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Introduction

We are interested in the three-dimensional architecture of the genome and how higher order
chromatin structure affects gene expression. Chromatin loops that juxtapose distal regions of
the genome have been identified as important regulators of gene expression in mammalian
cells (Chambeyron and Bickmore, 2004; Fraser, 2006; Marenduzzo et al., 2007; Misteli,
2007). Loops can cluster related genes into discrete transcriptional “hubs,” or insulate
chromatin from neighboring domains. Chromatin loops have also been identified in yeast,
but rather than position enhancer regions near cognate promoters, gene loops in yeast
juxtapose promoter-terminator regions (Ansari and Hampsey, 2005; O’Sullivan et al., 2004).
Here we describe the discovery of gene loops, the proteins required for looping, and the role
of loops in transcription by RNA polymerase 11.

Genetic suppression and the discovery of gene loops

Early genetic results from our laboratory hinted at the existence of gene loops. Two decades
ago, we developed a genetic selection to identify factors that affect the accuracy of
transcription start site selection by RNA polymerase I1 (Pol 1) (Hampsey et al., 1991). The
selection scheme was based on suppression of a translation initiation mutation: a point
mutation at the CYC1 locus created an ATG codon (UATG) that initiated a short open
reading frame downstream of the transcription start site, but upstream and out-of-frame with
the ATG codon that initiates synthesis of iso-1-cytochrome c. This mutant allele
(cycl-5000), fails to express iso-1-cytochrome ¢ and consequently cells fail to grow on
nonfermentable carbon sources such as lactate.

We reasoned that genes involved in Pol Il start site selection might turn up in a genetic
selection for suppressors of cycl-5000 by shifting the normal transcription start site
downstream of the uATG, thereby restoring the normal ATG as the start codon most
proximal to the 5'-end of the mRNA. To facilitate isolation of trans-acting suppressors,
rather than mutations that simply eliminate the uATG or other cis-acting UATG suppressors,
we constructed a plasmid that expresses the E. coli lacZgene behind the cycl-5000 promoter
and transformed it into the cycl-5000 mutant. Accordingly, the cycl-5000 uATG conferred
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two phenotypes: failure to grow on lactate as the sole carbon source and a white colony
phenotype on X-gal indicator medium. Revertants that acquired the ability to grow on
lactate medium (express iso-1-cytochrome c) and turned blue (express beta-galactosidase)
were likely to be the result of extragenic mutations (unlinked to cycl) that suppress the
UATG. Genetic analysis of a collection of two dozen revertants defined nine different
complement groups, sual — sua9 (suppression of UATG) (Pinto et al., 1992a).

The sua suppressors included two complementation groups, sua7 and sua8, that shifted Pol
Il transcription start site selection downstream of normal (Berroteran et al., 1994; Pinto et
al., 1992h). SUA7 codes for the general transcription factor TFIIB and sua8 is allelic to
RPB1, which codes for the largest subunit of Pol Il. These results defined TFIIB and Rpb1l
as determinants of Pol 1l start site selection.

Interestingly, all sua7 and sua8 suppressors are cold-sensitive, failing to grow on rich
medium at 16C. We exploited this phenotype to identify factors that functionally interact
with TFIIB and Rpb1 (Sun and Hampsey, 1996). These “suppressors of suppressors” turned
up four additional genes that affect start site selection, including the RPB2 and RPB9 genes,
encoding two additional subunits of Pol 1, TFG1, which encodes a subunit of the general
transcription factor TFIIF, and a novel gene, designated SSU72 (Fig. 1).

Ssu72is a Pol Il CTD phosphatase

SSU72 encodes a small protein of 206 amino acids, essential for cell viability in yeast, and
conserved among all eukaryotic organisms sequenced to date. The Ssu72 sequence includes
a phosphatase motif (CXgRS...DX5D); recombinant yeast and human Ssu72 proteins were
subsequently shown to hydrolyze p-nitro-phenyl phosphate (Ganem et al., 2003; Meinhart et
al., 2003). Based on its phosphatase activity and genetic interactions with Pol |1, we
suspected that Ssu72 might catalyze removal of phosphate from either Ser2-P or Ser5-P of
the reiterated heptad repeat of the carboxy terminal domain (CTD) of Pol Il. Indeed, Ssu72
is turned out to be a Pol Il CTD Ser5-P phosphatase (Krishnamurthy et al., 2004). Consistent
with its genetic and physical interactions with components of the initiation machinery,
Ssu72 affects the initiation/elongation transition in a manner dependent upon its catalytic
activity (Reyes-Reyes and Hampsey, 2007). Collectively, these results demonstrate that
Ssu72 plays a key role early in the transcription cycle.

Ssu72is an integral component of the CPF 3'-end processing complex

Interestingly, however, Ssu72 was found to be an integral component of the yeast pre-RNA
3'-end processing complex (CPF in yeast, CPSF in mammalian cells) that couples
processing with transcription termination (He et al., 2003). How could a component of the
CPF 3'-end processing complex be interacting with TFIIB and affect initiation? One
possibility is that the transcription preinitiation complex and the 3-end processing complex
are not spatially distinct, but interact to juxtapose the promoter and terminator regions, in
effect creating a gene loop. Indeed, Proudfoot and colleagues had recently shown
juxtaposition of the promoter-terminator regions of the yeast FMP27 gene (O’Sullivan et al.,
2004).

Chromosome conformation capture

Our efforts to characterize gene loops were made feasible by a technique called
“chromosome conformation capture” (3C), a method that detects and quantifies the
frequency of interaction between any two genomic loci (Dekker, 2006; Dekker et al., 2002).
3C converts physical chromatin interactions into specific ligation products that are then
detected and quantified by PCR. Although 3C was developed to detect long-range chromatin
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interactions, we adapted this technique to detect short-range interactions, including physical
proximity of the ends of genes in yeast, typically spanning less than 10 kbp in yeast (Ansari
and Hampsey, 2005; Singh et al., 2009).

The essence of the technique is as follow. Transient chromatin interactions are stabilized in
vivo by formaldehyde crosslinking. Chromatin is then isolated and digested with a
restriction enzyme, chosen based on its ability to cut DNA upstream of a promoter,
downstream of the terminator and at multiple sites within the ORF. Following restriction
digestion, chromatin samples are ligated in dilute solution, favoring intramolecular ligation.
Crosslinks are then released and products are analyzed by PCR. Accordingly, tandemly-
oriented primer pairs that anneal to promoter and terminator regions of a linear gene become
convergently-oriented to yield PCR products in a manner dependent upon crosslinking and
ligation (Fig. 2).

Characteristics of gene loops

We chose the BUD3 and SEN1 genes for our initial characterization of gene loops simply
because they are relatively long genes (~6 kbp) and include restriction sites that make their
analyses amenable to 3C. In our initial experiment we found 3C PCR products
corresponding to promoter-terminator juxtaposition; control experiments confirm that these
PCR products were dependent upon crosslinking, restriction digestion and ligation (Ansari
and Hampsey, 2005). Mapping experiments using primer pairs that spanned the entire length
of the 6.4 kbp BLM10 gene, as well as regions both upstream and downstream of the
promoter and terminator, established that looping occurs specifically between restriction
fragments encompassing the BLM10 promoter and terminator (Ansari and Hampsey, 2005;
Singh et al., 2009).

Two experiments were done to determine whether gene loops are static structures of the
genome or dynamic structures whose formation might correlate with transcription (Ansari
and Hampsey, 2005). First, we asked if gene loops at BUD3 and SEN1 were diminished
when transcription was shut-off. For this experiment we used an rpb1-1 mutant, which
encodes an altered form of Pol Il that rapidly ceases mRNA synthesis upon temperature shift
from 24 C to 37 C. The looping signal for both genes was significantly diminished at 37 C,
yet this temperature shift had no effect on looping in the wild type strain. Next, we replaced
the normal BUD3 and SEN1 promoters with the inducible GAL1 promoter at their normal
chromosomal loci. 3C analysis revealed a marked increased in the looping signal when the
carbon source was shifted from glucose (repression) to galactose (induction). These results
demonstrate that gene loops are dynamic structures that form in a transcription-dependent
manner.

Gene loops are dependent upon components of promoter and terminator
complexes

We initially suspected the existence of gene loops based on genetic interactions between
TFIIB (sua7-1) and Ssu72. We therefore asked if looping is affected in TFIIB and Ssu72
mutants. Using an isogenic wild type and sua7-1 strain pair, we found that the sua7-1
mutation diminished looping at all genes tested, including BUD3, SEN1, BLM10 and HEM3
(Singh and Hampsey, 2007). Importantly, this effect was not due to impaired transcription,
as the sua7-1 mutation has no effect on the transcript levels of these genes. Similar results
were found by Ansari and colleagues (El Kaderi et al., 2009).

To assess the potential involvement of Ssu72 in loop formation, we used a ssu72-td degron
mutant that results in rapid depletion of Ssu72 when cells are shifted to 37 C. Gene loops
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were readily defected at BUD3, SEN1, BLM10 and HEM3 in cells grown at the permissive
temperature, but were diminished following the temperature shift (Ansari and Hampsey,
2005). Similar results were obtained using a ptal-td degron mutant. Ptal is another
component of the CPF complex and interacts directly with Ssu72 (He et al., 2003). Taken
together, these results establish that the TFIIB component of the initiation complex and the
Ssu72 and Ptal components of the CPF 3’-end processing complex are required for gene
looping.

TFIIB at the terminator

The TFIIB requirement for looping suggests that TFIIB associates not only with promoter
DNA, but also with the terminator. To address this issue, we performed chromatin
immunoprecipitation (ChlP) using antibody to TFIIB, monitoring TFIIB occupancy along
the length of the PMAL gene. As expected, TFIIB was detected at the promoter and absent
along the length of the ORF. Surprisingly, however, TFIIB was also found to occupy PMA1
just downstream of its two poly(A) sites (Singh and Hampsey, 2007). In the same
experiment, TATA binding protein (TBP) associated with the promoter, but not with the
terminator, thereby establishing that TFIIB occupancy of the PMAL terminator was not due
to the presence of a cryptic promoter. Similar results - TFIIB occupancy of both promoter
and terminator regions - was also observed at the BLM10 gene (Singh and Hampsey, 2007).

We next asked if TFIIB occupancy of the PMA1 and BLM10 terminator regions is affected
in the sua7-1 mutant. Remarkably, association of TFIIB with the terminator region of both
genes was eliminated in the sua7-1 mutant, with no effect on promoter occupancy (Singh
and Hampsey, 2007).

We then repeated the TFIIB ChIP experiments using the ssu72-td strain grown at permissive
(24 C) and restrictive (37 C) temperatures. Whereas Ssu72 depletion at 37 C was without
effect on TFIIB occupancy of the PMAL and BLM10 promoters, TFIIB no longer associated
with the terminator of either gene at 37 C. These results confirm that TFIIB associates with
the terminator region of these two genes and is dependent upon the Ssu72 component of the
CPF 3'-end processing complex (Singh and Hampsey, 2007).

A model for gene looping

Immediately following transcription initiation, Pol 11 clears the promoter and TFIIB
dissociates from the initiation complex. Many components of the initiation complex,
however, remain intact at the promoter. This complex has been referred to as a “scaffold”
that facilitates subsequent rounds of transcription (Yudkovsky et al., 2000). Accordingly,
transcription reinitiation would occur by a mechanism different from de novo initiation. We
suggest that TFIIB dissociates from the promoter, then reassociates with Pol Il at the
terminator following endonucleolytic cleavage and polyadenylation of mRNA. This
terminator-Pol 11-TFIIB complex then binds the scaffold, forming a loop that facilitates
formation of a reinitiation complex (Singh and Hampsey, 2007). Pol 11 translocation from
terminator to promoter might be facilitated by Ssu72-catalyzed dephosphorylation of the
CTD, creating the hypophosphorylated form of Pol Il required for promoter assembly.
Accordingly, a pioneer round of transcription would be required for loops to form; once
formed, loops could then facilitate subsequent rounds of transcription by hand-off of Pol 11
from terminator to promoter (Fig. 3).

Gene loops and transcriptional memory

Mutations that block looping have no apparent effect on transcription, yet induction of the
GAL1 promoter induces looping (Ansari and Hampsey, 2005; Singh and Hampsey, 2007).
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These results suggest that looping might be required specifically for high levels of gene
expression. To test this idea, we assayed the kinetics of GAL10 activation following a shift
from glucose to galactose. Consistent with earlier results from many laboratories, we
observed relatively slow activation kinetics, requiring more than 1 h to achieve maximum
GAL10 mRNA accumulation (Laine et al., 2009). Activation occurred with the same kinetics
in both the wild type and sua7-1 looping-defective strains.

We next assayed the kinetics of GAL10 reactivation following a cycle of galactose activation
and glucose repression. In this case, activation occurred much more rapidly, requiring less
than 5 min for full activation (Laine et al., 2009). This effect of slow activation and rapid
reactivation following an initial cycle of activation and repression had been noted before,
defined as “transcriptional memory” (Brickner et al., 2007; Kundu et al., 2007;
Zacharioudakis et al., 2007). Rapid reactivation, however, required gene looping: GAL10
mMRNA accumulation occurred with the same slow Kinetics in the sua7-1 mutant upon
activation and reactivation. Thus, transcriptional memory correlates with gene looping,
suggesting that gene loops are required for memory.

Similar results were reported by Proudfoot and colleagues (Tan-Wong et al., 2009). They
showed slow activation kinetics for the galactose-inducible HXKZ1 gene upon initial
exposure to galactose, but rapid reactivation following a cycle of activation and repression.
This effect was lost in the sua7-1 mutant and in an mlpl mutant, which encodes a myelin-
like protein required for translocation of active genes to the nuclear pore. Accordingly, their
results also support a role for TFIIB in memory and implicate the nuclear pore in looping
and memory.

Perspective

We have addressed loop formation at only a handful of yeast genes, chosen primarily based
on their amenability to analysis by 3C. The technology now exists, though, to readily query
looping on a genome-wide scale using a variation of 3C that incorporates biotin tags by end
fill-in of restriction sites, coupled with massively parallel sequencing of paired ends
(Lieberman-Aiden et al., 2009). We anticipate that Hi-C can be adapted to query looping of
the entire yeast genome.

Although looping is transcription-dependent and requires specific components of initiation
and 3’-end processing/termination components, the mechanism involved in formation and
maintenance of loops remains to be determined. It will be especially interesting to learn
whether loop formation requires the nuclear pore, or, conversely, whether gene translocation
to the pore requires an intact loop. The looping requirement for transcriptional memory has
so far been demonstrated only for galactose-inducible genes. Does looping facilitate
memory of other classes of genes and, if so, does memory always involve the nuclear pore?
Finally, does looping affect other aspects of gene expression, including, perhaps, mRNA
export from nucleus to cytoplasm?

Gene loops are not unique to yeast. The HIV-1 provirus forms a loop between the 5’ long-
terminal repeat and the 3' LTR poly(A) signal and does so in a transcription-dependent
manner (Perkins et al., 2008). Looping between promoter-terminator regions has also been
reported for the mammalian genes encoding the immunohistological marker CD68 (O’Reilly
and Greaves, 2007) and the breast cancer gene BRCA1 (Tan-Wong et al., 2008).
Interestingly, different BRCAL loops are formed in response to estrogen stimulation, and in
normal versus cancer cell lines (Tan-Wong et al., 2008). These results underscore the
dynamic nature of gene loops and support the premise that looping affects gene regulation.
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Gene loops are dynamic structures that juxtapose promoter-terminator regions of Pol I1-
transcribed genes. Although first described in yeast, gene loops have now been identified in
yeast and mammalian cells. Looping requires components of the transcription preinitiation
complex, the pre-mRNA 3’-end processing machinery, and subunits of the nuclear pore
complex. Loop formation is transcription-dependent, but neither basal nor activated
transcription requires looping. Rather, looping appears to affect cellular memory of recent
transcriptional activity, enabling a more rapid response to subsequent stimuli. The nuclear
pore has been implicated in both memory and looping. Our working model is that loops are
formed and/or maintained at the nuclear pore to facilitate hand-off of Pol Il form the
terminator to the promoter, thereby bypassing Pol 11 recruitment as the rate-limiting step in
reactivation of transcription. Involvement of the nuclear pore also suggests that looping
might facilitate mMRNA export to the cytoplasm. The technology now exists to test these
ideas.
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(ssu71) TFIIF Rpb9 (ssu73)
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(ssu72) Ssu72 — Rpb2 (shs1)

Fig. 1.

Genetic interactions among RNA Pol 1 transcription factors. The sua7 and sua8 (RPB1)
alleles were identified as suppressors of the cyc1-5000 uATG defect. The shsl (RPB2),
ssu71 (TFG1) and ssu73 (RBP9) genes were identified as suppressor of the sua7-1 cold-
sensitive growth defect. The ssu72 allele was identified in the same strain as the ssu73
allele; unlike ssu73, ssu72 acts as an enhancer, rather than as a suppressor of sua7-1 (Sun
and Hampsey, 1996). The rpbl and rpb2 genes were also identified as suppressor of the
ssu72-2 heat sensitive growth defect (Reyes-Reyes and Hampsey, 2007).
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Fig. 2.

Chromosome Conformation Capture (3C). (A) Linear depiction of a gene with promoter on
the left, terminator on the right. (B) A transient gene loop formed by juxtaposition of the
promoter and the terminator. (C) Schematic depiction of 3C methods to detect gene loops.
The tandem primer pair in the linear structure (panel a) becomes a convergent primer pair
following the 3C protocol. According to 3C, the abundance of the ligation product, as
detected by PCR, is a measurement of the frequency with which two loci interact (Dekker et
al., 2002; Dekker, 2006).
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ReillitiatiOIl ‘a

A model for gene looping. We propose that a gene loop forms by juxtaposition of the
promoter and terminator following a pioneer round of transcription. The loop is a transient
structure, maintained by physical interaction between components of the transcription
initiation and termination complexes. The gene loop might promote subsequent rounds of
transcription by “hand-off” of Pol Il from terminator to promoter, a process facilitated by the
Ssu72 CTD phosphatase (Ansari and Hampsey, 2005).
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