standard curve for the specific
primer set) in the IP by the amount of the PCR product in the
total chromatin prep. IP values were normalized to a control
(i.e., GFP70WT for Rap1p ChIP) and enrichment of occupancy
or IP was calculated by dividing the experimental percent IP by
that of its specific control.

Circularized rapid amplification of cDNA ends analysis

Circularized rapid amplification of cDNA ends was per-
formed as previously described (Rissland and Norbury
2009). Briefly, the isolated total RNA was first dephosphory-
lated with antarctic phosphatase (NEB, M0289) according
to the manufacturer’s instruction. The reaction was then
purified by RNeasy Mini kit (Qiagen, 74104) and the 59
cap was removed using 2.5 units of tobacco acid pyrophos-
phatase (Epicentre Biotechnologies, T81050). The reaction
was incubated at 37� for 1 hr and then treated with another
round of cleanup using the RNeasy Mini kit. Three micro-
grams of the decapped product was ligated using T4 RNA
ligase (Epicentre Biotechnologies, LR5010) at 16� overnight
in a total reaction volume of 40 ml. A separate ligation re-
action was performed without the 59 decapping treatment as
a control. Ligation products were reverse transcribed with
SuperScript III First-Strand Synthesis system (Invitrogen,
18080-051) using the supplied random hexamers or a 20-
bp reverse primer (CTTAGAAGTAACCGAAGCAC) mapping
�100 bp after the 59 end of the Ty1 message. Five micro-
liters of the resulting cDNA was used for PCR (30 cycles, 1-
min extension) using the above reverse primer and a forward
primer (GTTTGGGTGGTATTGGTGACTCTAA) mapping
�400 bp upstream of the Rap1p site to amplify the circular-
ized product. The resulting amplicons were cloned into the
T-Easy vector (Promega, A1360) and sequenced.

Results

Construction of a synthetic codon-optimized
Ty1 element

The CO-Ty1 element was designed using the various
modules of GeneDesign (Richardson et al. 2006) and syn-
thesized using established methods (Stemmer et al. 1995).
The Codon Juggle module offers DNA sequence recoding
with a variety of constraints. For CO-Ty1 codon optimization,
we used the set of most favored codons in highly expressed
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genes in S. cerevisiae (Sharp et al. 1988). Because the 59 and
39 LTRs of Ty1 are essential for transposition (Eichinger and
Boeke 1990), the sequence used for codon optimization was
the coding sequence for GAG-POL, corresponding to the re-
gion spanning bases 294–5562 of the Ty1-H3 sequence. To
fuse GAG and POL into one ORF, C1596 (Belcourt and
Farabaugh 1990) was deleted prior to optimization and re-
stored afterward. Furthermore, as many cis-acting sequences
are already known to affect Ty1 retrotransposition, only
sequences outside these regions were recoded. The resulting
CO-Ty1 sequence is 77% identical to that of the native se-
quence. Further details of oligo design, PCR assembly, and
cloning have been described previously (Yarrington 2009).

CO-Ty1 is defective for both Ty1 transposition
and processed protein levels

To assay retrotransposition of CO-Ty1, the retrotransposi-
tion indicator/reporter mhis3AI (Curcio and Garfinkel 1991)
was inserted downstream of the GAG-POL stop codon and
the construct was subcloned behind the GAL1 promoter, cre-
ating pRY091, in which retrotransposition is measured by
formation of His+ colonies after exposure to galactose (Fig-
ure 1A). Retrotransposition assays revealed a significant de-
fect in CO-Ty1 retrotransposition relative to native Ty1-H3
(Figure 1B), suggesting sequence changes deleterious to Ty1
transposition. A quantitative assay revealed a 19.8-fold re-
duction in retrotransposition frequency (see Table S1).

To further characterize CO-Ty1, we examined Ty1 IN and
RT levels. Surprisingly, the synthetic CO-Ty1 displayed �3-fold
diminished levels of integrase protein (Figure 1C), in spite of
the fact that protein sequences were not altered; a similar re-
duction in RT was also observed (not shown). In both cases,
a reduction of �2.97-fold was observed (see Table S1).

CO-Ty1 is defective for GAG-POL expression

The IN and RT proteins are proteolytically processed from
a GAG-POL precursor protein. To determine whether the
effect was on the precursor protein or restricted to the
individual products of precursor processing, we introduced
an inactivating in-frame linker insertion into the Ty1 pro-
tease (Monokian et al. 1994) of the native and CO-Ty1 plas-
mids. Immunoblot analyses revealed that GAG-POL protein
levels of the CO-Ty1 were similarly reduced in full-length
precursor, as was processed IN (Figure 1D), consistent with
an overall deficit in CO-Ty1 gene expression.

CO-Ty1 has reduced Ty1 RNA

Diminished GAG-POL gene expression in CO-Ty1 presum-
ably results directly from a full-length mRNA deficit. Indeed,
RNA levels in CO-Ty1-mhis3AI displayed reduced full-length
Ty1 RNA levels (2.98-fold) relative to native Ty1 (Figure 1D
and Table S1).

To determine whether the reduced CO-Ty1 RNA levels
resulted from a defect in Ty1 transcription or in RNA
stability, we assessed Ty1 RNA levels after adding glucose
to shut off new transcription from the galactose-inducible

Ty1 constructs (Figure 2). A 4.37-fold difference in RNA
levels was observed before glucose was added, in close
agreement with steady-state CO-Ty1 protein and RNA lev-
els. The time course showed that CO-Ty1 did not have de-
creased RNA stability; rather it may have slightly increased
RNA stability. The native Ty1 RNA level time course was
consistent with a previous estimate of Ty1 RNA half-life
(Nonet et al. 1987), validating the assay. These results sug-
gest that RNA formation is defective in CO-Ty1.

Critical CO-Ty1 sequence maps to a 70-bp region
in the N-terminal region of RT

We used a systematic collection of native/synthetic chimeric
clones, made possible by introduced common unique restriction

Figure 1 Functional and biochemical characterization of CO-Ty1. (A)
GAL-Ty1-mhis3AI reporter plasmid used for native Ty1 and CO-Ty1 anal-
ysis (Curcio and Garfinkel 1991). (B) Transposition assay of pRY022 native
Ty1 (WT) and pRY091 CO-Ty1 (CO) grown on galactose and replica
plated to SC 2His for 2 days. Transposition activity was demonstrated
by the appearance of colonies on SC 2His plates (see Table S1). (C)
Integrase protein (IN) immunoblot analysis of EV, empty vector; WT,
pRY022; CO, pRY091. IN is indicated by an arrow and an internal loading
control is indicated by *. (D) Above, IN immunoblot analysis of native and
CO-Ty1 with and without a protease inactivating in-frame linker insertion
(Monokian et al. 1994). EV, empty vector; WT, pRY022; CO, pRY091;
WTp, pRY159; COp, pRY160. Protease activity is indicated by a plus
or minus sign. Upper arrow indicates GAG-POL; lower arrow indicates
IN. Below, RNA blot analysis of samples from above. EV, empty vector;
WT, pRY022; CO, pRY091; WTp, pRY159; COp, pRY160. Ty1-HIS3 RNA
is indicated by an arrow.
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sites, to map a critical cis-acting sequence capable of regulating
Ty1 retrotransposition to the N-terminal region of the Ty1 RT
gene (Figure 3) (Yarrington 2009). The critical CO-Ty1 se-
quence was mapped by examination of Ty1 transposition and
IN levels in a series of chimeric CO-Ty1/native Ty1 clones.

Effects of critical CO-Ty1 sequence are transplantable

To determine whether or not the critical region represented
a novel sequence requirement for Ty1 transposition, we
determined its effects in a non-Ty1 context. The 70-bp
critical region was cloned immediately after the stop codon
of GFP in the pFA6a-kanMX6-Gal1-GFP construct (Figure
4A) (Longtine et al. 1998). The GFP reporter system was
then further subcloned into pRS416 (Sikorski and Hieter
1989), creating GFP70CO. The corresponding native Ty1
sequence was similarly cloned into GFP in the same way,
creating GFP70WT; this construct had a minimal impact
on GFP expression (not shown).

FACS analysis of the GFP70WT and GFP70CO GFP
reporter constructs revealed that the critical CO-Ty1 se-
quence down-regulated GFP expression 2.84-fold, a value
very similar to the reduced expression level in CO-Ty1
(Figure 4B and Table S2). Thus the CO-Ty1 sequence did
not represent a novel Ty1 sequence requirement for retro-
transposition but rather appeared to be a portable synthetic
negative regulatory sequence inadvertently introduced by
codon optimization. Repression via the synthetic sequence
was independent of the GAL1 promoter of the CO-Ty1 and
GFP70CO constructs as an ADH1-GFP70CO was similarly
reduced in expression relative to ADH1-GFP70WT (Figure
4B). Furthermore, as this sequence was able to mediate its
effects in the 39-UTR of GFP and in multiple reading frames
(not shown), the effect of this synthetic sequence was in-
dependent of protein translation. By monitoring FACS of
various terminal deletion constructs of GFP70CO, the mini-
mal required sequence for gene repression was mapped to
a 20- to 25-bp region (Figure 4C).

Critical CO-Ty1 sequence contains a Rap1p binding site

As GFP and Ty1 repression were mediated by neither de-
creased RNA stability nor protein translation, the mechanism
of repression was likely affecting RNA production. To that
end, the identified critical CO-Ty1 sequence was entered into
a matrix search for transcription factor binding sites program,
Match (Kel et al. 2003), to determine whether the critical
CO-Ty1 sequence matched a unique binding factor. Within
both the 70-bp CO-Ty1 and the 20- to 25-bp subregion, Match
identified a unique Rap1 binding site with a 1.00 core match
and 0.979 matrix match.

Interestingly, the repressive Rap1p site identified here
ACACCCAGACACC is nearly identical to Rap1p sites found at
yeast telomeres (ACACCCAYACAYY in which the Ys are more
likely to be Cs (Idrissi and Pina 1999). Mutating residue 12 to
a T, a change more similar to a ribosomal protein promoter
Rap1p site (Idrissi and Pina 1999), somewhat alleviated
down-regulation of GFP (Figure 4C, compare strain 5 to 6).
This result may indicate that not all Rap1p sites are equally
able to down-regulate in this context.

Mutation of ACCCA core binding site of Rap1p
rescues expression

Nearly all Rap1 binding sites contain a core ACCCA
sequence; mutation of this site abrogates binding (Buchman
et al. 1988; Lieb et al. 2001). Mutagenesis of the Rap1p
binding site was used to confirm Rap1p specificity. Restoring
either position 2 (C/T) or 5 (A/T) to the native Ty1
sequence in the ACCCA core was sufficient to entirely relieve
Rap1p-mediated repression of CO-Ty1 transposition and
protein levels (Figure 4D). No other bases, when restored
to native Ty1 counterparts outside the Rap1p ACCCA core
binding site could alleviate down-regulation in both Ty1 and

Figure 2 Ty1 RNA stability. Native (WT) and CO-Ty1 (CO) Ty1-HIS3 RNA
levels were measured by Q-PCR after addition of glucose to shut off new
transcription at the indicated time points. Ty1 RNA levels were normalized
to the native Ty1 0 min time point, and error bars are the standard de-
viation of two biological replicates. Native Ty1-HIS3 RNA is indicated by
triangles and CO-Ty1-HIS3 RNA is indicated by circles.

Figure 3 Mapping and characterization of 70-bp retrotransposition crit-
ical sequence. Diagram of Ty1 with open reading frames as a mapping
reference. Selected and expanded region of IN and RT represents the
initially mapped EcoRI–AatII 556-bp region found to contain the critical
cis-acting sequence (*). Solid line, native Ty1 sequence; dashed line, CO-
Ty1 sequence. Transposition frequency (Trans) and protein levels (Pro) are
indicated qualitatively by pluses. Vertical lines define inferred critical se-
quence affecting Ty1 retrotransposition.
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GFP constructs (Figure 4E). Furthermore, mutation of
the core at positions 1, 3, and 5 individually to G pre-
vented down-regulation of GFP (Figure 4E). Interestingly,
changes to the Rap1p ACCCA consensus at position 2 to T
and/or position 5 to G are present in some ribosomal pro-
tein promoter Rap1p binding sites (Idrissi et al. 2001;
Lieb et al. 2001). These specific changes in our system
prevented down-regulation of GFP, thus not all Rap1p
binding sites are equally capable of TU-specific down-
regulation.

Down-regulation depends on orientation and number
of sites

Rap1p sites are found in promoters of ribosomal and
glycolytic genes in either orientation and, especially
within ribosomal promoters, in multiple copies (Woudt
et al. 1987; Tornow and Santangelo 1990). Surprisingly,
the inverted Rap1p site had no effect on GFP expression
(Figure 5A). This suggests that the Rap1p site must be
presented in the same orientation as ongoing transcrip-
tion to mediate down-regulation.

Furthermore, inserting two Rap1p sites into GFP essentially
doubled down-regulation, leading to an approximately sixfold
drop in GFP expression of the GFP2XRAP construct compared
to GFP70WT (Figure 5A). Introduction of additional Rap1p
sites resulted in further, but diminishing, down-regulation
of GFP (data not shown). The approximately twofold increase
in GFP down-regulation observed with GFP2XRAP suggests
that the Rap1p site can be modular for down-regulation within
a TU. These results are less consistent with models based on
internal transcriptional activation from the introduced Rap1p
site or effects on histone repression as mechanisms for Rap1p-
mediated down-regulation, as we did not see a synergistic
effect from the addition of extra Rap1p sites, an effect that
has been observed for both transcriptional activation and re-
lease from histone repression at the promoter of Rap1p
bound genes (Woudt et al. 1987; Idrissi and Pina 1999; Idrissi
et al. 2001).

Genomic Rap1 sites can down-regulate GFP

To further demonstrate that Rap1p mediated the observed
transcriptional repression, we moved a series of genomic

Figure 4 Functional characterization and map-
ping of critical 70-bp sequence in GFP. (A) GFP
reporter construct used for GFP-70WT and GFP-
70CO analysis. Tested sequences were inserted
into the reporter construct immediately down-
stream of the GFP stop codon. (B) GFP expres-
sion of indicated reporter constructs grown
in galactose as measured by fluorescence-
activated cell sorting. EV, empty vector; GFP-
70WT, construct with 70-bp critical region from
native Ty1 inserted immediately after GFP stop
codon; GFP-70CO, construct with 70-bp critical
region from CO-Ty1 inserted immediately after
GFP stop codon; ADH1-GFP-70WT, same as
GFP-70WT, but driven by ADH1 promoter;
ADH1-GFP-70CO, same as GFP-70CO, but
driven by ADH1 promoter (Table S2). (C) Dele-
tion analysis of GFP-70CO reveals 20-bp critical
sequence down-regulating GFP expression. GFP
expression is normalized to GFP-70WT. Vertical
lines enclose minimal critical sequence. High-
lighted bases differ between GFP-70WT and
GFP-70CO. WT, GFP-70WT; CO, GFP-70CO;
1–9, various mutations in GFP-70CO. (D) Muta-
tion analysis of Rap1p site within CO-Ty1.
Transposition frequency (Trans) and protein lev-
els (Pro) are indicated qualitatively by pluses.
Vertical lines represent the Rap1p core binding
site. Highlighted bases differ between native
Ty1 and CO-Ty1. CO, CO-Ty1; 1–4, various
mutations in CO-Ty1. (E) Mutation analysis of
the identified Rap1p site within GFP-70CO. Ver-
tical lines represent the Rap1p core binding site.
GFP expression is normalized to GFP-70WT.
Highlighted bases differ between GFP-70WT
and GFP-70CO. CO, GFP-70CO; 1–6, various
mutations in GFP-70CO.
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Rap1p sequences from a telomere-like sequence, MATa,
and PHO5, which are known to bind Rap1p in vitro and
activate transcription in vivo (Buchman et al. 1988) into
GFP. With both telomere and MATa sites, we observed

robust down-regulation when the respective Rap1p bind-
ing sites were subcloned into GFP (Figure 5B). We ob-
served no down-regulation of GFP, however, when the
PHO5 Rap1p binding site was inserted into GFP (Figure
5B). The latter lack of down-regulation likely reflects low
affinity of the site, �40-fold less than that observed for the
telomere sequence (Buchman et al. 1988). This result sug-
gests that Rap1p-mediated down-regulation requires a cer-
tain affinity between Rap1p and its binding site for
effective down-regulation, consistent with a transcriptional
roadblock model for repression, and likely explains why
not all Rap1p sites are capable of down-regulation.

Rap1p binds to critical CO-Ty1/Rap1 sequence

To demonstrate that Rap1p binds to the identified binding
site, we employed ChIP. Rap1p was crosslinked to its
binding sites by fixing exponentially growing cultures
containing the GFP reporters with 1% formaldehyde and
performing ChIP.

Q-PCR analysis revealed that DNA fragments surround-
ing the Rap1p site of GFP70CO were enriched .6.43-fold
compared to amplification of the same region from
GFP70WT (Figure 5C and Table S2). Q-PCR analysis of
a known Rap1p site present in the promoter of RPL11A (Lieb
et al. 2001; Zhao et al. 2006) revealed similar levels of
RPL11A pull-down with the two GFP constructs, validating
our ChIP results. This demonstrates that the site indeed
binds Rap1p in vivo.

Rap1p-mediated down-regulation is not mediated
via N- or C-terminal domains

Because telomeric Rap1p binding sites, which consist of
sequences very similar to the identified Rap1p binding site,
silence transcription at and near telomeres via recruitment
of Sir proteins (Shore and Nasmyth 1987; Buchman et al.
1988; Kyrion et al. 1992), gene silencing was a likely mech-
anism of down-regulation. To determine whether silencing
was involved, a rap1-17 allele (Kyrion et al. 1992) was uti-
lized. The rap1-17 allele lacks the C-terminal 165 amino
acid residues and is defective for silencing at both HM loci
and telomeres (Kyrion et al. 1992; Moretti et al. 1994).
Yeast expressing rap1-17, however, did not rescue GFP ex-
pression from GFP70CO or GFP2XRAP (Figure 6A), indicat-
ing that neither the C-terminal domain of Rap1p nor
silencing were responsible for Rap1p-mediated repression
of GFP70CO.

The reporter constructs were also transformed into
a sir2D strain incapable of supporting transcriptional si-
lencing (Rine and Herskowitz 1987); no rescue of GFP
expression was observed (Figure 6B). Thus the observed
Rap1p-mediated down-regulation is not mediated by ca-
nonical silencing.

The N-terminal domain of Rap1p can be deleted without
functional consequence to the cell, and is capable of causing
.50� bends in DNA upon Rap1p binding (Muller et al. 1994).
To determine whether this domain and/or DNA bending

Figure 5 Rap1p binding sites are capable of down-regulating expression. (A)
The orientation and number of Rap1p binding sites affect the ability of Rap1p
to down-regulate expression. GFP expression was measured by fluorescence-
activated cell sorting. EV, empty vector; GFP-70WT, construct with 70-bp
critical region from native Ty1 inserted immediately after GFP stop codon;
GFP-70CO, construct with 70-bp critical region from CO-Ty1 inserted imme-
diately after GFP stop codon; GFP-2XRAP, same as GFP-70CO, but with
additional Rap1p binding site in the forward orientation; GFP-70CO-RC, same
as GFP-70CO, but with the insert inverted. (B) High-affinity Rap1p binding
sites from the yeast genome are capable of down-regulating expression. GFP
expression was measured by fluorescence-activated cell sorting. EV, empty
vector; GFP, empty construct from Figure 4A; Pho5, same as GFP with a docu-
mented Rap1p binding site from the PHO5 ORF; MATa, same as GFP with
a documented Rap1p binding site from the HMa locus; Tel, as GFP with
a documented Rap1p binding site from yeast telomere-like sequence
(Buchman et al. 1988). (C) Chromatin immunoprecipitation demonstrates
that Rap1p binds the identified Rap1p site in GFP-70CO. DNA was sheared
and bound fragments were pulled down by polyclonal antibody to C termi-
nus of Rap1p. Enrichment was measured by Q-PCR and normalized to GFP-
70WT. GFP, primers designed to amplify Rap1p binding site within the GFP
reporter construct; RPL11a, primers designed to amplify a known Rap1p
binding site in the RPL11a promoter (Lieb et al. 2001; Zhao et al. 2006).
GFP-70WT, construct with 70-bp critical region from native Ty1 inserted
immediately after stop codon of GFP; GFP-70CO, construct with 70-bp critical
region from CO-Ty1 inserted immediately after stop codon of GFP.
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contributed to Rap1-mediated down-regulation, an N-terminal
deletion (D40–240) of Rap1 was constructed. The rap1D40–
240 was shuffled (Boeke et al. 1987) into a haploid rap1D
strain, and the resulting strain was transformed with the GFP
reporter constructs (Figure 6C); no rescue of GFP expression

was observed. Thus neither N- nor C-terminal domains of
Rap1p underlie Rap1p-mediated down-regulation.

Rap1p functions as a transcriptional roadblock
or terminator

As Rap1p-mediated repression within TUs did not appear to
be a function of the N- or C-terminal domains, it was
formally possible that the Rap1p DNA-binding domain
mediated repression via binding within our constructs,
serving as a steric transcriptional block and/or terminator
of elongation. To determine whether Rap1p inhibited ex-
pression in this way, RNA polymerase II (RNAP II) occu-
pancy along CO-Ty1 was evaluated using ChIP/Q-PCR of
sequences �1000-bp up- and downstream of the Rap1p site
(Figure 7A). A CO-Ty1 from which the Rap1p site had been
removed (CO-Ty10, pRY177) served as a control. DNA was
sheared by sonication, and fragments occupied by RNAP II
were selected using monoclonal antibody raised against
Rpb3p, an RNAP II subunit.

Q-PCR with primers hybridizing 1000-bp 59 and 1000-bp
39 of the Rap1p site showed a large decrease in downstream
RNAP II occupancy, which was reversed by mutating the
binding site (Figure 7A). The decreased RNAP II occupancy
downstream of the site agrees well with the observed
decreases in RNA and protein expression levels in CO-Ty1,
consistent with Rap1p’s mode of action in this context as
a transcription block or elongation terminator.

To further probe the role of Rap1p as a block or ter-
minator of transcription, we extracted total RNA from yeast
cells and probed with CO-Ty1 sequences 1000 bp 59 of the
Rap1p binding site. A novel band (X) appears, which is con-
sistent with RNAP II stalling or terminating transcription
(Figure 7B). As a control we probed the same blot with
sequence derived from the HIS3 gene 39 of the CO-Ty1 cod-
ing sequence (Figure 7A) and no band was detected. The
nuclear exosome complex does not affect the appearance of
X, a finding consistent with the stalling model (Figure 8). To
determine whether X was polyadenylated and thus a candi-
date to be degraded by the cytoplasmic exosome, the X RNA
was circularized Rissland and Norbury(2009), converted
to cDNA, and finally sequenced across the 59–39 junction
(Figure 7C). Rather than polyadenylation of the X RNA mes-
sage, we observed a direct ligation of CO-Ty1 sequence �34
bp upstream of the Rap1p site to the 59 start of the Ty1
message; no poly(A) sequences were observed (Figure 7D).
All findings are consistent with a polymerase stalling model.

Discussion

Rap1p is an essential DNA-binding factor found at the
promoters of genes, especially those involved in ribosomal
protein and glycolytic pathways, the HM locus, and at telo-
meres. At these sites, this multifunctional protein is capable
of both transcriptional activation or transcriptional silenc-
ing, disparate functions dependent on adjoining sequence
context, including the presence of other DNA binding

Figure 6 Neither the N nor the C terminus of the Rap1p protein affect its
down-regulation of GFP expression. (A) Constructs were transformed into
a yeast strain with a nonsense mutation in Rap1p resulting in a 165-
codon deletion of the C-terminal domain (Kyrion et al. 1992). GFP ex-
pression was measured by fluorescence-activated cell sorting. EV, empty
vector; GFP-70WT, construct with 70 bp of critical region from native Ty1
inserted immediately after stop codon of GFP; GFP-70CO, construct with
70 bp of critical region from CO-Ty1 inserted immediately after stop co-
don of GFP; GFP-2XRAP, as GFP-70CO, but with additional Rap1p bind-
ing site in the forward orientation. (B) Constructs were transformed into
a yeast strain with a sir2 deletion genotype. GFP expression was mea-
sured by fluorescence-activated cell sorting. EV, empty vector; GFP-70WT,
construct with 70 bp of critical region from native Ty1 inserted immedi-
ately after stop codon of GFP; GFP-70CO, construct with 70 bp of critical
region from CO-Ty1 inserted immediately after stop codon of GFP; GFP-
2XRAP, as GFP-70CO, but with additional Rap1p binding site in the for-
ward orientation. (C) Constructs were transformed into a yeast strain with
a 200-amino-acid deletion within the N terminus of Rap1p. GRF167 was
used as a wild-type control. GFP expression was measured by fluores-
cence-activated cell sorting. EV, empty vector; GFP-70WT, construct with
70 bp of critical region from native Ty1 inserted immediately after stop
codon of GFP; GFP-70CO, construct with 70 bp of critical region from
CO-Ty1 inserted immediately after stop codon of GFP.
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factors, and the number and spacing of Rap1p sites (Grossi
et al. 2001). We describe here a novel Rap1p transcriptional
function independent of sequence context, provided the
Rap1p site lies within a TU. The identified Rap1p site in this
study was equally capable of regulating gene transcription
within the Ty1 ORF or the 39-UTR of GFP. Further, this re-
pression was not specific to the isolated Rap1p site as the
telomere and the HM locus Rap1p sites also regulated GFP
expression. The major determinant for this down-regulatory
capacity of Rap1p appears to be the binding affinity of
Rap1p to its respective site. Interestingly, the Rap1p
sites capable of transcriptional silencing at telomeres and
the HM locus also have the highest affinities for Rap1p
(Buchman et al. 1988; Pina et al. 2003).

Rap1p can bind very stably to the consensus ACACC
CRYACAYM (Lieb et al. 2001) with koff rates of .60 min for
some sequences (Woudt et al. 1987; Idrissi and Pina 1999).
This very tight binding suggests a possible model for down-
regulation by blocking elongating RNAP II during transcrip-
tion (Figure 8). Requirements for Rap1 site orientation in
regards to active transcription suggest that either Rap1p is
easier to dislodge when presented in the reverse orientation
or that the RNA polymerase must encounter a specific face of
Rap1p. Evidence for the former comes from the Rap1p crystal
structure. The two Myb DNA binding domains of Rap1p are
similarly positioned in the major grooves of the binding site
and can be superimposed upon each other by a translation of
8 bp. Despite these similarities, however, the C terminus of

Figure 7 Rap1p blocks elongation and produ-
ces a novel transcript. (A) Diagram of Ty1;
Rap1p binding site in CO-Ty1 is indicated
by *. Chromatin immunoprecipitation demon-
strates RNAP II occupancy; DNA was sheared
and bound fragments were pulled down by
monoclonal antibody to RPB3, a core compo-
nent of RNAP II. Occupancy was determined by
Q-PCR and the ratio of RNAP II at the down-
stream primer in a pair to the upstream primer
in a pair is shown for CO-Ty1 (CO-Ty1+) and for
a variant in which the identified Rap1p binding
site has been replaced with corresponding se-
quence from the native Ty1 (CO-Ty10). A, pri-
mers designed to amplify a 109-bp sequence
1086 bp 59 of the identified Rap1p binding site;
A9, primers designed to amplify a 103-bp se-
quence 1286 bp 59 of the identified Rap1p
binding site; B, primers designed to amplify
a 115-bp sequence 1015 bp 39 of the identified
Rap1p binding site; B9, primers designed to am-
plify a 103-bp sequence 1191 bp 39 of the
identified Rap1p binding site. (B) RNA blot anal-
ysis of CO-Ty1+ and CO-Ty10 with probes am-
plified from a 109-bp sequence 1086 bp 59 of
the identified Rap1p binding site (A) and HIS3.
Two different strains (WT, GRF167; EX, rrp6D)
were used for analysis. Ty1-HIS3 RNA is indi-
cated by an arrow and is the full-length RNA.
X represents novel CO-Ty1–specific RNA spe-
cies. Bands from the 0.5- to 10-kb ladder by
Invitrogen are marked. From top to bottom,
the sizes are 8, 6, and 4 kb. (C) cRT–PCR strat-
egy used for mapping the 39 end of the X RNA.
Messenger RNA molecules are represented as
solid black lines and cDNA as broken lines. The
CAP and the “?” represent the 59 cap and un-
known 39 end, respectively. The “P” indicates
the 59-phosphate group and “P-?” indicates
the ligated 59–39 junction. (D) Sequence analy-
sis of the 59–39 junction of representative X
RNA molecules. The Rap1p site and the 59 start
of the Ty1 message are underlined. CO
represents the sequence of the intact, nontrun-

cated synthetic Ty1 element and the numbers 1–9 label the sequences of nine X RNA molecules after undergoing the cRT–PCR protocol. The sequence
shown for the nine clones before the Rap1p site is immediately joined to the GAGGAG of the 59 end of the Ty1 message. Dashes are used as a spacer to
illustrate the distance the polymerase stalled before the Rap1p site. * and corresponding numbers indicate the distance before the start of the Rap1p
site. The shaded box indicates a mutation observed in one of our clones. A few additional RNAs (not pictured) truncated further upstream. The
differences in stalling position observed may be the result of polymerase backtracking.
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the Rap1p DNA binding domain folds back toward the first
Myb DNA binding domain, making additional contacts with
the first half of the Rap1p binding site, completely enveloping
it. Furthermore, these additional contacts induce an opening
of the major groove by 5–6 Å (Konig et al. 1996; Taylor et al.
2000). It is possible that the additional contacts with the
C terminus of the Rap1p DNA binding domain and the dis-
tortion of the DNA at the 59 half of the Rap1p site provide the
mechanism for orientation specificity. Furthermore, this ori-
entation specificity is also not without precedent. Reb1, the
yeast terminator for RNAP1, shares the Myb-like DNA binding
domain and functions as a terminator in only the forward
orientation with regard to transcription (Reeder and Lang
1994). Consistent with this model, we observed a large de-
crease in RNAP II occupancy downstream of the Rap1p site
found within our CO-Ty1 element that did not occur when
the Rap1p site was replaced with native Ty1 sequence.
A probe of a total yeast RNA blot with sequence upstream
of the Rap1p site revealed a novel band consistent with
a stalled or terminated transcript, further supporting this
model. As native termination in yeast occurs either early
within the first few hundred nucleotides of transcription or
late with the cooperative actions of the polyadenylation ma-
chinery (Buratowski 2009; Perales and Bentley 2009), nei-
ther mechanism explains our results. Rather, our results are
consistent with a pronounced transcriptional pause. Testing
of CO-Ty1 in an rrp6 nuclear exosome mutant revealed that
the nuclear exosome complex does not affect the appear-
ance of the novel truncated band. Futhermore, the novel
band is also unlikely to be affected by the cytoplasmic exo-
some as mapping of the 39 end failed to reveal the presence
of poly(A). Rather than termination per se, stalling is the
likely mechanism of Rap1p-mediated down-regulation of
transcription. Consistent with a stalling model, transcription
and translation are similarly reduced, suggesting these stalled
transcripts are not successfully translated, which would be
expected if they are nuclear.

Such a mechanism is not unprecedented, although it has
not been described for Rap1p. A related yeast protein, Reb1,
has certain similarities to Rap1. Better known as the
terminator for RNA polymerase I, the main role of Reb1p
is to pause that polymerase at the release element, a role
that can mostly be replaced by a heterologous DNA binding
roadblock such as the lac repressor (Jeong et al. 1995). In-
terestingly, like Rap1p, the DNA binding domain of Reb1p is
similar to that of the Myb oncoprotein and likewise is only
capable of pausing transcription in an orientation-specific
manner (Reeder and Lang 1994). In humans, the transcrip-
tion factor MAZ shares similarities with Rap1p, and is found
to bind to promoters as well as to pause RNAP II transcrip-
tion (Ashfield et al. 1994; Yonaha and Proudfoot 1999).
Interestingly, the authors speculate that the placement of
MAZ in promoters of closely spaced genes might be required
to prevent transcriptional interference. Lastly, another DNA
binding roadblock, the Gln-111 mutant EcoRI, defective for
cleavage but capable of high-affinity binding (Wright et al.
1989), can stably pause a bacteriophage polymerase in vitro
(Pavco and Steege 1990). This protein was also found to be
capable of pausing RNAP II �30 bp upstream of an EcoRI
site (Yonaha and Proudfoot 1999), a distance very similar to
that observed for Rap1p. However, unlike the ability of
Rap1p to stall RNAP II driven by the GAL promoter, the
Gln-111 roadblock could be rescued by multiple poly-
merases on the same template (Epshtein et al. 2003). The
mechanism for this escape, and the likely rationale for the
failure of Rap1p to completely repress expression, was re-
cently elucidated by the Svejstrup lab. It was found that rear
end collision between closely packed RNA polymerases
could drive a stalled polymerase through a pause site (Saeki
and Svejstrup 2009).

Our findings help explain the unusual distribution of
Rap1p sites in the genome. Rap1p sites are found at much
higher frequency within intergenic regions, and, furthermore,
although Rap1p binds to the consensus ACACCCRYACAYM, it

Figure 8 Model of Rap1p-mediated down-regulation of gene expression. (Left) High-affinity site in the sense orientation impedes RNAP II’s progress.
(Middle) Lower-affinity site may not bind Rap1p avidly enough to prevent displacement by RNAP II. (Right) High-affinity site in inverted orientation may
make Rap1p susceptible to displacement by RNAP II because the second Myb domain lacks the additional contacts provided by the C terminus of the
Rap1p DNA binding domain.
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binds preferentially to intergenic sequences (ChIPs to 182 of
322 possible sites, 57%) than to ORF sequences (ChIPs to 23
of 163 possible sites, 14%) (Lieb et al. 2001). As Rap1p is
capable of repressing transcription within ORFs, it is likely
that the existing ORF sequences are either under additional
transcription regulation by Rap1p or have evolved low affin-
ity Rap1p sites, as in the case of PHO5. Our finding also
explains the surprising spacing between divergent Rap1p-
driven promoters in which Rap1p was shown to preferentially
bind the 21 nucleosome (Koerber et al. 2009). While Rap1p
was often found at divergent Rap1p-driven promoters that
shared the same 21 nucleosome, Rap1p was never found
when the 21 nucleosome of one gene also served as the
+1 nucleosome of a divergently transcribed gene. These
results indicate that both coding and intergenic sequences
are evolutionarily constrained to prevent Rap1p sites within
TU sequences. Lastly, high affinity Rap1p sites are most com-
monly found in regions of heterochromatin, namely the HM
locus and telomeres. Given the abundance of Rap1p sites at
these regions and the level of RNAP II stalling observed in this
report, it is possible that the stalling effects of Rap1p may not
be limited to just transcription but could also have a profound
effects on both recombination and/or DNA replication (Selth
et al. 2010). Interestingly, these regions are found to be sites
of transient DNA replication fork pausing and require the aid
of the Rrm3p helicase even in the absence of Sir proteins
(Ivessa et al. 2003).

This study demonstrates that Rap1p can serve as a tran-
scription terminator or roadblock within a TU with signif-
icant downfield effects on both RNA levels and protein
abundance a novel function for Rap1p. Rap1p has been
shown to ChIP within TUs of several genes (Lieb et al.
2001), indicating that such genes have either evolved low
affinity Rap1p sites or may be under additional levels of
transcriptional regulation via binding of Rap1p to sites in-
side TUs. It is of course possible that transcriptional repres-
sion within TUs via tight binding transcription factors may
not be limited solely to Rap1p, allowing for more wide-
spread repression within S. cerevisiae, and probably other
species. Indeed, the DNA binding domain of Rap1p is similar
to that of Engrailed, Mata2p, Antennapedia, POU, and Paired
(Konig et al. 1996).

Lastly, this study serves as another important observation
for the growing synthetic biology field that not all “silent”
mutations are indeed silent and demonstrates that the rec-
ognition sequences of certain DNA binding factors inside
coding regions should be important considerations in design
of synthetic genes. However, the ability of this small portable
element to “dial down” gene expression relatively predict-
ably might represent an important new asset in designing
and tweaking synthetic regulatory circuits.
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Table S1   Rap1p binding site has an effect on Ty1 retrotransposition 

  Ty1  CO‐Ty1  Fold Change 

Ty1 Transposition  1.0±0.04 X 10‐2  5.1±0.44 X 10‐4  19.82 ± 0.73 

Ty1 Protein Levels  9.9±2.9 X 105  3.3±1.6 X 105  2.97 ± 0.71 

Ty1 RNA Levels  8.0±2.0 X 106  2.7±0.4 X 106  2.94 ± 0.72 

Retroransposition  frequencies  of  the  Ty1  and  codon  optimized  Ty1  (CO‐Ty1)  elements were  calculated  as  the  number  of 

His+ CFU/total  CFU  after  2  days  on  SC–Ura  Gal  medium.  Protein  levels  were  calculated  from  AU/mm2  using  MultiGauge 

(Fujifilm). RNA levels were calculated from volume reports using ImageQuant 5.2. 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Table S2   Rap1p affects gene expression 

  GFP ‐ 70WT  GFP ‐ 70CO  Fold Change 

GFP Expression  6.3±0.17 X 104  2.2±0.14 X 104  2.84 ± 0.08 

Rap1p ChIP  1.8±0.11 X 102  2.9±2.6 X 101  6.43 ± 0.39 

GFP Expression values were calculated using the FITC channel of a BD LSR II (BD Biosciences) FACS machine. Rap1p ChIP IP 

values were calculated by dividing the amount of PCR product (derived from the Ct value in the best‐fit regression real‐time PCR 

standard curve for the specific primer set) in the IP by the amount of the PCR product in the total chromatin prep. GFP‐70WT: 

construct with 70bp critical  region  from native Ty1  inserted  immediately after  stop codon of GFP; GFP‐70CO: construct with 

70bp critical region from CO‐Ty1 inserted immediately after stop codon of GFP. 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Table S3   Q‐PCR Primers 

For amplification of Ty1 HIS3 and ACT1 

F  TTGCTCTCGGTCAAGCTTTT 
HIS3 

R  GCTCTGGAAAGTGCCTCATC 

F  AGAAAGAAAGTACTCCGTCTGGATT 
 

ACT1 
R  ACTTTCGTCGTATTCTTGTTTTGAG 

For amplification of Rap1p binding sites from GFP – 70CO and the RPL11a promoter 

F  ACACATGGCATGGATGAACT 
GFP 

R  AAGAAATTCGCTTATTTAGAAGTGG 

F  AATCGCATCGTCAGTACACC 
 

RPL11a 
R  CCTTTTGCTGTTTTCCCTCA 

For analysis of RNAP II occupancy 

F  AACCGATTGACCGCTTCTTA 
A 

R  TGGAGCTCGATGTCAGATTG 

F  CGTTGACACCACCAACTACG 
A’ 

R  CGGTCAATCGGTTCAAGTCT 

F  TACCACCGAAGCTGAAATCC 
B 

R  AGTCGGTCAACAAACCCTTG 

F  TCGGTACTAAGGCTATGAGATTGA 

 

B’ 
R  TGGCTTGGTCATAACGTCAG 

F: forward primer; R: reverse primer. 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Table S4   Fusion PCR Primers 

For amplification of the ADH1 promoter and the N‐terminus of GFP 

F  TAAACAGATCTACTGTAGCCCTAGACTTGAT 
ADH1 

R  TTACTGTTAATTAAAGACATTGTATATGAGATAGTTGATTGTATGC 

F  TCTTTAATTAACAGTAAAGGAGAAGAA 
 

GFP 
R  GTTCTTTCCTGTACATAACCTTC 

 

Fusion PCR made use of the ADH1 forward primer and the GFP reverse primer to create a subclonable PCR product flanked 

by unique BglII and BsrGI sites. F: forward primer; R: reverse primer. 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Table S5   Subcloning Oligos 

For construction of exogenous yeast Rap1p binding sites 

T  CCGGGGATCCCACACCCACACACCCACACACCCACACACCCAGGACGT 
Tel 

B  CCTGGGTGTGTGGGTGTGTGGGTGTGTGGGTGTGGGATCC 

T  CCGGGGATCCATCCCAAACAAAACCCAGACATCATGGACGT 
MATα 

B  CCATGATGTCTGGGTTTTGTTTGGGATGGATCC 

T  CCTTCACCAGTGTATGGGTTCAAAACAGGATCC 

 

PHO5 
B  CCGGGGATCCTGTTTTGAACCCATACACTGGTGAAGGACGT 

For construction of the rap1∆40‐240 allele 

T  GTCACAGCGCCATCGGATTCAGCCGCTGAGGTAAAAGCTGCTAGATTACAAGAGCAAGC 
  rap1∆ 

B  TGAGCTTGCTCTTGTAATCTAGCAGCTTTTACCTCAGCGGCTGAATCCGATGGCGCTGTGACTGCA 

 
Sequences containing Rap1p sites at the telomere, HM locus, and PHO5 (Buchman et al., 1988b) were subcloned into 3’ UTR 

of GFP by digesting GFP70CO with XmaI and AatII and subcloning the indicated hybridized oligos. The rap1Δ40‐240 allele was 

constructed similarly by digesting RAP1 with PstI and BlpI and subcloning the indicated hybridized oligos.  T: top oligo; B: 

bottom oligo. 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