Mutational and Functional Analysis of the

SPT2 gene of Saccharomyces cerevisiae.
by
Louis Lefebvre

B.Sc., Université Lava!, 1987

A Thesis Submitted in Partial Fulfillment of
the Requirements for the Degree of
Doctor in Philosophy
in
The Faculty of Graduate Studies
Department of Biochemistry and
Molecular Biology

We accept this thesis as confirming
to the required standard

The University of British Columbia
December 1993
© Louis Lefebvre, 1993

In presenting this thesis in partial fulfilment of the requirements for an advanced
degree at the University of British Columbia, I agree that the Library shall make it
freely available for reference and study. I further agree that permission for extensive
copying of this thesis for scholarly purposes may be granted by the head of my
department or by his or her representatives. It is understood that copying or
publication of this thesis for financial gain shall not be allowed without my written
permission.

(Signature)

Department of

IDI’OC2t&94t(S77Y

The University of British Columbia
Vancouver, Canada

Date

DE-6 (2/88)

ifv.,iD

11

Abstract

The Saccharomyces cerevisiae SPT2 gene was identified by mutants which are suppressors of Ty and 6
insertional mutations at the HIS4 locus. The ability of spt2 mutations to suppress the transcriptional interference
caused by the 6 promoter insertion his4-9125 correlates with an increase in wild-type HIS4 mRNA levels. The
SPT2 gene is identical to SIN], which codes for a factor genetically defined as a negative regulator of HO
transcription. Mutations in SPT2/SINI suppress the effects of frans-acting mutations in SWI genes and of partial
deletions in the C-terminal domain of the largest subunit of RNA polymerase II. Nuclear localization and protein
sequence similarities suggested that the SPT2/S1N1 protein may be related to the nonhistone chromosomal protein
HMG1. In order to assess the significance of this structural similarity and identi1r domains of SPT2 functionally
important in the regulation of his4-912S I have studied recessive and dominant spt2 mutations created by in vitro
mutagenesis. Several alleles carrying C-terminal deletions as well as point mutations in the C-terminal domain of
the SPT2 protein exhibit a dominant suppressor phenotype. C-terminal basic residues necessary for wild-type
SPT2 protein function which are absent from HMG1 have been identified. The competence of these mutant SPT2
proteins to interfere with the maintenance of the His (Sptj phenotype of a his4-912ô strain is lost by deletion of
internal BMG1-like sequences and is sensitive to the wild-type SPT2 gene dosage. Using cross-reacting
antipeptide polyclonal antibodies, I demonstrate that the intracellular level of the wild-type SPT2 protein is not
affected in the presence of dominant mutations and furthermore that the reversion of the dominance by internal
deletion of HMG1-like sequences is not mediated by altered production or stability of the mutant polypeptides. The
results suggest that the products of dominant alleles directly compete with the wild-type protein. On the basis of
primary sequence similarities, it is proposed that a HMG-box-like motif is required for SPT2 function in vivo and
that this motif also is necessary for the dominant suppressor phenotype exhibited by some mutant SPT2 alleles.
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1. INTRODUCTION

It has long been established that the regulation of gene expression constitutes a central mechanism for the

modulation of cellular activities and fimctions. In multicellular organisms, genetically identical cells follow a
precise developmental program in response to complex spatial and temporal signals, generating the broad spectrum
of specialized cellular structures and functions required for the establishment of tissues and organs. Many of
the
changes occurring during such a process are likely to correlate with corresponding variations in the pattern of gene
expression such that each cell type may be characterized by a unique transcriptional state.
Unicellular organisms, such as the budding yeast Saccharomyces cerevisiae, are equipped with an
impressive network of true homeostatic sensors that often mediate their effects via the regulation of gene
expression. Their ability to respond to external stimuli, such as mating pheromones, temperature changes, oxygen
levels, nutrients, metals, etc., relies on complex regulatory pathways often converging towards changes in the
levels of expression of specific genes; again, for each condition a cell may be characterized by a unique
transcriptional state.
Recognition that the machinery responsible for the regulation of gene expression plays such a capital role
in cellular functions has fostered considerable research efforts in the last 30 years. The development of our
understanding of these processes since the demonstration of the role of DNA as the genetic material can be
described by three important phases.
Phase I, mostly dominated by in vitro biochemical analyses and cytogenetics, led to the characterization
of important classes of nuclear enzymes and chromosomal proteins. The nuclear DNA molecule composing each
eukaryotic chromosome was found to be organized in a complex folded structure, known as chromatin. The
structural role of histones in the formation of nucleosomes and higher levels of folding was established, but
such
static representation of the packaging of the genetic material provided little insight into the molecular basis
of gene
regulation.
In phase U, the principal components of the transcriptional machinery as well as several transcription
factors involved in the regulation of gene expression were investigated. The fractionation of nuclear extracts and
the preparation of cell-free transcription systems offered and still offers an important avenue for probing the
enzymology of transcriptional initiation, whereas a powerful combination of approaches from the fields of genetics

2
and molecular biology allowed the identification of several cellular factors affecti
ng gene expression in a specific
or general fashion. Transcription factors characterized by these approaches
can be shown by genetic evidence to
regulate positively and/or negatively the transcription of one or many genes.
In organisms such as Saccharornyces
cerevisiae, it has been possible to develop genetic selection schemes for the identif
ication of mutations affecting the
expression of specific promoter-reporter gene fusions for example, or suppre
ssing specific cis- or trans-acting
mutations. Together, these studies not only led to a detailed description of early
events in the transcriptional
initiation process but also revealed the complexity of interactions regulat
ing this process. Although much has been
learned about the modular structure of several transcription factors and althou
gh numerous functionally
independent protein motifs or domains have been characterized, our curren
t knowledge is far from providing a
unifying molecular model of transcriptional control.
One would like to exploit the reductionist approach to the point of reconstructin
g complex regulatory
switches in vitro without the structural constraints imposed by the chromatin
backbone. However, activators and
repressors of transcription, which exert their effects via their close association
with other chromatin proteins, must
in fact be considered as true chromatin components. Several recent review
s have emphasized the important
consequences of the packaging of DNA in nucleosomes on the function of the
transcriptional machinery in
eukaryotes (2, 71, 84, 126, 225, 229). In what will be tenned phase ifi, the chrom
atin is seen through its highly
dynamic role, providing not only a scaffold or template to the regulatory proces
ses, but also a functional framework
dynamically involved in several steps leading to the control of transcriptiona
l regulation.
The work presented here summarizes mutational and functional studies of the SPT2
protein of
Saccharomyces cerevisiae. The SPT2 gene has been associated with negativ
e transcriptional regulatory activities
in three different contexts. In each of these systems, a primary cis- or trans-a
cting mutation interferes with the
normal transcription by RNA polymerase II of one or several yeast genes,
by decreasing the level of transcriptional
initiation from the normal start site(s). The resulting transcriptional defects
can be suppressed by second-site
mutations at SPT2, which therefore acts as a modifier locus for these mutations.
Several other modifier loci have
been characterized for each of these primary transcriptional defects, and substan
tial evidence implicates
components of yeast chromatin in suppression. Within this group of suppre
ssor genes, spt2 mutations are unique
in their broader specificity and ability to suppress all of these mutations. Knowl
edge of the nature of those primary
mutations and of their effects on gene expression is necessary to discuss the
role of SPT2 in transcriptional
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regulation and the possible mechanisms of suppression by spt2 alleles. Emphasis will be put on the Spr phenotype
of spt2 mutations, which led to the characterization of this locus at the molecular level.

1.1 Spt phenotype: Suppression of 3 and Ty insertional mutations

Mutations at the SPT2 locus were originally identified by their ability to suppress the effects of
transposable element insertions interfering with gene expression. Transposable genetic elements consist of
repetitive DNA sequences that have the ability to move (transpose) from one site to another in a genome. Initially
characterized in maize by genetic studies of unstable phenotypes, such elements have now been identified in
prokaryotic and eukaiyotic cells and are thought to be present in the genomes of all higher eukaryotes. The
study
of these genetic elements has shown that they belong to different structural and functional families. For
the
purpose of the present study, the transposable elements of Saccharomyces cerevisiae belonging to the long
terminal repeat (LTR)-containing retrotransposon family, the Ty elements (for transposon yeast), will be the focus
of discussion. The term retrotransposition is used to designate the process whereby an element transposes via
an
RNA intermediate; this process therefore requires the synthesis of a complementary DNA molecule (cDNA)
from
an RNA template by the enzyme, reverse transcnptase (21). The Ty elements of yeast are closely related to
elements of the copia family of Drosophila, and although neither of these elements have been shown to participate
in an infectious life cycle involving an extracellular phase, they do share several structural and functional
characteristics with animal retroviruses. One such similarity, the synthesis of a retroviral-like RNA molecule, is
critical to the retrotransposition process and plays a central role in the mutagemc effects of Ty element insertion
mutations suppressed by spt2 alleles. Thus, the role of the SPT2 protein in the establishment of the Spt phenotype
will be discussed in relation to our current knowledge of the complex interactions between Ty elements and
the
host genome.

4
1.1.1 Structure and transcription of yeast Tyl elements
Since their discovery, the transposable elements of Saccharomyces cerevisiae have been associated with
several spontaneous mutations and much effort has been directed towards the understanding of their role as
mutagemc agents. Ironically, the first characterization of these elements occurred independently of the phenotypic
changes associated with their insertion, and was based solely on the restriction fragment length polymorphism
generated by a transpositional event into a new chromosomal site (33). In a study examining the chromosomal
structure of the repeated tyrosine tRNA genes, it was observed that the size of the EcoRI fragment of the sup4
IRNATyr gene on chromosome X was highly variable from one strain to another (33). Subfragments of the cloned
sup4 locus were then used as probes in Southern blot analyses of yeast genomic DNA. Whereas some probes were
specific for sup4, others identified a new family of dispersed repetitive DNA sequences present at multiple
locations in the haploid genome. New polymorphisms associated with these repetitive sequences were also
identified during continuous growth of a single yeast clone, thus providing evidence for the transposition of these
elements.
Following this initial, serendipitous, characterization of representative elements of the Tyl family, several
spontaneous mutations affecting gene expression were shown to be caused by the insertion of similar repeated Ty
elements. Analyses of the nature of these mutations, of the role played by the Ty insertion in the resulting mutant
phenotype, and of the structure of these elements themselves have contributed to our current understanding of Ty
elements and their interactions with the yeast genome. The biology of retrotransposons in general, and of Ty
elements in particular, has become an important field of research, and the reader should refer to the numerous
review articles available for a more exhaustive discussion of the subject (20, 22, 146, 184).

DNA structure. The transposable elements of yeast all share the same general DNA structure, consisting of a
central domain approximately 5 kb long called epsilon (s), flanked by two direct repeats 330 to 370 bp long, called
delta

() sequences for Tyl

and Ty2 elements (Fig. 1; ref. 33, 76). This genetic organization is very similar to the

structure of retroviral proviruses the integrated form of retroviruses and is also related to other repeated genetic
-

-

elements of the retrotransposon family, such as the copia-like elements of Drosophila (146). Another
characteristic shared by these elements is the presence of short duplicated sequences at the chromosomal site of
insertion. These duplications, found as direct repeats of genomic sequences flanking the elements, are generated

5

by the transposition process itself and are 5 bp in length in the case of Ty elements (66, 76). By analogy to the
nomenclature of retroviruses, the

sequences are often called long terminal repeats or LTRs. The Ty elements

characterized to date fall into 5 families, defined primarily by important sequence variations in the internal region
(184, 20). The Ty3 elements (ito 4 copies per haploid genome) and their solo LTRs (called a) have only been
found associated with tRNA genes. The single Ty5 element characterized so far was identified from the complete
DNA sequence of chromosome Ill, where it was found in close association with the left-arm telomere (234). The
Tyl and Ty2 families are the most abundant in the haploid yeast genome (25 to 35 and 5 to 15 copies respectively)
and will be the focus of the following discussion.

Ty 1-912

o
1

5585 5918

334

recombination

+
solo

Figure 1. Structure of Ty element and solo 6 sequence.
Shown are the two genomic forms of the Tyi-9i2 element, the full-length LTR-containing element (proviral form),
and the solo LTR (9126), obtained by homologous recombination between the terminal repeats. The terminally
redundant Ty RNA is shown initiating in the 5’ö and terminating in the 3’S. The numbering is from the sequence
of the Tyl-912 element.
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Although they are subject to numerous rearrangements and were shown to exhibit extensive sequence
heterogeneity, Ty elements generally exist in one of two forms: complete elements with their LTRs, or isolated
(solo) LTR sequences. The yeast genome contains more isolated LTR sequences than LTRs associated with full
length elements. In fact, these solo LTRs may represent the most abundant family of dispersed repetitive
sequences in yeast (22). The solo LTRs probably originate from a two-step process involving transposition of a
complete element into a new site, followed by excision of most of the element by homologous recombination
between the direct repeats (LTR-LTR recombination, Fig. 1). These solo LTRs represent genetic scars of
transposition events. Although these remnants of Ty insertions could be “repaired” by gene conversion in diploid
cells heterozygous for the insertion, the conversion often seems to generate homozygotes for the LTR insertion
itself (233). On the other hand, solo LTRs inserted in unique sequences are stable in laboratory haploid strains,
where it is thought that the numbers of Ty and solo LTRs are continuously increasing (20). More than 4% of the
yeast chromosome III is composed of Ty sequences (234).

RNA structure. As mentioned previously, the studies on the Tyl elements inserted at the sup4 locus made
available Ty-specific probes which could then be used in Northern blot analysis of yeast RNA (33, 201). Both Tyl
and ö probes were shown to hybridize to an abundant RNA 5.7 kb long (61). Less abundant species 5.0 kb long
and 2.2 kb long have also been identifIed (75). The Tyl RNA was shown to be polyadenylated and to constitute
approximately 0.1% of total yeast RNA (or 5 to 10% of poly[Aj RNA). That this RNA molecule is transcribed by
RNA polymerase II (RNAPII) is suggested by studies demonstrating the sensitivity of its synthesis to o-amanitin as
well as to temperature shift in a temperature-sensitive rpo2l/rpbl background (mutation in the largest subunit of
RNAPII; ref. 118 and 165).
The synthesis of the Tyl RNA was also found to be under mating-type control: haploid cells of a or c
mating type synthesize 20 times more Tyl RNA than Wc diploids (201). Although the physiological and
evolutionary significance of this regulation is unclear, Ty elements belong to the family of haploid-specific genes.
The additional observation that mating pheromones posttranslationafly inhibit Ty transposition led to the proposal
that yeast cells have evolved mechanisms to limit transposition to the haploid phase, the shortest phase of the
yeast’s life cycle in the wild (250). Other factors influencing Ty transcription and/or Ty P.NA levels include
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irradiation with ultraviolet light (187), and perhaps DNA-damaging agents in general (22) carbon source (222),
-

-

and metabolic state (201).
Even though the function of the Ty RNA was initially unknown, the finding that at least some of the Ty
elements of the yeast genome are transcribed constituted an important step in our understanding of the biology of
Ty elements. It is now thought that the 5.7 kb long Ty RNA molecules fuffill a dual function, acting as both
transposition intermediate and messenger RNA. That the transposition of Ty elements occurs through an RNA
intermediate was suggested by the retroviral-like structures mentioned earlier and was convincingly demonstrated
by a series of elegant experiments utilizing a recombinant Ty element expressed from the inducible GAL] promoter
(pGTyH3, ref. 21). These experiments demonstrated that galactose induction stimulates transposition of this
element and that an intron inserted in the element is efficiently spliced during transposition. The coding potential
of functional Ty RNAs is supported by the increase in virus-like particles (Ty-VLP5), reverse transcriptase activity,
and TyA and TyB gene products in induced cells (77, 256).

Ty transcription. Analysis of cDNA clones derived from the Tyl RNA established that the 5.7 kb long RNA is
terminally redundant and has its 3’ and 5’ ends within the flanking 6 sequences (Fig. 1; ref. 61). The 6 sequences,
by analogy to the retroviral LTRs, can be subdivided into three regions on the basis of their respective position in
the resulting RNA molecule: U3, unique to the 3’ end of the RNA; R, present at both tennini; and U5, unique to
the 5’ end. Each 6 sequence contains cis-acting DNA sequences required for transcriptional initiation and
termination. The orientation of these functional sites within the 6 sequences defines the transcriptional polarity of
the Ty element. The orientation of a specific Ty element therefore refers to the direction of the Ty element
transcription relative to a chromosomal reference point and is schematically represented by the boxed arrowheads
of 6 sequences (Fig. 1). Previous reports have represented the 6s pointing towards the adjacent gene, and away
from Ty transcription (61, 200); this representation has been replaced by the more logical one in which the boxed
arrowhead points in the direction of Ty transcription (e.g., see 20 and 245). Since both 6s associated with a Ty
element are often identical in sequence and since the transcriptional initiation site is located upstream of the
termination site within a single LTR, determinants external to the 6 must inactivate the termination signal of the 5’
S and the initiation signal of the 3’ 6. Indeed, there is no evidence supporting the production of small transcripts
initiating and terminating within the 5’S, nor of transcripts emerging from the 3’S into the adjacent chromosomal
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sequences. Sequences internal to the e region have been implicated in the activation of transcription from the 5’
(see below), but the molecular basis for the silencing of the termination signal in the 5’
be noted at this point that solo

remains elusive. It should

sequences in which the initiation signal (as in his4-912ô) or the termination signal

(as in lys2-1288) is active have been characterized.
In spite of the functional redundancy between the two LTRs, numerous studies have focused on the
identification of cis-acting elements required for the initiation and regulation of Ty transcription by RNA
polymerase II. Since the mutagenic effects of Ty element insertions are often mediated by an interference with
gene expression, the studies of Ty transcription and those of the effects of Ty insertions on adjacent gene
expression are closely linked. The elements directing Ty transcription will be described below following a brief
-

review of yeast RNAPII promoters whereas the role they play in Ty mutagenesis will be discussed in the next
-

section (1.1.2).

Yeast RItA polymerase II promoters. The transcription of yeast genes by RNA polymerase II typically requires
three different cis-acting promoter elements: the initiator element (or I site) the TATA element (or TATA box)
,

and upstream regulatory sequences (URS; ref. 85, 218). In yeast, the TATA box directs the formation of the
initiation complex. Often related to the archetypal motif TATAAA, it is necessary for the transcription of most,
but not all, yeast genes. The first step in the formation of the preimtiation complex is thought to be the binding of
the TATA-box binding factor, component of TFIID, to the TATA box. The actual site of transcriptional initiation
(nucleotide +1, corresponding to the 5’ end of the mRNA molecule) is located approximately 60 to 120 bp
downstream of the TATA sequence and is determined by the position of the initiator element. Initiator elements
are less conserved, but most are related to the consensus sequences TCRA or RRYRR. A single TATA box can in
fact direct initiation at more than one downstream I site (e.g. at CYCJ; ref. 143). The role of the TATA element in
yeast is therefore different than in higher eukaryotes, where it is the primary determinant of the start site position,
usually at a distance of 25 to 30 bp downstream of the TATA box.
In vitro, the TATA box and the initiator are sufficient for accurate, albeit inefficient, transcription, known
as basal transcription. Regulated or activated transcription on the other hand requires additional upstream
regulatory or activating sequences (URS and UAS). These URS or UAS elements are present in most yeast
promoters, located between 100 to 1500 bp upstream of the TATA box. They are required for transcription in vivo
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and constitute the major determinants or mediators of transcriptional regulation. Like mammalian enhancer
sequences, they can function at variable distances upstream of the TATA box, and in an orientation-independent
fashion. However, yeast UASs usually do not activate transcription if located downstream of the initiation site. A
UAS is composed typically of one or several repeated copies of short DNA sequences (10 to 30 bp long) acting as
recognition sites for sequence-specific DNA-binding proteins. The precise molecular mechanism responsible for
the activation of transcriptional initiation by RNA polymerase II is still unknown, but extensive structure-function
analyses of the cis- and frans-acting determinants of transcriptional regulation in yeast i.e. upstream regulatory
-

sequences and the regulatory proteins binding to these elements have led to the following conclusions:
-

in most yeast promoters, the constitutive or inducible (regulated) activation of transcription requires

(i)

short cis-acting DNA sequences (URS, UAS) located upstream of the TATA box(es).
(ii)

UASs are modular regulatory determinants: deletion of a particular UAS in a promoter can eliminate
a particular regulatory property of this promoter; addition of a foreign UAS to a promoter can add a
new regulatory property to this promoter;

(iii)

the regulatory properties of a particular UAS are mediated by the binding of one or several sequencespecific, DNA-binding activator proteins;

(iv)

DNA-binding per se is not sufficient for transcriptional activation;

(v)

activator proteins often display a modular structure consisting of at least two domains, a DNAbinding domain, and an activation domain;

(vi)

activator proteins can act synergistically, with stronger UASs being composed of more binding sites
for the same or different activator proteins;

(vii)

common regulatory pathways often utilize common UASs and therefore common regulatory proteins.

The idea that the regulation of yeast promoter activity is based solely on positive control or activation
mechanisms would provide a simple, unifying model of transcriptional regulation. However, the actual situation is
complicated by the existence of negative control or repression mechanisms. The cis-acting sequences responsible
for this activity, called operator sequences (or 0 sites) by analogy to the prokaryotic systems, are generally thought
to function according to the same basic principles as UASs: they can function away from the TATA box, most
often being located between the TATA box and the UASs, and mediate their activity through the binding of
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sequence-specific repressor proteins. The specific expression pattern of a yeast promoter is often the outcome of
complex interactions between positive and negative signals acting via its composite regulatory sequences. The
general properties of RNAPII promoters presented here will provide a framework for the discussion of particular
regulatory controls affecting the expression of Ty elements and that of other regulated genes such as HIS4 and HO.

cis-acting determinants of Ty transcription. Because of the heterogeneity in Ty structure, it is important to
define a reference sequence from which relative positions of cis-acting elements can be assigned. All nucleotide
positions mentioned below refer to the nucleotide sequence of the element Tyl-912, which was the first complete
Ty element sequenced (40), and which for historical reasons became the archetypal Tyl element. Alignments

between Tyl-912 and other Tyl and Ty2 elements have been presented elsewhere (22, 184). Numbering starts at
the 5’S (nucleotides 1 to 334) and extends through the c region (335 to 5584) to the 36 (5585 to 5918; see Fig. 1).
As mentioned previously, the major Ty transcriptional product initiates and terminates in the 5’ and 3’ 3 sequences,
respectively. Whereas the active basal promoter elements (I site and TATA box) appear to be located strictly

within the 5’ 3, regulatory sequences have been identified both upstream and downstream of the initiation site, in
the S and c regions respectively.
Primer extension experiments on yeast poly(A)+ RNA using a Tyl primer fragment showed that the major
5’ end of Tyl RNA is located approximately at position 241, i.e. 94 bp upstream of the 5’ 3-c boundary (61). This
major initiation site corresponds to the first G in the sequence CTTGAG present at nucleotides 238 to 243 of Tyl
912. It is located adjacent to an important polymorphism affecting a recognition site for the restriction
endonuclease XhoI (CTCGAG), present in several S sequences from Tyl and Ty2 elements (57, 184). Both of
these sequences (TTGA and TCGA) are closely related to the consensus sequence TCRA found at many yeast
initiation sites.
An AT-rich sequence located 83 bp upstream of the initiation site (position 157 to 174) is thought to
contain the main TATA element for Ty transcription (22). In the Tyl element Tyl-15, deletion of nucleotides 143
to 185 of the S sequence abolishes Ty transcription, and the deleted region was proposed to contain or overlap with
a TATA box (75). An internal deletion of residues 157 to 177 was also shown to greatly reduce the expression of a
Ty2-917: :lacZ fusion (137). Finer mutagemc data are also available for representatives of the Tyl and Ty2
families. A transition at position 170 ofTy2-917 which changes the sequence ATATAAAA to ATATGAAA
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reduces Ty transcription 5- to 59-fold in different hybrid elements (44). In the same region of the Tyl-912 S
sequence (position 166), another A-to-G transition, which changes the sequence ATATAAAA to GTATAAAA,
also decreases the level of the S-initiated transcript (108).

All the experimental evidence discussed thus far is based on in vivo data correlating specific S mutations
with their effects on Ty and/or Ty-adjacent gene expression. As mentioned above, the TATA element promotes
the formation of the initiation complex by providing a recognition sequence for the general transcription factor
‘flJfl)’ A direct biochemical characterization of the TFIID binding sites within the S sequence has recently been
made possible, following the cloning of the SPTIS gene, encoding yeast TFIID (see section 1.1.3.1; ref. 60, 90).
DNase I protection analysis showed that nucleotides at position 153 to 203 of the Tyl-9125 sequence are protected
in the presence of purified TFIID (9). This region covers two consensus TATA box motifs (TATAAA) at positions
159-164 and 167-172.

The search for regulatory sequences involved in mating-type control and activation of Ty transcription or
Ty-adjacent gene expression (see next section) has revealed several unique features of Ty regulation. First, the
search for typical upstream activating sequences in the S sequence (between positions ito 157) has yielded
conflicting results. Deletion studies on the Ty2 element, Ty2-9 17, has revealed the presence of an activating
sequence at positions 100 to 129 (137). However, similar studies on elements of the Tyl family (Tyi-15 and Ty
D15) suggested that the S sequence does not contain any UASs (75, 257). These results may point to true
differences in the transcriptional regulation of Tyl and Ty2 elements and reflect the observed sequence
heterogeneity among elements of the same or different families. It is nevertheless clear from these studies, as well
as from the analysis of solo S insertional mutations, that the S sequence itself does not contain the regulatory
determinants of mating-type control.
Second, cis-acting sequences located downstream of the initiation site and overlapping the translated
sequences of the e region were shown to be necessary for the activation of Ty or Ty-adjacent gene transcription
and its regulation by the mating-type locus (64, 67, 75, 185, 257). Since they are located downstream of the I site,
these elements are not functionally related to typical yeast UASs, but rather appear to function similarly to

‘Much confusion recently developed regarding the nomenclature of the RNApolymerase II transcription factor involved in TATA box recognition.
As far as the biochemical fractionation oftranscription extracts is concerned, TFIID originally referred to a specific chromatographic fraction
containing the TATA box recognition activity. Although a single protein was shown to exhibit this activity, TFIID was later found to consist ofthe
TATA box binding protein (now called TBP) and several associated factors (TAFs). In yeast, TFIID refers to a single protein, TBP (60,90).
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maimnalian enhancers. That the functions of both of these regulatory elements are nevertheless connected is
suggested by the observation that the Ty2 UAS element is dependent on the presence of the enhancer to allow
maximal levels of transcription. (137). However, the description of the structure and experimental characterization
of these elements is beyond the scope of this discussion. An important conclusion from this body of work is that,
although the 5’ 6 of Ty elements provides the basal elements for transcriptional initiation, the 6 promoter requires
additional activating sequences to direct the high levels of Ty transcription observed in haploid yeast cells.
Although in Ty elements these activating and regulatory sequences seem to be located downstream of the initiation
site (perhaps as a constraint imposed by the very nature of the transpositional mechanism of these mobile elements,
as proposed in ref. 22), solo 6 sequences may be rendered transcriptionally active by a nearby host (i.e. non-Ty)
UAS.

1.1.2 Ty and 6 insertional mutations
As mentioned in the previous section, the first Ty element of yeast was cloned as a restriction fragment at
the sup4 locus (33). The availability of DNA probes specific for Ty elements soon led to the identification of
spontaneous mutations at the HIS4 and CYC7 loci caused by the insertion of Ty sequences (34, 63, 182). Since
those early studies, much work has been directed towards the understanding of the mutagemc properties of
transposable elements and of their role in promoting spontaneous mutations. Two fundamentally different
mechanisms of mutagenesis can be distinguished. First, because they are repetitive in the yeast genome, Ty and 6
sequences provide highly recombinogemc, homologous substrates for chromosomal rearrangements (deletions,
inversions, translocations, duplications, gene conversions; ref. 34, 182, 200, 183). Second, through their ability to
transpose and integrate at non-homologous sites in the genome, Ty elements and their solo 6 derivatives can
interfere with the expression of the transcriptional unit adjacent to the insertion site (referred to below as the
adjacent gene). Both of these pathways can generate phenotypic variations, but only retrotransposition events are
associated with the formation of an insertion at a new chromosomal location.
The integration of a Ty element clearly does not involve a sequence-specific step, as evidenced by the very
degenerate consensus integration site derived from more than one hundred independent insertional events (158,
240). However, in addition to a preference for A/T rich sequences, it has been proposed that regions of open
chromatin (often characterized by nuclease hypersensitivity) constitute preferred integration sites. This conclusion
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is based on the observation of a statistically significant bias towards integration in the 5’ region of the mutated
locus (58, 158, 240). A retrotransposition event consists of a simple insertional mutation, accompanied by the
duplication of a 5 bp long sequence of the target gene (present as flanking direct repeats). As for other insertional
events, it is clear that the transposition of a Ty element within a coding region (open reading frame) is likely to
disrupt the function of the mutated gene and produce a null phenotype. The formation of such disruption alleles by
Ty transposition has been reported for several loci, notably for the counter-selectable markers URA3, LYS2, and
CAN] (58, 158, 188, 211, 240).
More interesting are the frequent transpositional events targeted to the 5’ noncoding regions of specific
genes. The functional consequences of such insertion are twofold: (I) the 6 or Ty insertion disrupts essential
promoter elements, which are now displaced by 330 bp or 6 kb of intervening sequences (for 6 and Ty,
respectively); (ii) new cis-acting sequences present within the Ty element (transcriptional initiation and
termination signals, enhancers) are brought in close proximity to the adjacent gene. As a consequence, the
insertion of a transposable element within the 5’ noncoding region of a gene often interferes with the normal
expression of that gene. Most of the literature on the subject discusses insertional mutations characterized or
selected on the basis of the phenotypic changes they mediate and is biased consequently towards interfering
insertions. To my knowledge, in all cases studied so far, phenotypic changes were found to correlate with specific
changes in the transcription of the adjacent gene. The actual effects of the insertion depend on several parameters,
such as the position of the integration site with regard to the promoter elements of the adjacent gene, the
orientation of the inserted element, the nature of the insertion (full Ty or solo 6) and its DNA sequence (which
dictates the transcriptional competence of its cis-acting sequences). Two opposite transcriptional effects, activation

and inhibition, have been observed. Each of these can also be associated with other phenotypic or transcriptional
changes such as cold sensitivity (cs), heat sensitivity (hs), deregulation and mating-type control. The following
sections summarize some important mechanistic aspects of each type of insertion, with emphasis on the inhibitory
insertions, some of which are suppressed by spt2 mutations.

Activation of transcription. Several examples of Ty-mediated gene activation or deregulation have been
described, extensively studied, and reviewed elsewhere (20, 22). These range from the reversion of a promoter
deletion mutant at HIS3 (202) to cis-dominant overexpressing alleles, notably at CYC7 (63, 62), ADH2 (37, 38,
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241), HIS4 (183), DUR1 and DUR2 (135), CARl and CAR2 (56). Mutations belonging to this group represent a
very interesting example of the relation between Ty sequences and adjacent gene expression. In most cases
studied, the insertional mutation consists of a full length Ty element oriented such that it is transcribed away from
the adjacent gene (exceptions are discussed in ref. 20). The insertion often disrupts cis -acting regulatory
sequences of the adjacent gene, but not its basal elements (TATA box and I site). Furthermore, in that particular
orientation, the downstream regulatory sequences of the c region are proximal to those basal elements. The
consequences of this new promoter configuration can be summarized as follows. First, the adjacent gene is
expressed either at higher levels, or in a deregulated fashion. Those effects have often constituted the basis of the
phenotypic changes leading to the identification of these mutations in the first place. Two well characterized
examples of those effects are the CYC7-H2 allele, which produces a 20-fold overexpression of iso-2-cytochrome c
in haploid cells and allows cyci strains to grow on lactate (63), and the ADR3’ alleles, which constitutively
express the glucose-repressible alcohol dehydrogenase II gene (ADR2 or ADH2) and allow strains deficient in
AD}H and niADH to grow on glucose in the absence of respiration (37, 38, 241). Second, the expression of the
adjacent gene comes under mating-type control and, like Ty transcription itsell is regulated as a haploid-specific
gene. For example, the overexpression of iso-2-cytochrome c in CYC7-H2 strains is 10 times higher in a or c
haploids than in a/cs diploids. Because of this unique feature, those insertional mutations have been described by
the acronym ROAM for regulated overproducing alleles responding to mating signals. Third, the overproduced
transcript initiates at the wt initiation site.
The characteristic effects of ROAM mutations suggest a simple interference model based on a promoter
replacement mechanism: the basal elements of the adjacent gene promoter become isolated from their normal
upstream regulatory sequences (deregulation), and simultaneously adopt new regulatory properties defined by the
nearby downstream elements of the Ty s sequences (activation and mating control). The adjacent gene and the Ty
element appear to become co-regulated by the same cis-acting elements, which must therefore be able to act in both
orientations and on two divergent basal promoters. Following this view, a possible cellular role of Ty elements is
to act as portable regulatory cassettes, capable of modifying the regulatory properties of any RNAPII promoter.
Although this simple picture provides a working model for Ty-mediated gene activation, studies of cis- and trans
acting mutations modifying the effects of ROAM mutations have shown that the regulation of Ty transcription does
not always parallel that of the adjacent gene (67, 44), and that the divergent basal promoters may themselves be in
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direct competition for general imtiation factors (44). That internal (s) sequences are necessary for the observed
phenotypes is supported by the fact that ROAM mutations are never caused by solo 6 insertions.

Inhibition of transcription. The counter-selectable markers URA3, LYS2 and CAN], as well as enrichment
methods for his4 auxotrophs by inositol starvation (34, 97), have all been exploited to select for inactivating Ty
insertional mutations into promoter regions (34, 158, 240, 58). Such Ty or 6 insertional mutations were shown to
mediate their effects via inhibition of or interference with, normal transcription of the adjacent gene. In contrast
to the stable insertional mutations into coding regions mentioned previously, inactivating Ty insertions into
promoter elements can revert at a high frequency by chromosomal rearrangements or mutations in unlinked
suppressor genes (see below). Internal Ty sequences are apparently not required for inactivation, as mutations of
this class caused by solo 6 sequences have also been characterized. This fact is also reinforced by the finding that
there is no strong bias towards a particular orientation of the inserted Ty in interfering insertions.
The mechanism of inhibition depends on the site of insertion and the sequence of the element. Overall,
the study of several inactivating mutations and of their reversion by cis- or trans-acting mutations suggests that the
transcriptional interference can be caused by simple disruption of promoter elements, by promoter competition, or
by premature termination. Three extensively studied mutations will be introduced to illustrate each of these
inactivating mechanisms.
The first two mutations, his4-91 7 and his4-912, were obtained as spontaneous His auxotrophs derived
from a wt 1{is+ strain (34). Both of these mutations were shown to be highly unstable promoter mutations caused
by the insertion of a transposable element in the 5 noncoding region of the HIS4 gene (34, 73, 182, 181). The
HIS4 gene encodes a multifunctional enzyme, catalyzing three steps in the biosynthesis of the amino acid histidine.
Yeast strains carrying a mutation interfering with the production of this protein require exogenous histidine for
growth (they are histidine auxotrophs) and are said to exhibit a His phenotype. Transcription of the HIS4 gene is
regulated by two separate systems, the general amino acid control, and the basal control. The general amino acid
control co-regulates the production of several enzymes involved in amino acid biosynthetic pathways by activating
(or derepressing) their synthesis in response to amino acid starvation (248). The activation of HJS4 (as well as of
the other genes under the general control) occurs at the level of mRNA synthesis (210) and requires the
transcriptional activator, GCN4 (reviewed in ref. 103). The basal control is responsible for the low levels of HIS4
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transcription under conditions of repression (or in the absence of GCN4) and for activation by phosphate or
adenine limitations (10). This control is mediated by the trans-acting proteins, BAS1 and BAS2 (a.k.a. P1102).
The 5 noncoding region of the HIS4 gene has been studied extensively and the sequence elements
responsible for basal level expression (repressed state) and activation (derepression) have been identified. The
basal promoter elements consist of a unique TATA box, located at position -60, that is, 60 nucleotides upstream of
a major I site (Ijjj, position +1), and 123 bp upstream of the ATG (55). The BAS1 and BAS2 sites are located
between positions -180 and -158. The cis-acting determinants of the general amino acid control consist of five
repeats of the GCN4 binding site, 5’-TGACTC-3’, located at positions -192 (site A), -180 (site B), -136 (site C),

-

113 (site D), and -85 (site B). Although these repeated sequences may act synergistically to mediate GCN4
activation, site C represents the highest affinity site in vitro (8) and is primarily responsible for GCN4-dependent
transcription of HJS4 in vivo (50). On the other hand, sites D and E are not sufficient to confer general control
(54), and site B (at position -180) is in fact the BAS1 binding site (224).
Both BAS1IBAS2- and GCN4-dependent transcription of HJS4 were shown to require the ubiquitous
DNA-binding protein, RAP1 (50). RAP1 binds the HIS4 promoter in between the BAS2 site (at position -158) and
the GCN4 site C (with some overlap) and was proposed to assist the activators by preventing nucleosome fonnation
over their respective binding sites. A strain lacking BAS 1LBAS2 and GNC4 activity (basi bas2 gcn4) is His,
showing that HJS4 expression is dependent on these control systems. This information on the regulation of HIS4
transcription (i.e. the nature of the trans-acting factors and cis-acting promoter elements) offers a unique
opportunity to dissect the molecular events leading to transcriptional inhibition by transposable element insertions.
his4-91 7. The his4-91 7 mutation is caused by the insertion of a Ty element of the Ty2 family (Ty2-9 17)
in the HIS4 promoter, 9 bp upstream of ‘JJIS4 (nucleotides -9 to -5 being terminally repeated; ref. 181). In contrast
to most Ty elements, the Ty2-9 17 element does not have identical 6 repeats (181). In his4-91 7 the Ty2-9 17
element is oriented such that it is transcribed divergently from the HIS4 transcriptional unit. Although this
configuration is identical to that of activating insertional mutations, his4-91 7 strains are His and express HJS4
only at extremely low levels (181, 209).
As discussed previously (44), an important feature of the his4-91 7 mutation is that the Ty2-917 element is
inserted in between the HJS4 1 site and the TATA box. The disruption of promoter elements and the displacement
of the TATA box by nearly 6 kb from 1
H184 are likely to be responsible for the observed transcriptional
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interference mediated by Ty2-9 17. The analysis of His+ revertants of the his4-91 7 mutation, obtained as
spontaneous or UV-induced Ura gene convertants of the Ty2-917 element marked with the URA3 gene (Ty2917(URA3)), showed that the actual sequence of the element is the determining factor in this system (183, 185).
Mutations affecting the Ty2-9 17 TATA sequence or activating a downstream enhancer sequence were shown to
revert the inactivating phenotype to a ROAM-like phenotype (183, 185). Since the expression of the Ty2-917
element is not affected by the base pair substitution in the

region that activates HIS4 (Ty2467 element, ref. 44),

it was concluded that the effects of a particular Ty element on the expression of the adjacent gene are not always a
reflection of the transcriptional competence of that element. Mechanistically, the c mutation in Ty2-467 probably
activates a UAS that specifically acts on HIS4 transcription. In support of this model, a sequence-specific DNAbinding factor interacting with the

region of Ty2-467, but not Ty2-917, has been detected in vitro (82) and in

vivo (70). This binding activity does not appear to be under mating-type control. It should also be noted that not
all the His+ revertants of his4-91 7 are influenced by the mating-type locus as seen in typical ROAM mutations.
Another implication of this model is that sequences in the 6 element of those Ty2-9 17(URA3) derivatives
may act as a fortuitous TATA box for the ff184 transcript initiating at ‘ff184 and activated by the mutated UAS.
Alternatively, Ty2-467-activated transcription may be TATA-independent as observed for low levels of
transcription of some ff184 promoter mutants (172). Since a point mutation in the normal Ty2-917 TATA box
decreases transcription from 16 and snnultaneously increases transcription from 1
H1S4’ it was proposed that these
divergent basal promoters are in competition for general initiation factors (44).
Finally, derivatives of his4-91 7 in which the Ty element has been excised by 6-6 recombination have been

obtained (184). Since Ty2-917 contains non identical 6s that differ by 4 substitutions and a 1 bp deletion, the 6
element of the resulting mutation, termed his4-91 7, can have any of several sequences: that of the 5’ or 3 ‘6, or a
hybrid of the two. Interestingly, three of the his4-91 75 mutations characterized show different effects on HIS4
expression (184). The resulting phenotype may reflect the ability of the solo 9176 to provide a fortuitous TATA
box for HIS4 initiation, or to allow activation by the HIS4 UAS, now displaced by only 333 or 334 bp. The ff184
UAS responsible for general amino acid control was shown to act even when displaced by more than 100 bp in
CYC1 fusions (104), or in the presence of a 6 insertion (9125 see below). The regulation of these His his4-91 75
mutant strains by GCN4 has not yet been investigated.
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his4-912. The his4-912 mutation is the first spontaneous insertional mutation shown to be caused by the
insertion of a repetitive Ty element (34, 182). In his4-912, a Ty element of the Tyl family (in fact, Tyl-9 12
defines this family) is inserted 161 bp upslream of the HIS4 ATG. In relation to the HIS4 transcription initiation
site (position +1, 63 nucleotides upstream of ATG), this insertion occurs at position -97, nucleotides -97 to -93
being terminally repeated (66). The Tyl-912 element is in the same transcriptional orientation as the adjacent
HJS4 gene. As for most Ty insertions in that orientation, Tyl-912 interferes with the expression of the adjacent
HIS4 gene and causes a recessive His phenotype (34). A his4-912 strain does not produce detectable amounts of
H184 mRNA, and does not present any evidence of a transcript emerging from the 3’ end of the Ty 1-9 12 element
(209). With regard to the HJS4 promoter sequences, the Tyl-912 element is inserted upstream of the I site, the
TATA box and the GCN4 site, E. Since this site is not sufficient to activate the HJS4 promoter (54), Tyl-912 may
mediate transcriptional interference by promoter disruption and displacement of the general amino acid control
and basal control UASs.
In a study of Ura gene convertants of a Tyl-9 12 element marked with URA3 (Tyl-9 12(URA3)), a single
isolate in which part of Tyl-912 was replaced by another Ty element acquired a j5+ phenotype. The mechanism
of this reversion remains unknown. The majority of Ura derivatives obtained in this selection system, as well as
most Ths revertants of his4-912, are generated by excision of the element by &ö recombination (34, 183, 186).
Since both s of Tyl-912 are identical (66), the resulting mutation, called his4-912ö (previously known as his4912R1), possesses a unique, defined sequence and generates a unique phenotype, i.e. cold-sensitive His+
phenotype: yeast strains carrying the his4-9126 mutation are phenotypically j5+ at 37°C, but His at 30 and 25°C
+ phenotype at high temperature, is somewhat
5
j
1
(34). This temperature dependence, notably the }3
affected by the
genetic background of strains carrying the his4-9125 mutation. The excision of Tyl-9 12 by LTR-LTR
recombination occurs at a frequency of approximately 1 in

cells (245). Strains carrying the his4-912 mutation

were also shown to revert to Pjs by numerous chromosomal aberrations involving the Tyl-912 element (34, 182).
j+ revertants of his4-91 2 and his4-912(URA3)
The 1
caused by gene conversion, translocation or inversion were
all shown to express low levels of a HIS4 transcript of wt size. These transcripts are not regulated by the general
control (209).
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The his4-912ö mutation presents a particularly interesting configuration. The 9 l2, inserted in between
the HIS4 TATA box (TATAjjj
) and the UASs, provides a new basal promoter (TATA box and I site,
4

‘o) as well

as a new translational initiation signal (the TyA ATG, ATG). These cis-acting sequences are all oriented in the
same direction as the HJS4 transcriptional unit (Fig. 2). Northern blot analyses have shown that his4-9125 mutant
strains produce two transcripts homologous to HJS4. The smaller mRNA, present at very low levels, initiates at the
wt 1
HIS4 These strains also produce a more abundant and longer transcript (209). Nuclease Si mapping and
primer extension experiments confirmed that this longer transcript initiates at the ö I site, located 94 nucleotides
into the ö sequence (from the 3’ end). This nucleotide is identical to the initiation site of the major Ty mRNA
produced in haploid yeast cells (i08, 209).
An obvious question arising from these observations is “What is the relationship between the observed
transcriptional pattern of the his4-912ö mutation and the phenotype of mutant strains carrying this mutation?”.
The experiments described above, together with studies of cis- and trans-acting suppressor mutations of his4-9125
have led to the conclusion that the His phenotype strictly correlates with the levels of the shorter mRNA initiating
at the wt ‘HIS4• The 9i2 promotes the initiation of a nonfunctional mENA; the lack of function is probably due
to the presence of several translational start and stop codons in between the start codon of the TYA open reading
frame (present within the ö sequence) and that of the HIS4 gene (40, 55). It is well documented that translation
normally initiates only at the 5’ proximal ATG in eukaryotes. For example, translation of the HJS4 mRNA
initiates at a downstream ATG only when the upstream ATG (5’ proximal) is mutated (36). Therefore, the longer
&imtiated mRNA is thought to be translationally inactive.
Another important aspect of his4-9]2Sis that both transcripts are regulated by the general amino acid
control (209). Mechanistically, this implies that the activator protein GCN4, acting via its recognition sites A to D
(located 5’ of the 912ö insertion site), is able to activate the two downstream basal promoters simultaneously. This
observation and the proposed mechanism are also consistent with the inability of S sequences to activate
transcription on their own. The basal S promoter, normally silent when isolated from the downstream g enhancer
in solo S insertions, therefore becomes regulated by the upstream HIS4 UASs in his4-912ö and adopts the
regulatory properties of the H184 gene. Although this provides a basis for understanding the origin of the 5initiated mRNA as well as the coregulation of both his4-912ömP.NAs, it does not explain the low levels of wt
HJS4 niRNA (responsible for the His phenotype at 23°C), nor the temperature dependence of the His phenotype.

20
The molecuiar basis for the temperature dependence of his4-9128is still unknown, but at the transcriptional level,
a temperature shift from 23 to 37°C (corresponding to a phenotypic change from His to Hisj is associated with
an important increase in the levels of wt HIS4 mRNA and a twofold decrease in the levels of the longer S mRNA
(108).

r
UAS

HIS4
T

his4 -9126

>I.

His

I-

His

Figure 2. The his4-912ö mutation.
The structure of the insertional mutation his4-9128 has been expanded (above) to highlight the relative positions of
significant cis-acting sequences. Two transcripts are produced by the mutated HJS4 locus (below). The
predominant niRNA (thick line) initiates at the 9125 promoter and is not functional for HIS4 activity probably due
to premature translational termination. cis- and trans-acting suppressor mutations of his4-9126 cause an increase
in the shorter (thin line), functional wt HIS4 transcript.

21
At least two different mechanisms, not necessarily exclusive, might account for the transcriptional
interference imposed by the 9126 on the initiation of the wt HIS4 mRNA. The first possibility is that the
transcriptional activators acting through the UASs of HIS4 (GCN4, BAS1 and BAS2, along with RAP1) which
-

are ultimately responsible for almost any transcriptional activity detected at the HIS4 locus (50) preferentially act
-

at the nearest downstream TATA box, the 6 TATA box in his4-912ö This model is supported by the observation
that the insertion of a synthetic wt HIS4 TATA box at position -98 of the HIS4 promoter results in the synthesis of
a new, longer mRNA, and in the inhibition of the wt HIS4 mRNA, normally promoted by the now downstream
HIS4 TATA box (at position -60; ref. 149). In other words, if the 111S4 TATA box is duplicated, only the upstream
TATA will be utilized and activated in response to amino acid starvation. The second possibility is that the
observed transcriptional pattern of his4-9125 reflects intrinsic differences in the 9128 and HJS4 TATA boxes.
According to this model, both TATA elements are in competition for general transcription factors (including
TFIID) and the stronger basal promoter the 9126 promoter directs most of the RNAPII initiation. This model is
-

-

supported by cis-acting (intragemc) suppressor mutations of the His phenotype of his4-9125at 23°C (108). In
these experiments, a plasmid-borne his4-9125 allele was mutagenized and 6 independent mutations reverting the
His phenotype and increasing the levels of wt HIS4 mRNA were characterized. Three revertants carry the same
A-to-G transition at position 166 of the 9128, next to a TFIID consensus site. The other three mutations are
clustered near the HIS4 TATA box at position -60 and were proposed to generate new functional TATA boxes.
These mutations are thought to weaken the 6 promoter or strengthen the HIS4 promoter, respectively. A promoter
competition model was proposed to explain the effects of his4-9125 and its reversion by those cis-acting mutations.
It is interesting to note that, as predicted by the first model presented above, the wt HIS4 mRNA produced in these
revertants does not appear to be regulated by the general control (108). Both mechanisms are thus likely to
participate in the observed transcriptional interference.
lys2-128. The lys2-128 mutation was isolated from a genetic screen selecting for spontaneous c
aminoadipate resistant colonies (211). The amino acid analog c-aminoadipate is a suicide substrate for wt yeast
cells. Resistant mutants often carry mutations at the LYS2 locus, coding for the enzyme, 2-aminoadipate reductase,
required for de novo lysine synthesis. Like HIS4, the LYS2 gene is regulated by the general amino acid control.
The lys2-128 mutation was shown by Southern blot analysis to be caused by the insertion of a transposable element
of the Tyl family in the 5’ region of the LYS2 locus. The Tyl-128 element is in the same transcriptional

22
orientation as the adjacent LYS2 gene (211). Strains carrying the lys2-128 insertional mutation are auxotrophic for
lysine, but in contrast to his4-912 strains, they revert to Lys+ only rarely. It was later found that the lys2-128
mutation is not a promoter insertion, but is in fact an insertion into the 5’ portion of the LYS2 coding region (at
+153 [43], or +158 [681). The solo

derivative of Iys2-128, called lys2-128c5 also interferes with the expression

of the LYS2 gene: lys2-1285 strains are Lys, and do not produce the expected 4.2 kb long LYS2 mP.NA. Instead,
a small transcript of ca 580 bp homologous only to the 5’ end of the normal LYS2 mRNA is detected in Northern
blot analysis (42, 43, 221). This transcript initiates at the normal LYS2 I site and appears to terminate in the solo
128 element. The conclusion from those experiments is that the lys2-128S mutation interferes with the
expression of the LYS2 gene by causing premature transcriptional termination. This mutation therefore provides
evidence that ö sequences contain the cis-acting determinants sufficient to direct efficient termination of RNAPII
transcription and that solo

sequences can act as portable termination signals. That 128S does not simply act by

disruption of the LYS2 coding region is shown by the transcriptional pattern of Iys2-128ö in strains carrying
unlinked suppressors (see next section).

So far, the discussion has focused on the structure and mutagenic potential of Ty elements. Through their
own transcriptional signals, some of them known to utilize components of the host transcriptional machinery, these
elements were shown to interact in complex ways with adjacent transcriptional units. In asking how a yeast cell
can modify, or even suppress the transcriptional effects caused by Ty insertions, molecular biologists learned that
Ty insertional mutations in unique sequences never revert to the wt configuration in haploids. Since the Ty or
cannot be fully excised, the cell must resort to other approaches toward this goal. One way to modulate the
activation or inhibition of Ty insertions is via cis-acting mutations in critical sequences. Several examples of such
mutations have been described above. Some of them act as true dr-acting suppressor mutations of the Ty or
insertion. Another way that the cell can revert the effects of Ty insertions is by mutations in unlinked suppressor
loci. Many extragemc suppressor mutations of insertions such as his4-91 7, his4-9125 and lys2-128 have been
characterized and define a group of yeast genes known as SPT genes (for SuPpressor of Ty). Since they can
suppress the transcriptional defects caused by Ty and/or

insertions, these mutations are thought to define yeast

genes whose products are involved directly or indirectly in transcription initiation. The primary interest behind the
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study of SPT genes therefore lies in the belief that SPT proteins belong to a group of host factors interacting with
Ty elements and/or the transcriptional machinery of yeast.

1.1.3 Unlinked suppressors of inactivating Ty and 6 insertional mutations
It has been noted previously that the hallmark of several Ty-mediated mutations is their extremely high
frequency of reversion. It was discussed in the previous section how this instability is mainly attributable to the
recombinogemc potential of these repeated elements, associated with the heterogeneous transcriptional effects of
different Ty sequences. The outcome of these recombination events, or of other mutagemc events occurring at the
affected locus, is a specific change in the DNA sequences of the insertional allele. Together, these molecular
events can be classified as cis-acting modifiers of Ty insertions. The study of His+ revertants of the his4-912 and
his4-91 7 mutations showed that in some instances the mutations responsible for the phenotypic reversion did not
map to the HIS4 locus. Those studies provided the first evidence that the Ty-mediated transcriptional inbibition
could also be suppressed by uniiithed or trans-acting modifiers. Since they were thought to promote not only the
suppression of Ty mutations, but also the reversion of his4-912 by 6-6 recombination, the genes defined by those
mutations were originally named SPM by analogy to the Spm suppressor-mutator elements found in maize (181).
It was later shown that the apparent “mutator” property of these mutations was the result of a bias in the genetic
selection utilized: for example, spt3 mutations can suppress his4-9126 but not his4-912, such that the selection for
His+ revertants of spt3 his4-912 mutant strains (or SPT3 his4-912) will introduce an enrichment for 6-6
recombination events (245). In order to represent more accurately the effects of these unlinked suppressor
mutations, the designation SPM was changed to SPT, for SuPpressor of Ty’s (245).
The notion that spt mutations affect cellular factors involved in some general aspect of Ty transcription or
even of RNAPII transcription is supported by the fact that they rarely suppress non-Ty insertions, that they often
suppress more than one rnsertional mutation at HIS4 and can also suppress insertions at the other genetic loci such
as LYS2 (211). The ability of a particular spt mutation to suppress particular Ty or solo 6 insertions, divergent or
not, defines the suppression pattern of that mutation (allele specificity), and is thought to reflect the cellular
function of its wt gene product. It should be emphasized that although the wt SPT genes are known as suppressors
of Ty’s, it is the mutant fonns of those genes (or in some cases overexpression or deregulation) that actually lead to
the suppression of insertional mutations. This important yet confusing notion is perhaps best represented in terms
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of the

Spt phenotype of a strain: a Spt+ strain does not contain any spt mutation (but only wt SPT genes) and

cannot suppress Ty insertions; conversely, a Spr strain carries a mutation in one or several SPT genes and can
suppress the effect of one or several Ty insertions. Of course this suppressor or Spt phenotype will vary inversely
with the phenotype associated with the insertion allele itself: for a His SPT his4-91 7 strain, a suppressing spt
mutation will generate a Spt phenotype and consequently a Jfi+ phenotype (since it suppresses the inhibition of
HIS4 expression by Ty2-917).
Three different categories of suppressor mutations will be discussed below: the spt mutations, originally
characterized in genetic screens for suppressors of Ty insertions, mutations in histone genes and their regulators,
and P.NA polymerase II mutations. Other unrelated mutations were also found to confer a suppressor Spr
phenotype. An example of such mutations will be discussed in section 1.2.3.
So far, 17 different SPT genes have been described. They have all been identified through genetic screens
for suppressors of one or several Ty insertions (42, 68, 157, 181, 245, 246). As Ty elements utilize different
mechanisms to inhibit the expression of the adjacent gene, spt mutations will generate different suppression
patterns, dictated by the role of the wt SPT protein in transcription and Ty-mediated inhibition. Table 1
summarizes the results from several studies and presents the suppression patterns of those 17 spt mutations. In all
the cases studied so far, the suppression was shown to occur at the level of transcription, although the actual
transcriptional changes underlying the phenotypic suppression can be quite different depending on the function of
the SPT gene product mutated in the Spr suppressor strain. As expected if only a small number of mechanisms
can suppress the Ty or 6 insertions, most spt mutations belong to one of three classes, on the basis of their
suppression pattern (68, 96). Important genetic equivalencies and functional information on class I and class II
genes are discussed below and summarized in Table 2. Since they do not share the 6 suppressor phenotype of spt2
mutations and since little is known about their cellular function, the class III genes SPTJ3 and SPT14 will not be
discussed further.
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Table 1. Suppression pattern of spt mutations.
his4

lys2

spt
912

912

1

+

+1-

2

+

-

3

+

-

4

+

-

5

+

-

6

+

-

7

+

8

91Th

REF.

917

128

+1-

+

+1-

+

188,211, 245

+

+

188, 211,245,246

+1-

+

68,245

n.a.

+1-

+

68,245

+1-

+1-

+

68,245

-

+

+

+

68,245,246

+

-

+

+

+1-

68,246

9

n.a.

n.a.

n.a.

+

+

68

10

+

n.a.

+

+

68, 157

11

+

n.a.

n.a.

+

+

42, 68

12

+

n.a.

n.a.

+

+

42, 68

13

—

-

+

68

14

-

-

+

68

15

+

-

16

+

21

+

+

+

a

188, 208, 245

+

+

68

-

-

+

20

n.a.

+

+

157

a Partially impenetrant (208)
b Not available
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Table 2. Properties and pleiotropic nature of class I and class II spt mutations.
Class I
SPT3,7,8

TBP-associated factors; coactivators

SPTJS

Codes for the TATA box binding factor of TFIID (TBP)

Class II
SPT2

SIN] : Sin and Srb phenotypes; HIVIG 1-like

SPT4,5,6

SPT6 =SSN2O =CRE2; Sin- phenotype

SPT1 1,12

HTAJ -HTB1 encoding histone H2A-H2B ; Sin phenotype

SPTJ ,]O,21

SPT1 =HIR2 ; regulators of histone gene expression

1.1.3.1 Class I SPT genes
Mutations in SPT genes of the first class are suppressors of ö insertions and strong suppressors of
divergent Ty insertions such as his4-91 7. Furthermore they are the only known suppressors of the solo

insertion

mutation, his4-9] 75(60, 246). The available evidence suggests that the SPT3, SPT7, SPT8, and SPTJ5 gene
products either perform similar functions or act at the same step in transcriptional initiation.
SPT3, SPT7, SPTS. The first developments in our understanding of the role played by the SPT3, SPT7,
and SPT8 proteins came from studies on the spt3 mutations. Mutations in a gene previously called SPM3 were

first isolated as suppressors of his4-912 and his4-917 (181), and three recessive spt3 mutations were later isolated
as suppressors of his4-917 (245). Both a deletion and a frameshift spt3 mutation (spt3-20] and spt3-]O],
respectively) were shown to confer a recessive suppressor phenotype, suggesting that the SPT3 protein is not
essential for mitotic growth and that suppression is caused by loss of SPT3 function. In addition to suppressing
several Ty and ö insertional mutations at HIS4 and LYS2 (211), spt3 mutant strains also show a slow growth rate as
well as sporulation and mating defects: for example, spt3 strains can mate with SPT+ partners of the opposite
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mating type, but fail to mate with other spt3 mutant strains (247). Several of these phenotypes were shown to be
caused by changes at the level of transcription.
Northern blot analysis of the expression of HIS4 in a his4-912ö spt3-1 strain revealed that the spt3
mutation abolishes the production of the longer transcript initiating at I while simultaneously causing an increase
in the wt HJS4 mRNA (209). This pattern of suppression of his4-9]2öis analogous to the one observed in His
revertants carrying a cis- acting mutation near the 912 TATA box (108). That the SPT3 protein may function as
a Ty transcription initiation factor is also supported by the general effect of spt3 mutations on the expression of all
the Ty elements in a cell: spt3 haploids do not produce the major 5.7-kb Ty mRNA. Instead, a nonfunctional Ty
RNA, approximately 5.0 kb in length, initiating in the e region is produced (247). As a consequence, mutations in
spt3 abolish the transposition of chromosomal Ty elements, thereby providing a very useful tool for the study of
artificial Ty elements expressed from the inducible GAL] promoter (which is SPT3-independent; ref. 23). These
results show that the SPT3 gene product is necessary for the synthesis of RNA molecules initiating in the S
sequence.
Although spt3 mutations may have identified a host factor specific for Ty transcription, the additional
phenotypes of spt3 strains suggest that the SPT3 gene product is involved in a more general cellular function. This
hypothesis is supported by the observation that the mating defects of spt3 strains correlate with reductions in the
expression of the mating pheromone genes, MFaJ, MFa1 and MFa2 (107). The relationship between these genes
and Ty elements, which could explain their common requirement for the SPT3 factor, is not clear. Interestingly,
these 3 genes are, like Ty elements, haploid-specific and their promoters are all repressed by a]Icw2 in diploids
(107).
Following these studies, a new genetic screen was utilized in order to characterize additional yeast genes
required for S-initiated transcription. This work showed that the products of the SPT7 and SPT8 genes are
functionally similar to SPT3. Mutations in SPT7 and SPT8 produce phenotypic effects similar to those seen in spt3
mutants and they do not affect SPT3 expression (246). Together, these results suggest that the SPT3, SPT7 and
SPT8 proteins perform a common function in the transcriptional initiation process and may even interact in vivo.

SPTJ5. Additional clues as to what that function may be came from the analysis of another member of this class
of suppressors, the SPT]5 gene. Mutations in SFTI 5 first were obtained in the screen for spt3-like suppressor
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mutations mentioned above (246). Haploid sptl5 mutant strains were also found to display several phenotypes

associated with spt3, spt7 and spt8 mutations. At the transcriptional level, the effects of sptl5 mutations on 6
insertions and Ty elements are also similar to those caused by spt3, 78 mutations: they eliminate the fonnation of
the Ty P.NA imtiating in the 6 sequence and reduce the cellular content of fi.ill-length Tyl RNA (9, 59, 60).
Molecular characterization of the SPTI5 gene led to the important finding that SPTJ5 is essential for growth and
encodes the yeast TATA binding protein, TF1ID (now called TBP; ref. 60, 90, 91, 111).
Initially characterized as a specific nuclear fraction required for in vitro, promoter-dependent initiation by
RNAPII, TFID is now known to consist of a TATA-binding protein (TBP) and several associated factors (TAFs;
ref. 178, 204). Through its TBP component, TFIID can bind to the TATA box element of eukaryotic promoters
and direct the formation of the preirntiation complex required for basal transcription. Activated transcription on
the other hand is thought to require specific coactivators (TAFs) that link TBP and the basal transcriptional
machinery to gene-specific activator proteins (83, 178). The finding that particular point mutations in the yeast
TBP (i.e. sptl5 mutations) can affect transcriptional imtiation in vivo (for example at the 6 promoter) provided the
first genetic evidence supporting the profusion of in vitro work on TFIID.
The actual mechanism whereby a sptls mutation can suppress his4-9128is unclear. By analogy to the
cis-acting suppressor mutations of his4-9128 described previously, an obvious possibility was that the mutant TBP
has acquired a new DNA binding specificity, with increased affinity for the wt HJS4 TATA box. However, in vitro
binding studies do not support this simple model (9). In fact, these experiments have also shown that the wt TBP
binds to the 9126 and the HIS4 TATA boxes with similar affinities, even though in SPT15 his4-9126 strains, the
most abundant transcript is the longer nonfunctional mRNA initiating from the 6 promoter.
In order to reconcile the genetic and biochemical data, it could be argued that the strength of a promoter is
not determined by the affinity of its TATA box for TBP, but perhaps by another variable dependent on the
coactivators associated with the TBP bound at that promoter. This possibility was investigated by a genetic screen
for extragenic suppressors of a specific sptl5 point mutation. All suppressor mutations isolated mapped to the
SPT3 locus (59). Coimmunoprecipitation experiments confirmed that the SPT3 protein interacts with TBP in vivo.
These results suggest that the SPT3, SPT7 and SPT8 proteins act as transcriptional coactivators and represent the
yeast counterpart of some of the proteins that copuri1’ with TBP to form TFIID (i.e. TAFs). With regard to the
suppression of the his4-9128 insertion, the SPT3,7,8 proteins may specifically recognize the TBP bound at the S
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TATA box and participate in the GCN4-activated synthesis of the long non-functional mRNA. The production of
this RNA, as well as that of all Ty elements and other genes utilizing the same coactivators, would be expected to
be eliminated in strains deficient in any of these coactivators (Spr phenotype).

In conclusion, class I SPT genes code for an essential and well defined component of the basal
transcriptional machinery, the TATA-binding protein (TBP), and possibly a subset of coactivators (TAFs) that
interact with TBP at certain regulated promoters. Further biochemical characterization of the role played by these
factors in basal and activated transcription will be required to establish whether they perform a function
homologous to the TFIID complexes of higher eukaryotes.

1.1.3.2 Class II SPT genes
The class II spt mutations share several characteristics that distinguish them from the class I mutations.
Mutations in class II SPT genes do not eliminate the -imtiated transcript. As a consequence, Ty transcription and
transposition are not impaired in these mutant strains. This important mechanistic difference is reflected by the
inability of most class II mutations to suppress full Ty insertional mutations such as his4-91 7. In addition, the
function of several class II genes is dosage-sensitive and is required for complete repression of SWI-dependent
genes in swi strains (see section 1.2). Since they include the hi stone H2A and H2B genes, members of this class
are often collectively referred to as the “histone group” of SPT genes and are thought to encode nuclear proteins
involved in the maintenance of an inactive chromatin state (244). Whereas class I SPT genes code for components
of the basal transcriptional machinery, class II genes seem to play a more general role in the transcriptional
process, perhaps through their direct or indirect role in the folding of the chromatin template.

SPT2. The SPT2 gene, the focus of the present study, was the first class II SPT gene isolated. Formerly called
spm2 mutations, defects in this gene were isolated on the basis of their ability to suppress the His phenotype of a
his4-912 mutant strain (73, 181). It was observed that, in those His+ revertants, the Tyl-912 element had
undergone excision by S- recombination and that in fact, spt2 mutations did not suppress the full length
insertion, but rather the resulting solo

insertion his4-9128 (73). Some spt2 alleles were also reported to suppress

the his4-91 7 mutation (73, 245), although in another study, all spt2 his4-91 7 mutants were categorized as being
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His. It is not known at this time if this represents an allele- or a strain-specific phenomenon. That the role of the
SPT2 protein is not merely related to the regulation of the HIS4 gene was suggested by the observation that spt2
mutations can also suppress Ty or ö insertions at the LYS2 locus (211).
These early genetic studies on SPT2 reveal some important features of its function. Interestingly, spt2
mutations represent the major class of spt mutations isolated (85% in one screen; ref. 245). Although the reason
for this bias is not known, it suggests that the SPT2 locus is particularly sensitive to mutations, or that spt2 mutant
strains had some growth advantage in the selection scheme utilized. It was also observed that mutations at SPT2
can be recessive or dominant, whereas all other spt mutations are recessive
. Nearly 50% of the spt2 mutations
2
isolated show some degree of dominance for the Spr phenotype (245). A particular allele, spt2-]50, was found to
bear a deletion of the entire SPT2 locus plus some sequences from the adjacent RAD4 gene on the right arm of
chromosome V (245). The spt2-150 deletion mutation is viable and confers a recessive suppressor

Spt

phenotype.

This genetic information indicates that the SPT2 protein is not essential for mitotic growth and that, in this case,
the suppressor phenotype corresponds to the loss of SPT2 function.
As suggested by their suppressor phenotype, mutations in SPT2 cause transcriptional changes at the his49125 locus. Northern blot analysis showed that, in a his4-9125SPT2-1 strain, the levels of both the ö-initiated
transcript and the wt HIS4 mRNA are increased (209). Both of these transcripts are still under general amino acid
control and GCN4 activation upon amino acid starvation. As mentioned above, this suppression pattern is in sharp
contrast with the effects of spt3 mutations, which abolish the ö transcript (209). From a mechanistic perspective,
mutations in SPT2 appear to promote a general “derepression” of the his4-9125 locus. According to this view, the
wt SPT2 protein acts as a repressor or negative regulator of transcription. Such a model is consistent with other
phenotypes associated with spt2 mutations, most notably their ability to bypass the requirement for general
activator proteins (see section 1.2).
The availability of dominant mutations greatly facilitated the molecular cloning of the SPT2 gene. The
dominant SPT2-1 allele was obtained from a clone that can revert the His phenotype of a his4-912SSPT2 strain

2 The frequent misuse ofthe terms recessive and dominant
warrants a brief note to c1arit,’ the usage chosen here. The qualifiers recessive and
doninant should be used to modifj a specific phenotypic trait and not a particular allele or mutation. For example a pleiotropic mutation could
produce the phenotype A, dominant over a, and simultaneously the phenotype b, recessive to B. However, since the discussion presented here focuses
on a specific phenotype, i.e. suppressor of Ty or 6 insertions, this distinction will often be omitted for simplicity. Unless otherwise mentioned, a
dominant SPT mutation codes for a dominant SPT protein, conferring a dominant Spf phenotype.
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and used as a probe to clone the wt SPT2 gene from a genomic library (180). The determination of the DNA
sequence of the fragment cloned revealed that the wt SPT2± locus contains a 999 bp long open reading frame
interrupted at codon 213 by an ochre nonsense codon in the SPT2-1 allele. The interpretation of these results was
that SPT2 encodes a 333-amino-acid protein and that production of a truncated polypeptide by premature
termination (the 212-amino-acid SPT2-1 mutant protein) generates a non-functional protein, unable to maintain
the His phenotype of a his4-9128 mutant strain. Analysis of the amino acid sequence of SPT2 showed that it
encodes a novel, highly charged protein (Fig. 3). Although basic (with a theoretical p1 of 108), SPT2 contains two
carboxy-terminal acidic regions with a net charge of -15 each, the second of which is part of a longer poiar region
of predicted helical structure. These features are all absent from the predicted SPT2-l truncated protein. Two
sequences of 22 amino acids were proposed to show similarity with the helix-turn-helix DNA binding domain
(180). It was later suggested that SPT2 may be distantly related to the maimnalian HIVIG1 non-histone
chromosomal protein (see section 1.2.3; ref. 127). More properties of SPT2 will be discussed in the section on the
Sin phenotype of spt2 mutations (1.2). Since mutations in these genes promote transcriptional changes similar to
those caused by spt2 mutations, the other class II SPT genes provide valuable information concerning the possible
cellular function of the SPT2 protein.

SPT4, SPT5, SPT6. Mutations in the SPT4, SPT5, and SPT6 genes share most of the phenotypes associated with
spt2 mutations. However, they appear to belong to a separate group since several lines of genetic and biochemical
evidence suggest that the products of these three genes are functionally related and may act as a complex in vivo.
Mutations in SPT4, 5,6 were obtained as suppressors of the his4-912ö and Iyc2-128ö mutations (68, 245). Like
some spt2 mutations, they appear to be only partial suppressors of the full Ty insertion his4-91 7. The phenotypic
changes associated with spt5 and spt6 mutations correlate with specific effects at the transcriptional level (43, 220).
For example, in a his4-9125 strain, they lead to an increase in the wt HIS4 transcript, correlating with the His
phenotype, and have variable effects on the &initiated transcript (but do not eliminate it).
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Figure 3. The SPT2 protein.
Primary sequence (A) and schematic representation (B) of the 333-amino-acid (aa) product of the SPT2 gene. The
asterisk indicates the position of the predicted carboxy-terminal residue (Arg-212) in the product of the dominant
nonsense mutation SPT2-1. In (B), regions of the protein with significant primary sequence or predicted secondary
structures are highlighted. Sequences from which the synthetic peptides, PSi and PS2, were designed are
indicated as solid bars.
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Several spt6 alleles were also shown to cause temperature-sensitive lethality; these observations have been
reinforced by the finding that the integration of a null allele of SPT6 constructed in vitro is lethal (43, 162, 220).
That SPT5 is also essential for mitotic growth was similarly demonstrated by the inviability of spores canying a
sptY disruption allele (221). Some implications of the lethality of sptY and spt6 null alleles are that the sptS and
spt6 suppressor alleles isolated are probably only partial loss of function mutations and that alleles such as his49128 are more dependent on or sensitive to SPT5 and SPT6 functions than are the essential gene(s) also regulated
by these proteins. A similar argument could be made with regard to the sptl5 mutations (affecting TBP; see
section 1.1.3.1) and the RNA polymerase II mutations with Spr phenotype (section 1.1.3.2).
Other genetic results that link the fimctions of these three proteins include the lethality of certain spt4
spt5, spt4 spt6, and spt5 spt6 double mutants, and the inability of some spt4, spt5 and spt6 alleles to complement
each other (221a, 245). Since the expression of each of these genes is not affected by mutations in the other two,
the possibility that their products interact to perform a common function was assessed by immunoprecipitation
experiments. These studies showed that the SPT5 and SPT6 proteins coimmunoprecipitate and may therefore form
a complex in vivo (22 la). Gene dosage studies revealed that an increase or a decrease in the copy number of the wt
SPTS or SPT6 gene causes an Spt phenotype (43, 221). These observations suggest that variations in the proper
stoichiometry of the SPT5 and SPT6 proteins perturb their function. As will be discussed below, the histones
genes display an analogous dosage-sensitive behavior.
What is the function of the putative SPT4,5,6 complex in transcriptional initiation and what are the
implications of this function with regard to the possible role of class II SPT genes like SPT2? Although the
available information does not provide a definitive answer to this question, independent work, which also led to the
isolation of spt6, mutations revealed an important link between these SPT proteins and chromatin components.
Indeed, the molecular characterization of SPT6 demonstrated that it is allelic to the previously identified SSN2O

and CRE2 loci (48, 161). Mutations at SSN2O were obtained as suppressors of the transcriptional defects at SUC2
(the structural gene for invertase) caused by primary mutations in the activator genes, SNF2 and SNF5 (160, 162).
The CRE2 gene was identified by mutations that allow the expression of the ADH2 gene under conditions of
repression by glucose (48). Together with other results discussed in section 1.2, these genetic equivalencies unite
several genetically defined regulatory systems in a model identifying three functional groups of proteins: (1) gene-
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specific activator proteins, such as ADR1, GAL4 and SWI5; (ii) general coactivators, including SWI1/ADR6,
SWI2ISNF2, SWI3, SNF5 and SNF6; and (iii) general repressors of transcription. According to this model, one
pathway of activation by gene-specific activators requires a coactivator complex (SWI-SNF complex) and mediates
its transcriptional stimulation by antagonizing general repressors of transcription (244). The group of repressor
proteins include SPT2/SIN1, SPT6/SSN2O/CRE2, SIN4, as well as the core histones H2A, H2B, H3 and H4. This
functional relationship between SPT2, SPT6 and the core histones is also supported by a distinct line of genetic
evidence showing that mutations affecting histone genes can generate a class II

Spr phenotype.

Histone genes and regulators of their expression. In an attempt to characterize other SPT genes that, like SPT5
and SPT6, exhibit a dosage-sensitive phenotype, a strain carrying the mutations his4-9125 and lys2-1285 was
transformed with a high-copy-number yeast library and }s Lys+ transformants were selected (42). This selection
system led to the finding that the previously identified SPTII and SPT12 genes can also suppress

insertions when

overexpressed (68). The molecular characterization of these loci revealed an important genetic equivalence: SFTi]
and SPTJ2 were found to be allelic to the HTA 1-HTB1 locus, which encodes the nucleosome core histones, H2A
and H2B (42, 98). The genome of Saccharomyces cerevisiae contains four pairs of divergently transcribed histone
genes: HTA 1-HTBJ and HTA2-fITB2 each code for histones H2A and H2B, whereas HHTI-HHF1 and HHT2HHF2 each encode histones H3 and H4 (reviewed in ref. 170). With regard to the

Spt

phenotype, it was found

that overexpression on a high-copy-number vector of any of these four loci can suppress

insertions. Similarly, a

reduction of histone gene dosage by deletion of the HTA 1-HTB1 locus confers a Spt phenotype. At the
transcriptional level, those changes in histone gene dosage cause an increase in the wt HJS4 transcript and a small
decrease in the ö transcript at the his4-9125 locus.
Talen together, these results suggest (but do not demonstrate) that an imbalance in histone proteins
causes changes in chromatin and that these changes affect transcription. Since the nucleosomal histones are
known to be complexed as a histone H3-H4 tetramer plus two histone H2A-H2B dimers (230), the experiments
described above suggest that it is the imbalance of the structural nucleosomal units (H3-H4 tetramer, or H2A-H2B
dimer) that leads to the observed transcriptional changes. This prediction is supported by two additional results:
(I) whereas overexpression of the whole HTA 1-HTB1 locus i.e. overproduction of H2A-H2B dimers causes
-

-

suppression of his4-9126 overexpression of individual histone genes (HTA 1 or HTBI) does not; (ii) simultaneous
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overexpression of all four histone genes (HTA 1-IITBJ plus HHT1-HHF1) does not confer a Spt suppressor
phenotype.
Another prediction that arises from these results is that mutations affecting the expression of the histone
genes could generate a similar histone imbalance and suppress

insertional mutations. Several recent results have

confirmed this hypothesis. Mutations in the HIR], HIR2, and HIR3 genes, identified by histone regulatoiy
mutations (171), were shown to exhibit a suppressor

Spt

phenotype. In fact, HIR2 was found to be allelic to SPT1,

one of the first SPT genes identified (73, 208). Similarly, mutations in SPTIO (68) and SPT2J (157) were shown to
cause a Hir phenotype, characterized by a decrease in the expression of the HTA2-HTB2 locus (208). That these
spt mutations may mediate the suppression of insertions indirectly, via their effects on histone gene expression,
was shown by the ability of a low-copy-number HTAJ-HTB1 construct to compensate for their transcriptional
effects at the other H2A-H2B locus and to eliminate their Spt phenotype. All the SPT genes were similarly tested
for their effects on histone gene expression, and mutations in other class II genes, such as SPT2, SPT4, SPT5, and
SPT6, did not exhibit a Hir phenotype. In a different study, mutations in HCP2, encoding a regulatory protein
involved in the cell-cycle regulation of HTA 1-HTBJ, were also shown to suppress ö insertional mutations (251).
Here again, spt2/sinl mutations were specffically tested and failed to exhibit a Hcp phenotype, corresponding to
constitutive derepression of J-ITA1-HTBJ.

In conclusion, class II SPT genes comprise known chromatin components (the core histones) as well as a
group of new nuclear proteins involved in transcriptional repression. As with the class I genes, none of these class
II genes defines a Ty-specific factor. On the other hand, in contrast to class I genes, they do not encode
components of the transcriptional machinery, but seem to code for general factors regulating the accessibility of the
DNA template to the transcriptional apparatus.

1.1.3.3 RNA polymerase II mutations
The studies presented in the previous sections have shown that Ty insertional mutations have provided a
very powerful genetic tool to characterize cellular factors involved in or affecting transcriptional initiation. One of
the conclusions derived from this work is that it is possible to obtain viable mutations in components of the basic
transcriptional machinery with altered function. That mutations in subunits of RNA polymerase II could also
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affect transcriptional initiation or start-site selection, and suppress Ty or 6 insertional mutations, has been
demonstrated by a specific genetic screen (96). In this study, the cloned RPO21/RPB1 and RP022/RPB2 genes,
coding for the two largest subunits of RNAPII (254), were chemically mutagenized in vitro and the mutant library
was used to transform a yeast strain carrying two 6 insertional mutations, his4-9125 and lys2-]28c5 The spt
mutations in RPO2J and RP022 were obtained by screening for His+ Lys+ transfonnants. Several point
mutations, clustered in conserved regions of the subunits, were shown to generate a suppressor Spr phenotype. At
his4-912ö they cause an increase in the wt HJS4 mRNA, but no significant changes in the 6-initiated transcript.
Even though the actual mechanism of suppression by the mutant RNAPII is unknown, these results are
interesting in several respects. First, they clearly demonstrate the role of RNAPII in the selection of transcriptional
start sites. Perhaps the mutant subunits affect the pattern of transcription of his4-912ô because of changes in the
preference for initiation sites or for preinitiation complexes. Second, these results validate the use of mutations
such as his4-912Sin genetic screens for components of the transcriptional machinery. Third, they provide
additional examples of specific mutations in RNAPII subunits which, since they are viable, affect the expression of
only a subset of genes. In this regard, it is interesting to note that another class of RNAPII mutations with altered
function was obtained in a genetic screen selecting for His+ revertants of a strains deficient in the activator
proteins GCN4, BAS1 and BAS2, required for HIS4 expression (10). Specific mutations in the genes for the two
largest subunits of RNAPII were shown to cause TATA-dependent transcription of HIS4 in the absence of
activators. Other examples of RNAPII mutants with altered function include mutations in the C-terminal domain
of the largest subunit. These mutations, some of which can be suppressed by spt2 mutations, will be discussed
further in section 1.3. The RNAPII mutations obtained in these three systems affect different regions of the
subunits, do not display common phenotypes, and may define distinct functional domains within the enzyme.

37

1.2 Sin phenotype: Suppression of swi mutations

When this project was initiated, the only known phenotype associated with spt2 mutations was the
suppression of Ty element insertional mutations (Spr phenotype). In early 1989, the molecular characterization of
the SIN] gene, isolated as a negative regulator of HO transcription, led to the finding that SIN] is identical to
SPT2. How the sin] mutations were isolated and what is known about the transcriptional role of the SIN1 protein
thus became valuable information for the study of SPT2. This section as well as the next one (1.3) briefly present
some important aspects of two new phenotypes associated with spt2 mutations, the Sin and Srb phenotypes.

1.2.1 Regulation of HO gene expression
The life cycle of budding yeast defines three specialized cell types: a and a haploids, specialized for
mating, and a/ce diploids, specialized for meiosis and sporulation. The differences between these cell types are
determined by a master regulatory mating-type locus, the M4 T locus, for which two functional alleles exist, M4 Ta
and MA Ta. In heterothallic (ho) strains, these alleles are stable, such that diploidization requires mating between
haploids of different clonal origin (and opposite mating type). Homothallic (HO) yeasts can progress through their
life cycle independently and alternate from the stable diploid state to the temporary haploid state. This
characteristic of homothallic yeasts rests on their ability to generate haploid partners of both mating types by a
mitotic process called mating type switching or interconversion. Since this system provides an opportunity to
dissect the molecular mechanisms underlying cell specialization in eukaryotes, the generation and maintenance of
these cell types have been extensively studied (reviewed in ref. 101, 100 and 155).
For the purpose of this discussion, a specific question will be considered: “How does mating-type
switching occur and how is it regulated during the homothallic life cycle?”. DNA sequences homologous to the
MAT locus are present at three locations on chromosome III of yeast: at the expressed MAT locus and at two silent
loci, HAIL and HMR, located near the left and right telomeres, respectively. In most yeast strains, HML contains a
copy ofMA Ta (HMLa) and HAIR, a copy ofM4Ta (HMRa). These two alleles are repressed or silenced by a
heterochromatin-like complex requiring the activity of several nuclear proteins (SIR1 to SIR4, RAP 1, histone H4).
Even though they are not expressed in wt cells, the silent mating-type loci, HMLa and HMRa, play crucial roles in
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the life cycle of homothallic yeasts: they serve as storage locations for the two MAT alleles, thereby assuring the
propagation of both alleles in a population, and act as donors during mating type switching. This process is
thought to involve the transposition of a silent “cassette” from one of the silent loci to the M4 T locus by a gene
conversion event. The nonreciprocal exchange is initiated by a double-strand break at the AL4T locus, which is
catalyzed by a site-specific endonuclease encoded by the HO gene. The outcome of such a rearrangement is the
replacement of the MAT allele at the MAT locus by the opposite allele.
The emergence of HO activity must be tightly regulated to generate the mitotic cell lineage observed in
homothallic strains. This regulation was shown to occur at the level of the transcription of the HO gene: the HO
gene transcription is regulated by three independent signals conferring cell-type control, cell-cycle control and
mother-daughter or asymmetric control (150). The outcome of these control pathways, ultimately translated in
terms of the transcriptional properties of the HO promoter, is the regulated production of the HO endonuclease in
late Gi phase of haploid mother cells. Since the transcriptional regulation of HO is responsible for the generation
of cell diversity by asymmetric cell division (113), considerable efforts have been expended on defining cis- and
trans-acting elements involved in this complex regulatory pathway.
The cis-acting sequences responsible for HO regulation are present at positions -ito -1400 and comprise a
TATA-like element (positions -90 to -130) and two functional sub-regions or upstream regulatory sequences, URS1
(-1000 to -1400) and URS2 (-150 to -900), defined by deletion analysis (151, 194, 216). These two regulatory
elements play different and overlapping roles in regulating HO transcription: (I) only URS 1 is essential for HO
expression; (ii) the URS1 is responsible for mother-daughter control; (iii) the URS2 is responsible for cell-cycle
control; and (iv) both URS1 and URS2 contain sequences required for haploid-specific expression (al-ct2
operators).
The products of at least thirteen genes are known to affect HO expression in trans. In diploids, the
heterozygous MAT alleles produce the al and (12 proteins, which together repress the expression of haploid
specific genes such as HO. The expression of HO also requires the products of six SWI genes (SWitch), which act
as positive regulators, and five SIN genes (Swi-INdependent), which act as negative regulators. Through general
or specific interactions with the HO 5’-flanking region, these regulatory proteins participate in one or several
aspects of HO expression.
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1.2.2 Positive regulators: SWI genes
The .swi mutations were isolated in searches for non-switching homothallic strains (i.e. heterothallic
mutants) specifically deficient in HO expression, or for strains preventing the expression of a chromosomal
ho::lacZ fusion (29, 88, 214). Haploid strains canying a mutation in any one of these SWI genes fail to switch
mating type because they do not express the HO gene. The participation of SWI proteins in more general cellular
functions was suggested by the pleiotropic nature of some swi mutations (214). With regard to HO expression, the
SWI proteins appear to fall into one of three functional groups.

1.2.2.1 SWI4 and SWI6, cell cycle regulators
The SWI4 and SWI6 proteins are involved in cell-cycle regulation of HO. They act through the URS2
element, which contains 10 repeats of the sequence, CACGA
. Each of these octamers functions as an
4
independent, cell-cycle regulatory, cis-acting sequence (cell-cycle box, CCB; ref. 29, 152). The SWI4 and SWT6
proteins are components of the DNA-binding, cell-cycle box factor (CCBF; ref. 6, 7, 28, 177) implicated in the
cell-cycle expression of HO and of a subset of Gi cyclins (168). The expression of the SWJ4 gene is itself under
cell-cycle regulation, and constitutive SWI4 expression abolishes the cell-cycle expression of HO (28). The SWI6
protein is also a component of another DNA-binding activity, which specifically recognizes the MluI cell cycle box
(30, 142), and is required for the cell-cycle expression of SWI4 and several DNA synthesis genes (53). The ability
of SWI4 and SWI6 to participate in DNA-binding activities and to activate transcription from isolated CACGA
4
sequences (i.e. from a CA CGA 4
::lacZ fusion) does not require SWI1,2,3 or SWI5 activity (6, 29). That other
factors negatively regulate the activity of SWI4 and SWI6 on the HO promoter was suggested by the observation
that in the URS2 context, the cell-cycle boxes lose their UAS activity (see section 1.2.3.2; ref. 151).

1.2.2.2 SWI5, a mother-cell-specific activator
The SWI5 gene encodes a TFIIIA-like zinc-finger transcription factor required for mother-cell-specific
transcription of HO (156, 216). The SWT5 protein recognizes sequences in the URS 1 element and acts as a trans
acting transcriptional activator. Promoter sequences within IJRS1 (from position -1349 to -1290) were shown to
contain a SWI5 binding site in vitro and to confer SWI5-dependent UAS activity to a CYC1::lacZ fusion in vivo
(215, 216). Deletion analysis on the whole HO promoter shows that these sequences are required to direct
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detectable levels of HO transcription (151). The molecular basis for the mother-cell-specific inheritance of SWI5
is still unknown, but two additional regulatoiy steps the cell-cycle regulation of SWJ5 transcription (154) and of
-

SWI5 nuclear entry (153) are thought to participate in this asymmetric distribution of the SWI5-dependent
-

transcriptional activity at mitosis. Consistent with this view, it was found that constitutive expression of SWJ5
leads to HO expression and mating-type switching in both mother and daughter cells (154). A deletion of the
URS2 element renders HO transcription SWJ4- and SWI6-independent. Such a deleted promoter (hozlURS2) is still
under asymmetric and haploid-specific controls, demonstrating the independence of the cIs-acting signals present
in URS 1 and URS2 (151). In the absence of URS2, the HO promoter therefore remains SWJ5-dependent (as well
as SWI1,2,3-dependent).

1.2.2.3 SWI1,2,3, SNF5 and SNF6, transcriptional coactivators
The SWI1, SWI2 and SWI3 proteins appear to perform similar functions in the transcriptional activation
process and are thought to form a complex in vivo (referred to below as SWI1,2,3). In addition to their inability to
express the HO gene, swil, swi2, or swi3 mutant cells exhibit additional, identical phenotypes such as slow growth
on complete medium and nonfermentable carbon sources, aberrant cell morphology and lethality in a swi4
background (174, 214). These observations suggested that SWI1,2,3 are also required for the expression of
additional yeast genes. Several lines of evidence have now confirmed this hypothesis. The SWI] gene was found
to be identical toADR6, previously characterized as a positive effector ofADH1 and ADH2 transcription (174,
223). This genetic equivalence provides an explanation for the growth defects of swil mutant strains on
nonfermentable carbon sources. The SWII/ADR6 gene encodes a 13 14-amino-acid nuclear protein with
polyglutamine and polyasparagine segments (169). The SWI2 gene is identical to SNF2, a positive transcriptional
regulator of SUC2, the stmctural gene for invertase (134, 174). Haploid snf2 mutant strains were isolated on the
basis of their inability to derepress SUC2 in response to glucose deprivation (Suc phenotype; ref. 160). The
SWI2/SNF2 protein is a 1703-amino-acid nuclear protein with a glutamine-rich region. It is highly conserved in
eukaryotes and is homologous to helicases (134). Recent experiments have shown that 5W12/SNF2 possesses a
DNA-stimulated ATPase activity required for transcriptional activation by SWI2/SNF2 (132). The SWJ3 gene,
which has only been characterized in the HO system, encodes a nuclear protein of 825 amino acids. Two striking

41
features of the SWI3 protein are a highly acidic N-terminus and a heptapeptide repeat in the C-terminal region
(174).
What is the function of the SWI1,2,3 complex in the regulation of HO? What is the molecular basis of its
apparent lack of specificity? Several studies, conducted in the last five years or so, have addressed these questions.
Although they only provide partial answers, an interesting picture is emerging.
As mentioned previously, it appears that the products of the SWJJ/ADR6, SWI2/SNF2, and SWI3 genes
form a complex in vivo. The experimental evidence supporting this hypothesis is as follows: (1) none of these SWI
proteins is essential for mitotic growth, but their null alleles all share several characteristic phenotypes (174, 175,
214, 253); (ii) single and triple swil,2,3 mutants display identical phenotypes, although none of these SWI genes
show SWI-dependent expression (174); (iii) the stability of the SWI3 protein in vivo is decreased in swil or swi2
mutant strains (174); (iv) the SWI3 protein was shown to interact with activator proteins in vivo, and this
interaction is disrupted in swiP or swi? strains (253); (v) direct biochemical evidence for the existence of a
SWI1,2,3 complex has been presented recently (173). The SWI1, SWI2, and SWI3 proteins were shown to
copurily in a large complex (Ca 2 MDa) extracted from yeast homogenates by 0.35 M NaC1. Other members of this
complex include the SNF5 and SNF6 gene products. As in the case of SNF2/SWJ2, the SNF5 and SNF6 genes were
characterized by sucrose non-fermenting mutations that prevent activated expression of SUC2 (160). The
SNF2/SWI2, SNF5 and SNF6 proteins were also shown to be required for the activated expression of several yeast
genes and to be functionally interdependent (93, 131, 134). The SNF5 and SNF6 proteins are both localized in the
nucleus (65, 133). The SNF5 gene was shown to encode a glutamine- and proline-rich protein (133).
The postulated SWII,2,3-SNF5,6 complex (SWI-SNF) has been implicated in the expression of several
regulated yeast genes, including HO, INOJ (175), SUC2, GAL genes and many other glucose-repressible genes (1,
131, 174), as well as Ty elements (93). In fact, mutations in SNF2/SWI2 and SNF5 were independently isolated as
suppressors of Ty-mediated ADH2 activation (Iye3 and tye4, respectively j39]). Since swil, 2,3 mutants are
viable, not all yeast genes are SWI-dependent for their expression. The transcription of several genes, such as
URA3, LYS2, CLNJ,2 and 3, SWJ1,2,3,4 and 5, as well as SINJ/SPT2, does not appear to be affected by mutations
in SWJ-SNF genes. Nevertheless, in contrast to mutations affecting gene-specific regulators, the phenotypes of the

swi-.snf mutations described here suggest a more general function in the process of transcriptional activation.
Consistent with such a function, none of the known components of this complex possesses sequence-specific DNA
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binding activity. It is therefore thought that the SWI-SNF complex acts as a coactivator or mediator and functions
coordinately with gene-specific transcriptional activators. Indeed, SWI-SNF facilitates or enhances activated
transcription, but does not affect basal transcription. This implies that each gene affected by swi mutations is
regulated by a SWI-SNF-dependent activator: SWI5 for HO, GAL4 for the GAL genes, ADR1 for ADH2, and
1N02 and 1N04 for INO]. The SWI1,2,3 proteins are also required for transcriptional activation mediated by the
rat glucocorticoid receptor (OR) in yeast. In this system, the SWI3 protein was shown to coimmunoprecipitate

with GR, but only if SWI1 and SWI2 were also present (253). These experiments suggest that the SWI-SNF
complex contact its target transcriptional activators directly by protein-protein interactions (at least transiently) to
participate in the transcriptional activation process. A simple model in which the SWI-SNF complex acts as an
essential adaptor mediating the activation signal from dedicated transcriptional activators to the general
transcriptional machinery can be rejected on the basis of two observations: (I) strong UASs composed of multiple
activator binding sites can confer SWI-SNF-independent activation to the downstream basal promoter (131, 173),
and (ii) overexpression of a gene-specific activator can alleviate its requirement for SWI-SNF (173).
A model for SWI-SNF function accounting for all the available information could propose that genespecific activators function through two independent yet complementary pathways, one of which would require the
action of the accessory SWI-SNF complex (244). Saturation of the SWI-SNF-independent pathway by
overexpression of the activator or multiplication of its target site in the UAS could mitigate the effects of swi-snf
mutations on the activator’s function. Similarly, direct targeting of the SWI-SNF complex to DNA could bypass
the requirement for the gene-specific activator. In support of this view, it was found that fusion proteins consisting
of SNF2ISWI2 or SNF5 fused to the DNA binding domain of LexA could activate a lexA operator-IacZ fusion in a
SWI-SNF-dependent fashion (134). It is currently unknown what the mechanistic differences between the two
postulated pathways of transcriptional activation might be. An attractive proposal implicates the SWI-SNF
complex in the elimination of repressive effects maintained by chromatin components (244). This anti-repression
model of activation is supported by genetic studies that have led to the description of the SiN genes.
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1.2.3 Negative regulators: SIN genes
The previous section described how specific transcriptional properties of the HO promoter depend on the
action of regulated activator proteins. Two independent pathways of activation were identified, the SWI5 pathway,
responsible for asymmetric control, and the SWI4, SWI6 pathway, responsible for cell cycle control. The
transcriptional activator SWI5, like several other yeast regulators, was also shown to require the accessory SWI
SNF complex for maximal activity. How are the two pathways of activation coordinately regulated to generate the
observed pattern of HO expression? A partial answer to this question came from the characterization of
suppressors of swi mutations. The SWI proteins act as positive regulators of HO. In a specific swr strain, one of
the SWI proteins is deficient, and the HO gene is not expressed. Extragemc suppressor mutations of a particular
swr mutation therefore bypass the requirement for that particular SWI protein. In these double mutant strains, the
HO gene is expressed even though an essential activator is missing. The suppressor loci are termed SIN, for SWI
independent. The SIN proteins act as negative regulators of HO, normally antagonized by the SWI activators. The
sin mutations do not interfere with the diploid-specific repression of HO by al-cQ (215). Experimentally, the sin
mutations were obtained as blue revertants of a white swi ho::lacZ strain (156, 215). On the basis of their
suppression pattern with regard to swi mutations, the SIN genes define two functional groups.

1.2.3.1 S1N3 and SIN4
Mutations in the SIN3 and SIN4 genes were obtained as suppressors of swiY mutations (156, 215). The
SIN3 gene has also been referred to as SDI1 (156). Genetic characterization of their pattern of suppression initially
showed that sin3 and sin4 do not bypass the requirements for the other SWI proteins in HO transcription (156,
215). It was later found that a null sin4 allele can alleviate partially the requirement for SWI4 and SWI2 in HO
expression (119). Additional phenotypes of sin3 and sin4 mutants, such as larger cell size, slow growth in swi4
and swi6 backgrounds and very low sporulation efficiency of homozygous diploids, suggested that the S1N3 and
S1N4 proteins are involved in the regulation of other yeast genes in addition to HO.
Since the SWI5 activator has been implicated in mother-daughter control of HO expression and mating
type interconversion, an important question to address was whether or not these SiN proteins are involved in
asymmetric control. Wild-type daughter cells (of SWI5 SJN phenotype) switch mating types in less than 0.01%
of cell divisions, whereas mother cells switch at high frequencies (>75%). Although they do express HO, swiY
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s1n3 mutant cells show an aberrant pedigree of mating type switching: both mother and daughter cells express
HO and switch mating type at comparable, but low, efficiencies (10-15% per division; ref. 156). It was also
observed that SWI5 s1n3 daughter cells switch mating types at significant levels (16-18% per cell division; ref.
156 and 215), presumably due to SWI5-independent HO transcription.
A current model for SIN3 function suggests that it regulates the activity of a daughter-specific DNAbinding activity, involved in the repression of HO (216, 236). Molecular characterization of the SIN3 gene showed
that it encodes a 175-kDa polypeptide, localized to the nucleus, and containing four copies of a paired amphipathic
helix motif involved in protein-protein interactions, necessary for S1N3 activity (235, 237). These studies also
revealed that SIN3 is identical to UME4 and RPD1, identified as negative regulators of enes involved in
sporulation and potassium transport (217, 232). This demonstrates, as suggested by the pleiotropic effects of a
s1n3 mutation, that STN3 may play a general role in the repression of transcription in yeast. Other studies also
imply that S1N3 participates in positive regulatory activities (discussed in ref. 237).
Originally, the SIN4 protein was thought to act in conjunction with SIN3, but recent experiments have
demonstrated that sin4 mutants possess several unique phenotypes (119). The SIN4 gene has been cloned and
shown to be identical to TSF3/GAL22, identified as a negative regulator of the GAL] and GAL1O promoters (35,
119). A sin4/tsJ3 mutant strain is temperature sensitive and displays an abnormal cell morphology and defects in
processes, such as mating and sporulation (35). Interestingly, a null sin4 allele also appears to promote
transcriptional effects characteristic of ssn and spr mutations. These include the partial suppression of the
transcriptional defects of a swi2/snJ2 mutant strain and the suppression of the ö insertional mutations, his4-9128
and lys2-]286 (119). These parallels between SSN, SPT and SIN genes as well as histone gene mutations will be
discussed in greater detail below. Like in the case of SIN3, the SIN4 protein has also been implicated in positive
regulation of transcription (119). Finally, some indirect evidence may point to alink between SIN4 function and
chromatin structure: (1) sin4 mutations cause a decrease in the linking number of plasmid DNA, which is thought
to reflect the nucleosome density of the plasmid (119); similar effects are seen in cells depleted for histones H2B or
histones H4 (92, 124); (ii) the bulk chromatin was shown to be severely disturbed in sin4 mutant strains, as
demonstrated by the loss of the characteristic DNA ladder obtained upon micrococcal nuclease digestion of
chromatin (189); (iii) mutations in SIN4, like mutations in the N-terminal domain of histone H4, disrupt c2
repression and, as a consequence, derepress ot2-regulated promoters (35, 190).

45
1.2.3.2 SIN1 and SIN2, chromatin components
Mutations in the SIN] and SIN2 genes were obtained as suppressors of swil, or swil and swiY
mutations, respectively. Mutations in these two SIN genes were later shown to exhibit the same suppression
spectrum: they can alleviate the requirement for SWI5 and SWI1,2,3 on HO expression (215). In view of the
previous discussion on the transcriptional properties of the HO promoter, the SIN) and SIN2 gene products would
appear to couple events occurring at URS 1 and URS2. This statement is based largely on the observation that, in
contrast to its consequences on the entire HO promoter, a sin] mutation does not suppress the effects of a swil
mutation on the UAS activity of the isolated URS 1, which is the site of action of the SWI1,2,3-dependent SWI5
activator (215). In view of these results, it was proposed that the role of SIN1 might be to maintain the cell-cycle
boxes of URS2 in an inactive state, and that at least one of the roles of the SWI1,2,3-dependent pathway of
activation of SWI5 is to antagonize this repression. In sin] cells, the CCBs of URS2 are accessible, and the SWI4
and SWI6 activators can regulate HO in the absence of the other SWI proteins (6, 127). As discussed elsewhere
(101), this model implies that S1N1 functionally links the two activation pathways acting on the HO promoter: it
represses the function of URS2 and is controlled by regulators acting in URS1.
The molecular characterization of SIN] and SIN2 led to the conclusion that both are identical to genes
previously identified: SIN] is identical to SPT2 (127), and SIN2 is identical to HHT], one of the two histone H3
genes in Saccharomyces cerevisiae (128, 213, 253). A sin] null allele was shown to restore HO transcription of a
swil strain without altering the position of the transcriptional start site (127). The SIN1 protein was also found to
be concentrated in the nucleus and to show significant sequence similarity with the mammalian HIvIG1 proteins
over more than 50% of its residues (33% similarity; ref. 127). These HMG1 proteins constitute an important class
of non-histone chromosomal proteins of eukaryotes (reviewed in ref. 120 and 230). Although their cellular
function remains unknown, they have been implicated in nuclear processes such as transcription (212, 227), DNA
replication (115), and chromatin assembly (25). At the functional level, the parallel between SPT2ISIN1 and
HMG 1-like proteins was reinforced by demonstrating that a TrpE-SIN1 fusion protein produced in bacteria
behaves as a non-specific DNA binding protein in vitro (127).
Studies on the regulation of the HO gene have uncovered a new function of the SPT2/SIN1 protein.
Mutations in spt2 can suppress not only cis-acting insertional mutations caused by Ty elements, but also trans
acting swi mutations. What are the implications of this finding with regard to the role of SPT2 in the cell? It
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appears that SPT2/S1N1 belongs to a group of yeast proteins that, together with the histones themselves, are
involved in the maintenance of the repressive transcriptional effects of chromatin structure. A series of
observations, summarized in two recent review articles (225, 244), suggests that certain SPT, SIN, and SSN gene
products, including SFT2/SINJ SPT6/SSN2O, SPT4, SPT5, and perhaps SIN4, may participate in the establishment
,

of a chromatin-mediated inactive transcriptional state at several loci. As described above, mutations in any of
these genes can suppress Ty insertions (Spr phenotype) as well as swil, 2,3 and snJS, 6 mutations (Sin phenotype;
although not all combinations have been experimentally tested, the interdependence of SWI1,2,3 and SNF5,6
supports this view). The genetic evidence that links histone mutations to the

Spt

phenotype has already been

discussed (section 1.1.3.2). Similarly, several observations suggest that the SWI-SNF complex participates in the
activation of transcription by antagonizing the repressive effects of chromatin components, and that by inference,
suppressor mutations that alleviate or bypass the requirement for a functional SWI-SNF complex affect proteins
involved in this repression. Some of these observations are as follows: (I) the SIN2 gene encodes histone 113; (ii) a
sin4 mutation affects yeast chromatin (see previous section); (iii) histones H2A and H2B mutations can suppress
snJ2/swi2 and snJ5 mutations (106); (iv) the chromatin structure of the SUC2 promoter is affected in snJ2/swi2 and
snJ5 mutants and this defect is suppressed by deficiencies in SPT6 or H2A-H2B (106, 243); (v) specific histone H4
mutations with a Sin phenotype have been isolated (173).

1.3 Srb phenotype: Suppression of RNA polymerase II mutations

The transcriptional defects caused by the absence of functional SWIJ,2,3 gene products can be suppressed
by loss of SPT2/SIN1 function. These antagonistic functions, although initially characterized as modulators of HO
expression, were also shown to regulate the expression of the INO] gene (175). This observation led to the
discovery of an important functional interaction between SPT2/SIN1 and a key player in the transcriptional
machinery, the RNA polymerase II itself Indeed, several studies had shown already that inositol auxotrophy and
defective INOJ transcription were often associated with mutations in genes coding for subunits of RNAPII. The
Ino phenotype of swi strains and of some RNAPII mutant strains turned out to be SPT2/S1N 1-dependent. A brief
discussion of the current understanding of RNAPII structure and function with emphasis on the generation of
-
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inositol auxotrophy and on the nature of the alleles suppressible by spt2

-

will be necessary to appreciate hilly the

implications of this third genetic system linked to SPT2 activity.

1.3.1 Yeast RNA polymerase II
In prokaryotic cells, the synthesis of all cellular RNAs is performed by a single RNA polymerase.
Eukaryotic cells have developed a more complex system for RNA synthesis. Three different forms of nuclear RNA
polymerase, RNA polymerase I, II, and III, are responsible for the synthesis of rRNA, pre-mRNA, and small stable
RNAs, respectively. These polymerases are highly conserved in structure and sequence among eukaryotes, and
consist of complex multisubunit enzymes. Each enzyme contains two nonidentical large subunits (130 to 220 kDa)
and 8 to 11 smaller proteins (12 to 80 kDa). The two large subunits share extensive similarity amongst themselves
as well as with the two large subunits of the prokaryotic enzyme,

13 and 13’, but are unique to each class of

polymerase. Some of the smaller subunits are shared by two or all three polymerases.
Yeast R1’TAPII has been studied extensively, first at the biochemical level, and more recently at the genetic
level (196, 254). The subunit composition of RNAPII from yeast has been defined empirically as the smallest
number of polypeptides copuril’ing with the DNA-dependent RNA polymerase activity in classical biochemical
fractionation experiments. From these studies, 11 polypeptide subunits with molecular masses ranging from 10 to
220 kilodaltons have been assigned to the enzyme (254). The genes encoding these 11 polypeptides have been
cloned and sequenced (254). The two largest subunits are part of the “core enzyme” and are thought to contain
many of the structural detenninants involved in the definition of the catalytic site required for RNA synthesis. In
yeast, they are encoded by the RPO2J/RPBJ and RP022/RPB2 genes (114, 255).
The largest subunit of RNAPII was found to contain an unusual structural feature: the C-tenninal domain
(CTD) ofRPO2l consists of several tandem repeats of the consensus heptapeptide sequence, Tyr-Ser-Pro-Thr-Ser
Pro-Ser (4, 46). This C-tenninal extension is absent in the corresponding subunits of RNAPI, RNAPIII and in the
bacterial polymerases. Although this structure is conserved in several eukaiyotic RNAPII, the number of
heptapeptide repeats was found to vary among species such that the enzyme has 26 or 27 repeats in yeast (4, 166),
42 to 44 in Drosophila (5), and 52 in mouse and hamster (5, 46).
The conservation and uniqueness of this structure suggested that it may participate in an essential and
unique property of RNAPII. That the CTD is essential for RNAPII function in vivo was demonstrated by genetic

48
studies in yeast, Drosophila and mice (5, 166, 258). In yeast, extensive deletion studies have shown that the CTD
must contain at least 50% of the repeats (13/26-27) to confer a pseudo-wild-type phenotype. Whereas a large
subunit with less than 10 repeats is not functional and cannot support growth in a rpo2l background, yeast cells
containing mutant RPO2 1 subunits with 11 to 13 heptapeptide repeats are viable, but display diverse phenotypes
such as general growth defects, cold- and heat-sensitivity (5, 166). These deletions do not appear to affect the
stability of the enzyme. It was also found that these partially functional RNAPII mutations cause inositol
auxotrophy, due to a decrease in JNOJ transcription (167). A similar Ino phenotype, also thought to reflect
defects in INO] transcription, has been observed in strains carrying several other mutations in different subunits of
RNAPII (11, 198, 199, 249). Similarly, progressive deletions in the CTD of RPO2 1 have been shown to affect the
expression of other yeast genes. These transcriptional defects were found to correlate with a decrease in the ability
of the enzyme to respond to activator proteins (3, 136, 197).
How the CTD affects RNA polymerase II function is still unclear, but recent biochemical studies have
provided important evidence suggesting a role in transcription initiation itself Details of these studies have been
reviewed and are beyond the scope of this discussion (45, 176, 254). Central to the development of these ideas was
the observation that RNAPII exists in two separable forms in vivo, HA and 110, corresponding to the
nonphosphorylated and hyperphosphorylated forms of the largest RPO21 subunit, respectively. This extensive
phosphorylation was shown to occur at serine and threonine residues of the CTh. The two forms appear to reflect
two crucial functional states of RNAPII: (1) only the nonphosphorylated form can participate in the formation of
preimtiation complexes; (ii) the elongating, polymerizing enzyme is phosphorylated. These results suggest a
model in which the phosphorylation of the CTD ofRPO2l constitutes an important step in the initiation of
transcription, perhaps promoting the release of RNAPII from the preinitiation complex. Consistent with such a
model, the TATA-binding protein (TBP) of TFIID was found to interact specifically with the nonphosphorylated
enzyme (228). Furthermore, the general transcription factor, TFIIH, as well as a yeast initiation factor, factor b,
were shown to possess a CTD- kinase activity (69, 140).

1.3.2 Suppression of RNAP II mutations
The link between the function of the CTD of RNAPII’s largest subunit and the SPT2 protein was provided
by the observation that swil, 2,3 mutant strains, in addition to their defects in HO transcription, are also Ino
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auxotrophs due to impaired INO] transcription (175). This parallel between HO and INO] transcriptional controls
was expanded by demonstrating that, like in the case of HO, a deletion of SPT2/SIN1 can revert partially the
defects in JNOJ transcription and bypass the requirement for the SWI1,2,3 complex. Similarly, spt2/sinl
mutations were shown to suppress partially the JNO1 transcriptional defects caused by truncations in the Cterminal domain of RPO21. This new phenotype caused by spt2 mutations is called Srb, for suppressor of RNA
polymerase II (a.k.a. RNA polymerase B). That the suppression is specific to CTD deletions and does not reflect a
general effect on the INO] promoter is supported by two observations: spt2 mutations do not suppress a deletion of
the transactivator protein 1N04 or of the RNAPII subunit RPB4, both of which also cause a Ino phenotype and
INO1 transcriptional defects. Finally, loss of function mutations in SPT2 partially suppress other phenotypes
caused by partial deletions in the CTD, such as the growth defect and cold-sensitive phenotype of strains
containing a CTD with only 10 heptapeptide repeats, and the lethality of a CTD deletion with only 9 repeats.
This functional interaction between SPT2 and the CTD of RNA polymerase II can be interpreted in
different ways in light of what is known about SPT2 and related proteins. First, there is a clear link between
RNAPII function and other SPT genes, especially SPTJ5. As described previously, SPT15 codes for the TATA
binding protein, TBP, which seems to provide a docking site for the nonphosphorylated RNAPII at promoter
elements. Assuming that a mutant RNAPII with deleted CTD recognizes TBP with lower affinity, SPT2 could
participate in this process by limiting access to TBP: loss of SPT2 function could allow a functional RNAPII-TBP
interaction. Second, SPT2 could act at the level of the elongation step and provide a barrier for nonphosphorylated
or partially phosphorylated RNAPII. Both of these models are consistent with the involvement of other chromatin
proteins, such as histone H3 (S1N2) and histones H2A-H2B (SPT11,12).

1.4 Summary and thesis outline

Mutations at the SPT2 gene of yeast have been identified by two independent genetic screens. The Spt
phenotype of spt2 mutations represents their ability to suppress the transcriptional effects of inhibitory insertional
mutations caused by

sequences, such as his4-912ö and lys2-1285 The Sin phenotype can bypass the

requirement for positive effectors of transcription encoded by the SWIJ, 2,3 genes, notably for the expression of the
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HO and INOJ genes. The link between SPT2 and the function of the SWI activators was revealed by the
equivalency between SPT2 and SJNJ. It was also shown that spt2/sinl mutations can partially suppress the
transcriptional defects caused by deletions in the RNAPII largest subunit (Srb phenotype). These three phenotypes

are summarized in figure 4.

Genotype
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HIS4

ON

his4 -9123

OFF

his4-9123spt2
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HO
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HOswispi2
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1.3
-

+

r ----—--HEX)-_

L

INOI

ON
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------1NO1 rpo2l CTD spt2
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Figure 4. Summary of the transcriptional effects associated with spt2 mutations.
The three known phenotypes caused by spt2 mutations and discussed in the last three sections are schematically
represented: 1.1, Spr phenotype; 1.2, Sin phenotype; and 1.3, Srb phenotype. Each phenotype presents a gene
(open arrow, for HIS4, HO, or JNO1 coding region) whose expression is affected by a primary cis- or trans-acting
mutation (1), which in turn can be suppressed by spt2 mutations (U). Implication of the transcriptional machinery
is emphasized by also presenting the Spt phenotype of some RNA polymerase II mutations (rpo2l). The symbol
swi denotes mutations in SWI], SWI2, and/or SWI3, and rpo2l CTDzI is a large RNAPII subunit with only 11 to 13
heptapeptide repeats.
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What do these phenotypes tell us about the possible cellular function of the SPT2 protein? An important
conclusion arising from the studies described in this introduction is that SPT2 may belong to a new family of yeast
nuclear factors involved in the repression of transcription through changes in chromatin structure. The
observations that histone mutations themselves can lead to

Spt

or Sin phenotypes, and that other related genes

such as SPT5, SPT6/SNN2O and SIN4 appear to act via changes in chromatin structure, are consistent with such an
hypothesis.
While these genetic studies suggest that the SPT2 protein is involved in the maintenance of negative
transcriptional effects, it is not yet known how this protein mediates this activity nor what is the functional
significance of the sequence similarities with BMG1-like proteins. Based on the available information regarding
the structure of the wt SPT2 protein and the nature of the dominant SPT2-1 mutation, mutational and functional
studies on the SPT2 gene product were initiated.
The mutational analyses were primarily guided by the following question: What are the structural
requirements for SPT2-mediated repression and for the dominant suppressor phenotype of some SPT2 mutations?
Three specific tools were developed to create an in vivo assay system for SPT2 function and expression. These
include: (I) appropriate low-copy number (YCp) and high-copy number (YEp) vectors suitable for in vitro
mutagenesis and for the expression of spt2 alleles in yeast; (ii) isogenic yeast strains carrying the suppressible
allele his4-9125as well as the wild type SPT2 allele or a recessive null allele (spt2zi:: URA3) for dominance and
complementation tests respectively; and (iii) anti-SPT2 polyclonal antibodies to monitor the expression of mutant
gene products in vivo. Several in vitro mutagenesis approaches were utilized to alter the cloned SPT2+ and SPT21 genes in an attempt to identify functionally important regions of the polypeptide. Mutant alleles were assayed by
complementation and dominance tests for the Spt phenotype, and the expression of several mutants proteins was
also assayed. The results of this directed mutagenesis approach were also complemented by the analysis of four
spontaneous recessive spt2 alleles.
The functional studies were directed towards an analysis of the dominance exhibited by some SPT2
alleles. Different recessive and dominant alleles were integrated at the SPT2 locus by allele replacement, and the
effects of wt gene dosage on the function of dominant suppressor alleles was studied. The final phase of the project
involved constructing promoter and translational fusions to assess the effects of dominant alleles on the
transcription and translation of the wt SPT2 gene.
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2. MATERIALS AND METHODS

2.1 Materials

All DNA modifying enzymes were purchased from Pharmacia, BRL, Promega, New England Biolabs or
USB. Deoxynucleotides and dideoxynucleotides were obtained from Pharmacia. The pyrimidine analog, 5fluoroorotic acid (5-FOA), was obtained from PCR Inc., through a consortium bulk purchase sponsored by the
Genetics Society of America. Media components were from Difco, all other chemicals were from Sigma, Aldrich,
BDH and Boehringer-Mannheim. Radiolabeled nucleotides were purchased from New England Nuclear (Dupont).
Zymolyase-20T was purchased from ICN Immunobiologicals.

2.2 Genetic nomenclature

The standard rules of genetic nomenclature have been respected for the designation of the in vitro
generated alleles (206). The dominant alleles are denoted by capital italicized letters (e.g. SPT2-324) and are
defined as the alleles whose products confer a Spr suppressor phenotype (Hisj when expressed in a his4-912b
SPT2 background. With the exception of the wt allele, which is designated SPT2, all silent mutations and
recessive alleles are denoted with lowercase italics. The product of the SPT2 gene will be referred to as the SPT2
protein, or simply SPT2. A glossary of gene symbols utilized in this thesis as well as important genetic
equivalencies are presented in appendices 3 and 4, respectively.

2.3 Bacterial work

2.3.1 E. coli strains and growth
Escherichia coli JM1O 1: supE thizl(lac-proAB) F’[fraD36proAB lacJq lacZAIvIl5] (252) was used for
plasmid constructions, yeast vector propagation and preparation of single-stranded DNA for sequencing. E. coli
RZ1032: HFrKL16 PO/45[lysA(61-62)] duti ungi thu reM] Zbd-279::Tn]O supE44 (129) was the host for
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isolation of uracil-contaimng single-stranded DNA. JM1O1 stocks were maintained on M9+B1 plates (50 mM
4
H
2
Na
,
PO 25 mM 4
PO 8.5 mM NaC1, 20 mlvi NH
2
KH
,
C1, 10 mM glucose, 0.1 mM CaCl
4
, 1 mM MgSO
2
,
4
0.0001% thiamine [vitamin Bi], 1.5% Bacto-agar). The medium utilized for all bacterial growth in liquid cultures
or on plates was YT (0.8% Bacto-tryptone, 0.5% Bacto-yeast extract, 0.5% NaCI, 1.5% Bacto-agar for plates),
supplemented with ampiciflin (Amp) at 100

J.Lg/ml

for selection of Amp’S transformanta. For f3-galactosidase

(X

peptide complementation, JM1O1 transformants were plated on YT-Amp plates on which was spread 50 .d of both
X-GAL (2% in DMF) and IPTG (2.2%

‘

2°)

2.3.2 Transfonnation of E. coil
Bacterial strains were transformed by the calcium chloride procedure or by electroporation. CaC1
2
competent cells are prepared and transformed as described (195). Electroporation was performed essentially as
recommended by the manufacturer (Bio-Rad). Briefly, cells are grown to early- to mid-log phase (O])600 0.5-0.8)
in YT and successively washed with 1 and 0.5 vol ice-cold dH
O, followed by 0.02 vol ice-cold 10% glycerol. The
2
final pellet is resuspended to a final volume of 0.002 to 0.003 vol in 10% glycerol and aliquots are stored at -70°C.
Cells (40 j.d) and DNA (0.1-10 ng in 1-5 j.d) are mixed, incubated 1 mm on ice, and pulsed at 2.5 kV, 25 p.F and
200Q using 0.2 cm cuvettes (time constant of 4-5 msec). One ml of YT is added to the mixture and aliquots are
plated on YT+Amp plates and incubated overnight at 37°C.

2.4 Yeast work

2.4.1 Yeast strains and growth
Saccharomyces cerevisiae strains used in this study are listed in Table 3. The original his4-912ö strains
carrying the wt SPT2 allele (strain SR26-12C) or the deletion allele spt2-150 (strain S704) were provided by
G.S.Roeder. Strain S49 was obtained from the laboratory stock (A.M. Spence). Four strains carrying recessive
spt2 mutant alleles (FW157, FW186 to 188) and a strain with suppressible
LYS2 FW1237) were provided by Fred Winston.

insertional mutations at HIS4 and
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Table 3. S. cerevisiae strains used in this study.a
Name

Genotype

S704
S49

MATh his4-912ö ura3-52 leu2 -3 leu2 -112
MATa his4-9]25 ura3-52 leu2-3 lysl-1 spt2 -150
MATa leu2-1 trpl-]

FW1237
FW157
FW186
FW187
FW188

MATa his4-9]2Sura3-52 lys2-12&5
MATa his4-912ö1eu2-3 can] -100 ade2-] lys2-1 SUP4-o spt2 -122
MATahis4-9l2öleul can] -100 ade2-1 trpS SUP4-o spt2-22
MA Ta his4-91231eu1 can] -1 00 ade2-1 trps SUP4-o spt2-23
MA Ta his4-9121eu1 can] -100 ade2-1 trp5 SUP4-o spt2 -204

SLL4
SLL5
SLL7
SLL9
SLL1O
SLL1O1
SLL1O2

MATa his4-912ö ura3-52 leu2 lys]-]
MATa his4-9125ura3-52 leu2 tip]-]
MATa his4-9128 ura3-52 leu2 trpl-1 spt2&:URA3
MATa his4-9l2öura3-52 leu2 trpl-l spt2zi
MATa his4-9125 ura3-52 leu2 lysi-] spt2zl::URA3
MATa his4-9]23ura3-52 leu2 trpl-1 SPT2 -324
MATa his4-9]2Sura3-52 leu2 trpl-1 spt2-324z3

SLL2O8
SLL2O9

MATc ura3-52 leu2 lys]-] spt2 -150
MATh ura3-52 leu2 lysi-]

SR26-12C

a Strains SLL4, SLL5, SLL2O8, and SLL2O9 were obtained as meiotic segregants
from the diploid SLL2 (S49xS7O4).
Strains SLL5, SLL7, SLL9, SLL1OI, and SLL1O2 are isogenic.
Strain SLL1O was obtained as a tneiotic segregant form diploid SLL4x7 (SLL4xSLL7).
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Yeast strains were grown and maintained in complete YPD medium (1% yeast extract, 2% peptone, 2%
dextrose). Prototrophic transformants and diploids were selected for and maintained in minimal media. The
medium SD is a synthetic minimal medium (0.67% Bacto-yeast nitrogen base [without amino acids], 2% dextrose
and 2% Bacto-Agar) and SC is a synthetic complete medium (SD supplemented with the appropriate amino acid
requirements, described in ref. 206). For example, SC-Ura (minimal uracil dropout medium) includes all
nutritional requirements except uracil and selects for Ura+ cells. The Ura auxotrophs were selected on medium
containing the pyrimidine analog, 5-fluoroorotic acid (5-FOA medium: SC with 0.1% 5-FOA), as described
previously (24).
The His phenotype of the different mutants was monitored as follows: three independent transformants
were grown to saturation in dropout medium selecting for maintenance of the vector(s) (SC-Ura, SC-Leu or SC
Leu-Ura for cotransformants); fixed aliquots of the cultures were used to inoculate fresh medium and the cultures
were grown for 12 to 24 h until a cell density of 2.0 to 4.0 0D
600 was reached; equal amounts of cells were spotted
on selective dropout plates lacking histidine and incubated at 30°C for two to three days.
The generation (doubling) time (g) of SLL strains was determined by monitoring the growth of haploid
cells in 100 ml of niinimal medium (SC or SC-His) at 30°C, by measurement of the optical density of the culture at
600 nm. When required, aliquots were diluted in culture medium to obtain absorbances in the 0.1 to 1 range. The
growth rate was estimated from the slope (m =4[log 0D
]/zlt) of the linear portion of the growth curve (plot of
600
log 0D
600 f[time]), which corresponds to the exponential growth phase. For each yeast strain, the generation
time was calculated from the formula, g

=

log2/m.

2.4.2 Genetic methods
The genetic methods used for yeast strain constructions and analysis have been described previously (87,
205, 206). AU diploids were obtained by mating stable (ho) haploid cells of opposite mating types in solution and
selecting for complementing auxotrophic markers on appropriate dropout plates. A typical mating reaction is
described below for the SLL strain series. The MA Ta and MA Ta haploids were grown to saturation in YPD,
diluted in fresh medium, and grown to mid-log phase (1-5x10
7 cells/mi; OD
= 0.3-1.7). Aliquots of each
600
culture (50 .tl) were mixed in 1 ml of fresh YPD in a sterile culture tube and incubated 4 to 6 h at 30°C without
shaking to allow mating. The success of the reaction was monitored by microscopic observation of zygotes. For
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the SLL strain series, all M4Ta cells are also LYS1 trp]-] and all MA Ta cells are lysl-l TRP] (see Table 3,
page 54). Therefore, all diploids derived from this series were selected for complementation of these two markers
on SC-Lys-Trp dropout plates. The plates were incubated at 30°C for 2 to 3 days and individual diploids were
isolated by restreaking Lys Trp cells on SC-Lys-Trp plates. All diploids were tested for their ability to spomlate
as described below.
For diploid and random spore analyses, sporulation was induced by nitrogen starvation in liquid medium.
Diploids were grown to an 0D
600 of 2.5 to 3.0 in YPD, and cells from 1 ml of culture were collected by
centrifugation in a clinical centrifuge (5 mm at 3000 rpm). The cells were washed in 5 ml of sterile water. The
final cell pellet was resuspended in 1 ml of sporulation medium (SPO: 1% potassium acetate, 0.1% yeast extract,
0.05% dextrose, supplemented with the required nutrients as described above for SC medium). The diploids were
incubated 2 to 3 days at 30°C with shaking (350 rpm) and sporulation was monitored by microscopic observation
for the appearance of asci. In random spore analysis, the sporulation mixture was treated to release isolated spores
and kill unsporulated diploids. Cells and asci were harvested by centrifugation (5 mm at 3000 rpm) and washed
three times with 5 ml of sterile water. The final pellet was resuspended in 5 ml of water and the ascus walls were
digested with Zymolyase (0.5 ml of Zymolyase-20T at 1 mg/nil in 2
d11
0
) in the presence of approximately 25 mM
f3-mercaptoethanol (10 j.tl of 14.4 M stock) for 12 h at 30°C with gentle shaking. Spores from tetrads were
separated by adding 5 ml of 1.5% nomdet P-40, incubating 15 mm on ice and sonicating 3 times for 30 sec at 50 to
75% of full power. If required, the spores were collected by centrifugation (10 mm at 3000 rpm), resuspended in 5
ml of 1.5% nomdet P-40, vortexed vigorously, and somcated again. The spores were centrifuged as above and
washed twice with 5 ml of di1
0. The spore density was estimated using a hemocytometer, and 100 j.d aliquots of
2
serial dilutions were plated on YPD plates to obtain 20 to 200 spores per plate. Isolated haploids were
characterized by mating with reporter strains and replica plating on dropout plates.

2.4.3 Yeast transformation
Two different methods were used for the introduction of DNA into yeast cells. For high efficiencies of
transformation, yeast spheroplasts were transformed according to published procedures (13, 87, 105, 206). Routine
transformations with replicating vectors were performed by electroporation of whole cells as described by the
manufacturer (Bio-Rad), following a protocol adapted from published procedure (16).
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2.5 Recombinant DNA techniques

2.5.1 Isolation of plasmid DNA
Plasmid DNA was isolated from bacteria by the alkaline lysis procedure (13). For small scale
preparations (ininipreps), a modified version of this protocol, in which the phenol extraction step has been replaced
by an ainmonium acetate precipitation, was utilized (195). Larger amounts of plasmid DNA were prepared from
25 mi cultures, by a scaled-up version of the same protocol. Cleaner DNA preparations were obtained by treating
the final DNA solution with RNase A (20 g/ml, 15 mm at 37°C) and with proteinase K (50 j.tg/ml, 15 mm at 37°
C), followed by phenol extraction and ethanol precipitation.

2.5.2 Isolation of single-stranded DNA
Single-stranded DNA templates for DNA sequencing and oligonucleotide-directed mutagenesis were
prepared following the same procedure, the only difference being the host strain: JM1O1 for ssDNA, RZ1032 for
ssUDNA (uracil-containing template). All preparations were done on a small scale (1.5 ml cultures) and larger

amounts of DNA were obtained from multiple minipreps.
The production of single-stranded DNA molecules from vectors containing the origin of replication of
phage fi requires trans-acting factors produced by a helper phage. In this study, all superinfections were
perfonned with R408, a mutant strain of phage fi carrying cis-acting mutations leading to inefficient packaging of
its own genomic DNA (193). The methods for the propagation of this helper phage and the determination of the
titer of the stock (plaque-forming unit [pfu] per ml) were carried out as described (49, 193).
The preparation of ssDNA involves growth of a single transformant, superinfection with R408,
precipitation of the viral particles released in the culture medium with polyethyleneglycol, extraction with phenol

and ethanol precipitation of the ssDNA. The detailed protocol has been published (49).
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2.6 Plasmid constructions

2.6.1 YEp and YCp E. coil-yeast shuffle vectors

2.6.1.1 pLL1O (YEpSPT2j and pLL18 (YEpSPT2-1)
Original clones of the wt SPT2 locus (plasmid R559: 4.3 kb long PstI-PvuI fragment of SPT2 inserted into
the PstI-PvuI site of pBR322) and of the dominant allele SPT2-1 (plasmid R159: 5.2 kb longX7zol-BamHl
fragment of SPT2-1 inserted into the SaiI-BamHI site of pBR325) were provided by G. S. Roeder (180). The SPT2
coding region, along with 553 bp of 5’-noncoding sequences and 905 bp of 3’-flanking regions, was subcloned as a
2460 bp long NdeI fragment (in which the 3 ‘-recessed ends were filled in using theE. coil DNA polymerase I
Kienow fragment) in the unique Smal site of the multiple cloning site of pEMBLYe3O (15), to obtain plasmid
pLL1O (YEpSPT2, Fig. 5). This yeast shuffle vector is a 2tm-based, high-copy-number vector (YEp) canying
the LEU2 marker for selection in yeast and the fi replication origin, which allows propagation and packaging of
single-stranded DNA carrying the coding (mRNA-like or sense) strand of SPT2. The SPT2-1 allele was similarly
subcloned in pEMBLYe3O to form pLL18 (YEpSPT2-1).
Most nonsense mutations, point substitutions and internal deletions were obtained as pLL1O or pLL18
derivatives by oligonucleotide-directed mutagenesis (see section 2.8). Seven sequencing primers (15-mers)
complementary to the sense strand of SPT2, packaged by pLL1O and pLL18, were designed to span the entire SPT2
coding region (see Appendix 1). In the original sequencing of the SPT2 gene, the nucleotide sequence of a 2025 bp
long Hindu-A vaT fragment encompassing the SPT2 gene was published (180). This fragment does not contain the
NdeI sites defining the fragment subcloned in the present study. Together with unpublished sequencing data
obtained in the course of this study, information available from other sequencing projects carried out in the vicinity
of the SPT2 locus on chromosome V, allowed us to define the DNA sequence of the entire NdeI fragment. This
sequence is included in Appendix 1 for reference.
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FigureS. Construction of plasmids pLL1O (YEpSPT2j and pLL32 (YCpSPT2j.
The 2460 bp long NdeI fragment of the SPT2 locus was subcloned in the multiple cloning site of pEMBLYe3O to
obtain pLL1O (YEpSPT2j. A 4.2 kb long BamHI-C/al fragment containing the SPT2 gene and the fi origin of
replication was subcloned in the centromeric plasmid YCp5O to form pLL15. In pLL32 (YCpSPT2j, the EcoRI
fragment of the fi origin has been deleted. Restriction enzymes are abbreviated as follows: B, BamHI; C, C/al; E,
EcoPJ; H, HindlII; Hp, HpaI; N, NdeI; P, PstI; Sm, Smal; V, PvuI. Parentheses are used to denote sites lost during
subclomng steps, whereas solid lines cover blunt-ended sites.
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2.6.1.2 pLL32 (YCpSPT2jand pLL24 (YCpSPT2-1)
Low-copy-number (YCp) derivatives canying the SPT2 and SPT2-1 alleles were constructed by
subclomng the 4.2 kb long BamHl-ClaI fragment of pLL1O and pLL18 in the BamHI-CiaI site of YCp5O (122) to
form pLL15 (YCpSPT2j and pLL24 (YCpSPT2-]) respectively. Plasmid pLL32 was obtained by deleting the
EcoPJ fragment of pLL15 carrying the fi origin (Fig. 5).

2.6.1.3 pLL77
The EcoPJ-Sail fragment of pLL1O canying the SPT2 gene was isolated, treated with E. coil DNA
polymerase I (Klenow fragment) to fill in the 5’ extensions, and ligated to the 6.1 kb long SphI fragment of
pVT100-U2 (a derivative of the YEpURA3 vector pVT100-U obtained from T. Vernet [231], in which the unique
EcoPJ site was destroyed) whose 3’-protruding ends had been removed by the exonuclease activity of E. coil DNA
polymerase I. This subclomng strategy regenerates the flanking EcoRI and Sail sites and produces a plasmid
(pLL77) in which the HindIII and PstI sites, internal to the SPT2 coding region, are both unique (Fig. 6). Like
pLL1O, pLL77 is a high-copy-number, E. coil-yeast shuttle vector allowing the packaging of the coding (sense)
strand of SPT2. However, pLL77 is maintained in yeast by complementation of uracil (ura3) auxotrophy, and
carries unique restriction sites used for the construction of internal spt2 deletion and disruption alleles.

2.6.2 spt2 deletion and disruption alleles (plasmids pLL8O, 81, 82)
Plasmid pLL77 was used as a parental vector from which were derived two spt2 alleles, the deletion spt2zi

and the disruption (deletion-insertion) spt24:: URA3. The subcloning strategy for the construction of these alleles
is presented in figure 6.
The plasmid pLL77 was digested to completion with ThndIII and PstI, treated with E. coil DNA
polymerase I and ligated in presence of excess Hindlil linkers to create a 8 10-bp deletion in the SPT2 coding
region. As confirmed by DNA sequencing, the resulting plasmid, pLL8O, carries the first 46 codons of SPT2 fused
to codons for the amino acids Lys, Leu, Val, Gly, and Stop (ochre), referred to below as the spt2-46 allele (or spt2zi
in strain constructions). This allele was then subcloned as a Bam}{I-EcoPJ fragment in pLL1O to form pLL91
(YEpspt2-46).
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Figure 6. Construction of plasmid pLL77 and of the alleles spt2zI and spt2zl:: URA3.
The 2460 bp long fragment of SPT2 was subcloned as a blunt-ended Sail-EcoPJ fragment from pLL1O into the
YEpURA3 vector pVT100-U2 (231) to form pLL77. The deletion allele spt24 (or spt2-46) of pLL8O was obtained
by deletion of the internal PstI-HindIII fragment of pLL77 and ligation of the blunt-ended vector in presence of
Hindu linkers. The disruption allele spt2A:: URA3 was constructed by deletion of the URA3 gene of pLLSO (1.1
kb long BglII fragment) followed by insertion of the URA3 gene into the unique Hindlil site of spt2zl. Restriction
enzymes are abbreviated as described in the legend of Fig. 5, and as follows: G, Bglll; S, Sail; Sp, SphI.
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Plasmid pLL8 1 was obtained by deleting the 1.1 kb long BglII fragment of pLL8O containing the URA3
gene. The disruption allele spt2/i:: URA3 was created by inserting the URA3 gene, as a 1.1 kb long HindIII
fragment from YEp24 (27), in the unique Hindill site ofpLL8l, present within spt2il. In pLL82, the orientation
of the URA3 gene with regard to the deleted SPT2 locus is such that the two transcriptional units are in opposite
directions (Fig. 6). The resulting allele, spt24:: URA3, was used as a disruption allele in strain constructions
(section 2.9).

2.6.3 spt2::lacZ fusion (plasmid pLL43)
The spt2::lacZ fusion was constructed by subclomng the 1.7 kb long SalI-MluI fragment of pLL4O (see
Table 4, page 66) in the Sail-BamHI site of pLG-fl (a derivative of pLG669-Z [86], constructed by S. S. Ner and
canying the II replication origin) in the presence ofMIuI-BamHI adapters (oLL48a 5’-CGCGGCGGCG-3’ and
oLL48b 5’-GATCCGCCGC-3’) that fuse the two coding regions (Fig. 7). In the resulting construct, the fusion
coding region, containing the SPT2 gene at the 5’-end and the lacZ gene at the 3’-end, is expressed from the SPT2
promoter on a high-copy-number vector.

2.6.4 pGAL4:SPT2 fusions (plasmids pLL94 to pLL97)
For the cotransformation experiments, the wt SPT2+ gene was expressed from the weak GAL4 promoter
on vectors carrying the URA3 gene as a selectable marker. The plasmid pPS42B-2 containing a 3.4 kb long
BamHI-EcoRI fragment of GAL4 (with an additional EcoRI site inserted upstream of the ATG, in the AccI site) in
pBR322 (obtained from I. Sadowski) was digested with BamHI and EcoRI to completion, and the 0.4 kb long
pGAL4 fragment was subcloned in the BamHl-EcoPJ site of YCplac33 and YEplac 195 (81) to create pLL94 (YCp
pGAL4) and pLL95 (YEp-pGAL4). The 1.9 kb long EcoPJ fragment from pLL16 (see Table 4), carrying the SPT2
coding region, was subcloned in the unique EcoRI site of pLL94 and pLL95 to form pLL96 (YCp-pGAL4:SFT2+)
and pLL97 (YEp-pGAL4:SPT2+) in which the insertions are oriented to create a transcriptional fusion.
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Figure 7. Construction of plasmid pLL43 (YEpspt2::lacZ).
Plasmid pLO-fl was constructed by S. S. Ner by replacing the 2p.-URA3 fragment of pLO669-Z (86) with the fi
origin-2p.-URA3 fragment of pVT1O3-U (231). The spt2::lacZ fusion of plasmid pLL43 was constructed by
replacing the Sail-BamHl fragment of CYC] with the SalI-MluI fragment of pLL4O in presence ofMluI-BamHI
adapters. The structure of the resulting junction point has been expanded to show the in-frame fusion between the
terminal R333 codon of SPT2 and lacZ, through the adapter oLL48 (boxed). Restriction enzymes are abbreviated
as described in the legend of Fig. 5, and as follows: 0, BgllI; M, MluI; Pv, PvuII; 5, Sail.
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2.6.5 Internal deletion alleles
Three different sets of internal deletion alleles of SPT2 were constructed. In each case, the deletion
mutation was introduced in the wit gene and at least one dominant allele. The alleles are symbolized as follows: zi
1, for the deletion of residues 60 to 81; 42, residues 48 to 179; 43, residues 117 to 179. Alleles spt2zil and SPT2-]
41 were obtained by oligonucleotide-directed mutagenesis on pLL1O (YEpSPT2j and pLL18 (YEpSPT2-1)
respectively. Similarly, alleles spt243, spt2-324z13 and spt2-35043 were obtained by looping-out the desired
nucleotides with a single mutagenic primer extended on pLL1O, pLL49 (YEpSPT2-324) and pLL64 (YEpSPT2350), respectively (see section 2.8).
The deletion of residues 48 to 179 (42) was constructed by PCR mutagenesis. The 3’ portion of the SPT2
coding region (from codon 180) was amplified with the PCR primer oLL34 (see section 2.10) and the mutagenic
primer oLL5 1 (5’-CCCCTGGCGCAACATCTGCAGGAGTATCTrCTGGAGGCAATAGC-3’). The latter
introduces a PstI site (bold) immediately upstream of codon 180 (underlined) and in the same position relative to
the SPT2 reading frame as the PstI site present in the SPT2 coding region after codon 47. The protocols followed
for the PCR reaction as well as for the treatment of the PCR product for cloning are described in section 2.10. The
484-bp long PCR product obtained with oLL34 and oLL5 1 was digested with PstI and HincLIII and cloned into the
PstI-HindIII site of pLL77, in which these restriction sites, internal to the SPT2 coding region, are both unique. In
the resulting plasmid (pLL85), codons 47 and 180 are fused at the PstI site to form allele spt242. The allele, spt2324z12, of plasmid pLL86 was obtained by oligonucleotide-directed mutagenesis on pLL85 (see section 2.8). Both
alleles were subcloned in pLL1O as BamHI-EcoPJ fragments to create pLL89 (YEpspt242) and pLL93 (YEpspt232442).

2.7 DNA sequencing

For all the mutations introduced in the SPT2+gene, the nucleotide sequence of the entire coding region
was determined using the Sanger dideoxy chain termination method on ssDNA templates. Two different protocols,
utilizing distinct polymerases were routinely used. The DNA polymerase large fragment cKlenow) was used in a
rapid droplet method previously published (164), whereas modified T7 polymerase (Sequenase) was used as
recommended by the manufacturer (LISB).
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2.8 Oligonucleotide-directed mutagenesis

Oligonucleotide-directed mutagenesis (260) was performed essentially as described (130, 13), exploiting
the uracil-containing template selection (129). Oligonucleotides were synthesized on an Applied Biosystems 380B
or 380A DNA synthesizer and purified on C
18 Sep Pak cartridges (Millipore) as described (12). Mutagemc
primers were phosphorylated chemically during synthesis (112) or enzymatically with T4 polynucleotide kinase
(195). Table 4 presents all the mutations created by oligonucleotide-directed mutagenesis in the present study,
along with the template and oligonucleotide utilized in each case. The SPT2-335 allele was obtained by replacing
the C-terminal HindllH-MluI fragment of pLL4O by a synthetic cassette of two 52-mers introducing the mutations
K325M, P.3261, R327L, R328L, K329M, and K330M to the V334 silent mutation spt2-334 of pLL4O. For each
mutant allele presented here, the DNA sequence of the entire coding region was confirmed by dideoxy sequencing,
as described above.
Several different protocols have been used to perform oligonucleotide-directed mutagenesis. In all cases,
the same fundamental approach was exploited: a single 5’-phosphorylated mutagemc primer is annealed to a
uracil-containing ssDNA template (ssUDNA, prepared from the dur ung strain RZ1032) and extended by a DNA
polymerase in the presence of deoxynucleotides (dNTP). Fully extended products are ligated by T4 DNA ligase
and transformed in JM1O1. This dut+ ung+ strain removes the uracil from the template strand and renders it
biologically inactive, thus creating an enrichment for the in vitro synthesized mutant strand. A procedure that
consistently gave good results is described below.
The phosphorylated mutagenic primer (1 pmol) is mixed with the ssUDNA template (0.1 to 0.5 pmol) in
the presence of 1xSSC (150 mM NaC1, 15 mM 2
citrateH
3
Na
O
, pH 7.0) in a final volume of 25 tl. Annealing is
promoted by heating 5 ruin at 65°C followed by progressive cooling to room temperature over 30 mm and 5 mm
incubation on ice. The extension/ligation step is catalyzed by 2 units of DNA polymerase large fragment (Klenow)
and 2 units of T4 DNA ligase in the presence of polymerase mix (20 J.Ll of a 5x stock: 100 mM Tris•HC1, pH 8.8,
10 mlvI DTT, 50 mM MgC1
, 2.5 mlvi dNTP, 5 mM ATP) in a final volume of 100 1
2
.d. The reaction is incubated 5
mm on ice, 5 mm at room temperature and 2 h at 37°C. Aliquots of 10 and 50 .tl are used to transform competent
JM1O 1 cells. A control reaction performed in the absence of oligonucleotide primer is always included to assess
the purity of the ssUDNA preparation.
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Table 4. Oligonucleotide-directed mutagenesis.a
Mutagenic primer

Template

pLL1O

Plasmid

EcoRl

oLLI 8 TCTTGCCITAA1TGAACA

pLL38

R272OCHRE

SPT2 -271

oLL23 TCAATAITCCUAAAC
GCGTATGCCCflC

pLL4O

V334
MluI Site

spt2 -334

oLL26 CTATlTCTlTFTCfC
CAGTCCTGCCGCCTC

pLL44

A60to81

spt2ii]

oLL3O TrGCCA3TfATFATGCCA1TlC

pLL47

R3O4OCHRE
K3O5OCHRE

SPT2 -303

K319OCHRE
K32OAMBER

SPT2 -318

K325OCIIRE
R326OPAL

SPT2 -324

K117OCIIRE
K118OCHRE

.cpt2 -116

CTCATGCTA1TATAACCAAGC

oLL36 GTfCAGGTrATrACCTTACAAC

pLL64
pLL85

pLL48
pLL49
pLL63

site

at

3 end

oLL37 TAGCGTATGCCTGACTI’ACGGCGT

pLL57

K330S

spt2-330

oLL38 CGTATGCCCITfGAACGGCGTCTC

pLL58

K329S

spt2-329

oLL39 ATGCCCITCITACTGCGTCTCYF

pLL59

R328S

spt2-328

oLL4O CCTCfTACGGCTfCTCTCFCCT

pLL6O

R327S

spt2-327

TfCTfACGGCGACCflCTCCECT

pLL61

R326S

spt2-326

oLL42 TTACGGCGTCTFGACTCCTCfCA

pLL62

K325S

spt2 -325

oLL43 TCCAGAAGATrATI’AACGCAATGT

pLL68

G1800CI-IRE
V18 1OCHRE

SPT2 -1 79

oLL41

p11.62

spt2-S01

pLLl6

oLL3Z TACGGCGTCATfACTCCTC11t

pLL49

in promoter

Allele

CITfGAATECGACTCAAG

oLL2

oLL3 1

pLL18

Mutation (s)

oLL47 TfACGGCGTCTTCTCFCCCtTCA

pLL73

K325R

spt2 -336

oLL49 TGClAHGCCTCCAGAAGATACfCC
CCTFACAACFGGCTrGAGTGGCGCA

pLL75

A117to179

spt2ii3

See above

pLL45

L2I3OCHREA6Oto 81

SPI’2 -141

Idem

pLL74

K325OCHRE
R326OPALA1 17 to179

.spt2-32443

oLL26
oLL49
oLL37

Idem

pLL64

K325S K330S

SPI’2 -350

oLL38

Idem

pLL65

K325S K329S

SPT2 -359

oLL49

Idem

pLL76

K325S K330S
8117 to179

spt2 -350113

K325OCHRE
R326OPAL M8 to 179

spt2 -32442

oLL32

pLL86

Idem

a For each mutation created by oligonucleotide-directed
mutagenesis are presented the template and primer
(name of oligonucleotide and sequence from 5’ to 3 end) used for the mutagenesis reaction,
as well as the designation ofthe resulting plasmid,

mutation

and allele. Mutant bases are in bold.
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2.9 Yeast strain constructions

In the course of this work, several haploid and diploid yeast strains of specific genotypes have been
generated. These yeast strain constructions, summarized in figure 8, were oriented towards the generation of three
overlapping sets of strain. The first set consists of M4 Ta and M4 Ta haploid strains canying the suppressible
msertional allele his4-912ö and the wt SPT2 gene and allows phenotypic selection for diploid formation. These
strains are SLL3, SLL4, SLL5, and SLL6 (see Table 3 and Fig. 8). The second set consists of isogenic his4-9125
SPT2 and his4-9]28spt2 strains for dominance and complementation tests (SLL5 and SLL7). The third set
consists of isogemc his4-9125 strains carrying different spt2 alleles integrated at the SPT2 locus (SLL5, SLL7,
SLL9, SLL1O1, SLL1O2).
The diploid SLL2 was obtained by mating S49 (MA Ta leu2-1 lip]-’) with S704 (MA Ta his4-9]2ö ura352 leu2-3 lysi-] spt2-150) and selecting for Trp Lys Ura }Jj+ mating products on SD+Leu plates. Strains
SLL3 to SLL6 were obtained as 5rnAr (Ura) meiotic segregants from SLL2. In this first step, the segregation of
the ura3-52 marker was followed for two reasons: (I) the selection kills all unsporulated diploids (which are Ura+,
therefore 5
5-FOA
)
; (ii) the resulting set of haploid cells should all carry the ura3-52 marker, frequently used for
vector selection in transfonnations. In the second step, independent 5-FOA’ spores were streaked on SC-His plates
to identily }{is cells, which should have the genotype his4-9125SPT2. The other allele combinations obtained
from the diploid SLL2 all lead to a Ths phenotype (HIS4 SPT2, HIS4 spt2-]50, and his4-9]2öspt2-]50).
Finally, 5FoAr His cells were streaked on SC-Lys and SC-Trp plates to determine their Lys and Tip phenotypes,
and mated to S49 and S704 to identiiy their mating type.
For the growth studies, two HJS4 strains carrying the SPT2 or the spt2-]50 allele were also derived
from the diploid strain SLL2. These strains, SLL2O8 and SLL2O9 (see Table 3), were obtained as 5-FOA’ His
Trp meiotic segregants of SLL2. The presence of the wt HIS4 allele was scored by the His phenotype of diploids
obtained by mating with SLL5, and the segregation of the spt2-]5O allele was followed by radiation sensitivity (74,
245) and analytical PCR.

68

S49 x S704
1) mate
2) select for diploids on SC-Lys-Trp plates
SLL2
1)
2)
3)
4)

sporulate
select for Ura haploids on 5-FOA plates
screen for His haploids
determine mating type and phenotypes

MATa

MATo

Lys Trp

SLL3

SLL4

Lys Trp

SLL5

SLL6

1) transform SLL5 with spt2iA::URA3
2) select for Ura+ transformants
SLL7
1) mate with SLIA
1) transform with spl2 alleles /
\
2)
select for Lys Trp diploids
2) select for Ura
/‘
transforinants
/
on 5-FOA plates /
SLL4X7
1) sporulate
SLL9
2) select for His haploids
SLL1O1
3) screen for MATa
SLL1O2
Lys Trp cells

SLL1O

Figure 8. Yeast strain constructions.
The diagram shows the origin of the yeast strains SLL3 to SLL7, SLL9, SLL1O, SLL1O1 and SLL1O2, constructed
in the present study. Strains SLL3 to SLL6 are his44128SPT2, the only allele combination leading to a His
phenotype in the spores from the diploid SLL2 (HJS4/his4-9125SPT2/spt2-15O). The spt2 alleles used to
replace the spt2/J:: URA3 allele of SLL7 are as follows: spt2zi for SLL9, SPT2-324 for SLL1O1, and spt2-324/J3 for
SLL1O2. Strain SLL1O is phenotypically identical to SLL4 (except for the Ura and His phenotypes), but carries the
disruption allele spt2&: URA3, the only allele forming His spores from the diploid SLL4X7 (his4-9125/his4-9125
SPT2/spt2A:: URA3).
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The haploid strain SLL5 (Table 3) was used as a SPT2 parental strain from which was derived a set of
four isogenic strains carrying different alleles at the SPT2 locus. SLL5 was transformed with 3 g of the 2.6 kb
long EcoRI-BamHl fragment of pLL82 containing the spt2zl:: URA3 disruption allele. Stable Ura transformants
were selected as described by the one-step gene disruption procedure (191). The substitution of the wt SPT2 gene
by the mutant allele spt2zi:: URA3 in SLL7 was confirmed by genomic DNA analyses and genetic methods
(cosegregation of the Ura+ and recessive His+ phenotypes in random spore analysis from the diploid obtained by
mating SLL4 and SLL7, SLL4x7).
A cotransformation procedure allowing direct allele replacements of the spt24:: URA3 allele in SLL7 by 5FOA counter-selection and fast screening by analytical PCR analysis was developed (in collaboration with Chi-Yip
Ho). SLL7 spheroplasts were cotransformed with ito 10 j.tg of digested plasmid DNA carrying the allele of
interest and 0.1 to 1 ig of pEMBLYe3O, and plated overnight on SC-Len plates. The regeneration agar was then
transferred to a 5-FOA-Leu plate, which selects for loss of URA3 function (24). The desired transformants were
screened by analytical PCR amplification of the SPT2 locus (section 2.10) and positives clones were cured of the
pEMBLYe3O vector by growth in YPD. Following this procedure, the isogenic strains SLL9 (spt2A, from pLL8O),
SLL1O1 (SPT2-324, from pLL49) and SLL1O2 (spt2-324z13, from pLL74) were constructed.

2.10 PCR analysis of SPT2 alleles

During the course of this work, the development of the polymerase chain reaction (PCR) revolutionized
molecular biology techniques. The advantages of this technique were exploited in three different ways in the
course of this work: (I) for analytical or diagnostic purposes; (ii) for the cloning and mutagenesis of DNA
fragments; (iii) for direct sequencing of genomic sequences.

2.10.1 Preparation of crude yeast DNA
Crude yeast genomic DNA samples suitable for PCR amplification were prepared by a fast procedure
based on a method originally developed for yeast plasmid rescue (110). In this protocol, yeast cells are simply
broken open by vortexing in the presence of glass beads, detergents, and phenol. Yeast were grown overnight in 5
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ml of medium, and the cells from 1.5 ml of culture were harvested by 5 sec centrifugation in a microfuge. The cell
pellet was resuspended in 200 il of yeast DNA buffer (YDB: 2% Triton X-100, 1% SDS, 100 mM NaCl, 10 mM
Tris•HC1 [pH 8.0], 1 mM EDTA) and 200 i.tl of phenol/chloroform and 200 jil of glass beads were added. The
cells were lysed by vortexing for 2 mm. The cell lysate was recovered by pelleting the glass beads and cell debris
by centrifugation for 5 mm in a microfuge.

2.10.2 Analytical PCR
Analytical or diagnostic PCR was used to analyze qualitatively the structure of the SPT2 locus. The
primers used for this purpose were oLL34 (5’-CGCGGATGCCCITCITAIGGIGTITCITCTCCTCTTCATGCT
TTTTTAACCA-3’, from the ThndIII-MluI cassette used to form allele SPT2-335 [where I represents inosine
residues introduced for random cassette experiments not described herel ) and oLL5O (5’-AAGTTGAATTCAGGG
ACAGGGACTrGAGTC-3), which hybridizes to the 5’ noncoding region of SPT2. Figures hA and 21A present
the location of the oLL34 and oLL5O priming sites with regard to different spt2 alleles and the size of the
amplification product expected in each case.
The polymerase chain reactions were performed in a Perkin Elmer Cetus DNA Thermal Cycler using 1 ng
of plasmid DNA or 2 1
il of total yeast lysate as template, 50 pmol of each primer, 10 nmol of each dNTP
(Pharmacia), 1 unit of Taq DNA polymerase (obtained from Cetus, Pharmacia or Promega) and 10 tl of 10 X PCR
buffer [100 mM TrisHCl (pH 8.4), 6 mM MgC1
, 0.5% Tween 20, 0.5% nomdet P-40] in a total volume of 25 or
2
50 j.tl. The reaction mixtures were overlaid with two drops of oil (Stanley) and subjected to a denaturation step of 2
mm at 94°C followed by 20 to 30 amplification cycles (10 sec at 94°C, 30 sec at 53°C and 1 mm at 72°C) and a
final extension of 5 mm at 72° C. The aqueous phase was recovered and 2 il was analyzed on an agarose gel.
The amplification of the CYC] gene was achieved similarly using the primers, CYH7 (5’-GAGGGCGTG
AATGTAAGCGTGACATAACTA-3’) and CYH8 (GCATAAATrACTATACTrCTATAGACACGC).
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2.10.3 Cloning of PCR products
The use of PCR as a preparative tool to generate restriction fragments suitable for cloning experiments is
based essentially on the same principle and methodology as the analytical PCR. Since the purpose of the
amplification reaction is not simply to produce a DNA fragment of a specific size, but to generate copies of a
template molecule for cloning, several parameters must be considered. The mutagemc potential of Taq DNA
polymerase must be minimized to avoid the cloning of so-called “PCR mutations’. This can be achieved by using
high-quality reagents and determining the optimal conditions for a specific pair of PCR primers. For example,
imbalances in the deoxynucleotide pools are known to promote misincorporations. Amplification cycles are also
kept to a minimum (no more than 20) and the reaction is scaled up to produce enough material for cloning (100 .il
reactions).
The actual cloning of PCR products was carried out essentially as for restriction fragments, although these
products were found to be particularly resistant to ligation. This problem was overcome by treating the PCR
products with proteinase K as described (47), digesting them with the appropriate enzymes, and purifying them
using the Geneclean Kit (BlO 101) after electrophoresis on a 1.5% agarose gel. The protease treatment is thought
to help degrade and remove the tightly bound polymerase, which interferes with subsequent enzymatic
modification of the PCR product.

2.10.4 Asymmetric PCR
The generation of PCR products as ssDNA template suitable for direct sequencing by the dideoxy chain
termination procedure was based on a published protocol (141). This asymmetric PCR was performed essentially
as described above, but for 35 cycles and in the presence of a 100-fold excess of the PCR primer of the desired
template strand. A typical reaction, which produces an enrichment of the sense strand of SPT2 (identical to the
packaged strand ofpLLlO), contained 50 pmol of oLL5O and 0.5 pmol of oLL34. The successful utilization of this
template molecule in sequencing reactions was also highly dependent on the complete removal of unreacted
deoxynucleotides and oligonucleotide primers. This was done by extracting the reaction mixture with phenol and
submitting the aqueous phase to three successive ultrafiltration steps by centrifugation 2 to 4 mm at 2000g on
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Ultrafree-MC filters (Millipore) with a molecular weight cut-off of 30,000 (which corresponds approximately to a
ssDNA molecule of 100 nucleotides).

2.11 Immunological techniques

2.11.1 Production of anti-SPT2-peptide antisera
Polyclonal antibodies were raised against two synthetic peptides (provided by Ian Clarke-Lewis) designed
from the predicted amino acid sequence of the SPT2 protein: PSi and PS2, spanning amino acids 209 to 238, and
297 to 325 respectively (see Fig. 3, page 32, and Appendix 2). In addition to the SPT2 segments, each peptide
contains, at the amino terminus, two linker glycines and a reactive cysteine, used for couplings to carrier proteins
or chromatographic supports. The peptides were synthesized using Na-tert-butyloxycarbonyl-protected amino
acids with appropriate side chain protections, on an Applied Biosystems 430A synthesizer, using methods
described elsewhere (41). The peptides were purified by reverse phase HPLC and coupled to the carrier protein
keyhole limpet hemocyanin (KLH) as described (259).
For each peptide (1 and 2), two New Zealand White rabbits (1A, lB and 2A, 2B) were immunized
following the same immunization schedule: primary injections with 500 ig of peptides, followed by secondary
injections with 200 .tg and subsequent boosts with 100 g of peptides, all at 1 month intervals. The primary
injections were performed subcutaneously, whereas all subsequent injections were performed intramuscularly.
Each injection (200 to 500 i.tl) consisted of an emulsion prepared from equal volumes of antigen solution and
Freund’s adjuvant. Complete Freund’s adjuvant (containing killedM tuberculosis) was used only for the primary
injections.
Test bleeds of 5 to 10 ml (from the marginal ear vein) were collected before the first injection (pre
immune sera, samples #0) as well as 10 days after the secondary injections (samples #1) and subsequent boosts
(samples #2 and 3). Serum was prepared by allowing the blood to clot 60 mm at 37°C, followed by overnight
incubation at 4°C to allow the clot to contract. The serum was collected after centrifugation at 10 000g for 10 mm
at 4°C. The activity of each antisera against the peptide antigens were determined by immunoassays.
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2.11.2 ELISA

The presence of specific anti-peptide antibodies in the different bleeds as well as during purification steps
was monitored and quantified by enzyme-linked immunosorbent assay (ELISA). This immunoassay, also called
antibody capture assay, can be described as follows: the antigen is attached to a solid support, and specific
antibodies are allowed to bind to their epitope, present in excess. The amounts of bound antibodies are quantified
indirectly through an anti-rabbit-IgG enzyme conjugate.
The protocol used to perform these assays is essentially as described elsewhere (94). The peptides are
dissolved in 10 mlvi acetic acid to 1 mg/mI and diluted to 10 .tg/mi with phosphate-buffered saline (PBS: 137 mM
NaC1, 2.7 mlvi KC1, 4.3 mlvi 4
HPO 1.4 mM 4
2
Na
,
PO containing 0.02% sodium azide. The wells of a
2
KH
)
microtiter plate (polystyrene ELISA/EIA plate from Corning) are first coated with 100 .tl of peptide solution (1 jig,
as recommended for maximal binding [94] ) and incubated overnight at 4°C to promote antigen binding. The
excess antigen is removed by three successive washes with wash buffer (0.05% Tween 20 in PBS). The remaining
non-specific binding sites are blocked or quenched with 200 j.tl of quenching buffer (5% skim milk in PBS) by
incubation 1 h at room temperature, followed by three washes. The antibody solutions to test (primary antibody)
are prepared from sera or purified fractions diluted in 1:10 quenching buffer (0.5% skim milk in PBS). 100 il of
each antibody solution is added to the coated wells and incubated 1 h at room temperature to promote the
formation of specific antibody-antigen complexes. Non-reacting antibodies are removed by three washes. The
bound antibodies are detected and quantified by repeating the antigen binding step using an affinity purified goat
anti-rabbit IgG alkaline phosphatase conjugate (Bio-Rad) as secondary antibody. 100 jil of a 1:1000 dilution in
1:10 quenching buffer is used per well, incubated 1 h at room temperature and washed three times as above. The
enzymatic reaction is initiated by the addition of 100 .tl of the substrate p-nitrophenyl phosphate (PNPP, Sigma
104-0) at 1 mg/mI in 10 mM diethanolamine (pH 9.5), 0.5 mMMgCl
. The reaction is stopped with 50 jil of 0.1
2
M EDTA after approximately 30 mm at room temperature (or after appearance of yellow coloration). The
concentration of the product is measured by optical densitometiy at 405 nm.
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2.11.3 Immunoaffinity purification
Polyclonal antibodies specific to both SPT2 peptides were purified from high titer sera by immunoaffinity
chromatography. The peptides PSi and PS2, which contain terminal cysteine residues, were covalently coupled to
the chromatographic matrix, activated thiol-sepharose 4B (Pharmacia), as recommended by the manufacturer. The
purification of anti-peptide antibodies was performed essentially as described (94). The peptide-bead conjugates
were washed thoroughly with PBS and 2 ml of beads were mixed with 2 ml of serum and 8 ml of PBS in a 15-mi
tube. Antibody binding was achieved by rotation at 4°C for 2 h. The mixture was poured in a small column,
washed with 20 ml of PBS and 20 ml of 0.2 M NaC1 in PBS. The antibodies were eluted with 8 ml of 100 mM
glycine (pH 2.5). 900 tl fractions were collected in 1.5 mi-tubes containing 100 jil of 1.0 M Tris•HC1 (pH 8.0) to
neutralize the pH of the eluate. The columns were washed with 10 ml of 100 mM Tris•HC1 (pH 8.0) and 10 ml of
0.02% sodium azide in PBS for storage. All the fractions were assayed for total protein concentration by UV
absorption at 280 nm and for reactivity against the specific antigen by ELISA. Fractions containing the anti
peptide antibodies were pooled, concentrated by ultrafiltration (Amicon Centricon concentrators) and stored in
PBS containing 1% BSA and 0.02% sodium azide.

2.11.4 Immunoblotting

2.11.4.1 Yeast protein extracts
Total yeast protein extracts were prepared by mechanical lysis with glass beads in the presence of SDS.
Yeast cells were grown to late log phase at 30°C in 5 ml of minimal medium, selecting for the vector if required.
Aliquots of the cultures were used to determine the optical density at 600 urn, and equal amounts of cells (inca 1.0
ml) were harvested by centriliigation in a microfuge (12, 000 g) for 5 sec at 4°C. The cell pellet was resuspended
in 500.tl of ice-cold 50 mM Tris.HC1 (pH 8.0), transferred to a twist-cap 1.5 ml tube and harvested as above. Cells
were resuspended in 200 l of yeast lysis buffer [YLB: 20 mM Tris•HCI (pH 8.0), 0.1% Triton X-i00, 0.5% SDSI
and 200 l of acid-washed glass beads were added to the cell suspension. Yeast cells were lysed by 5 cycles of
vigorous vortexing (20 sec), each followed by 1 mm incubation on ice. The protein extracts were recovered by
puncturing the bottom of the tube with a hot needle (23 -gauge) and centrifugation in a recipient 1.5 ml tube in a

75
clinical centrifuge at 4°C. The extracts were cleared by centrifugation in a niicrofhge for 5 mm at 4°C and stored
at -20°C.

2.11.4.2 SDS-polyacrylamide gel electrophoresis
The electrophoretic separations of proteins were performed using the SDS-polyacrylamide gel
electrophoresis (PAGE) system of Laenmili, following published procedures (94, 195). All separations were
executed with the mini-protean II apparatus of Bio-Rad, following the manufacturer’s instructions.

2.11.4.3 Protein blotting and immunoprobing
For Western immunoblot analysis, the proteins resolved by SD S-PAGE were electroblotted onto a
mtrocellulose membrane (Hybond-ECL, Amersham) using the Mini trans-blot apparatus of Bio-Rad, following the
manufacturer’s instructions. The electrophoretic transfers were performed in a buffer containing 50 mlvi Tris, 380
mM glycine, 20% methanol and 0.1% (wtlvol) SDS (94) at 4°C for 1 h, at a constant voltage of 100 V. The
membranes were treated successively with blocking agent (5% skim milk in PBS), primary antibodies, secondary
antibodies and detection reagents as described for the enhanced cheniiluminescence (ECL) protocol of Amersham.
The prnnaiy antibodies consisted of 1:800 to 1:1000 dilutions of both affinity-purified anti-peptide antisera. A
goat anti-rabbit IgG horseradish peroxidase conjugate (Bio-Rad) was used at a 1:6000 dilution as secondary
antibody. Unless otherwise specified, the membranes were exposed for 15 to 30 sec to a Hyperfllm-ECL
(Amershain).

2.12 Cenomic DNA analysis

2.12.1 Preparation of yeast genotnic DNA
Yeast genomic DNA for restriction analyses was prepared from 5-mi cultures as described elsewhere (13).
In this procedure, yeast spheroplasts were prepared by Zymolyase treatment and lysed in the presence of SDS.
Genomic DNA was recovered after precipitation of proteins and SDS with potassium acetate. The final DNA
pellet was treated with ribonuclease, proteinase, and extracted with phenol. This protocol yields approximately 10
.tg of yeast DNA.
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2.12.2 Hybridization in dried agarose matrix
All the restriction analyses of yeast genomic DNA presented here were performed by hybridization in
dried agarose gels using oligonucleotide probes. This fast procedure, developed from a protocol provided by Evan
McIntosh, takes advantage of the ability of small oligonucleotide probes to diffuse freely and rapidly inside a
partially dehydrated and collapsed agarose gel matrix.
The oligonucleotide probes (1 pruol) were prepared by 5’-end-labeling with T4 polynucleotide kinase (1
unit) in the presence of yP dATP (10 .tCi, 3.3 pmol) and 1 x PNK buffer (0.5 M Tris•HC1 [pH7.5], 0.1 M
32
, 50 mM DTT) in a 20 .tl reaction for 30 mm at 37°C.
2
MgC1
2 to 4 j.tg of yeast genomic DNA were digested with 25 units of enzymes for 5 to 8 h at 37°C as
recommended by the manufacturer, and separated on a 0.8% agarose gel. The DNA was denatured by successively
soaking the gel in 0.5 M NaOH and 0.5 M Tns•HC1 (pH 8.0), both for 30 mm at room temperature with shaking,
followed by water rinses. The agarose gel was placed on 2 sheets of Whatman 3MM paper, covered with Saran
Wrap and dried on a gel drier for 30 mm with no heat, followed by 30 to 60 mm at 60 °C. The gel was separated
from the filter paper by briefly soaking in 5 x SSC. Prehybndization was performed in a sealable bag containing
0.035% ATP, 6 x SSC, 0.5% SDS, 0.05% heparin and 0.05% sodium pyrophosphate in 20 ml for 30 mm at 40 to
50°C. The crude labeled oligonucleotide was added and incubated for 2 to 16 h. The gel was washed twice in 6 x
SSC at room temperature for 15 mm followed by stringent washes in 1 to 6 x SSC at 58°C for 2 mm. The
stringency of the washes was increased by decreasing the salt concentration and the washes were repeated until no
counts above background were detected over most of the gel. This procedure was adopted since the dried agarose
matrix starts to collapse at temperatures above 60° C. The gel was dried briefly without heat and exposed to a X
ray film (X-OMAT, Kodak) at -70°C.
Four different oligonucleotide probes were used in this study. The sequences of these oligonucleotides are
given below.
oLL8

5’- GCTTGACGGGCTTGG -3’

oLL27

5’- GGGTAACAAGGAATACTCTT’CGTCArTC -3’

oLL5 1

5’-CCCCTGGCGCAACATCTGCAGGAGTATCI7CTGGAGGCAATAGC-3’

CHY-26

5’- GTGCATGATATTAAATAGCTTGGCA-3’
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3. RESULTS AND DISCUSSION

3.1 In vivo assay system for SPT2 function and expression

A yeast strain carrying the his4-9l2Sinsertional mutation shows a His phenotype at 30°C. A complete
deletion of the SPT2+ gene is a recessive suppressor of the

promoter insertion, resulting in a His+ phenotype.

Therefore, the suppressor phenotype corresponds to a loss of function of the 333-amino-acid SPT2 protein. Several
dominant and partially dominant suppressor spt2 mutations have been characterized genetically and one such
allele, SPT2-1 was shown to be caused by a nonsense ochre mutation (TAA) at the Leu 213 codon ‘ETA.
,

To gain a better understanding of the molecular basis of SPT2 function in yeast, a mutational analysis of

this protein was undertaken. The basic experimental approach involved three steps: (1) manipulate the cloned
SPT2 gene in vitro using different mutagenesis protocols; (ii) reintroduce the mutant alleles in his4-9128 mutant
strains; and (iii) study the effects of the mutations on SPT2 function. Since several SPT2 alleles were shown to
behave as dominant alleles, two different questions were asked for each mutant allele created: (i) is the mutant
protein still functional or does it suppress the

insertional mutation his4-9126? (ii) if it is not functional for

repression (and therefore a suppressor), does it confer a dominant or recessive suppressor phenotype? From a
genetic perspective, these two questions can be answered by complementation and dominance tests, respectively.
First, an in vivo system appropriate for these studies was established. Such a system would consist of
efficient E. coil-yeast shuttle vectors for in vitro mutagenesis and expression in yeast, and isogenic SPT2+ and spt2
strains carrying a Ty or

insertional mutation suppressible by spt2 mutations. Another important molecular tool

in structure-function studies similar to the one presented here is the availability of a specific assay or probe to
assess the expression and stability of the mutant proteins in vivo. Consequently, the preparation of polyclonal anti
SPT2 antibodies also was undertaken. The next three sections present the development of each of the components
of this in vivo assay system.
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3.1.1 Expression vectors
Previous studies on the SPT2 gene have led to the cloning and sequencing of two different alleles of the
SPT2 locus: the wt SPT2 gene and the dominant mutant allele, SPT2-1 (180). In the course of this work, it was
shown that a 43 kb long PstI-PvuI fragmentof the wt SPT2 locus was sufficient to complement a null spt2
mutation (spt2-150) when introduced on the replicating yeast vector YRp1O. The DNA clones of the SPT2
(plasmid R559) and SPT2-1 (plasmid R159) alleles were obtained and subclomng steps in E. coil-yeast shuttle
vectors were undertaken. The primary goals were to identify a small fragment of the SPT2 locus sufficient for
appropriate expression in yeast and to subclone it in low-copy-number (YCp) and high-copy-number (YEp) vectors
allowing the production of ssDNA for oligonucleotide-directed mutagenesis and sequencing. Another objective
was to avoid part of the Tyl element discovered 926 bp downstream of the SPT2 coding region (see map of SPT2
locus, Fig 9A[180]).
It was found that a 2460-bp NdeI fragment of the SPT2 locus can complement the spt2-150 mutation of

strain S704 when introduced on the high-copy-number YEp vector, pEMBLYe3O (pLL1O, Fig. 9B; ref. 15). This
fragment contains part of the RAD4 coding region (see below), 283 bp of intergemc sequences, the 999 bp long
SPT2 open reading frame, and 905 bp of 3’-flanking region. It also avoids all Ty sequences (see Appendix 1).
It should be noted that, since the SPT2 gene has been cloned, the nearby RAD4 gene, located within 0.25
cM of SPT2, has also been characterized (74, 80). The RAD4 coding region terminates 283 bp upstream of the
SPT2 translation initiation codon, suggesting that the promoter elements required for SPT2 expression are located
in a small region of the 5’ flanking sequences. The cloned RAD4 locus is apparently lethal in E. coil and
undergoes frequent rearrangements and mutagenesis when introduced into bacteria (74). In the original SPT2
clone, the nearby RAD4 open reading frame was disrupted by two frameshift mutations (74, 180). Similarly, the
yeast genomic fragment containing the SIN1/SPT2 gene isolated in E. coil harbored a transposable element
insertion (Tn) within the RAD4 coding sequences (127). The NdeI fragment of SPT2 contains the last 272 bp of
the 2265-bp RAD4 coding region (80) and is not functional for RAD4, since it does not complement the Rad
phenotype of strain S704, in which regions of both SPT2 and RAD4 are at least partially deleted (not shown).
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Figure 9. SPT2 locus and plasmid constructions.
(A) Physical map of the SPT2 and RAD4 loci on the right arm of chromosome V. Also shown are the location of a
nearby Tyl element and the position of the 2460-bp NdeI fragment subcloned for these studies. (B) Map of
plasmid pLL1O (YEpSPT2j, a derivative of pEMBLYe3O, which carries the NdeI fragment of the SPT2 locus
inserted in the multiple cloning site (at Smal site). (C) Map of plasmid pLL32 (YCpSPT2j, a derivative of
YCp5O, canying the Bam}{I-EcoRI SPT2 fragment of pLL1O. (B) Structure of the disruption allele spt2iJ:: URA3
used in strain construction. A 810 bp long fragment of the SPT2 coding region (PstI-ThndIll fragment) was
deleted and replaced by a 1.1 kb long URA3 fragment. Restriction enzymes are abbreviated as follows: B, BamH[;
E, EcoPJ; G, BglII; H, HindJII; N, NdeI; P, PstI; X, XhoI. Parentheses are used to highlight restriction
endonuclease recognition sites lost during subcloning steps.
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The same SPT2 fragment, along with a fragment of the fi origin required for ssDNA propagation, was
then subcloned in the low-copy-number centromeric vector, YCp5O (pLL15). For some unknown reason, this
vector does not direct enough SPT2+ expression to complement the Spr phenotype of strain S704. It was however
found that deletion of thefi origin fragment did produce an efficient YCpSPT2 vector for the present studies
(pLL32, Fig. 9C). Similarly, the YEpSPT2-1 (pLL18) and YCpSPT2-1 (pLL24) plasmids were constructed by
repeating those subcloning steps with the cloned dominant allele SPT2-i (from plasmid R159). Both of these
constructs could suppress the }{is phenotype of strain SR26-12C (SPT2 his4-912b) as expected from a dominant
suppressor allele. That this phenotype is caused by the acquisition of a Spr phenotype was confirmed by the ability
of these plasmids to suppress both the his4-912ö and /ys2-l28ömutations of strain FW1237.
As demonstrated by the experiments described above, this set of four vectors is suitable for the necessary
complementation and dominance tests. Most mutations described below were obtained as derivatives of pLL1O
(YEpSPT2j or pLL18 (YEpSPT2-1) and some were also subcloned into YCp5O to obtain their low-copy-number
derivatives.

3.1.2 Isogemc yeast strains
Early studies on the construction of the expression vectors described above emphasized an important
aspect of SPT2 function, namely the extent to which the phenotypic changes monitored at 30°C can vary from one
genetic background to another. Although the reasons for these variations are unknown, the elimination of this
additional parameter was attempted by constructing SPT2 and spt2 strains with the same genetic background
(isogenic strains). To achieve this goal, a set of SPT2 his4-912ö strains of both mating types (MA Ta or M4 Ta),
carrying ura3 and leu2 mutations for vector selection, and a lysi or a frpl mutation for diploid selection were
constructed (Table 3, page 54, and Fig. 8, page 68). These strains are His at 30°C and become His when
transformed with pLL18 or grown at 37°C, confirming the presence of the suppressible solo

insertion at HIS4.

Strain SLL5 (MA Ta his4-9125ura3-52 leu2 trpl-l SPT2) was used as the wt reporter strain. The potential to
perform one-step gene replacement by homologous recombination in yeast was utilized to obtain an isogenic spt2
derivative of SLL5. The feasibility of this approach in a haploid strain like SLL5 was supported by the fact that a
complete deletion of SPT2 has been shown to be viable in haploid cells (245).
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A disruption allele was constructed by replacing 810 bp of the SPT2 coding region (81%) with the URA3
gene (allele spt2iI:: URA3 on plasmid pLL82; see Fig. 9D, page 79). A linear DNA fragment of spt2ii:: URA3,
containing the URA3 marker flanked by approximately 700 bp of SPT2 sequences on either side (2.6 kb long
EcoPJ-BamHI fragment of pLL82) was used to transform SLL5 to uracil prototrophy. Several independent Ura+
transformants were recovered, streaked on SC-Ura plates to obtain isolated colonies, and tested on dropout plates
for the presence of the expected markers. Since a deletion of SPT2+ constitutes a recessive suppressor allele of
his4-9126 it was expected that the desired integrants those in which the SPT2+ gene had been disrupted
-

successfully would exhibit a Pjs phenotype at 30°C. More than 50% of the Ura+ transformants were also His+.
-

A single Ura+ His+ clone, named SLL7, was subjected to further genetic and molecular characterization.
SLL7 cells were crossed to SLL4 (MATcc his4-9128ura3-52 leu2 lysl-1 SPT2j and mating products were
obtained by selection for Lys Trp cells. The resulting diploids (SLL4x7) were Ura and His, consistent with
the recessiveness of the disruption allele. Similarly, the introduction of the wt SPT2 allele on pLL1O in strain
SLL7 yielded Leu+ transformants that displayed Ura+ and His phenotypes, confirming that the Spr suppressor
phenotype of SLL7 (i.e. the His phenotype) was caused solely by the loss of SPT2 function. The diploid SLL4x7
also was sporulated and meiotic products were analyzed by random spore analysis. This experiment confirmed the
cosegregation of the Ura and His phenotypes. The haploid strain, SLL1O, was obtained as aMAT(x Ura His
Trp Lys+ segregant of SLL4x7 and was used as a reporter M4 Tc spt2zl:: URA3 strain in crosses (see section
3.4.1.2).
The substitution of the spt2zi:: URA3 construct for the wt SPT2 gene was confirmed by analysis of
genomic DNA digests. Genomic DNA was prepared from the isogemc strains SLL5 and SLL7, digested with the
restriction enzymes NdeI or X7ioI and BglII, and run on a 1% agarose gel. The agarose gel was dried down and the
genomic digests were analyzed by three successive hybridizations in the dried agarose matrix with different
oligonucleotide probes (Fig. 10). The results were interpreted as follows:
(I) probe oLL27 is specific for the N-terminus of the SPT2 coding region, present in both the SPT2 and
the spt24:: URA3 alleles. The oLL27 hybridization patterns showed the presence of a 300-bp insertion at the SPT2
locus of SLL7 and confirmed the presence of an extra NdeI site in the inserted fragment;
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respectively: SLL5 cells transformed with pLL18 (YEpSPT2-1) are His, demonstrating that high-copy-number
SPT2-1 dominates over the chromosomally expressed Spt phenotype, and SLL7 cells transformed with pLL1O
(YEpSPT2j are His, confirming the complementation of the spt2zl:: URA3 allele by the cloned SPT2 gene and
the recessive phenotype of the chromosomal disruption. The same results were obtained in all SPT2+ and spt2
strains tested, as well as with low-copy-number (YCp) derivatives of pLL1O and pLL18 (see Fig. 23, page 123).
No additional phenotype was associated with the increased dosage of the wt SPT2 allele.

3.1.3 Anti-SPT2-peptide antibodies
Polyclonal antibodies were raised against two synthetic peptides designed from non-overlapping regions of
the predicted C-terminal sequence of the SPT2 gene product: PSi and PS2, spanning amino acids 209 to 238 and
297 to 325, respectively (Fig. 3, page 32, and Appendix 2). The presence of specific antibodies in the sera from
four immunized rabbits was monitored in immunoassays (ELISA) against the purified peptides. Both peptide-KLH
conjugates were found to elicit an inunune response and exhibit comparable antigenicity. Anti-peptide antibodies
were immunoaffimty purified from high-titer bleeds on peptide-columns and used in Western immunoblot analyses
of total yeast extracts. The polyclonal antibodies raised against each peptide were shown to recognize the SPT2+
gene product (see below). The immunoaffinity step was found to be critical in reducing the non-specific
background masking the low-level expression seen from the chromosomally expressed SPT2 protein. Other
parameters that greatly increased the sensitivity of the immunoblots include the combination of both purified anti
peptide antibodies (therefore increasing the number of detected epitopes) and the use of a sensitive enhanced
chemiluimnescence detection method.
The combined immunoaffinity-purified sera recognize a protein migrating at an apparent molecular
weight of 44,000 in Western blot analysis of total yeast protein extracts (Fig. 13). This protein band is identified
conclusively as being SPT2 on the basis of four observations: (I) it is present in total protein extracts from SLL5
(SPT2j but not from SLL7 (spt2&: URA3) (Fig. 13, lanes 3 and 4); (ii) extracts from strain SLL7 transformed
with the SPT2 high-copy-number plasmid pLL1O (YEpSPT2j reveal an overproduction of the 44-kDa band
(Fig. 13, lane 2); (iii) the migration of the cross-reacting protein is affected by partial deletions of the SPT2 gene
introduced in vitro (Fig. 13, lane 1, and Fig. 17); (iv) the same protein is detected by the antisera raised against the
two different peptides when used individually, but not by the preimmune sera (data not shown).
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indistinguishable from the homozygous diploids SLL4x5 (SPT2’7SPT2j with regard to the PCR product obtained
and their non-reverting His phenotype.

M 1 2 3 4 5 6 7 8 910111213M
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Figure 12. PCR analysis of SLL4x7 1’js revertants.
The PCR primers oLL34 and oLL5O were used as shown in Fig. ii to ampli1y the SPT2 locus from the following
diploid yeast strains: lanes ito 10, 10 independent His revertants of SLL4x7; lane 11, SLL4x5 (SPT27SPT2j;
lane 12, SLL4x7 (SPT2/spt2zi:: URA3); lane 13, SLL1Ox7 (spt2zi:: URA3/spt2/J:: URA3). The products of the
PCR reactions were separated on a 1.2% agarose gel and stained with ethidium bromide. The molecular weight
markers are from the 1 kb ladder (BRL). Fragment sizes are given in kilobases.

The studies described above confirmed that the haploid strain SLL7 carries a disruption allele of SPT2
behaving as a recessive suppressor of the insertional mutation his4-9126 In diploids homozygous for his4-912ô a
single copy of the wt SPT2+ gene is sufficient and essential to maintain the His phenotype in presence of spt2zJ
:: URA3. With respect to the mutational analysis, it was finally important to establish whether the isogenic strains,
SLL5 and SLL7, could be utilized to monitor the activity of plasmid-borne alleles. Each strain was transformed

with three plasmids: pEMBLYe3O, as a control, pLL1O, carrying the wt SPT2 allele, and pLL18, carrying the
dominant allele SPT2-1. As shown in figure 14 on page 93, the ability of SLL5 and SLL7 transformants to grow in
the absence of histidine provides easily scored dominance and complementation tests for SPT2 activity,
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This PCR protocol was used to analyze the heterozygous diploids SLL4x7. As noted previously, these
diploids were created in order to assess the ability of the SPT2 allele of SLL4 to complement the disruption allele
of SLL7 and confirm the recessive suppressor phenotype associated with spt2zl:: URA3. The His phenotype of
SLL4x7 yeast cells supported these predictions. After non-selective growth in complete medium and spreading on
SC-His dropout plates, it was also observed that Jfi+ revertants emerge in the cell population (approximately 1
revertant in i0
4 to

cells). Since these diploids are homozygous for the insertional allele his4-9125 it was

assumed that the reversion is mediated by the acquisition of a suppressor Spr phenotype. Several mechanisms
could be responsible for the emergence of these revertants, such as the loss of the wt SPT2+ function by mutation,
mitotic recombination or chromosomal loss, or the creation of a dominant SPT allele by spontaneous mutation in
any other SPT gene.
In an attempt to identify the possible cause(s) of this reversion and establish whether the reversion
phenomenon is related to the complementation of spt24:: URA3 by SPT2, the fate of both spt2 alleles was
followed by diagnostic PCR in 10 independent His revertants of SLL4x7, As shown in figure 12, all the His
revertants show an identical pattern of PCR products: they have all lost the smaller SPT2+ fragment and retain
only the larger spt2zl:: URA3 PCR product. This pattern is identical to the one seen for SLL1Ox7 homozygous
diploids (spt2.&: URA3/spt2il:: URA3; Fig. 12, lane 13) and could originate from the loss of the wt SPT2 allele by
mitotic recombination.
If mitotic recombination (reciprocal recombination or gene conversion) is indeed responsible for the
observed reversions, it was reasoned that the reciprocal loss of the spt24::URA3 disruption allele to create diploids
homozygous for the wt allele should also occur. This possibility was tested by taking advantage of a counterselection for URA3 activity: 5-fluoro-orotic acid (5-FOA) is a pyrimidine analog metabolized to a lethal form by
Ura+ strains. Since only Ura cells (ura3) can survive on 5-FOA plates, this approach selects for loss of URA 3
function. With regard to the experiment on SLL4x7 diploids, the 5-FOA plates impose a selection converse to the
one effective on SC-His plates: selection for histidine prototrophy demands loss of SPT2 function in a his4-9]2ö
strain (i.e. a suppressor Spr phenotype), whereas selection for 5-FOA resistance enriches for loss of URA3 function
(i.e. a Ura phenotype). It was observed that, following growth in complete medium, 5-FOA resistant revertants of
SLL4x7 arise at a frequency comparable to that observed for the His+ revertants. PCR analysis confirmed that the
resistant cells had lost the disruption allele spt2zl:: URA3 (not shown). Those revertants were found to be
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Figure 11. Analytical PCR amplification of the SPT2 and spt24:: URA3 alleles.
(A) Schematic representations of the spt2zl:: URA 3, SPT2, and CYCJ genes, showing the priming sites for the
PCR oligonucleotides and the size of the expected PCR products. (B) and (C) Ethidium bromide-stained agarose
gels of analytical PCR products separated by electrophoresis. (B) SPT2 (oLL5O + 0LL34) and CYC] (CYH8 +
CYH7) amplifications of plasmid and genomic DNA. The template DNAs used for the PCR reactions were as
follows: lane 1, pLL1O (YEpSPT2j; 2, pING4 (YEpCYCJ); lanes 3 to 6, genomic DNA from strains S49 (CYC]
SPT2j, S704 (CYC] spt2-150), SLL4, and SLL5, respectively. (C) spt2zl:: URA3 and SPT2 amplifications
(oLL5O + oLL34) on the following DNA samples: lane 1, pLL1O; 2, pLL82 (YEpspt2zi::URA3); 3, pLL1O +
pLL82; lanes 4 to 7, crude genomic DNA samples from strains SLL5 (SPT2j, SLL7 (spt2zl:: URA3), SLL4
(SPT2j, and SLL4x7 (SFT2/spt2,i:: URA3). The molecular weight markers are from a X174IHaeIII digest
(Pharmacia) and the fragment sizes are given in number of base pairs.
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(ii) probe oLL5 1 is specific for a C-tenrnnal region of the SPT2 open reading frame deleted in spt2zi

:: URA3. Only SLL5 DNA was found to hybridize to oLL5 1, consistent with the loss of SPT2 sequences in
chromosome V of strain SLL7;
(iii) The CYH-26 probe (provided by Chi-Yip Ho) is specific for the URA3 gene. In addition to the
hybridizing fragments from the mutant ura3-52 allele present on the left arm of chromosome V of SLL5 and SLL7,
strain SLL7 contains another URA 3-specific fragment, that co-migrates with the SPT2 fragments detected by
oLL27 in SLL7. Taken together, these data confirmed the physical replacement of the wt SPT2 allele of SLL5 by
the URA3 disruption construct spt2&: URA3 in SLL7.

Having established the presence of a unique URA3 insertion site and the linkage between the UR.43
marker and the SPT2 locus in strain SLL7, a rapid diagnostic PCR protocol was developed for the analysis of the
SPT2 locus in wt and mutant strains. This tool was developed primarily for the analysis of SLL4x7 diploids and
their His+ revertants (see below), and for the characterization of mutant strains obtained by gene replacement in
SLL7 (see section 3.4.1). As shown in figure 11, the oligonucleotides, oLL34 and oLL5O, constitute an effective
pair of primers for the amplification of both the SPT2 and the spt2ii:: URA3 alleles from crude, whole-cell
extracts. The usefulness of this rapid approach lies in its ability to distinguish the alleles on the basis of the size of
the amplified products: the SPT2 gene gives a 1056-bp PCR product whereas the deletion-insertion allele, spt2zl
:: URA3, gives a longer product of 1420 bp.
Using CYCJ -specific primers as internal controls, it was established first that oLL34 and oLL5O can be
used to amplify the wt allele from plasmid (pLL1O) or genomic DNA (strains S49, SLL4 and SLL5), and that this
amplification is specific to the SPT2 gene: DNA from strain S704, carrying a complete deletion of SPT2, allows for
the amplification of the CYC] gene, but not of SPT2 (Fig. 1 1B, lane 4). Then, it was demonstrated that the same
primers can be used to amplify and distinguish the wt and disruption allele, spt2iI:: URA3, from plasmid or
genomic DNA (Fig. 1 1C, lanes 1, 2, 4, 5, and 6). It was found also that both alleles can be amplified
simultaneously in plasmid mixtures or in crude extracts from heterozygous diploids, such as SLL4x7 (Fig. 1 1C,
lanes 3 and7).
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Figure 10. Analysis of SPT2 locus from strains SLL5 and SLL7.
(A) Structure and restriction map of the SPT2 locus from the isogenic strains SLL5 (SPT2j and
SLL7 (spt2zl:: URA3). Also shown are the locations of the sequences from which the oligonucleotide probes
oLL27, oLL5 1 and CYH-26 were designed, as well as the size of the expected NdeI and BglJI+XhoI fragments.
32 end[
(B) Autoradiographs of three successive hybridizations in the dried agarose gel using the indicated P]
labeled oligonucleotides. Restriction enzymes are abbreviated as described in the legend of Fig. 9. The molecular
weight markers are from the 1 kb ladder (BRL), and the fragment sizes are given in kilobases,
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Figure 13. Immunological detection of the SPT2 protein.
Coomassie blue-stained gel (A) and Western blot analysis (B) of total protein extracts resolved by electrophoresis
on a SDS-10% polyacrylamide gel. Yeast extracts: lane 1, SLL7 (spt2ii:: URA3)/pLL75 (YEpspt2zI3); lane 2,
SLL7/pLL1O (YEpSPT2j; lane 3, SLL5 (SPT2j; lane 4, SLL7. For the immunoblot analysis, the electroblotted
proteins were reacted with immunoaffinity-purified anti-SPT2 peptide antisera and cross-reacting antibodies were
visualized by the enhanced chemiluminescence dectection system. The arrow indicates the position of the SPT2
protein. Designations: 2.t, high-copy-number (YEp) transformants; X, chromosomal expression.

An additional cross-reacting band with an apparent molecular weight of 31,000 was also observed in
YEpSPT2 transformants (Fig. 13B, lane 2). This polypeptide is probably a derivative of SPT2 protein since its
presence seems dependent on the overproduction of SPT2 and its concentration varies considerably from one
protein extract to another (e.g., see Fig. 17B, lane 1). It contains the C-terminal epitopes recognized by the
polyclonal antibodies and thus could originate from translational initiation at an internal methionine (Met 125) or
from N-tenninal proteolysis of the SPT2 protein. This hypothesis is also supported by the observation that the

migration of this cross-reacting polypeptide is affected by the deletion of 9 carboxy-terminal residues in allele
SPT2-324 (see Fig. 16, page 100, lane 2).
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It should be noted at this point that, although the anti-peptide sera detect a protein of ca 44,000, the
predicted molecular weight of the 333-amino-acid SPT2 protein is 36,000 Da. A possible explanation for the
discrepancy in molecular weight is that there is read-through of the 56 in-frame codons that follow the stop codon
at position 334 of the SPT2 gene product (180). However, as shown below (section 3.2, allele SPT2-324), the
introduction of a nonsense mutation at position 325 of the SPT2+ coding region in vitro produces a mobility shift
in the resulting mutant polypeptide consistent with the termination of translation at codon 334 (Fig. 16B, 17B and
24C). Hence, the discrepancy between the apparent molecular weight of the SPT2 protein on SDS-polyacrylamide
gels and the molecular weight calculated from the primary sequence of the SPT2+ gene is probably a consequence
of posttranslational modifications of the nuclear protein or of its high content of charged residues.
The results presented in figure 13 also point to an important aspect of SPT2 function. It was observed that
the expression of the SPT2+ gene from a high-copy-number vector causes a significant overproduction of the SPT2
protein. Densitometiy analysis estimated a 5- to 8-fold increase in SPT2 protein levels compared to those achieved
by expression from the single-copy chromosomal gene, without considering the contribution of the 3 1-kDa species.
Such levels of overproduction are comparable to those reported for most proteins encoded by genes maintained in
yeast on 2-.tm-based vectors, which are overproduced approximately 10-fold (179).
With regard to the suppression of the ö insertion his4-912d it was found that strains transformed with the
overexpressing YEpSPT2+ construct are functional for SPT2 activity and exhibit a non-suppressing Spt+
phenotype (e.g., see Fig. 14). It was discussed previously how the suppression of the transcriptional defects caused
by Ty and ö insertional mutations can be mediated by mutations in one of several unlinked SPT genes (245).
Furthermore, particular class II SPT genes exhibit a dosage-dependent suppression phenotype: alteration of the wt
SPT5 (221), SPT6 (43, 161) or SPTJ 1/HTA 1 plus SPTJ2/HTBI (42) gene dosage causes suppression of
insertional mutations at the HJS4 and LYS2 loci. These observations are consistent with the involvement of the
respective gene products in complexes where a particular stoichiometry of the components is critical for function.
In the case of the HTA 1-HTB1 locus, encoding histones H2A and H2B, it was concluded that an imbalance in the
relative levels of histone dimers causes transcriptional changes leading to the suppression of the

insertional

mutation (42). The results presented here show that the SPT2 protein is not subject to the same restrictions and
that S insertion alleles are unaffected by a nearly ten-fold range of SPT2 concentrations. While these observations
argue against SPT2 being part of a complex sensitive to SPT2 protein levels (such as proposed for SPT5 and
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SPT6), they do not eliminate the possibility that, as in the case of histones H2A and H2B, a

Spt

phenotype

produced by increased SPT2+ gene dosage may require simultaneous overexpression of all the members of a
complex. The overexpression of another HMG1-like nonhistone nuclear protein of yeast, encoded by the NHP6B
gene (125), was shown to be lethal (139).
The results presented above convincingly demonstrated that the polyclonal antibodies raised against two
different peptides designed from the predicted amino acid sequence of the SPT2 gene cross-react with the SPT2
gene product on Western immunoblots. Unfortunately, the immunoaffinity-purified sera did not bind to the native
SPT2 protein with detectable affinity in immunoprecipitation or indirect immunofluorescence experiments. These
negative results suggest that in the native (folded) protein, the antigenic determinants are buried or inaccessible to
the antibodies. Another possibility is that the epitope, although present on the surface of SPT2, is structurally
restrained in a non-reactive conformation or masked by a ligand.
In any case, the sera obtained constitute a highly efficient probe to monitor the expression of mutant and
wt SPT2 proteins in yeast. Of course, as is the case for monoclonal antibodies, their usage is restricted to the
detection of polypeptides bearing the small antigenic determinants. Notwithstanding these limitations, it should be
emphasized that an important advantage of these anti-peptide antibodies over polyclonal antibodies raised against
the whole purified protein, for example, is that the epitopes recognized are present in small, defined regions of the
target protein. This characteristic implies that large portions of the protein under study can be mutated, or even
deleted, without affecting the stoichiometry of the protein-antibody complexes (and therefore the intensity of the
signals on Western blots) for drastically different mutant derivatives of SPT2 carrying the epitope(s) recognized.
Consequently, the anti-peptide antisera (anti-PS 1 and anti-PS2 Ab) can be utilized to estimate the relative steady
state levels of various SPT2 variants, as will be appreciated from the mutational analysis presented below.
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3.2 Mutational analysis of the SPT2 protein

The predicted translational product of the wt SPT2 gene is a highly charged protein of 333 amino acids.
It was found that the dominant suppressor allele, SPT2-1, is caused by a T to A transversion at nucleotide position
638 of the coding region (180). This substitution changes the leucine codon (TTA) at amino acid position 213 of
SPT2 to a nonsense ochre codon (TAA). The SPT2-1 allele is therefore thought to encode a nonfunctional
truncated polypeptide consisting of the first 212 amino acids of SPT2 (see Fig. 3, page 32). Since the suppression
of his4-912ö is caused by the loss of SPT2 function (such as in the strain SLL7, carrying the disruption allele spt2zi
:: URA3) the mutational analysis of SPT2 was guided primarily by the following questions: (I) what are the
structural elements, missing from the truncated product of the SPT2-] allele, that are necessary for wt SPT2
function and maintenance of the Spt+ phenotype? (ii) what is the structural basis for the dominance of SPT2
suppressor mutants? The next three sections present the mutational analysis carried out on the SPT2 gene to
address these questions. Section 3.2.4 consolidates the conclusions of those studies with in vivo data on the
expression of some mutant polypeptides.

3.2.1 Dominant carboxy-terminal deletions
The truncated polypeptide presumably encoded by the SPT2-1 mutant allele lacks several distinctive

structural motifs present in the C-terminal third of SPT2 protein (Fig. 3, page 32). The first goal of this analysis
was to identify elements of this region of the protein, absent in SPT2-], that are necessary for wt function and
maintenance of the Spt+ phenotype. Using oligonucleotide-directed mutagenesis, nonsense mutations were
introduced in the cloned SPT2 gene carried on pLL1O (YEpSPT2j in order to create mutant alleles encoding
truncated polypeptides of 271, 303, 318, and 324 amino acids. These mutations were designed to incorporate
progressively the features of the primary sequence of the C-terminus of SPT2 protein missing in the nonfunctional
SPT2-1 polypeptide. The mutagenesis reactions were based on the extension of mutagenic primers (18 to 22
nucleotides long and introducing 2 or 3 point mutations) on uracil-containing single-stranded pLL1O templates.
Positive clones were identified by DNA sequencing. The expected mutant alleles were obtained at efficiencies
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ranging from 22 to 66%. For each allele, the entire coding region was sequenced to confirm the absence of
secondary mutations.
The mutant alleles were introduced into the isogenic his4-912öSPT2 and spt2zi:: UR.43 strains, SLL5
and SLL7, and Leu+ transformants were tested for their growth in the absence of histidine at 30°C (Fig. 14). None
of the nonsense mutations were able to complement spt2zi:: URA3 and each mutation retained the strong dominant
character exhibited by the SPT2-1 allele when transformed into SLL5. In order to confirm that the suppressor
phenotype of SLL5 transformants is dependent on the plasmid-borne alleles, plasmid segregation studies were
performed. The transformants were grown for several generations in complete medium, which does not select for
the maintenance of the pEMBLYe3O derivatives. In these conditions, such YEp plasmids dependent on the 2im
-

origin for replication are lost at a rate of approximately 1% per generation (26). Isolated colonies were obtained
-

on complete medium and tested for their ability to grow in absence of leucine or histidine (on SC-Leu or SC-His
plates). In all cases, Leu SLL5 cells that had been cured of the plasmid vector regained the expected His
phenotype (not shown). These results confirm that the suppressor phenotype observed in SLL5 transformants is
dependent on the presence of the plasmid-borne alleles, which behave as dominant SPT alleles.

3.2.2 Carboxy-tenrnnal replacements
As seen from the smallest C-terminal deletion (allele SPT2-324, Fig. 14), residues at the very end of the
SPT2 protein are critical in determining its effects on the phenotype of the 6 insertion allele. Nine amino acid
residues of SPT2 are absent from the truncated polypeptide product of the dominant allele SPT2-324: Lys 3 25-ArgArg-Arg-Lys-Lys-Gly-Ile-Arg 333. The importance of the six consecutive basic residues was demonstrated by
replacement of Lys 325 to Lys 330 using a cassette-mutagenesis approach in a pseudo-wt allele with a
phenotypically silent terminal valine insertion (see alleles spt2-334 and SPT2-335, Table 5). These multiple
replacements generated a non-complementing and strongly dominant suppressor allele.
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Figure 14. C-terminal truncations of SPT2 creating nonfunctional, dominant polypeptides.
Nonsense mutations were introduced in the cloned SPT2+ gene to generate alleles encoding truncated proteins of
271, 303, 318, and 324 amino acid (aa) residues. Derivatives of the high-copy-number vector pEMBLYe3O,
carrying the LEU2 gene as a selection marker and a spt2 allele (left), were used to transform the isogenic strains
SLL5 (his4-9J2öSPT2 Ieu2) and SLL7 (his4-9128spt2&: URA3 leu2) to leucine prototrophy. For each allele,
three independent Leu+ transformants were monitored for their ability to grow on SC-Leu-His plates (right).
Symbols: +, His+; -, His at 30°C. The central panel provides a schematic representation of the expected
polypeptide products.
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A finer mutational analysis was performed through systematic serine replacements at each of the six basic
residues. Experimentally, the introduction of each amino acid replacement in the SPT2 protein involved the
mutation of one or three nucleotides in the SPT2+ gene by oligonucleotide-directed mutagenesis, followed by the
sequencing of the whole coding region. Using primers of 23 to 25 nucleotides, efficiencies of mutagenesis ranging
from 12.5 to 50% were obtained. Four of these point substitutions can complement the spt2/i:: URA3 null allele of
SLL7 and show a wt

Spt phenotype (Table 5, alleles spt2-326 to spt2-328, spt2-330).

The K329S mutant (allele

spt2-329) is only partially functional in SLL7 (weak His phenotype) and correspondingly is semi-dominant when
assayed in SLL5. On the other hand, the spt2-325 allele carrying the K325S replacement shows a stronger mutant
phenotype associated with a more pronounced dominant behavior. The conservative change K325R (allele spt2336) has no apparent effect on SPT2 protein function. The double amino acid replacements, K325S K330S and
K325S K329S, lead to dominant Spr phenotypes indistinguishable from the C-terminal deletant SPT2-324.
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Table 5. Carboxy-terminal spt2 mutationsa
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a Single and multiple missense mutations were introduced in the wild-type SPT2+ gene and assayed for
complementation of spt2z::URA3 and dominance over SPT2 as described in the legend of Fig.14.
b Structure of the cm-boxy terminus from residue E324. Amino acid insertions and replacements are underlined.
The replacements performed in SPT2 -335 by cassette mutagenesis are K325M, R3261. R327L, R328L, K329M,
and K330M, introduced in the pseudo-wild-type allele spt2 -334.

Symbols: +, [+; His; +/-, partial growth on SC-Leu-His at 30°C. spt2 -325 exhibits a stronger suppressor
phenotype than does spt2 -329 (see text).
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Within the C-terminus of SPT2 protein, six consecutive basic residues were mutated to serine. Mutations
K325S and K329S exhibited partial loss of his4-912ó repression by SPT2. These results established that point
substitutions in the carboxy-tenninal region of SPT2 can mimic the effects of carboxy-terminal deletions removing
9 (SPT2-324 allele) to 121 amino acids (SPT2-1 allele) and suggested that it is not the net positive charge of this
domain, but rather the presence of positively charged residues at specific positions that is critical for SPT2
function. Thus, the mutation K325R conserves the positive charge at position 325 of SPT2 and is phenotypically
silent. This strict requirement for positively charged residues at specific terminal positions in repression is
reminiscent of the role of N-terminal amino acids of hi stone H4 in the repression of the silent mating loci, HMLcL
and HMRa (121, 171a). Mutational analysis of histone H4 has shown that, as in the case of SPT2 protein, a small
terminal deletion in this case of amino acids 4 to 19 results in loss of repression and expression of the normally
-

-

silent mating loci (17 la). Within this region, four out of eight positively charged residues including K16 and
-

H18 that are known to undergo reversible modification (acetylation and phosphorylation respectively) are
-

required for repression. As shown for position 325 of SPT2, elimination of the positive charge at position 16 of
histone H4 causes derepression: the substitution K16G, but not K16R, leads to expression of HMLc and H./vlRa.
Acetylation of K16 could neutralize its positive charge and this residue is thought to be deacetylated at HMLcL and
HMRa (121). Similarly, the positranslational modification of K325 and/or K329 of SPT2 could regulate the
repressor activity of SPT2 by neutralization of those critical positive charges. Therefore, such a mechanism of
derepression could play a role in the activation of transcription brought about by SPT2/SIN1 antagonists, such as
SWI1, SWI2/SNF2 and SWI3 (174).
The results presented above demonstrate the importance of specific C-terminal basic residues in the
negative regulation of his4-9]2öby the SPT2 protein and furthermore establish a correlation between the severity
of the effects of C-terminal mutations and their potential to dominate over the Spt+ phenotype

3.2.3 Definition of a dominance domain
The dominant phenotype of mutants at the C-terminus of the SPT2 protein suggests that there are at least
two regions of the protein required for normal function: the C-terminal basic sequence between residues 325 and
333, and a positively acting “dominance domain” responsible for the ability of C-terminal mutants to interfere with
the maintenance of the Spt+ phenotype. This domain must lie within the 212-amino acid sequence of the SPT2-]
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protein. As shown in Figure 3 on page 32, a region of similarity with the DNA-binding, helix-turn-helix motif of
prokaryotic repressors and homeo-domain proteins is present in the N-terminus of SPT2-1 protein (residues 60 to
81, ref. 180). Since such a functional motif constitutes a potential candidate for the dominance domain, a complete
in-frame deletion of these residues (referred to as LI]) was generated in the wt SPT2+ gene and in the dominant
suppressor allele, SPT2-]. This deletion was accomplished by looping out the SPT2 sequences coding for residues
60 to 81 using a single oligonucleotide, hybridizing to 16 nucleotides on either side of the deletion, in an
oligonucleotide-directed mutagenesis reaction. In contrast to what could have been expected for the introduction of
such a drastic mutation, the efficiency of this reaction was rather high; more than 50% positive deletants were
obtained in each case.
An examination of the phenotypes of SLL5 and SLL7 transfonnants disproved the hypothesis that amino
acids 60 to 81 play a role in dominance. These residues are not required for the dominance of SPT2-1, nor are they
necessary for the wt SPT2+ function, at least as far as the Spt phenotype is concerned (Fig. 15, alleles spt2ziI and
SPT2-lzll).
In order to localize the dominance domain, further truncations of the SPT2-1 protein were produced to
create C-terminal deletion mutants containing 179, 116, and 46 N-terminal amino acids. Alleles SPT2-] 79 and
spt2-116 were created by oligonucleotide-directed mutagenesis as described above for the other nonsense
mutations. Allele spt2-46 was obtained by deletion of the internal PstI-HindIII fragment of SPT2. The 179amino-acid product of allele SPT2-] 79 still confers a strong dominant suppressor phenotype, but deletions
removing residues 47 to 179 or only 117 to 179 create recessive spt2 alleles (Fig. 15, alleles SPT2-] 79, spt2-1 16
and spt2-46). It should be noted at this point that, although the spt2-1 16 and spt2-46 mutant polypeptides appear
to have lost the ability to interfere with the maintenance of the Spt+ phenotype, it is not known if they are produced
in a stable form in vivo. Since they do not include the C-terminal half of the SPT2 protein, these mutant products
do not contain the epitopes recognized by the anti-SPT2 antisera and could not be studied further with these
antibodies.
These problems were circumvented by asking whether a similar loss of dominance could be produced in
C-terminal mutants by internal deletions. The amino acids removed from the truncated SPT2-179 protein in spt246 (residues 47 to 179) or in spt2-1 16 (residues 117 to 179) were deleted in the wt gene and in dominant alleles
with altered C-termini. The former deletion was achieved by PCR mutagenesis, the latter by oligonucleotide
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directed mutagenesis. For this reaction, which involves the deletion or looping out of 189 nucleotides (63 codons)
in the cloned alleles, a mutagenic primer hybridizing to 25 nucleotides on either side of the deletion was utilized.
The expected deletion was identified in 18 to 25% of the clones analyzed.
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Figure 15. Residues 117 to 179 of SPT2 are essential for the dominance of truncated products.
C-terminal and internal deletion alleles of SPT2+ were constructed by in vitro mutagenesis and assayed for
complementation and dominance as described for Fig. 14. Symbols: ill, in-frame deletion of residues 60 to 81; 42,
deletion of residues 48 to 179; 43, deletion of residues 117 to 179. The double missense mutation of allele SPT2350 (K325S K330S) is represented by the dotted box. an, amino acids.
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The results demonstrate that deletions of amino acids 48 to 179 (z12) or of amino acids 117 to 179 (43)
have the same effects: they revert the dominance caused by the C-terminal alterations of the SPT2 protein and in
themselves create recessive suppressor alleles (see Fig. 15, 42 and 43 deletions). Thus, residues 117 to 179 are
necessary for the dominant phenotype of SPT2 alleles with altered C-termini and define a region of the SPT2
protein essential for wt function, referred to as the dominance domain (in a functional, not a structural sense).

3.2.4 Expression of mutant polypeptides in vivo
As a general rule, it is expected that mutant polypeptides that constitute functional products (pseudo-wt
Spt+ phenotype in a spt2 background) or nonfunctional dominant products (suppressor Spr phenotype in a SPT2
background) must be produced in a stable form in vivo on the basis of their phenotypic effects. These predictions
were confirmed for all the point substitution mutations that code for pseudo-wt or dominant products (presented in
Table 5, on page 95).
Total protein extracts were prepared from SLL7 transformants, and the proteins were separated on a SDS
polyacrylamide gel and immunoblotted using the anti-SPT2 antisera (Fig. 16). Controls included extracts from
SLL7 transformed with the parental vector pEMBLYe3O as a negative control (lane 4, labeled “none”) and from
SLL5 to show the low levels of chromosomal expression of SPT2 (lane 13). The results show that in general, the
steady state levels of the mutant polypeptides are comparable to that of the wt allele (produced by pLL1O, lane 1).
The alleles containing the C-terminal valine codon (spt2-334 and SPT2-335, lanes 3 and 14) lead to the production
of lower levels of proteins. Nevertheless, all the mutant proteins are produced in quantities exceeding by far the
levels of SPT2 obtained from the chromosomal locus, which are sufficient for function. Similarly, the partial or
total loss of function of certain single and double serine substitutions respectively does not correlate with specific
alterations in the steady state levels.
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Figure 16. Production of mutant proteins with altered C-termini in vivo.
(A) Coomassie blue-stained gel and (B) Western iinmunoblot analysis of total yeast protein extracts, as described
for Fig. 13. Yeast extracts are all from strain SLL7 (spt2i±: URA3) transformed with the indicated alleles on
pEMBLYe3O derivatives, except lane 13, which contains extracts from strain SLL5 (SPT2j as a controls for
chromosomal expression of SPT2 (X). Refer to Table 5 for the structure and properties of the mutant alleles
analyzed here.
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Since the complete deletion of SPT2+ (therefore absence of its product) is recessive, any mutation that
decreases the production or stability of the mutant protein has the potential to generate a recessive Spr phenotype.
That the deletion of the internal dominance domain does not revert the dominance of C-terminal mutations
through this mechanism was demonstrated by monitoring the intracellular levels of wt and mutant proteins by
Western blot analysis of total yeast protein extracts (Fig. 17). The internal deletions of 63 (A3) and 132 residues

(

2) in the wt protein do not significantly affect the production of the mutant polypeptides (Fig. 17, lanes 1, 3 and
6). Similarly, the reversion of the dominance of the SPT2-324 protein by those deletions is not accompanied by
altered protein levels (lanes 2, 5, and 7). The deletion of residues 117 to 179 (t3) in the double point substitution
mutant polypeptide SPT2-350 slightly reduces the levels of the product (lane 4). However, as for all the other
products analyzed here, it is produced in much larger quantities than the wt chromosomal gene product present in
SLL5, the strain used for the dominance tests (Fig. 17B and C, lanes 8).
These results clearly demonstrate that the reversion of the dominance of SPT2 alleles by internal deletions
cannot be attributed to impaired production or stability of the resulting polypeptides. It can therefore be concluded
that the deletion of residues 117 to 179 produces polypeptides that have lost the potential to interfere with the
maintenance of the Spt+ phenotype, even when over-produced in the wt background.

3.2.5 Subdomains of the SPT2 protein
Genetic analyses of spt2 suppressor mutations showed that the suppressor phenotype could be recessive or
dominant to the wt function (211, 245). The observation that a spt2 null allele confers a recessive suppressor
phenotype implies that suppression is caused by the loss of SPT2 activity and that the wt SPT2 protein plays an
essential role in the transcriptional interference mediated by the ö insertional mutation. A dominant SPT2
suppressor allele is capable of interfering with the maintenance of the Spt+ phenotype
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Figure 17. Production of recessive and dominant mutant proteins in vivo.
(A) Coomassie blue-stained gel, (B) and (C) Western immunoblot analyses (15-s [B] and 150-s [C] exposure) of
total yeast protein extracts, as described for Fig. 13. Yeast extracts: lanes ito 7, strain SLL7 (spt2zi:: URA3)
transformed with the indicated alleles on pEMBLYe3O derivatives; lanes 8 and 9, strain SLL5 (SPT2j and SLL7
respectively. (X, chromosomal expression). The arrow indicates the position of the SPT2 protein.
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The existence of two different Spt2 suppressor phenotypes, recessive and dominant, provided the basis for
addressing two related questions regarding the transcriptional effects mediated by SPT2: (I) what are the structural
elements, missing from the truncated product of the dominant SPT2-1 allele, that are necessary for the
maintenance of the Spt+ phenotype? (ii) what is the structural basis for the dominance of SPT2 suppressor
mutants? The mutational analysis of the SPT2 gene has identified the two regions of its product containing these
structural elements a carboxy-terminal polar domain and an internal dominance domain and defined three
-

-

functionally distinct regions of the protein (see Fig. 18).

Region I: dispensable N-terminus. The spt2-1 16 allele, which codes for the first 116 amino acids of
SPT2 protein, behaves as a recessive suppressor. This result shows that region I of SPT2 protein, comprised of
residues 1 to 116, does not contain structural determinants sufficient for repression nor for interference with the wt
phenotype. That a substantial part of this region (5 8%) is dispensable for SPT2 activity was shown by the
observation that the deletion of residues 60 to 81 is silent in both wt and dominant products, as well as by previous
studies demonstrating that residues 2 to 51 are not required for SJN1ISPT2 activity (127).

Region II: dominance domain. The finding that the dominant SPT2-1 allele is caused by the
introduction of a nonsense mutation at amino acid position 213 and that this allele is transcribed at nearly wt levels
(180) suggests that the production of a truncated SPT2 protein interfering with the wt Spt+ phenotype constitutes
the basis for the dominance. Three observations confinning that a C-terminal truncation of SPT2 is sufficient for
the dominant mutant phenotype are presented: (i) the SPT2-1 polypeptide is not detected by the antisera and
therefore does not contain the C-terminal epitopes covered by the peptide antigens (see section 3.4.2, and Fig. 24C,
page 126); (ii) the introduction of nonsense mutations at codons 180, 273, 304, 319 and 325 of the wt SPT2 gene
in vitro produces non-complementing dominant alleles (Fig. 14 and 15); (iii) the dominant allele, SPT2-324,
produced by the introduction of a stop codon at position 325, encodes a mutant protein detected by the anti-peptide
antisera and migrating with a slightly higher mobility than the wt protein in SDS-PAGE analysis (Fig. 16 and 17).
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Figure 18. Primary structure of the SPT2 protein.
The predicted amino acid sequence of the SPT2+ gene product is divided here in three functional regions: region I,
residues ito 116; region II, residues 117 to 179; and region III, residues 180 to 333. Shaded boxes highlight two
regions dispensable for SPT2 activity, and open boxes identify two functional determinants mapped by the
mutational analysis: the dominance domain (amino acids 117 to 179) and C-terminal residues (amino acids 324 to
333). Thick lines cover the two HMG-box-like motifs as presented in figure 19. The C-terminal extension of
BMG box 2 is shown by the broken line (see text). Thin lines underline the two acidic sequences of region III.
Arrows point to the carboxy-terminal residues of the products of three nonsense mutations studied here: the
recessive allele, spt2-116, and the dominant alleles, SPT2-1 79 and SPT2-324.
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It was shown here that the ability of the products of dominant SPT2 suppressor alleles to interfere with the
negative regulation of the

insertional mutation his4-912ö requires a functional domain lost by the deletion of

residues 117 to 179. This functional region of SPT2 protein is referred to as the dominance domain (region II, Fig.
18). The data do not however define the N-terminal boundary of the smallest dominant polypeptide and cannot
reject the possibility that part of region I is also involved in the structure of a competing polypeptide. The products
of recessive alleles carrying a deletion of the dominance domain, although present at high levels in vivo, have lost
the ability to interfere with the wt

Spt phenotype.

It was noticed that the position of the dominance domain in the SPT2 protein (amino acid residues 117 to
179) overlaps with the sequences showing similarity with the HMG1-like proteins (127) and more specifically with
the DNA-binding domain termed the HMG-box (116). This motif defines a DNA-binding domain found on its
own or as a repeated unit in several regulatory proteins (HMG-box-containing factors) and abundant nuclear
factors (HMG1/2-like nonhistone chromosomal proteins; reviewed in reference 163).
The SPT2 protein contains two regions showing sequence similarity to this HMG-box motif: amino acid
residues from positions 26 to 88 (boxi) and 98 to 159 (box2)(Fig. 19), The highest degree of primary sequence
similarity was found with members of the HMG1/2-like protein family (163), although the weak similarity between
SPT2 protein and hUBF has been reported previously (116). The Monte Carlo feature of the COMPARE program
(159) was used to assess the statistical significance of the sequence similarities between the putative 11MG-boxes of
SPT2 protein and a group of 15 HMG-boxes previously identified (163). Several pairwise alignments were shown
to be statistically significant, with actual alignment scores ranging from 3.8 to 4.3 standard deviations away from
the mean score of 150 randomizations. The most significant similarities were seen between SPT2 boxi. and the Cterminal box of I{MG1, box2 (aligmnent score of 3.8 SD, with 32% of sequence similarity), as well as between
SPT2 box2 and the N-terminal box of HMG1, boxi (3.9 SD, 34% similarity). At least 50% of the highly
conserved residues found in HMG 1/2-like proteins are present in each of the two putative 11MG-boxes of SPT2
(163). Although the sequence alignment presented in figure 19 shows that the BMG-box2 of SPT2 covers
positions 98 to 159, the similarity between this region of SPT2 and 11MG-box-containing transcription factors
involved in sex determination extends to amino acid 170 (see Fig. 18 and ref. 163). The motif PXYK (where X
represents any amino acid) is conserved between SPT2 (positions 160 to 164) and most of these proteins (SRY, al,
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IRE-ABP, Mata-1, Mc, stel 1; ref. 163), and the 11MG-box of the mating type protein Mc of S. pombe is 73%
similar to SPT2 in this region (8/11 conserved residues; ref. 123).
It is clear that the BMG-boxes of SPT2 are more divergent than other members of this family, but the
structural basis for the DNA-binding activity of this protein domain is still unknown. The fact that the binding
characteristics of previously studied HMG-box-containing proteins range from sequence-specific (219, 226) to non
specific, and even structure-specific (18, 72) suggests that subtle structural differences can dictate the recognition
properties of this domain.
In view of the mutational analysis of SPT2, the sequence similarity raises the possibility that the role of
amino acids 117 to 179 (dominance domain, Fig. 18) in the transcriptional repression exerted by the SPT2 protein
as well as in the dominance of truncated polypeptides could be mediated by protein-DNA interactions through an
intact BMG-box2. Recent studies on nuclear proteins containing one or several HMG-boxes suggest that a general
property of this DNA-binding domain is the interaction with structurally distorted DNA (72). 11MG 1 and other
HMG-box proteins have been shown to bind to cruciform DNA, bent DNA, supercoiled DNA, or DNA modified by
the antitumor drug cisplatin (18, 32, 52, 72). Several HMG-box-containing proteins have been implicated in
cellular functions that may be relevant to the role of SPT2 in chromatin structure and/or transcription initiation.
For example: (I) the human CCG] gene encodes a HMG1-like factor involved in cell-cycle regulation recently
shown to be a TBP-associated factor (TAF) and to participate in the formation of the TFIID complex (109, 192,
203); (ii) the HMG1-like ACP2 protein of yeast was found to be a subunit of RNA polymerase III (89, 147); (iii)
the hUBF protein is an RNA polymerase I activator that interacts with a TFIID complex at the rRNA promoter
elements (117); (iv) the IIMG1 protein is thought to affect RNA polymerase II transcription (212, 227) and to
interact with the core histones (17).
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Figure 19. SPT2 contains two regions of sequence similarity with the HMG-box motif
(A) Alignment between the amino acid sequences of the HMG-box motifs of human I{MG1 nonhistone
chromosomal protein (239) and of the product of the S. cerevisiae NHP6A gene (125) and two regions of the SPT2
protein. Numbers in parentheses give the amino acid positions of the sequences in the respective proteins.
Identical or conserved amino acids between SPT2 and the HMG boxes are shaded. Conservative amino acid
substitutions are as follows: H=K=R; F=Y; D=E; AI=LV; S=T. In SPT2 boxi, v69’SGV. This alignment is
based on the best match obtained for those six sequences by using the CLUSTAL program (102) from the
PCGENE software packaged (Intelligenetics Inc.). (B) Schematic representation of the three proteins aligned in
A. The HMG boxes of HMG1, NNP6, and the proposed homologs in SPT2 are shaded and numbered as defined
for panel A. Hyperacidic sequences are highlighted by black boxes. Also shown are the total number of amino
acids in each protein as well as the location of the dominance domain of SPT2 mapped by the mutational analysis
presented here.
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Even if the putative }IMG-box2 of SPT2 is involved in DNA binding, it should be emphasized that the
actual mechanism of dominance could still involve protein-protein interactions. For example, the HMG-box2 may
be required to target SPT2 to specific chromosomal locations, where it may contact other chromatin components or
the transcriptional machinery. The products of dominant alleles could prevent those contacts once recruited to the
DNA target, a property dependent on their functional DNA-binding domain. Alternatively, protein sequences
adjacent to the HMG-box2 of SPT2 may promote dimer formation. It has been observed previously that fragments
of HMG1 consisting of amino acids 91 to 176 and 88 to 164 can both bind to DNA through their intact HMG-box
(amino acids 95 to 157; see Fig. 19A), but only the largest fragment appears to be dimeric in solution (19, 238).
According to the sequence alignment presented in figure 19, the residues of HMG1 required for dimerization
(amino acids 165 to 176) would correspond to residues 167 to 178 of SPT2, which are present in the product of the
dominant allele, SPT2-1 79.
Saccharornyces cerevisiae contains several other genes encoding proteins showing sequence similarities
with HMG1 and/or the HMG-box motif. In addition to the ACP2 gene already mentioned, these include the
duplicated genes NHP6A and NHP6B (125), ABF2 (51, 52), ROX] (14), and JXRJ (31). The NHP6 genes encode
similar proteins of 11.4 kDa, each of which essentially consist of a single HMG-box (Fig. 19). The role of these
proteins is still unknown, although it was observed recently that nhp6a nhp6b double mutant strains show growth
defects at high temperature and reduced induction of the P1-105 gene (124a). The ABF2 protein was originally
characterized on the basis of its specific binding to the autonomous replicating sequence ARS] (51). This 20-kDa
protein, composed of two HMG-boxes, is concentrated in the yeast mitochondria and appears to play a role in the
expression and maintenance of the mitochondrial genome. ABF2 is not required for mitotic growth and exhibits
HMG 1-like DNA-binding properties such as DNA bending of an ARS] fragment and high-affinity binding of
supercoiled DNA (52). The ROX] gene is of particular interest here since, like SPT2, it was genetically
characterized as a negative regulator of transcription. The 40-kDa Roxi protein acts as a sequence-specific
repressor of genes required under partially anaerobic conditions (145). The basic protein was found to contain an
amino-terminal 11MG-box, but the role of this domain in the DNA-binding activity has not yet been studied (14).
The JXR] gene of yeast was isolated by screening a yeast expression library with platinated DNA (31). Consistent
with the observation that HMG1-like proteins can specifically recognize such cisplatin-modified DNA (32), the 80kDa Ixrl protein was shown to be a member of the 11MG-box protein family and to contain two HMG-box motifs
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(31). Haploid cells disrupted for JXRJ show no growth defect and the cellular function of this protein is still
unknown.

Region UI: polar C-terminus. The SPT2-1 79 allele, which codes for the first 179 amino acids of SPT2
protein, behaves as a dominant suppressor. Since the suppression of ö insertional mutations is a consequence of
the loss of SPT2 protein function, amino acids 180 to 333 of SPT2 protein (region III, Fig. 18) must contain at
least one functional domain which, in conjunction with the dominance domain, is essential for SPT2 activity. The
observation that the SPT2-324 allele, which codes for the first 324 amino acids of SPT2 protein, also exhibits a
dominant suppressor phenotype provided for the identification of such a functional domain in the C-terminal
amino acids 325 to 333. Among these amino acids, specific basic residues (Lys 325 and Lys 329) were shown to
be required for SPT2 protein function.
At present, the N-terminal boundary of this domain has not been mapped, but several features of the Cterminal third of region III suggest that residues 325 to 333 are part of a larger functional structure, mutations in
which could also yield dominant suppressor alleles. The last 56 amino acids of SPT2 protein consist of a long
polar tail of predicted u-helical structure when analyzed by the secondary structure prediction method of Gamier
(78). Composed of 66.5% charged residues, this region also contains an acidic subdomain (residues 277 to 303;
net negative charge of 15) similar to the one found in several HMG-like proteins (human HMG1 [239], xUBF
[144] and hUBF [116]) and previously shown to promote contacts between HMG1 and histone H2A-H2B dimers in
vitro (17). A second acidic region (residues 226 to 249; net negative charge of 15) is also present in region III of
SPT2 (Fig. 18). It is possible that the mutations studied here act indirectly by affecting the structure of these
adjacent acidic domains. However, the fact that point mutations at specific residues can mimic the effect of a
deletion of residues 325 to 333 suggests that these amino acids may also participate in specific intra- or
intermolecular interactions critical for SPT2 protein function. That this positively charged C-terminus does not
simply act as a nuclear localization signal for SPT2 is supported by the observation that the product of a SJN]:lacZ
fusion lacking the last 17 amino acids of SIN1/SPT2 is, like the wt protein, concentrated in the yeast nucleus (127).
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3.3 Characterization of spontaneous recessive sptr mutations

The experiments discussed in the previous section led to the identification of a structural determinant
differentiating the products of suppressor spt2 alleles with recessive and dominant phenotypes. One of the
conclusions of these studies is that amino acids 117 to 179 define or overlap with a region of SPT2 essential for the
dominant suppressor phenotypes of some mutant alleles. It has been established previously that a complete
deletion of SPT2+ causes a recessive suppressor phenotype. A similar result was obtained here with a disruption
allele (spt2Ii:: URA3), with two truncated forms of the protein (spt2-46 and spt2-116), and with internal deletants
missing codons 117 to 179 (z13 alleles). It was therefore demonstrated that recessive spt2 suppressor alleles can
encode a nonfunctional product and do not need to be a deletion of the entire locus.
In the course of previous genetic studies directed towards the identification of SPT suppressor genes,
several spontaneous mutations belonging to the spt2 complementation group have been obtained (245). Mutations
confering recessive or dominant suppressor phenotypes have been characterized. In an attempt to support the
conclusions of the in vitro mutational analyses presented in section 3.2, four recessive spt2 alleles obtained during
these genetic studies have been investigated. The primary goal of this analysis was to identify spontaneous
mutations that generate recessive spt2 suppressor alleles. The results from the mutational analysis would predict
that such mutations should alter the functional domain required for dominance, disrupted by deletion of residues
117 to 179. Since deletions or rearrangements involving the SPT2 locus could also create recessive suppressor
alleles, the strains analyzed here (provided by Fred Winston) were selected on the basis not only of their genotype
(i.e., recessive spt2 allele), but also of the absense of noticeable chromosomal rearrangements involving the SPT2
locus.

3.3.1 Analysis of genomic DNA
The integrity of the SPT2 locus was first analyzed for four spt2 strains: FW157 (spt2-1 22), FW186 (spt222), FW187 (spt2-23), and FW188 (spt2-204). Genomic DNA was isolated and digested with PstI, which cuts
within the 5’-end of the SPT2 coding region and in flanking genomic sequences, generating SPT2 fragments of
approximately 2.9 and 12 kb in length (Fig. 20A). Controls included strains S704 and SR26-12C, carrying a
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complete deletion of SPT2 and the wt gene, respectively. The genomic digests were separated on an agarose gel,
and two successive hybridizations were performed in the dried agarose gel matrix using [
P]
3
2 end-labeled
oligonucleotides. These hybridization probes were designed from SPT2 sequences located on either side of the PstI
site (0LL8 and oLL27, Fig. 20A).
The results showed that none of the strains analyzed carries a gross deletion or rearrangement of the SPT2
locus. The four FW strains with recessive spt2 alleles show two hybridizing bands indistinguishable from those
obtained with DNA isolated from the wt SPT2 strain, SR26-12C. Since the 2.9-kb band recognized by oLL8 is
defined by a PstI site present in the adjacent Tyl element, it appears that all those strains harbor a similar element
in the 3 Lend of the SPT2 locus on chromosome V. However, these results do not eliminate the possibility that the
actual DNA sequence of the nearby Tyl element differs in the strains analyzed.

3.3.2 Cloning and sequencing of mutant alleles
The molecular characterization of the mutations in the SPT2 coding region of the four spt2 strains was
achieved in two steps. First, the SPT2 coding region of each mutant strain was amplified by preparative PCR,
cloned in the vector pEMBL 18+ (49), and sequenced. Since amplification with Taq polymerase is known to be
mutagenic, and because this approach provides the sequence of a single isolated clone obtained from the PCR
reaction, the presence in the genomic DNA of the mutation(s) sequenced had to be confinned. This was performed
in a second step in which sequencing templates were prepared directly from genomic DNA using asymmetric PCR.
In this technique, genomic DNA is amplified by a PCR reaction in which one of the PCR primers is present in
limiting amounts and the other is added with 100-fold excess. The limiting primer is depleted after a few
amplification cycles such that additional extensions can only occur using the excess primer. Although these
additional cycles no longer select for full-length products, they do allow for the preparation of short ssDNA
templates suitable for direct sequencing. In contrast to the sequencing information derived from a single, cloned
PCR product, the data obtained by direct sequencing of a population of amplified products is thought to reflect the
“consensus” primary structure of the genomic sequences. This procedure was exploited to confirm the presence of
each mutation in the genomic DNA.
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Figure 20. Restriction analysis of the SPT2 locus from mutant strains.
(A) Structure and restriction map of the wt SPT2 locus on chromosome V. Also shown are the positions of the
sequences from which the oligonucleotide probes oLL8 and oLL27 were designed, as well as the size of the
expected hybridizing PstI (P) fragments. (B) A composite picture of the autoradiographs from two successive
32 end-labeled oligonucleotides (arrows). The PstI
[
hybridizations in the dried agarose gel using the indicated P]
genomic digests were from 4 spt2 strains (FW157, 186, 187 and 188), four SPT2 strains (FW158, 160, 201 and
202, not studied here), and the control strains S704 (spt2-150, a deletion allele) and 5R26-12C (SPT2j.
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The results of this analysis are summarized in table 6. Each PCR clone of the spt2 alleles (called
pFW157, pFW186 to 188) was found to contain at least one mutational alteration. The clones, pFW157 and
pFW 187, each contain a unique mutation. The sequencing of asymmetric PCR templates obtained from genomic
DNA confirmed the presence of these single mutations in the SPT2 coding region of strains FW157 and FW187.
The clones, pFW 188 and pFW 186, show two and three mutations, respectively. However, asymmetric PCR
sequencing demonstrated that both mutations identified in pFW 188 and two of the three mutations cloned in
pFW186 are not present in the spt2 allele of the corresponding strains. These mutations are likely to represent
PCR artefacts introduced during the amplification reaction in the specific molecule cloned. With regard to the
fidelity of Taq DNA polymerase, the cumulative error frequency is about 0.1% (4/4000) after 20 cycles of PCR.
Assuming 20 doublings, this corresponds to an average mutation rate of 1/10,000 misincorporations per nucleotide
polymerized per cycle (1 x 10k), which is comparable to the published values of 1.7 x i0
4 to 1.2 x i0 (79).

Table 6. Analysis of 4 recessive spt2 alleles.

Strain

Allele

Mutation

Expected product

FW157

spt2-122

toC
1
A

none

FW186

spt2-22

425
AC

1-141°

FW187

spt2-23

2x (62 to 81)

1271

FW188

spt2-204

none

a Followed by the 8 amino acids QKLSHRNP.
b Followed by the 15 amino acids CKIHYPSAKSISQEE.
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The sequencing analysis presented here has failed to identil’ any mutation in the coding region of the
spt2-204 allele of strain FW188. That the spt2-204 allele may be a regulatory mutation, which affects the
expression of the gene, is suggested by the absence of SPT2 protein in FW188 extracts (not shown).
The only mutation found in the spt2-23 allele of strain FW187 was a duplication of nucleotides 62 to 81 of
the coding region. This duplication alters the coding region of SPT2 such that, if translated, it would code for the
first 27 amino acids of SPT2, followed by the residues CKLHYPSAKSISQEE. Allele spt2-23 can therefore be
considered a null allele of SPT2, which is consistent with its recessive suppressor phenotype.
Allele spt2-122 of strain FW157 was shown to carry an A to C transversion at position 1 of the coding
region. This mutation changes the AUG initiator codon to CUG, which codes for leucine, and is thus likely to
interfere with the production of the SPT2 protein. Indeed, the SPT2 open-reading frame does not contain another
AUG codon in the vicinity of codon 1 (the second AUG being present at position 86 and in a different frame) and it
is a well documented fact that translation initiates exclusively at AUG codons in eukaryotes. For example, studies
on cyci mutations have shown that 17 out of 490 cyci mutants lacking iso-1-cytochrome c carried single-site
mutations in the AUG initiator codon (207), Revertants of those mutations carried an additional substitution
introducing a new AUG codon in the same reading frame, 1 to 4 codons away from the original AUG. The
efficient translation of cycl in these intragenic revertants was promoted therefore by the new AUG. From these
studies, it can be concluded that, in the absence of nearby and in-frame AUG codons, mutations altering the AUG
initiator codon interfere with the production of the gene product. Similar to the case of the allele spt2-23, the spt2122 allele provides another example of a spontaneous null spt2 mutation.
The only mutation identified in the spt2-22 allele of strain FW186 was a single base-pair deletion at
position 425 of the SPT2 coding region. At the translational level, this mutation introduces a frameshift after
codon 141. The expected translational product of spt2-22 consists of the first 141 amino acids of SPT2, followed
by the amino acid sequence QKLSHRNP. The in vitro mutational analysis presented in section 3.2 showed that
whereas a truncated polypeptide of 116 amino acids confers a recessive suppressor phenotype, a longer product of
179 amino acid residues can compete with the maintenance of the Spt+ phenotype As a consequence, it confers a
dominant suppressor phenotype. The nature of the spontaneous, recessive, spt2-22 mutation is consistent with the
in vitro data and further extends conclusions derived from them. Both spt2-1 16 (amino acid ito 116) and spt2-22
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(amino acids ito 141) are nonfunctional polypeptides with regard to the repression of his4-9126 Since neither of
them can interfere with the Spf’ phenotype (since they are recessive), the spt2-22 allele product defines a new Cterminal boundary amino acid 141 for nonfunctional recessive SPT2 derivatives. Conversely, it appears that
-

-

amino acids 142 to 179 of SPT2 comprise structural determinants that are required for the synthesis of a
nonfunctional and competing polypeptide. The structure and phenotype of spt2-22 are also consistent with the
hypothesis that an intact HMG-box2 (amino acids 98 to 159 or 170) may be required for a nonfunctional SPT2
derivative to confer a dominant suppressor phenotype.

3.4 Studies on the mechanism of dominance of SPT27 alleles

The previous sections dealt with the definition of functionally important regions of the SPT2 protein
through the analysis of in vivo- and in vifro-generated mutant spt2 alleles. Two independent genetic assays were
exploited to characterize the spt2 alleles under study: a complementation assay and a dominance test. The
complementation assay answered the following question: Does the mutant protein constitute a functional repressor
of his4-9126’? The outcome of this phenotypic test was the definition of two distinct categories of SPT2
derivatives: the functional repressors (including the wt protein and pseudo-wt mutant repressors) and the
nonfunctional repressors (which confer a suppressor phenotype in a spt2 background). The dominance test
allowed a further partition of the members of the latter class by asking the question: Can this nonfunctional SPT2
derivative interfere with the repression of his4-912ö in a SPT+ background? On the basis of this second test, the
suppressor phenotype associated with a nonfunctional repressor (and by extension, the allele or repressor itself) is
classified as recessive or dominant. This section focuses on the functional basis of the dominant phenotype.

3.4.1 Gene dosage studies
From a genetic perspective, the dominance of a phenotypic trait over another one often is associated with
a gain of function. For example, the repressor phenotype caused by the wt SPT2+ gene (His phenotype of a his4912ö strain) is dominant over the suppressor phenotype of a spt2 null allele (His+ phenotype of a his4-9]2ö
strain). In SPT2/sptr heterozygous diploids, the dominance of SPT2 correlates with the gain of repressor
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function. Conversely, the recessiveness of a phenotypic trait over another is perceived in terms of a loss of
function: the suppressor phenotype of a spt2 null allele is recessive to the repressor phenotype of the wt SPT2+
gene because it correlates with the loss of repressor function.
This logical argument, and the underlying nomenclature, can lead to apparent contradictions, as in the
case of the dominant suppressor phenotype of non-complementing SPT2 alleles. On one hand, the dominance of
their suppressor phenotype over the wt repressor phenotype suggests that dominant alleles constitute a gain of
function. On the other hand, their suppressor phenotype would be consistent with a loss of repressor function, as
seen for null spt2 alleles. This inconsistency can be reconciled by the introduction of two categories of gain-offunction mutations that have acquired the ability to interfere with the maintenance of the phenotype associated

with the wt allele, thus conferring a new phenotype identical to the one associated with a null loss-of-function
allele. These non-complementing, interfering (or dominant) alleles are known as neomorphic and antimorphic
mutations (148). Although they can induce similar phenotypic changes in heterozygous diploids with the wt allele,
they operate by different mechanisms. A neomorphic mutation has acquired the ability to perform a new function,
not shared by the wt gene product, that allows its mutant product to interfere with another activity, also required
for the wt phenotype. An antimorphic mutation has acquired the ability to act as an antagonist of the wt gene
product and to interfere directly with the maintenance of the wt phenotype by the wt protein. A third class of gainof -function dominant mutations, called hypennorphs, will not be discussed further here since it was shown that
overproduction of SPT2 does not confer a mutant suppressor phenotype.
Since the functions of several unlinked SPT genes are required to maintain the Spt+ phenotype of a yeast
cell, the product of dominant SPT2 alleles could act via one of two distinct mechanisms. As neomorphic
mutations, SPT2 alleles could have gained the ability to compete with the function of another SPT protein. As
antimorphic mutations, SPT2 alleles could have acquired an activity opposite to that of the wt SPT2 protein, an
anti-SPT2 activity. Genetically, these two possibilities can be distinguished by gene dosage studies in which the
dominant alleles are challenged by different levels of wt product. Whereas the activity of antimorphic alleles is
expected to be sensitive to the presence of wt protein, that of true neomorphic alleles should be unaffected by
variations in the wt protein levels.
Two different experimental approaches were taken to effect the gene dosage variations necessary to
identify the nature of dominant SPT2 alleles: mating experiments, which examine suppression in diploids, and
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yeast transformations, in which suppression in merodiploids
2 is studied. These experiments were made possible
by the construction of isogenic yeast strains carrying different in vitro-generated spt2 alleles substituted for the
SPT2+ gene on chromosome V.

3.4.1.1 Construction of isogenic spt2 and SPT2 yeast strains
The haploid yeast strain SLL7 carries the disruption allele spt2A:: URA3 substituted for the SPT2 locus on
chromosome V. This null allele is a recessive suppressor of the insertional mutation his4-9128 such that SLL7
cells are phenotypically FTiis+ and Ura+. The possibility to impose a selection for the loss of URA3 function using
the analog 5-FOA (discussed on page 85) was utilized in the development of a protocol for direct allele
replacement in SLL7. The procedure, based on the one-step gene replacement protocol used to create SLL7 from
SLL5 (the SPT2 parent), consisted of transforming SLL7 spheroplasts with DNA fragments containing different
spt2 alleles and imposing 5-FOA selection after a period of non-selective growth. This outgrowth was found to be
necessary to allow the expression of the Ura phenotype.
Two different events were expected to generate the desired 5-FOA’ (Ura) phenotype: spontaneous
mutations in the URA3 marker of the spt2&: URA3 allele, and replacement of spt2zl:: URA3 with the transformed
allele by homologous recombination. The emergence of false positives due to spontaneous ura3 mutations was
reduced significantly by using a cotransformation procedure and primary selection for transformed cells. Positive
integrants were identified by analytical PCR amplification on genomic DNA, in which the structure of the allele
present at the SFT2 locus can be determined readily (Fig. 21A).
Using this approach, three non-complementing spt2 alleles were transformed in SLL7 and successfully
substituted for the SPT2 locus: the recessive alleles, spt2zi (strain SLL9) and spt2-324z13 (strain SLL1O1), and the
dominant allele, SPT2-324 (strain SLL 102). The first attempts to perform allele replacement in SLL7 by 5FOAr
selection involved transformations with the spt2iJ allele. Unexpectedly, three as opposed to two different kinds of
alleles were detected at the SPT2 locus of Ura cells. Some transformants carried an allele structurally similar to
the original disruption allele spt24:: URA3 of SLL7; these are thought to be spontaneous ura3 mutants (Fig. 21B,

2 The term merodiploid, which means partly diploid’, refers to haploid cells in which only part ofthe genome (usually present
on a centromeric
episome) is duplicated.
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Figure 21. Screening of gene replacement events at the spt2/J:: URA3 locus of strain SLL7 by analytical PCR.
(A) Schematic representations of the alleles spt2zl:: URA3, SPT2, SPT2-324, spt2-324z13, and spt2zl, showing the
priming sites for the PCR primers oLL34 and oLL5O, and the size of the expected PCR product for each allele. (B)
and (C) Ethidium bromide-stained agarose gel of analytical PCR products. (B) Analysis of spt2zl integration. The
PCR templates were as follows: lanes ito 9, genomic DNA from 5FOAr transformants; lanes 10 to 12, DNA from
plasmids pLL82 (YEpspt2zl:: URA3); pLL8O (YEpspt2zi), and pLL1O (YEpSPT2j respectively. (C) Analysis of
SPT2-324 (lanes 1 to 6) and spt2-32443 integrations (lane 7). The PCR templates were as follows: lanes ito 7,
genomic DNA from 5FoAr transformants; lanes 8 to 10, DNA from plasmids pLL82; pLL1O, and pLL74
(YEpspt2-32433) respectively.
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lane 1). Others have lost the disruption allele and substituted the desired spt24 construct (Fig. 21B, lanes 4 and 9);
one of these was named SLL9. However, most 5-FOA resistant cells were found to harbor a different allele, giving
a PCR product similar to that of the wt allele (Fig. 21B, lanes 2,3,5-8). That those undesired transformants
originated from SLL5 contaminations was suggested by further experiments in which a SLL7 clone isolated from a
SC-Ura plate was utilized. Transformation of this Ura+ SLL7 isolate with DNA fragments from the alleles spf2324zi3 and SPT2-324 gave fewer 5FOAr colonies, all of which had substituted the transformed alleles (Fig. 21C).
Although the structure of the SPT2-324 allele cannot be distinguished from that of the wt allele by the PCR
analysis of genomic DNA, further analyses confirmed the production of a truncated nonfunctional SPT2 derivative
in these 5_FOAr clones (see below).
The three isogenic strains obtained by allele replacement experiments SLL9, SLL1O1, and SLL1O2
-

-

were subjected to phenotypic characterization to confirm the presence of the expected genetic markers. As shown
in figure 23 (page 123), they all exhibit a His phenotype at 30°C, which is consistent with the presence of a
suppressor allele at the SPT2 locus.
The levels of suppression of his4-9l2öby each allele was also estimated by growth studies. The isogenic
strains SLL5, SLL9, SLL1O1, and SLL1O2, as well as the control strains SLL2O8 (HIS4 SPT2j and SLL2O9
(HIS4+ spt2-150), were grown in minimal medium, and the growth of the haploid strains at 30°C was monitored
by measurement of the optical density at 6OO. Table 7 presents the generation time (doubling time) obtained for
each strain grown in complete minimal medium (SC) or in histidine dropout medium (SC-His). Whereas the
isogenic strains all show similar generation times in complete minimal medium (140±20 mm), only SLL5 is
deficient for growth in absence of histidine, with a 11.5-fold decrease in growth rate. Furthermore, the growth of
SLL9, SLL 101, and SLL 102 in SC-His is comparable to that of the HJS4 strains SLL2O8 and SLL2O9. These
results show that the isogenic strains constructed from SLL5 by allele replacement experiments have acquired a
suppressor phenotype allowing normal growth in absence of histidine. Otherwise, the loss of SPT2 function
appears to have very little effect on the mitotic growth of haploid cells in complete synthetic medium.
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Table 7. Generation times of wt and mutant SPT2 strains.’
1

Generation time (mm) in minimal media

Strain

Relevant genotype
SC

SC-His

SLL5

his4-912SSPT2

120

1374 (11.45)

SLL9

his4-9l2öspt2zi

156

204 (1.3)

SLL1O1

his4-9126SPT2-324

150

198 (1.3)

SLL1O2

his4-.912öspt2-324z13

138

204 (1.5)

5LL208

HIS4SPT2

150

204 (1.4)

SLL2O9

HIS4spt2-15O

192

246 (1.3)

a The ratio ofthe generation times (SCHis/SC) is given in parentheses.

The expression of the mutant SPT2 protein produced by these strains was also analyzed by Western
immunoblot (Fig. 22). None of these strains was found to produce the wt SPT2 protein or a cross-reacting species

with similar electrophoretic mobility. Extracts from strains SLL1O1 and SLL1O2 were also shown to contain a new
protein recognized by the anti-peptide antisera (Fig. 22, lanes 1 and 2). The electrophoretic mobility of each
protein band is consistent with the production of the expected mutant protein: allele SPT2-324 of strain SLL1O 1
codes for a SPT2 derivative truncated of 9 C-terminal amino acids (see Fig. 14, page 93), and allele spt2-324A3 of
strain SLL1O2 codes for a deleted version of SPT2-324, missing amino acids 117 to 179 (see Fig. 15, page 98).
Strain SLL9 does not produce any cross-reacting polypeptide from the SPT2 locus as expected from the deletion of
most of the SPT2 coding region in the allele spt2zl (Fig. 22, lane 4).
The results presented here continued that the isogenic haploid strains SLL5, SLL9, SLL 101 and SLL 102

carry different spt2 alleles at the SPT2 locus, and that each of these mutant alleles directs the production of the
expected polypeptide product. The suppressor phenotype of strains SLL9, SLL1O1, and SLL1O2 also demonstrated
that the alleles spt2zi, SPT2-324, and spt2-324iJ3 encode nonfunctional SPT2 derivatives leading to the
suppression of his4-9125 even when expressed from a single chromosomal allele.
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Figure 22. Western inununoblot analysis of mutant spt2 strains.
Extracts from the isogenic strains SLL1O1 (SPT2-324, lane 1), SLL1O2 (spt2-324z13, lane 2), SLL5 (SPT2, lane
3) and SLL9 (spt2zl, lane 4) were analyzed by immunublotting as described in the legend of figure 13, page 88.
An extract from SPT2 overexpressing cells (SLL7 [spt2zl:: URA3]/pLL1O [YEpSPT2j, lane 5) was included as a
control. The positions of protein markers are shown to the left (kDa).

3.4.1.2 Suppression in diploids
The possibility that dominant suppressors mediate their effects by inhibition of an unrelated SPT gene
product, and not of the SPT2 protein, was tested first in heterozygous diploid strains. The four isogenic MATa
his4-9125 strains carrying different spt2 alleles were mated with MA Ta his4-9128 strains with (SLL4) or without
(SLL1O spt2zl:: URA3) the wt SPT2 gene. All the haploid cells and their pairwise mating products were
analyzed for their ability to grow in absence of histidine (Fig. 23 A).
The three mutant alleles tested (spt24 spt2-324z13 and SPT2-324) showed a strong suppressor phenotype
both in haploid cells and in combination with the null allele spt2zl:: URA3 in heterozygous diploids. This result
suggests that the action of these suppressor alleles is not affected by doubling the dosage of other SPT loci. It was
observed also that, whereas wt homozygous diploids show a stable His phenotype, heterozygous diploids carrying
a non-complementing recessive allele and a wt allele (e.g. spt2zl/SPT2j exhibit a background His phenotype with
+ reversion. This result is consistent with the full complementation of the recessive alleles by
5
high frequency of f{j
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SPT2 and the emergence of homozygous suppressor diploids by mitolic recombination (e.g. spt24/SPT2
becomes spt24/spt2ii). A similar phenomenon has been described already for the heterozygote SLL4x7 (section
3.1.2). The SPT2-324/spt2zi:: URA3 diploids clearly show a stronger F{is phenotype than the SPT2-324/SPT2
diploids, indicating the semi-dominant phenotype for the SPT2-324 allele in diploids. This dominance was
abolished when residues 117 to 179 were deleted (allele spt2-324z13). Although the background His phenotype of
SPT27spt2 diploids can be masked by the high density of His revertants (notably in the case of SPT2/spt2zi
:: URA3 diploids, Fig. 23A), spreading of those cells or spotting at lower cell density confinned the phenotypic
distinction between recessive and dominant alleles in heterozygous diploids with the wt allele (not shown). The
partial dominance of several spt2 alleles in diploids has been observed previously and in fact was utilized to assign
these alleles to the spt2 complementation group (245).

3.4.1.3 Suppression in merodiploids

The phenotypic differences between the heterozygous diploids SPT2-324/spt2zi:: URA3 and SPT2324/SPT2 suggest that the extent of suppression is sensitive to the relative levels of mutant and wt products, and
that the two polypeptides are in direct competition in heterozygotes. This conclusion is supported also by
experiments in which recessive and dominant alleles are challenged directly by the wt gene in merodiploids,
obtained by transformation of isogenic strains with a YCpSPT2 construct (Fig. 23B). The presence of the wt
SPT2 protein has no effect on the repression of the his4-9126 mutation in a SPT2 strain, but is sufficient to
complement the recessive suppressor mutation, spt2-324z13. When the dominance domain is present, as in the
truncated product of SPT2-324, the complementation of the Spr phenotype by YCpSPT2 is only partial. On the
other hand, expression of the dominant allele SPT2-1 in a wt background (SFT2 [YCpSPT2-11) leads to a strong
His phenotype, indistinguishable from that of a spt2ii:: URA3 strain (Fig. 23B). Therefore, heterozygous
merodiploids show different levels of suppression when chromosomal or episomal expression of dominant and wt
alleles are compared (SPT2 [YCpSPT2-11 vs SPT2-324 [YCpSPT2j). This observation suggests that the relative
levels of wt and mutant products are different in these transfonnants and that the dominant suppressor phenotype
is sensitive to the levels of wt protein.
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Figure 23. Dosage dependence of the dominant Spt phenotype.
(A) Suppression in diploids. The isogenic MA Ta his4-9125 strains SLL5 (SPT2j, SLL9 (spt2A), SLL1O 1
(SPT2-324), and SLL 102 (spt2-324z13) were mated to the MA Ta his4-9125 strains SLL4 (SPT2j and SLL 10
(spt2iI:: URA3) by selection on SC-Lys-Trp dropout plates. Haploid cells and their mating products were grown in
YPD and equal amounts of cells were spotted on SC-His plates and grown at 30°C for 3 days.
(B) Suppression in merodiploids. The isogenic strains SLL5 (SPT2j, SLL1O2 (spt2-324z13), and SLL1O1 (SPT2324) were transformed to uracil prototrophy with the centromeric plasmid YCp5O or pLL15 (YCpSPT2j. Two
independent transformants were grown in SC-Ura, and equal amounts of cells were spotted on SC-Ura-His and
grown at 30°C for 3 days. Controls for the dominance (SLL5 transformed with plasmid pLL24 [YCpSPT2-1] ) and
for the suppression by a null allele (SLL7 [spt2iJ:: URA3] ) are also presented.
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From a genetic perspective, these results suggest that dominant SPT2 alleles do not behave as neomorphic
mutations, which have acquired a new activity, but rather as negatively acting antimorphs (also called dominant
negative mutations; ref. 99), which compete against the wt protein and act as anti-SPT2 polypeptides (148). These
qualitative data do not eliminate the possibility of an increase in affinity in dominant polypeptides, but argue
against a change in specificity. It is therefore predicted that high levels of wt protein could completely reverse the
dominant phenotype. Knowledge of the mechanism and stoichiometry of the interaction(s) responsible for the
dominance will be required to predict the levels necessary for this reversion. The dominance domain defined by
residues 117 to 179 thus allows nonfunctional polypeptides with an altered C-terminus to act as competitors for
SPT2-mediated regulation of his4-9126

3.4.2 Interference of SPT2 function by dominant SPT2- proteins
The genetic experiments described so far have shown that dominant SPT2 alleles can interfere with the
maintenance of the Spt+ phenotype when expressed in a SPT+ background, and that this activity is sensitive to the
level of wt SPT2 protein. Since the absence of SPT2 activity causes a suppressor phenotype, a model for the action
of SPT2- polypeptides consistent with these results proposes that dominant alleles interfere with the production of
the wt protein. The following section presents three experimental approaches designed to address this possibility.
A yeast strain carrying a spt2zl null allele and cotransformed with a low-copy-number vector carrying the
SPT2 gene and a dominant mutant SPT2 allele on a high-copy-number plasmid exhibits a His phenotype. The
SPT2+ gene was expressed from a heterologous promoter, the weak glucose-repressible GAL4 promoter, and
the
same dominance effect was observed in cotransformation experiments (Fig. 24A). The pGAL4:SPT2+ fusion was
subcloned in low- and high-copy-number vectors (YCp and YEp), and three qualitatively different levels of
expressions were achieved under repressed (glucose) or derepressed (galactose) conditions. When cotransformed
into a his4-9]2öspt2zl strain along with a control parental vector, only the high-copy-number fusion under
derepression produces enough SPT2 protein to complement fully the null allele and generate a His phenotype
similar to the one observed in cotransformants with a YEpSPT2+ vector. At the other extreme, the repressed low
copy-number fusion does not produce enough SPT2 protein to complement spt2zl. The repressed YEp
pGAL4:SPT2 and derepressed YCp-pGAL4:SPT2 lead to an intermediate His phenotype at 30°C, suggesting
that under these conditions partial suppression of the ö insertion is achieved. However, the presence of the
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dominant allele SPT2-] in the cotransfonued vector always yields a strong His+ phenotype. It has therefore been
concluded that the dominance occurs even when SPT2+ is expressed from a heterologous promoter and that in
these experiments the competence of the high-copy SPT2-1 allele to dominate is not affected by the level of
expression of SPT2+. In conjunction with the experiments showing that dominant polypeptides interfere with wt
SPT2 function as antimorphic mutations, these results suggest that the dominance mechanism does not involve a
specific transcriptional effect on the SPT2 promoter.
It was also found that the intracellular levels of the wt protein are not affected by the presence of a
dominant allele. The strain SLL9 (spt2zl Ura Leu) was cotransfonned with vectors expressing the wt SPT2
protein and/or one of two dominant products, SPT2-l and SPT2-324. Total protein extracts of cotransformed
yeasts were analyzed by Western immunoblotting using the combined anti-SPT2-peptide antisera as a probe (Fig.
24). The results show that the dominance of the SPT2-1 or SPT2-324 allele is not caused by transcriptional or
translational inhibition of the wt SPT2gene. It should be noted that the dominant negative product of the SPT2-]
allele is a truncated polypeptide lacking the C-tenrnnal third of the SPT2 protein, since it does not contain the Cterminal epitopes of the cross-reacting antipeptide sera.
The conclusion of the cotransformation experiment described above was also supported by examining the
expression of an in-frame spt2::lacZ fusion in SPT2 and SPT2-] backgrounds. When expressed from a highcopy-number vector, the fusion produced 22 to 25 U of f3-galactosidase, irrespective of the cotransformed allele.

The experiments described in this section show that, although the products of dominant SPT2 alleles
interfere with the function of the wt SPT2 protein, they do not appear to inbibit the production of SPT2. The
simultaneous production of wild type and dominant proteins in

Spt

cells implies that the mutant polypeptides

compete with SPT2 function post-translationally, a mechanism consistent with the mutagenesis studies. Indeed,
the implication of a putative 11MG-box DNA-binding domain in the dominance of polypeptides encoded by
dominant SPT2 alleles raises the possibility that the competition between wt and dominant products could occur at
the level of DNA-binding.
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Figure 24. Effects of dominant alleles on pGAL4:SPT2 function and SPT2 protein levels.
(A) Strain SLL9 (his4-9l2öspt2zl) was cotransformed to leucine prototrophy with pLL1O (YEpSPT2j, pLL18
(YEpSPT2-1), or the parental vector pEMBLYe3O and uracil prototrophy with pLL97 (YEp-pGAL4:SPT2j,
pLL96 (YCp-pGAL4:SFT2j or pLL95 (YEp-pGAL4). Two independent transformants were grown in SC-Ura
Leu dropout medium, and equal amounts of cells were spotted on the indicated media, selecting for both vectors,
and grown for 3 days at 30°C. Coomassie blue-stained gel (B) and Western blot analysis (C) of total protein
extracts, as described for Fig. 13, but using an SDS-15% polyacrylamide gel. Yeast extracts are from sLL9
cotransformed with pEMBLYe3O, pLL18, or pLL49 (YEpSFT2-324) and pVT100-U or pLL77 (YEpSPT2j. The
double arrow points to the wt and SPT2-324 gene products.
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A potential explanation consistent with this analysis implies that wt and dominant negative products are
both able to bind DNA through the HMG-box motifs (alone or in combination with other specific factors) and that
an intact C-terminal domain is necessary to promote the additional interactions mediating the transcriptional
negative regulatory effects of SPT2 protein. Since it has been shown previously that a bacterially expressed
TrpE:S1N1 fusion binds DNA non-specifically in vitro (127), it is conceivable that additional nuclear proteins
interact with SPT2 protein and restrict its activity by directing the repressor protein to its target genes. The
product of a dominant negative allele may also retain the ability to interact with other component(s) of a repressor
complex once bound to DNA and disnipt their activity due to a nonfunctional polar tail. This could provide a
possible explanation for the stronger Sin phenotype of particular dominant negative SJN1/SPT2 alleles (127) when
compared with the phenotype of a null deletion allele. According to this model, the HMG-boxes of SPT2 protein
would not be functionally redundant and the HMG-box 2, which overlaps with the dominance domain, would be
required for high-affinity binding. Studies on the transcriptional activator hUBF, which contain at least 4 11MGboxes, have shown that these domains may play different roles not only in DNA binding, but also in transcriptional
activation (117).
The proposed molecular mechanism of dominance bears some resemblance to the mode of action of
nomnducible LexA and

repressor proteins (138): both wt and mutant repressors can bind to the operator sites

and the dominant mutant phenotype requires an intact DNA-binding domain. An important distinction between
the action of these prokaryotic repressors and the model of SPT2 protein negative regulation is that the products of
dominant SPT2 alleles are not functional for repression. Association with other proteins of the transcriptional
machinery or chromatin components may be essential for this activity, relieved in the presence of activators and an
intact RNA polymerase II C-terminal domain (175).

128

4. CONCLUSIONS AND FUTURE DIRECTIONS

The primary goal of this work was to initiate mutational and functional studies on the SPT2 gene of yeast.
The development of anti-peptide polyclonal antibodies provided a confirmation that the 333-codon SPT2 coding
region is expressed in yeast and produces a protein that is required for transcriptional inhibition of the insertion
alleles such as his4-9126 Site-directed mutagenesis techniques were utilized to introduce defined mutational
alterations into the cloned SPT2+ gene and construct several suppressor alleles conferring recessive and dominant
phenotypes. This mutational analysis identified two functionally important regions of the SPT2 protein, a basic Cterminal region (residues 325 to 333) and a central region (residues 117 to 179). The deletion of each region of
SPT2 creates a nonfunctional polypeptide that confers a suppressor phenotype (Spr) in a spt2 strain, even when
the mutant gene is overexpressed. That these two regions are functionally distinct is suggested by the observation
that the dominance of some C-terminal deletion alleles requires residues 117 to 179, which overlap a region of
homology with the }{MG-box, DNA-binding domain. The characterization of a spontaneous recessive spt2 allele
expected to produce a polypeptide containing amino acids ito 141 of SPT2 suggested that residues 142 to 179
overlap with a functional domain responsible for the dominance phenomenon. Results also demonstrate that point
substitutions in specific C-terminal basic residues can mimic the effects of C-terminal truncations and create
dominant suppressor alleles.
With regard to the mechanism of dominance, it was found that an increase in the levels of wt protein can
interfere with the dominant phenotype, suggesting that the dominant alleles act as antimorphic or dominant
negative mutations. Even though the Spr suppressor phenotype can be caused by the absence of SPT2 protein,
cotransformation experiments showed that dominant alleles do not inhibit SPT2 production. These results suggest
a mechanism of dominance whereby the products of dominant alleles interfere with the function of the wt protein
post-translationally, perhaps at the level of DNA binding through the 11MG-box-like region.

The definition of two functional regions of the SPT2 protein has raised several questions concerning the
function of SPT2, its regulation by genetically defined antagonists, and the mechanism of dominance of particular
alleles. Although it is clear that much remains to be learned about the biochemical properties of SPT2 and that
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numerous approaches could shed light on the possible role of this nuclear protein, some of the implications of this
mutational study suggest new experimental avenues.
Studies examining both the structure and the function of a small dominant polypeptide could provide
important insight into the transcriptional role of SPT2. It has been shown here that amino acids 1 to 179 of SPT2
contain the primary information necessary and sufficient for the folding of an interfering polypeptide that can
compete with the function of SPT2. Another conclusion of the mutational analysis is that the N-terminus of SPT2
(residues 1 to 81) may be dispensable for its repressor function. It would therefore be interesting to determine the
N-terminal boundary of a dominant SPT2 derivative by progressive deletions toward amino acid 179. This
approach could lead to the definition of the smallest dominant polypeptide and provide a test for the hypothesis
that the HtvIG-box 2 is involved in the mechanism of dominance. Alternatively, the functional significance of the
proposed similarity could be tested directly by expression and characterization of a HMG-box 2-containing
polypeptide.
The implication of specific C-terminal residues in the repressor activity of SPT2 suggested that this region
of the SPT2 protein may be the target of its proposed antagonist, the SWI-SNF complex. According to this model,
the dominant alleles studied here generate a non-repressing, “activated” form of SPT2, similar to the one
transiently produced by the action of the SWI-SNF complex during activation of transcription. Other
interpretations consistent with the results presented here could implicate these C-terminal residues in intra- or
intermolecular interactions required for repression. Although these models are not necessarily exclusive, the
role(s) of these residues in SPT2 function could be addressed by characterizing suppressors of their effects.
Following a gene replacement procedure similar to the one described here to introduce mutant alleles at the SPT2
locus, dominant point substitution mutations could be integrated in a his4-91251ys2-l28Sbackground. Using a
1
+ Lys+ mutant strains could be mutagenized to isolate His Lys
classical genetic approach, these j
revertants.
The genetic and molecular analysis of these revertants could determine whether intragenic, second-site spt2
mutations can revert the dominant Spt phenotype and create pseudo-wt alleles. Of course, this possibility could
also be addressed directly through non-specific mutagenesis of the cloned dominant alleles in vitro. Alternatively,
the Spt+ phenotype of the revertants could be caused by extragenic mutations affecting the function of factors
interacting with SPT2 or modil’ing its function. This strategy, which is similar to the one used to reveal the
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interaction between SPT3 and SPT15 (the TATA-box binding factor), for example, has great potential and could
lead to a better understanding of the cellular role of SPT2.
As mentioned in the introduction, mutations in the SPT2 gene were also found to suppress swi and rpo
mutations (Sin and Srb phenotypes respectively). Although the work presented in this thesis focused on the Spt
phenotype of spt2 mutations, the dominant alleles constructed could also be tested for their ability to confer
dominant Sin and Srb phenotypes. That the same structural and functional domains of SPT2 may be involved in
at least two of these phenotypes is suggested by the observation that the sinl-2 allele exhibits dominant Spr and
Sin phenotypes (127). The Sin and Srb phenotypes associated with particular spt2 alleles could be studied by
looking at the levels of INOI mRNA in the appropriate swil and rpozJCTD genetic backgrounds. This
experimental design is based on the observation that a deletion allele of SPT2/SINJ can partially suppress the
transcriptional defects noted at the JNO] locus in swi and rpoziCTD strains (175). Alternatively, the dominance
of spt2 alleles for the Sin phenotype could be assayed with a ho::lacZ reporter fusion, or even by monitoring the
expression of the SUC2 gene, which is a well characterized SWI-dependent transcriptional unit (244). These
studies could establish whether or not the three phenotypes associated with spt2 mutations respond similarly to the
mutational alterations leading to recessive and dominant Spr phenotypes and lead to the elaboration of a unifying
model of SPT2 function.
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5. APPENDICES

5.1 NdeI fragment of SPT2 locus
All the mutational and subclomng experiments presented in this thesis were performed using a 2460 bp
long DNA fragment from chromosome V of S. cerevisiae. The sequence of this NdeI restriction fragment, which
encompasses the 3’ end of the RAD4 gene, the entire SPT2 coding region, and 905 bp of its 3’-flanking sequences,
is presented below. The sequencing data compiled to form this entire sequence come from the published sequences
of the SPT2 gene (180), of the RAD4 gene (80), and of an adjacent Tyl element (95). It was extracted from the
sequence of a larger fragment of chromosome V (15 978 bp; locus YSCSYGP1) obtained through the GenBank
database (NIH) under accession number L10718. The Tyl element is not present on the NdeI fragment; according
to the numbering presented below, it is inserted at position 2492.
The double-stranded DNA sequence is presented here numbered from the upstream NdeI site with regard
to the SPT2 gene. The translational products of part ofRAD4 (position ito 272) and of SPT2 (positions 554 to
1555) are shown above the sequence. Underlined nucleotide bases highlight the positions of important restriction
sites (sense strand) and sequencing primers (anti-sense strand).

NdeI
Y
IA
G
K
E
E
E
VT
P
N
K EQ
IA
D
N
CATATGGTAAAATTGCCGAGGAAGAACCTAACGTTACGAAGGAACAGAATATTGCGGACA
GTATACCATTTTAACGGCTCCTTCTTGGATTGCAATGCTTCCTTGTCTTATAACGCCTGT
10
20
30
40
50
60

N
H
D
NT
E
T
F
G
MG
G
FL
IAN
PG
H
ATCACGATAATACGGAGACTTTTATGGGAGGTGGGTTCCTACCAGGTATAGCAAACCACG
TAGTGCTATTATGCCTCTGAAAATACCCTCCACCCAAGGATGGTCCATATCGTTTGGTGC
70
80
90
100
110
120

EAR
Y
P
SEP
SEP
ED
DY
S
L
VS
V
AAGCAAGGCCGTATAGTGAACCTTCAGAGCCAGAAGATAGTTTAGATTATGTTTCTGTTG
TTCGTTCCGGCATATCACTTGGAAGTCTCGGTCTTCTATCAAATCTAATACAAAGACAAC
130
140
150
160
170
180

K A
D
ES
E
D
AT
DV
D
GE
DY
SD
FM
ACAAAGCGGAGGAAAGTGCTACAGACGACGATGTCGGGGAGGATTATTCGGATTTTATGA
TGTTTCGCCTCCTTTCACGATGTCTGCTGCTACAGCCCCTCCTAATAAGCCTAAAATACT
190
200
210
220
230
240

EL
EMS
K
E
ES
D
#
AAGAACTAGAGATGTCAGAGGAATCAGACTGAAATGAGGCTGAAACGGTTTGAATAATTA
TTCTTGATCTCTACAGTCTCCTTAGTCTGACTTTACTCCGACTTTGCCAAACTTATTAAT
250
260
270
280
290
300

GGAAAGTATGTTTTTAATAAAGAAATTCTATGTTCAGGAATTTTGTATATACTTTGTAAT
CCTTTCATACAAAAATTATTTCTTTAAGATACAAGTCCTTAAAACATATATGAAACATTA
310
320
330
340
350
360

GAATGAGAACTTAGTTGGCTTCAAACTTTTTCGTTTAACATGATTATTTTTCTTGTTCGA
CTTACTCTTGAATCAACCGAAGTTTGAAAAAGCAAATTGTACTAATAAAAAGAACAAGCT
370
380
390
400
410
420
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CTAAGATATTCCCACATGGACAAGTGCCACAGATTAATATATGAATACAATAAAATAACT
GATTCTATAAGGGTGTACCTGTTCACGGTGTCTAATTATATACTTATGTTATTTTATTGA
430
440
450
460
470
480

AGTGTAATTTGAMATAAAAGTTGATGAGAGGGACAGGGACTTGAGTCCTATTCAAAGTG
TCACATTAAACTTTTATTTTCAACTACTCTCCCTGTCCCTGAACTCAGGATAAGTTTCAC
490
500
510
520
530
540

MS
FL
S
SQ
K
L
IRKS
T
TA
AAATATTTTAGTTATGAGTTTTCTTTCCAAACTTTCCCAAATACGAAAATCAACGACTGC
TTTATAAAATCAATACTCAAAAGAAAGGTTTGAAAGGGTTTATGCTTTTAGTTGCTGACG
550
560
570
580
590
600

S
K
A
Q V Q D P L P K K N DEE Y S L L
ATCAAAAGCCCAAGTGCAAGATCCATTACCCAAGAAGAATGACGAAGAGTATTCCTTGTT
TAGTTTTCGGGTTCACGTTCTAGGTAATGGGTTCTTCTTACTGCTTCTCATAAGGAACAA
610
620
630
640
650
660

PstI
P
K
NY
I
RD
ED
PA V
L
KR
K
R
EL
R
ACCCAAAAATTACATAAGAGACGAAGATCCTGCAGTAAAAAGATTGAAGGAGCTGAGGCG
TGGGTTTTTAATGTATTCTCTGCTTCTAGGACGTCATTTTTCTAACTTCCTCGACTCCGC
680
670
690
700
710
720
oLL5

Q EL L K N GALA K K S G V KR KR G
GCAGGAACTGTTAAAGAATGGTGCTTTGGCTAAAAAAAGTGGTGTAAAACGGAAACGTGG
CGTCCTTGACAATTTCTTACCACGAAACCGATTTTTTTCACCACATTTTGCCTTTGCACC
730
740
750
760
770
780
T
S
S
G
SE
K K K
I
ER
ND
DDE
G
G
L
CACCTCATCTGGATCTGAGAAAAAGAAAATAGAAAGGAATGACGATGATGAAGGTGGCCT
GTGGAGTAGACCTAGACTCTTTTTCTTTTATCTTTCCTTACTGCTACTACTTCCACCGGA
790
800
810
820
830
840
oLL6

G
I
R
F
KR
SI
GASH A
L
K
P
P
V V
R
TGGAATTAGGTTTAAGAGGTCTATTGGAGCAAGTCATGCGCCACTCAAGCCAGTTGTAAG
ACCTTAATCCAAATTCTCCAGATAACCTCGTTCAGTACGCGGTGAGTTCGGTCAACATTC
850
860
870
880
890
900

K
K
PEP
1K KM
S
FEEL
M
K
Q A EN
GAAGAAACCTGAACCTATCAAAAAGATGTCATTTGAAGAGCTAATGAAACAAGCGGAAAA
CTTCTTTGGACTTGGATAGTTTTTCTACAGTAAACTTCTCGATTACTTTGTTCGCCTTTT
910
920
930
940
950
960

NE
K
Q PP K V K S SEP VT K ER PH
TAATGAGAAACAGCCCCCAAAAGTTAAGTCATCGGAACCCGTAACTAAGGAACGCCCACA
ATTACTCTTTGTCGGGGGTTTTCAATTCAGTAGCCTTGGGCATTGATTCCTTGCGGGTGT
970
980
990
1000
1010
1020
0LL7

F
PG
N
K
F
K
S
S
KR
P
Q K K A S PG A
TTTTAACAAGCCAGGTTTCAAAAGTTCAAAGACCACAAAAGAAAGCATCCCCTGGCGC
AAAATTGTTCGGTCCAAAGTTTTCAAGTTTTTCTGGTGTTTTCTTTCGTAGGGGACCGCG
1030
1040
1050
1060
1070
1080
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T
R
G
VS
L
S
G
N
S
G
S
1K
S
SD
P
K
P
AACATTGCGTGGAGTATCTTCTGGAGGCAATAGCATAAAATCATCAGACTCACCCAAGCC
TTGTAACGCACCTCATAGAAGACCTCCGTTATCGTATTTTAGTAGTCTGAGTGGGTTCGG
1090
1100
1110
1120
1130
1140
oLL8

L
N
V
K
L
PT
N
G
FAQ
P
N
L
K
E
R
K
R
CGTCAAGCTCAACTTGCCCACAAATGGATTTGCTCAACCTAATAGGAGATTAAAAGAAAA
GCAGTTCGAGTTGAACGGGTGTTTACCTAAACGAGTTGGATTATCCTCTAATTTTCTTTT
1150
1160
1170
1180
1190
1200

XbaI
L
ES
R
K Q
Y
K
SR
Q D DY DEED ND
GTTAGAATCTAGAAAACAGAAATCAAGATACCAGGATGACTATGATGAAGAAGATAACGA
CAATCTTAGATCTTTTGTCTTTAGTTCTATGGTCCTACTGATACTACTTCTTCTATTGCT
1210
1220
1230
1240
1250
1260

D
F
I
MD
ED
D
ED
E
G
Y
H
SK
S
K
H
S
TATGGATGATTTTATAGAAGACGATGAAGATGAAGGTTACCACAGCAAATCGAAACACAG
ATACCTACTAAAATATCTTCTGCTACTTCTACTTCCAATGGTGTCGTTTAGCTTTGTGTC
1270
1280
1290
1300
1310
1320
oLL9

N
G
PG
Y
DR
El
D
WA M
F
N
R G
K
KR
CAATGGTCCCGGATATGATCGTGACGAAATTTGGGCTATGTTCAATAGAGGCAAGAAGCG
GTTACCAGGGCCTATACTAGCACTGCTTTAAACCCGATACAAGTTATCTCCGTTCTTCGC
1330
1340
1350
1370
1360
1380

SE
Y
DY
DEL
ED
D
D
MEAN
EM
El
GTCAGAATACGATTACGATGAGCTTGAGGATGATGATATGGAAGCAAATGAGATGGAAAT
CAGTCTTATGCTAATGCTACTCGAACTCCTACTACTATACCTTCGTTTACTCTACCTTTA
1390
1410
1400
1420
1430
1440

Hindl II
LEE
E
EM AR K MARL
RE
ED
K
E
A
CTTGGAAGAGGAGGAAATGGCAAGAAAAATGGCAAGGTTAGAGGATAAACGTGAGGAAGC
GAACCTTCTCCTCCTTTACCGTTCTTTTTACCGTTCCAATCTCCTATTTGCACTCCTTCG
1450
1460
1470
1490
1480
1500
oLL1O

W
L
K
K HE
E
E
KR R
R
R
K
KG
I
#
TTGGTTAAAAAAGCATGAAGAGGAGAAGAGACGCCGTAAGAAGGGCATACGCTAAGGAAT
AACCAATTTTTTCGTACTTCTCCTCTTCTCTGCGGCATTCTTCCCGTATGCGATTCCTTA
1510
1530
1520
1540
1550
1560

ATTGATATATGTTTTGATATATGGACGTGAAATGACTAATGAAGTCGTAGAGAGTTTGGG
TAACTATATACAAAACTATATACCTGCACTTTACTGATTACTTCAGCATCTCTCAAACCC
1570
1580
1590
1600
1610
1620
oLL11

AACTGTTTCGAGGCACTGTTTCACTTCTTACATTCATTTTCATACCCTTTGTAATTGCGT
TTGACA1AGCTCCGTGACAAAGTGAAGAATGTAAGTAAAAGTATGGGAAACATTAACGCA
1630
1640
1650
1660
1670
1680
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TTTCCATTTATCCAGTTTGCCTGTCCGATTTTCAAACGTACAGTGATGATATGCATCAGT
AAAGGTAAATAGGTCAAACGGACAGGCTAAAAGTTTGCATGTCACTACTATACGTAGTCA
1690
1700
1710
1730
1720
1740

TGGGTTAGAACATTTATATTGTGTATCGCCCATAATTCTATAAACTTTACTATGTAAAAA
ACCCAATCTTGTAAATATAACACATAGCGGGTATTAAGATATTTGAAATGATACATTTTT
1750
1760
1770
1790
1780
1800

TAAAAATGAACCTTCACTATTCTTTCAAGACGGACTGAAAATTTAAAGACTTGGTTGTTG
ATTTTTACTTGGAAGTGATAAGAAAGTTCTGCCTGACTTTTAAATTTCTGAACCAACAAC
1810
1820
1830
1840
1850
1860

CAGTTGATCGATTATACAAGACTAACAATTCCAGTATCATTTTTGCCTTAATTTGAGACC
GTCAACTAGCTAATATGTTCTGATTGTTAAGGTCATAGTAAAAACGGAATTAAACTCTGG
1870
1880
1890
1910
1900
1920

TTTTTCAACAAGATTCGCGGCAACGTAGTTGTATTTTTTTTTTTCCACAACCCGTTTCCT
AAAAAGTTGTTCTAAGCGCCGTTGCATCAACATAAAAAAAAAAAGGTGTTGGGCAAAGGA
1930
1940
1950
1970
1960
1980

TACAAAAGCATTCGGAAACTAAACATAAATATGGACCAGCTTTACAAGAGCTATGGTATG
ATGTTTTCGTAAGCCTTTGATTTGTATTTATACCTGGTCGAAATGTTCTCGATACCATAC
1990
2000
2010
2020
2030
2040

TTCATATTATTAGGATATATTAGGTGAGATATTAAAAAATGAAACAAATTGTGTCACCAG
AAGTATAATAATCCTATATAATCCACTCTATAATTTTTTACTTTGTTTAACACAGTGGTC
2050
2060
2070
2090
2080
2100

TTAGATAGGATTCAAGTAGTCATTAAAATAGAAACAAGCGTTTAGGGTATGCGTTAAAAG
AATCTATCCTAAGTTCATCAGTAATTTTATCTTTGTTCGCAAATCCCATACGCAATTTTC
2110
2120
2130
2150
2140
2160

AAACTCTAGCAACCTCCAATTGCCAGTGAAAAACTTCCCGAGAAATACTACAACGACAGT
TTTGAGATCGTTGGAGGTTAACGGTCACTTTTTGAAGGGCTCTTTATGATGTTGCTGTCA
2170
2180
2190
2200
2210
2220

GATACATCATACACTTAATAACACTGTAAGGTCCTCAGTTTTTCCAGGTGGAAGGATCAA
CTATGTAGTATGTGAATTATTGTGACATTCCAGGAGTCAAAAAGGTCCACCTTCCTAGTT
2230
2240
2250
2260
2270
2280

ATACATACCCTTAATCAATATAAGTAAGTCGAAGGAAGAGATTCGAGCAATGCATTAAAA
TATGTATGGGAATTAGTTATATTCATTCAGCTTCCTTCTCTAAGCTCGTTACGTAATTTT
2290
2300
2310
2320
2330
2340

TATGATATTTCAACACATTGACTAAAACGGTTGTATATTCTTAGCCCACTGTGTTGTATC
ATACTATAAAGTTGTGTAACTGATTTTGCCAACATATAAGAATCGGGTGACACAACATAG
2350
2370
2360
2380
2390
2400

NdeI
TCAAAATGAGATACGTCAGTATGACAATACGTCATCCTAAACGTTCATAAAACACATATG
AGTTTTACTCTATGCAGTCATACTGTTATGCAGTAGGATTTGCAAGTATTTTGTGTATAC
2410
2430
2420
2450
2440
2460
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5.2 Synthetic peptides
The primary structures of the synthetic peptides used to raise polyclonal antibodies are given below.
Amino acid residues and chemical groups not present in SPT2 are shown in bold.
PSi (amino acids 209 to 238)
H-Cys-Gly-GIy-Pro-Asn-Arg-Arg-Leu-Lys-Glu-Lys-Leu-Glu-Ser-Arg-Lys-Gln-Lys
2
Ser-Arg-Tyr-Gln-Asp-Asp-Tyr-Asp-Glu-Glu-Asp-Asn-Asp-Met-Asp-NH
PS2 (amino acids 297 to 325)
H-Cys-Gly-Gly-Leu-Glu-Glu-Glu-Glu-Met-Ala-Arg-Lys-Met-Ala-Arg-Leu-Glu-Asp
2
Lys-Arg-Glu-Glu-Ala-Trp-Leu-Lys-Lys-His-Glu-Glu-Glu-Lys-NH

5.3 Glossary of gene symbols
acp
adr
ars
can
cen
cre
cyc
gal
gcn
hht
hir
his
hml
hmr
ho
hpc
hta
htb
leu
lys
rad
rpb
rpo
sin
sdi
sir
sit
snf
spt
srb
ssn
suc
sup

suE
Ty
lye

ura

Acidic protein
Alcohol dehydrogenase regulation defective
Autonomously replicating sequence
Canavamne resistance
Centromere
Carbon catabolite repression effector
Cytochrome c deficiency
Galactose non-utilizer
General control of amino acid synthesis non-depressible
Histone
Histone cell cycle regulation defective
Histidine requiring
Mating type cassette left
Mating type cassette right
Homothallic switching
Histone promoter control
Histone 2A genes
Histone 2B genes
Leucine requiring
Lysine requiring
Radiation sensitive
RNA polymerase II
RNA polymerase II, III, IV
Switch independent
SWI dependence inducer
Silent mating type information regulation
Suppression of initiation of transcription
Sucrose nonfermenting
Suppressor of Ty
Suppressor of rpb]
Suppressor of snfl
Sucrose fermentation
Suppression of nonsense mutations
Homothallic switching deficient
Transposable element (Transposon yeast)
Ty-mediated expression
Uracil requiring
-

-
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5.4 Genetic equivalencies

SJN2 = HHT]
SIN3 SDI] = RPDJ = UME4
SJN4 = TSF3
SIN6 = nonsense suppressor tRNA gene
SWI] =ADR6
SWI2 = SNF2 = TYE3.
SNF5 = TYE4 = SWI] 0 (?)
SPT] = HIR2
SPT2 = SIN]
SPT6 = SSN2O = CRE2
SPT]O = CRE]
SPT]] =HTA]
SPT]2 = HTB]
SPT]3 = GAL]]
SPT]5 codes for TFIID
SPT]6 = CDC68
HIR3 = HPC]
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