Chromatin Structure and Regulation of
Gene Expression at the
Histidine/Adenine Branch Point in Yeast

and Aspergillus

Dissertation
zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultaten
der Georg-August-Universitat zu Gottingen

vorgelegt von
Oliver Valerius
aus Stadthagen

Gottingen 2001



Die vorliegende Arbeit wurde in der Arbeitsgruppe von Prof. Dr. Gerhard H. Braus in
der Abteilung Molekulare Mikrobiologie des Institutes fur Mikrobiologie & Genetik der
Georg-August-Universitat Gottingen angefertigt.

Teile dieser Arbeit wurden veroffentlicht in:

Valerius, O., Draht, O., Kubler, E., Adler, K., Hoffmann, B., and G.H. Braus (2001)
Regulation ohisHF Transcription ofAspergillus nidulandy Adenine and Amino Acid
Limitation. Fungal Genet. Biol32: 21-31.

D7

Referent: Prof. Dr. G. H. Braus
Korreferent: Prof. Dr. B. Bowien
Tag der mundlichen Prifung:



Meiner Familie,
insbesondere Brigitte und Leo gewidmet.



ACKNOWLEDGEMENTS

Many thanks to Gerhard Braus for supervising this thesis. His continuous and inspiring
interest in this work, his unshakeable optimism also after setbacks, and his frankness and
liveliness have been of fundamental importance for this work.

| thank Prof. B. Bowien for accepting to co-examinate this thesis.

| especially appreciate the works of Oliver Draht and Cornelia Brendel who contributed
to this work with their diploma theses, Meike Andermann for her excellent technical
support during the last phase of this work, and Malte Kleinschmidt for his support during
the practical course.

Thanks to all present members of the group — Melanie Bolte, Silke Busch, Patrick
Dieckhoff, Verena Grol3e, Olav Grundmann, Gabi Heinrich, Kerstin Helmstedt, Stefan
Irniger, Tim Koéhler, Sven Krappmann, Maria Meyer, Hans-Ulrich Mdsch, Heidi
Northemann, Andrea Pfeil, Ralph Pries, Axel Strittmatter, Naimeh Taheri, and Claudia
Wagner — for discussions, ideas, and a very comfortable working atmosphere.

Additionally, 1 have to thank former colleagues — Gerd Albrecht, Matthias Baumer,
Sabine Eckert, Markus Hartmann, and Bernd Hoffmann — who supported me whenever |
needed their help.

| also especially appreciate the interesting talks with Katrin Duvel and Eric Kubler, the
cycling weekends with Christoph Springer in the Swiss mountains, and the introduction
into the chromatin experiments by Georg Schnappauf during his time in Zurich. | am
thankful to Dr. Klaus Adler in Gatersleben for the friendly cooperation and his excellent
Aspergillus pictures.

The Deutsche Forschungsgemeinschaft, The Fond der Chemischen Industrie, and the
Volkswagenstiftung have granted financial support.



Table of Contents

3 SUMIM AT 1
> ZUSAMMENT ASSUNG 2

» Chapter 1:
Introduction 3

biosynthesis of purines 4
1.1 Reactions and enzymes in histidine biosynthesis 4
1.2 The AICAR cycle metabolically links the histidine and purine

biosynthetic pathways 6
2. Genes encoding IGP synthase, the enzyme at the juncture . 9
2.1 In prokaryotes two structural genes of treeoperon encode the

bifunctional IGP-synthase. 9
2.2 In eukaryotes both activities of the IGP synthase are encoded from

ONE SINGIE QBN 12

BUKAIYO S 12

3.1 The majority of thdis genes of prokaryotes are clustered in
operons and are simultaneously regulated upon histidine availability 12

3.2 In eukaryotes the metabolic link between the histidine and the
purine biosynthesis is reflected by the regulation of the gene at the
JUNCtUre 14

4.1 The transcriptional regulation of gene expression strongly depends
on the local chromatin structure 20



4.2 Chromatin modifying activities diversify the chromatin structure

and enable regulated gene expression. 22
4.2.1 Swi/Snf mediated ATP-dependent nucleosome remodeling ... 23
4.2.2 The SAGA complex (Sptt/Ccn5 Acetyltransferase) . 26
5. Transcriptional interference of tandemly transcribed genes 28
5.1 Adjacent genes in close vicinity are susceptible to transcriptional

Interference. 28
5.2 Natural barriers to transcriptional interference 29
6. Metabolism and differentiationinfungi . 31
Aim of thiswork 35
References 36

» Chapter 2:
Regulation ofhisHF Transcription of Aspergillus nidulansby Adenine
and Amino Acid Limitation 46
Abstract 46
Introduction 47
Experimental Procedures 49
REeSURS 52
DISCUSSION 63
References 66
» Chapter 3:
Different Transcriptional Activators Regulate HIS7 Expression by
Different Nucleosome-mediated Activation Mechanisms__.____....._.... . . 70
AbStract 70
Introduction 71
Experimental Procedures 75
ReSURS 79
DISCUSSION 90

References 95



» Chapter 4:
A Positioned Nucleosome Prevents Transcriptional Interference
Between the AdjacentARO4 and HIS7 Genes of Yeast

Abstract

> Curriculum Vitae

99

122



Summary

Imidazole glycerole phosphate (IGP) synthase (E.C.2.4.2.14 & E.C.4.3.2.4) catalyzes the
fifth and the sixth reaction step of the histidine biosynthesis. The byproduct of the
reactions, AICAR, is also an intermediate compound ofdéerovobiosynthesis of
purines. Metabolic flux in this biosynthesis generates the so-called purine salvage
pathway. In the yeassaccharomyces cerevisidiee transcription of the IGP synthase
encoding gend;lIS7, is regulated upon amino acid and purine availability. Therefore the
metabolic link of both biosynthetic pathways is also reflected on the level of regulation
of the gene at the crossways.

In this thesis, the regulation of the homologous gene of a flamentous fungus was shown
to respond to amino acid and purine availability as in yeast. Overexpression of this
Aspergillus nidulan$iisHF gene results in a block of formation of sexual fruiting bodies

at an early step of development. The appropriate regulatidniséfF expression is
therefore linked to the complex developmental program of cleistothecia formation.

All eukaryotic genes are part of chromatin that seacts repressive on gene expression.
Therefore chromatin-modifying activities are required for accurate gene expression by
overcoming this repression. The transcriptional activation of the ¥#&83tgene upon
amino acid starvation requires the chromatin remodeling complex Swi/Snf. Together
with the transcription factors Gen4dp and Abflp this complex changes the nucleosomal
promoter structure. In comparison, the activatiorHd%7 transcription upon purine
limitation by the transcription factor Baslp/Bas2p requires a chromatin modifying
activity that acetylates nucleosomes B@N5dependent manner.

A nucleosome located immediately upstream ofHih®7 promoter seems to represent

the border to the proceedilRO4 gene. Possibly this nucleosome prevents
transcriptional interference between the tandemly orientated genes and permits such a

short intergenic region as it is typical for this eukaryotic microorganism.



Zusammenfassung

Das Enzym Imidazol-glyzerol-phosphat (IGP) Synthase (E.C.2.4.2.14 & E.C.4.3.2.4)
katalysiert den fuinften und sechsten Reaktionsschritt der Histidinbiosynthese. Das bei
diesen Reaktionen entstehende Nebenprodukt AICAR ist gleichzeitig ein Intermediat der
de novoBiosynthese von Purinen und fliel3t in diese mit &mese metabolische
Verknlpfung beider Biosynthesen spiegelt sich in der I&@echaromyces cerevisiae
auch auf der Ebene der Regulation des fir die IGP-Synthase codiet¢ig¥e@ens

durch Aminoséaure- und Purinverfugbarkeit wider.

In der vorliegenden Arbeit wurde zunédchst das homologe Gen eines filamentésen Pilzes
isoliert und seine Regulation durch Aminosaure- und Purinverfiigbarkeit nachgewiesen.
Eine starke Uberexpression diesésHF-Gens audspergillus nidulandiihrt zu einer
Blockierung der sexuellen Fruchtkérperbildung in einem frihen Stadium der
Entwicklung. Eine genaue Regulation tesHFExpression ist daher Voraussetzung fur
das Durchlaufen des komplexen Entwicklungsprogrammes der Cleistothecien-Bildung.
Eukaryotische Gene liegen im Chromatinverbund, vor welpkeserepressiv auf die
Genexpression wirkt. Die Zelle benétigt chromatinmodifizierende Aktivitaten, die diese
Repression uberwinden kénnen. Die transkriptionelle AktivierundgdiggGens durch
Aminosauremangel bendétigt dafir die Anwesenheit des Swi/Snf-Komplexes und der
Transkriptionsaktivatoren Gcn4p und Abflp, die gemeinsam eine Veranderung der
Nukleosomenverteilung an dediS7-Promotor bewirken. Im Vergleich dazu benétigt

die HIS7-Aktivierung bei Purinmangel durch den Transkriptionsaktivator Baslp/Bas2p
eine chromatinmodifizierende Aktivitat, die Nukleoson@@@N5abhéngig azetyliert.
Daruberhinaus stellt ein Nukleosom, das sich direkt stromaufwartdI8&sPromotors
befindet, eine Grenze zum vorhergehendB®©4Gen dar. Moglicherweise dient es dem
Schutz vor transkriptioneller Interferenz zwischen beiden gleichgerichteten Genen, die

nur durch eine kurze intergenische Region getrennt sind.



Chapter 1

Introduction

Recent genome sequencing projects have shown that a living cell, whichever organism is
taken into account, can synthesize different proteins in a range of 35.000 (man) to 12.000
(nematodes aSaenorhabiditis elegando 6.000 (yeasts &accharomyces cerevis)de

4.000 (bacteria ag&scherichia coll. Some of these proteins have to be frequently
synthesized whereas others rather scarcely. In principle each protein consists of 20
different amino acids, and sometimes of additional modified amino acids formed by extra
mechanisms (e.g. selenocysteine; Bock, 2000).

Therefore the cell has to cope with the logistical problem to provide all different protein
biosyntheses with sufficient amounts of the required amino acids. Since amino acids like
e.g. tryptophan are incorporated only infrequently into proteins, for others there is a great
demand like e.g. glycine or the translational starter amino acid methionine. The logistical
problem gets even more complicated by the fact that for economical reasons the cell must
discriminate two different nutritional states. In one state the cell can fill its internal amino
acid(s) pool by the uptake of amino acid(s) present in the growth medium. In the other
state the required amino acid(s) is/are not present in the environment driving the cell into
its own amino acid biosyntheses. However, not each organism is capable of synthesizing
all required amino acids by itself but depend on the uptake of one or several amino acids
from the environment to maintain the internal pool(s). Such amino acids therefore are
termed ‘essential amino acids’ for the concerned organism, as for e.g. the amino acids
histidine and methionin and eight further amino acids are essential for man.

In consideration of the costs for amino acid biosyntheses measured as turnover of the
energy unit ATP, it is obvious that the expenses for biosyntheses of different amino acids
heavily vary. The biosyntheses of several amino acids are organized in families with the
first reaction steps in common. Such families are e.g. the oxalacetate famity, the

ketoglutarate family, or the very expensive family of aromatic amino acids. The amino
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acid histidine is also rather expensive but its biosynthesis is not organized in a family.
Histidine biosynthesis is connected to tleenovabiosynthesis of purines.

The ‘logistical masterstroke of in-time biosynthesis/uptake’ of amino acids requires a
complex network of genetically and enzymatic organized transport and regulation
mechanisms. Histidine biosynthesis serves as example for studying the link between the
involved biosynthetic genes and enzymes of the unicellular fuBgusharomyces

cerevisiaeand that of the filamentous fungéspergillus nidulans

1. The biosynthesis of histidine is metabolically linked to thde novobiosynthesis
of purines

1.1 Reactions and enzymes in histidine biosynthesis

The biosynthesis of the amino acid histidine in bacteria, fungi and plants is an
unbranched pathway formed by ten complex biochemical reactions catalyzed by eight
distinct enzymes (Fig. 1) (Alifanet al, 1996). In contrast to the biosyntheses of many
other amino acids, evolution has probably developed the biosynthetic pathway leading to
histidine only once. The first reaction is the condensation of ATP and 5-phosphoribosyl-
1-pyrophosphate (PRPP) to fo-5"-phosphoribosyl-ATP (PRATP). This reaction is
catalyzed by PRATP transferase that itself is feedback controlled by the pathway
endproduct histidine together with the product of the reaction PRATP, and moreover by
AMP (Klungsoyret al, 1968; Ohtaet al, 2000). Thermodynamic calculations revealed
that the synthesis of one molecule histidine requires 41 ATP molecules (Brenner and
Ames, 1971).

The following two reaction steps are the irreversible hydrolysis of PRATP to PRAMP
and the opening of the purine ring leading to the production of the imidazole intermediate
N’-((5”-phosphoribosyljermimino)-5-aminoimidazole-4 carboxyamide-ribonulceotide
(5"-ProFAR, or BBM II). The first of these reactions is catalyzed by the carboxy-terminal
domain whereas the second one by the amino-terminal domain of one bifunctional

enzyme (Smith and Ames, 1965). The fourth step of the pathway is an internal redox
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reaction involving the isomerization of the aminoaldose 5 -ProFAR to the aminoketose
N"-((5”-phosphoribulosyl)-formimino)-5-aminoimidazole-4 carboxamide-ribonucleotide
(5"-PRFAR, or BBM lIl) (Margolies and Goldberger, 1966).

The fifth reaction of the pathway is the transformation of 5-PRFAR to imidazole-
glycerole-phosphate (IGP) catalyzed by the bifunctional IGP synthase. This enzyme
fulfills a glutamine amidotransferase activity providing the emerging IGP with the amide
nitrogen, and a cyclase activity for the formation of the imidazole ring (Restdalr,

1994). Beside IGP the compound 5 -phosphoribosyl-4-carboxamide-5-aminoimidazole
(AICAR) is formed as a byproduct. AICAR (also ZMP) itself is also an intermediate
compound of thede novobiosynthesis of purines and thus flows into this pathway
leading to the recycling of the initially invested ATP (Klem and Davisson, 1993) (see
chapter 1.2).

The enzymatically dehydrated IGP results in an enol that is further ketonized
nonenzymatically to imidazole-acetol-phosphate (IAP) (Brenner and Ames, 1971). The
seventh step consists of a reversible transamination involving IAP and a nitrogen atom
from glutamate, leading ta-ketoglutarate and L-histidinol-phosphate (HOL-P),
catalyzed by a pyridoxal-P-dependent aminotransferase. HOL-P is then converted to L-
histidinol (HOL) by the phosphatase activity of a bifunctional enzyme (Brenner and
Ames, 1971). During the last two steps of histidine biosynthesis, HOL is oxidized to the

corresponding amino acid L-histidine (His).
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Figure 1. Metabolic pathway of histidine biosynthesis. Order of the reactions and the
intermediates in the pathway. PRPP: ribosyl triphosphate; PR: ribosyl phosphate; PRPP: 5-
phosphoribosyl-1-pyrophosphate; PRATP: N’-5"-phosphoribosyl-ATP; PRAMP, N°-57-
phosphoribosyl-AMP; BBM-II (5°-ProFAR): N’-((5"-phosphoribosyl)-formimino)-5-
aminoimidazole-4-carboxamide-ribonucleotide; BBM-III (5°-PRFAR): N’-((5°-
phosphoribulosyl)-formimino)-5-aminoimidazole-4-carboxamide-ribonucleotide; IGP: imidazole
glycerol-phosphate; AICAR (ZMP): 5”-phosphoribosyl-4-carboxamide-5-aminoimidazole; IAP:
imidazole acetol-phosphate; HOL-P: L-histidinol-phosphate; HOL, L-histidinol; HAL: L-
histidinal (not found as free intermediate).

1.2 The AICAR cycle metabolically links the histidine and purine biosynthetic
pathways

AICAR, the by-product of the reaction catalyzed by the IGP synthase, is also an
intermediate of the de novo purine biosynthesis. As such an intermediate it directly
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boosts the purine biosynthesis to synthesize more imidazole monophosphate (IMP) that
is further metabolized to AMP or GMP (Fig. 2 A).

Mutant strains of different organisms bearing nonfunctional enzymatic activities in the
early steps of histidine biosynthesis have been shown to be auxotroph not only for
histidine but also for purines (Johnston and Roth, 1979). Since the biosynthesis of
histidine requires a carbon and a nitrogen equivalent from the purine ring of ATP, the
metabolic link represented by the production of AICAR is an important aspect of the
following purine salvage pathway, originated during a central step of the histidine
pathway (Fig. 2 A)(Guetsovat al, 1997). The conversion of AICAR to IMP solely
involves a folic acid-mediated one-carbon (C1) transfer (Neuhard and Nygaard, 1987).
However, under folate starvation conditions also the formation of the unusual nucleotide
5-aminoimidazole-4-carboxamide-riboside-Bpthosphate (ZTP) has been reported (Fig.

2 B)(Bochner and Ames, 1982). It was proposed that ZTP acts as an alarmone signaling
C-1-folate deficiency and mediating a physiologically beneficial response to folate stress.
This hypothesis is supported by several findings concerning ZTP synthesis. In contrast to
other triphosphate ribotides, whose synthesis involves a two-step process controlled by
specific monophosphate kinases and a nonspecific diphosphate kinase, ZTP is made by
pyrophosphate transfer onto ZMP in a single enzymatic reaction catalyzed by PRPP

synthase (Fig. 2) (Sabird al, 1984).
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Figure 2. A. Scheme of the purine salvage pathwaindicated and written in italic are th#S

and theADE genes encoding the histidine and adenine biosynthetic enzyn&scefevisiage
respectively. AICAR (ZMP): 5 -phosphoribosyl-4-carboxamide-5-aminoimidazole; ZTP: 5'-
phosphoribosyl-4-carboxamide-5-aminoimidazole-triphosphate; PRPP: 5-phosphoribosyl-1-
pyrophosphate; IMP: imidazole monophosphate; AM/D/TP: adenosine mono/di/tri-phosphate;
GMP: guanosine monophosphaie Reactions from AICAR to either IMP or ZTP.
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Interesting effects on gene expression have been observéaate-deficientS.
typhimuriumcells. The availability of 10-formyl-tetrahydrofolate influences the mode of
derepression — sequential or simultaneous — of the genes clusteredchis dperon,
possibly by affecting the mechanism of translation coupling at the intercistronic barriers
(Peterseret al, 1976a; Petersent al, 1976b). Addition of inhibitors ofolate
metabolism induces polarity and affects the rate of decay or processing of several
polycistronic mMRNAs (Alifancet al, 1994). Other bacteria &acillus subtilisrespond to

folate shortage by initiating sporulation (Freesal, 1979). The involvement of AICAR

as a metabolic regulator in different aspects of bacterial life is also suggested by the fact
that 5-aminoimidazole-4-carboxamide-riboside or, more likely, its phosphorylated form,
AICAR, is required throughout development during the process of nodule formation by
many Rhizobiumspecies (Newmaat al, 1994). However, the involvement of ZTP in
these processes is speculative, and the evidence for a folate stress regulon controlled by

ZTP remains elusive.

2. Genes encoding IGP synthase, the enzyme at the juncture

2.1 In prokaryotes two structural genes of fieoperon encode the bifunctional IGP-
synthase

The IGP synthase is a bi-enzyme complex and comprises two enzymatic activities
namely a glutamine amidotransferase and a cyclase activity (Beismann-Driemeyer and
Sterner, 2001). Both subunits reside stoichiometrically in the holoenzyme ¢tahg

2000). In bacteria the genes encoding both enzymes are typically structural genes of the
his operons (Alifancet al, 1996).hisH is the structural gene encoding the glutamine
amidotransferase activity which is identified for the gram-negative baé&sciaerichia

coli, Salmonella typhimurium, Pseudomonas aeruginosa, Haemophilus inflyenzae
Azospirillium brasilenseand the cyanobacteriuBynechocystiBCC6803 as well as for

the gram-positive bacterigactococcus lactimnd Streptomycesoelicolor (Tab. 1).

Recently thehisH gene from the low GC contemtiermoanaerobacter ethanolicasd
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the hyperthermophili@hermotoga maritimavere isolated and characterized (Beismann-
Driemeyer and Sterner, 2001; Erbezeilal, 2000). The lengths of the respective coding
regions of thénisH genes from these organisms range from 557 base pairs (bp) to 666 bp
and the predicted amino acid sequences are highly conserved among theet @kani
1998).

The gene encoding the cyclase activity is nahisH. It was identified for the bacteria as
listed in Table 1. The coding regions consist of 732 bp to 786 bp in the different bacteria
and the deduced amino acid sequences again share high similaritiest(&ari998).

The only archaeon for which thesH andhisF genes have so far been identified is
Methanococcus jannaschult et al, 1996).

In the bacterid&. coli, S. typhimuriumK. pneumoniagH. influenzaghehisH andhisF

genes are clustered in single compaistoperons. On the other handRnaeruginosa

both genes are separated from the ofiiesequences. Also f@treptomyces coelicolor

the his genes are partially scattered on the chromosome (Limauad., 1992).
Interestingly the nine histidine biosynthetic genes of the archaebactdetimnococcus
jannaschiiare scattered throughout the chromosome and are transcribed from both
strands (Buliet al, 1996). Moreover, their relative order is not at all reminiscent of the

operon organization among bacteria.

10



pter@ha

Organism ORF encoding Gene encoding
(b: bacteria am?tn:g:?an;lz‘irase Cy(?leisgetr?/;g\)my Reference
a: archaea activity (length/bp)
e: eukarya)
E. coli (b) hisH (588) hisF (774) Carlomagnet al, 1988
S. typhimuriungb) hisH (582) hisF (774) Carlomagnet al, 1988
P. aeruginosa (b) hisH (558) hisF (755) Burrowset al, 1996
C. glutanicum (b) hisH (nd) hisF (771) Junget al, 1998
A. brasilense (b) hisH (576) hisF (786) Faniet al, 1993
L. lactis (b) hisH (606) hisF (732) Delormeet al, 1992
S. coelicolo  (b) hisH (666) - Limauroet al, 1990
T. ethanolicus (b) hisH (nd) hisF (762) Erbeznilet al, 2000
T. maritima  (b) hisH (nd) hisF (nd) Thomeet al, 1998
K. pneumoniagb) hisH (nd) hisF (776) Riedeet al, 1994
M. jannaschii (a) hisH (nd) hisF (nd) Bultet al, 1996
S. cerevisiae (e) HIS7(1656) Kuenzleet al, 1993
A. thaliana (e) hisHF (1774) Fujimori and Ohta, 1998

Table 1. Identified and characterized genes of various organisms encoding glutamine
amidotransferase and cyclase subunits of IGP synthasall his genes of bacteria identified so

far are structural genes of either a histidine or another operon. Both activities of the IGP synthase
are encoded by individual structural genes and are transcribed from a single promoter that
regulates the respective operon. In contrast in the eukarSotssrevisia@andA. thalianasingle

his genes with their own promoters encode both activities of the IGP synthase. nd written in
brackets behind the gene name means that they_have not yetdseebet! in further detail in
literature.

11
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2.2 In eukaryotes both activities of the IGP synthase are encoded by one single gene

The budding yeasfaccharomyces cerevisia® the only eukaryotic organism whose
entire histidine biosynthetic genes have been isolated and characterized. In contrast to
most of the bacteridlis genes, the yeastlS genes are scattered throughout the genome
distributed over six chromosomes. The two enzymatic activities of the IGP synthase are
encoded irS. cerevisiadrom the singleHIS7 gene on chromosome Il (Kuenzletfral,

1993). The coding sequence of the gene consists of 1656 bp and is not interrupted by any
introns. This is little more than the additive lengths of the bacteisbl andhisF genes.
Alignments of its deduced amino acid sequence with the bacterial gene produsts of
andhisF revealed a linear composition of both enzymes in His7p and its encoding gene
in yeast, separated only by a linker region of 21 amino acids in length. This linker region
shares homology with neither bacterial hisHp/hisFp, nor with any other yeast proteins
(Kuenzleret al, 1993).

Arabidopsis thalianas the only further eukaryotic organism for which a homologous
gene, encoding a protein with the same function as the yeast HIS7p, has been so far
identified (Fujimori and Ohta, 1998). In dependence on the notation of the bdutgtial

and hisF genes thé\. thalianagene has been namb&sHF. The deduced amino acid
sequence olfiisHF is highly similar to that of yea$tlS7. TheA. thalianahisHF cDNA

complements a histidine auxotrophis74 mutant strain (Fujimori and Ohta, 1998).

3. Regulation of IGP-synthase encoding genes in prokaryotes and eukaryotes

3.1 The majority of thénis genes of prokaryotes are clustered and organized in operons
simultaneously regulated upon histidine availability

The considerable metabolic cost of the histidine biosynthesis accounts for the evolution
of multiple and complex strategies to finely tune the rate of synthesis of this amino acid
in different organisms to the changeable environmers. iyphimuriumandE. coli, the

biosynthetic pathway is under the control of distinct regulatory mechanisms that operate

at different levels.

12
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As mentioned in chapter 1.1. the metabolic flux through the histidine biosynthesis is
mainly regulated by the first enzyme of the biosynthetic pathway, NR& -
phosphoribosyl-ATP transferase. The abundant presence of the end product of the
catalyzed reaction PRATP together with the end product of the pathway histidine
strongly feedback inhibits the enzyme. Moreover, high levels of AMP indicate a
disadvantageous economical starting point for the histidine biosynthesis and therefore
inhibit the transferase activity.

Besides the strong regulation of the first enzyme of the pathway, the variegated
transcriptional regulation of thieis operon and the subsequent mRNA turnover are of
significant importance for the controlled biosynthesis of histidine.hifieperons ofS.
typhimuriumandE. coli are transcribed into a polycistronic mMRNA extending from the
primary Eo’® promoter,hispl, to the bi-directional terminator located at the end of the
gene cluster (Carlomagret al, 1988; Frunzicet al, 1981). The transcription of the
operon is strongly regulated by the availability of histidine. This transcriptional control
works by an attenuation mechanism at the level of the leader region preceding the first
structural gene and depends on the availability of charged histidyl-tRNAs (Artz and
Broach, 1975; Barnes, 1978; Kolter and Yanofsky, 1982). A his-specific translational
control of transcription termination is the essence of attenuation control. It is mainly
achieved by a short coding region in the mRNA leader that includes numerous tandem
codons specifying histidine (7 histidine codons in a row of 16) and overlapping regions
of dyad symmetry that may fold the mRNA into alternative secondary structures, one of
which includes a rho-independent terminator. In the termination configuration a stable
stem-loop structure constitutes a strong intrinsic terminator whereas in the
antitermination configuration this constitution is prevented. The equilibrium between
these alternative configurations is determined by the ribosome occupancy of the leader
region, which in turn depends on the availability of charged histidyl-tRNA. High levels

of charged histidyl-tRNA cause the termination configuration leading to the loss of

13
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ribosomes that in consequence results in premature transcription termination (Yanofsky,
2000).

A positive transcriptional control of this operon $ typhimuriumupon amino acid
starvation in the presence of sufficient histidine has been reported (Venetianer, 1969).
They found that guanosine 5 -diphosphate 3"-diphosphate (ppGpp), which is the effector
of the stringent response (Cashel and Rudd, 1987), positively regulatas tperon
expression by stimulating its transcription initiation under conditions of moderate amino
acid starvation and in cells growing in minimal medium.

A further regulation of théiis operon takes place at the level of mMRNA processing and
decay. The unstable primary 7.300-nucleotide-long transcript has a half-life of about 3
minutes. The 5°-to-3"directed decay process generates three major processed species,
6.300, 5.000, and 3.900 nucleotides in length that encompass the last seven, six, and five
cistrons, respectively, and have increasing half-lives (5, 6, and 15 min. respectively). As
the shortest species spans the distal cistrons that are not only involved in the histidine but
also in the purine biosynthesis this uncommon stability suggests a functional link of both

biosyntheses to the mRNA turnover (Alifaebal, 1994).

3.2 In eukaryotes the metabolic link between the histidine and the purine biosynthesis is
reflected by the regulation of the gene at the juncture

S. cerevisiads the only eukaryotic organism whose histidine biosynthesis and the
regulation of its genes has been investigated in detail. The organisation and regulation of
these genes in yeast seem to be generally different to that of bacteria. As described in
chapter 2.2 the histidine biosynthetic geneS.icerevisiaare scattered throughout the
genome with each gene possessing its own promoter. Moreover, in contrast to bacteria
the processes of transcription and translation are temporally and spatially separated in
eukaryotes due to the compartmentation of the cell with a nucleus distinguished from the

cytoplasm.
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In S. cerevisiastarvation for only one of most of the amino acids leads to the coordinate
derepression of more than 50 biosynthetic genes in 11 different biosynthetic pathways,
mainly resulting in increased biosynthesis of amino acids. Such a regulatory network has
also been described for other several fungi, e.g. for the filamentous fAsgasgillus
nidulansthat is by reason of its cell differentiation and development a model organism of
great interest (Adamet al, 1998; Yager, 1992). The expression of the gene encoding the
IGP synthase in yeadt{lS7, is moreover activated upon starvation for purines. This
various transcriptional regulation of th#S7 gene reflects the position of its enzyme at

the juncture of two biosynthetic pathways.

3.2.1 The transcriptional activation of thkS7 gene upon amino acid starvation — the
‘general control system’ &. cerevisiae

The ‘general control system’ &. cerevisiaaip-regulates the expression of amino acid

biosynthetic genes during amino acid starvation conditions in order to counteract the

shortage by increasing the own amino acid production. The key player of this regulatory

network is the transcriptional activator Gen4p whose expression is elevated during

starvation conditions, and that activates the transcription of biosynthetic target genes

through binding to their promoters.

Uncharged tRNAs in the cytoplasm as consequence of shortcoming for any or several
amino acid(s) are detected by a sensor protein, Gcn2p, that in turn phosphorylates the
translation elongation initiation factor elF-2 (Doeigal, 2000; Qiuet al, 2001). elF-2 is

a trimeric protein complex formed by three different subunit§, andy. Together with

GTP that binds to the-subunit, and an initiator tRNA charged with methionine it forms

a ternary complex (Fig. 3 A). This complex associates with a small ribosomal subunit to
form a 43 S preinitiation complex, which binds to mMRNAs near its capped 5 -end and
migrates downstream to the AUG start codon. Following AUG recognition, the GTP
bound to elF-2 is hydrolysed to GDP and elF-2 is released as an elF-2-GDP binary

complex. To re-form the ternary complex for further translational initiation events, the
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GDP bound to elF-2 must be replaced by GTP, and this nucleotide exchange reaction is
catalysed by a factor known as elF-2B (Fig. 3 A) (Merrick, 1992).

Phosphorylation of ther-subunit of elF-2 by the sensor kinase Gcn2p inhibits the
guanine nucleotide exchange on elF-2 that in turn diminishes the formation of new
ternary complexes (Fig. 3 B). This in turn lowers the translation of most mRNAs at the
ribosomes, and in accordance with the harsh nutritional conditions during amino acid
starvation the result is reduction of protein syntheses. Because of its specific 5
untranslated sequence (UTR) upstream of the actual coding sequence for the protein, the
MRNA of the transcription factor Gendp behaves quite converse to most of the other
MRNAs. Under those circumstances G€N4 mRNA becomes much more efficiently
translated and therefore appears in greater abundance in the cell (Hinnebusch, 1994; Qiu
et al, 2000).

Following the migration into the nucleus of the cell, Gen4p binds to the promoters of
more than 50 target genes from different biosynthetic pathways and thereby activates
their transcription. The promoter of thiS7 gene possesses two Gcnggagnition
elements (GCRESs) and gene transcription is activated through the transcription factor via
both cis-elements during amino acid starvation (Sprirgjesl., 1996). Besides thdIS7

gene also the transcription BiiS1, 3, 4, and5 increases upon amino acid starvation
conditions (see also Fig. 2) (Arndt al, 1987; Hillet al, 1986; Hinnebusch and Fink,
1983; Nishiwakiet al, 1987). Altogether the derepression of the histidine biosynthetic
genes increases the flux through the pathway finally leading to increased amounts of

histidine in the cell.
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Figure 3. Model for inhibition of the guanine nucleotide exchange activity of elF-2B by
phosphorylated elF-2.The heterotrimeric elF-2 complex is shown shaded with a binding site for
GDP or GTP on thg-subunit. The five subunits of the elF-2B complex are labeled by their gene
designations in yeasA The exchange of GDP for GTP on elF-2 catalysed by elF-2B and the
subsequent formation of the ternary complex, finally leading to the 43S preinitiation coBiplex.
The a-subunit has been phosphorylated on Ser52 by Gcn2p. This leads to a stronger interaction
between elF-@ and the Gcn3p, Ged7p and Ged2p subunits of elF-2B; it also leads to a structural
change in the Gcd6p and Gedlp subunits that prevents GDP-GTP exchange on elF-2. Therefore
elF-2B cannot catalyse nucleotide exchange on phosphorylated elF-2. The greater affinity of elF-
2B for phosphorylated versus unphosphorylated elF-2 prevents the nucleotide exchange. As
result only small amounts of ternary complex and sequentially 43S preinitiation complex turn
out. Scheme adapted from (Hinnebusch, 1994).
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3.2.2 ‘Cross-pathway control’ and amino acid biosynthesis of the filamentous fungus
Aspergillus nidulans

Only some amino acid biosynthetic genes have been identified in other fungi besides
yeast so far. The firdtis gene encoding IGP synthase of filamentous fungi has been
described during the course of this work (Valeratsal, 2001). Work with e.g.
Neurospora crassaspergillus nigerCryphonectria parasiticandAspergillus nidulans

has demonstrated that a similar regulatory response upon amino acid starvation
conditions exists as described r cerevisiaan the preceding chapter (Eckett al,

2000; Nishiwakiet al, 1987; Wanget al, 1998; Wankeet al, 1997). In filamentous

fungi this regulatory network is called ‘cross-pathway control’ Alnnidulansthe
transcription of the histidine and tryptophan biosynthetic gdnisB and trpB,
respectively, has recently been demonstrated to be activated upon starvation conditions
(Buschet al, 2001; Eckeret al, 2000).

Whereas the expression of the yga&iN4 gene is mainly translationally regulated and
only weakly on the transcriptional level (Albredttal, 1998), the corresponding gene
encoding the similar and exchangeable transcription factdy. inidulans cpcA is

significantly regulated on both levels (Hoffmaeinal, 2001).

3.2.3 Purine limitation activates th#S7 expression in the yeaSt cerevisiae

The HIS7 gene encodes the enzyme at the juncture of the histidine artt® thevo
biosynthesis of purines. The metabolic linkage between both pathways described before
is genetically represented by the transcriptional regulation of this gene upon the
availability of exogenous purines. The access to plenty amounts of purines represses the
most portion of the bas@|S7 transcription that exists in the absence of amino acid
starvation (Springeet al, 1996). This transcriptional regulation is mediated through the
joint action of the two proteins Baslp and Bas2p (= Pho2p = Grf10p). Baslp contains a
region that is related to the DNA-binding motif of the myb oncoproteins and has been

shown to have a similar DNA-binding specificity as Gen4p. The homeodomain protein
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Bas2p has been implicated in phosphate regulation of diverse genes $&PdéBraus

et al, 1989), andPHO5 (Vogel et al, 1989), and is apparently involved in the regulation

of yeast mating type switching (Brazas and Stillman, 1993). The H&&transcription

during purine limitation conditions is driven by the heterodimeric complex formed by
Baslp and Bas2p that also recognizesHi®7 promoter at one of the two Gcn4p
recognition elements. Recent work has strengthen the assumption of former studies that
in the presence of adenine the complex formation of the heterodimeric Baslp/Bas2p is
prevented and therefotdlS7 activation impaired (Pinsoat al, 2000; Zhanget al,

1997).

Primarily Baslp and Bas2p regulate the transcription of all genes required for the ten
enzymatic reaction steps of tliee novobiosynthesis of purines (see also Fig. 2).
Dependent on Baslp and Bas2p, adenine limitation increases the expression of these
ADE genes finally leading to the increased flux through the purine biosynthetic pathway
(Deniset al, 1998). Not only thédlS7 gene at the branch-point to the purine pathway
itself but also two of three genes encoding the preceding enzymes of the histidine
pathway,HIS1andHIS4, are co-regulated with the purine biosynthetic genes (see also
Fig. 2). The substantial availability of these preceding activities thereby provides the IGP
synthase with sufficient substrates finally leading to increased amounts of AICAR which
then feed the purine biosynthetic pathway. In accordance with this assumptlétSthe
genes encoding the activities succeeding that of the IGP synthase are not derepressed by
adenine limitation (Denigt al, 1998). In contrast to the general control system that
regulatesHIS7 expression during amino acid starvation, the control system for the basal
expression of purine or histidine biosynthetic genes during purine limitation has neither

been described for fungi nor for other eukaryotic organisms yet.
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4. Modulation of the chromatin structure is an essential step for the regulation of
gene expression in eukaryotes

4.1 The transcriptional regulation of gene expression strongly depends on the local
chromatin structure

The transcriptional regulation of gene expression is not confined to activators (as
described above for CPCA; Gcn4p; Baslp/Bas2p) but also depends on repressors and
antirepressors of transcription. The ubiquitous repressors in eukaryotic organisms are
nucleosomes. DNA of eukaryotes is tightly associated with and thoroughly packaged by
protein complexes together forming the so-called chromatin. This chromatin is organized
in a hierarchy of structures, from the basic repeat unit called nucleosome to the complex
appearance of metaphase chromosomes (Fig. 4 A) (Wolffe, 1995). The nucleosomes
consist of an octameric protein complex surrounded by about 120 to 200 base pairs of
DNA that wraps around the protein core in 1.65 left-handed turns of a superhelix (Fig. 4
B left) (Lugeret al, 1997). The octameric complex consists of two of each histone
proteins H2A, H2B, H3, and H4, and is also called histone octamer (Fig. 4 B right). The
nucleosomes are connected with each other by the linker DNA and thereby form
structures like beads on a chain resulting in the 100 A (10nm) chromatin fiber. On a
higher order level these nucleosome chains form densely packed 300 A (30 nm)
chromatin fibers that themselves are highly ordered to the tightly condensed chromatin of
the nucleus (Fig. 4).

Each level of chromatin organization contributes to the dense packaging of DNA,
effectively repressing gene expression. However, all nuclear processes, including
transcription, require that enzymes gain access to the DNA template despite the fact that
it is associated with histone and also non-histone proteins. The presence of nucleosomes
on DNA generally restricts the access of proteins to the DNA, thereby suppressing gene
expression. Nucleosomes inhibit both the binding of RNA polymerase Il to initiation

sites and transcriptional elongation (Kornberg and Lorch, 1999).
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Figure 4. Chromatin and nucleosome structure. ADifferent levels of chromatin packing. A
model (top left) of nucleosome with associated proteins (black ball). In the middle a model of the
‘beads-on-a-string’ form of chromatin. At right folding intermediates from ‘beads-on-a-string’ to
the 30-nm fiberB Left: Structural model for the interaction of the core histones with DNA in the
nucleosome. The view is one turn of DNA. For clarity only one molecule of H2A, H2B and H4 is
shown. Right: Scheme of the interactions between heterodimers of H2A, H2B and H3-H4. The
sites of primary interaction of the histone fold domains with DNA are indicated (the paired ends

of helices and bridge motifs). Adopted fr¢frerez-Martin, 1999)
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Mapping of chromatin structure using a variety of nucleases has shown that the 5
regulatory regions of active genes often appear to be nucleosome-free. Such regions are
referred to as ‘hypersensitive sites’ (Elgin, 1988). In some cases hypersensitive
promoters of inducible genes maintain in this configuration even during the repressed
state. Such genes are referred to as ‘pre-set’, as no change in the nucleosome array at the
promoter is required for activation. It has been suggested that housekeeping genes might
fall into this group, although relatively few studies have been performed on such genes.
In other cases, 5 regulatory regions, including the promoter, are packaged into a
nucleosome array when the gene is in an inactive state. In this case remodeling of the
chromatin structure is an integral part of the process of specific gene activation (Wallrath
et al, 1994).

Besides the repressive role of nucleosomes in the primary chromatin fiber, higher-order
packaging is of critical importance. While higher-order structures are not well defined,
the genome is subdivided by boundaries that limit the regulatory effects of positive and
negative elements such as enhancers or repressors (Bell and Felsenfeld, 1999). Further,
one can identify large domains that are either permissive or restrictive for gene
expression. This level of gene regulation apparently depends on DNA packaging in
scaffold/matrix-atached egions, so called S/IMAR elements (Badal, 2000; Gasseat

al., 1998).

4.2 Chromatin modifying activities diversify the chromatin structure and enable
regulated gene expression

Recent advances highlight two important chromatin remodeling systems involved in the
transcriptional process. One system includes several members of the evolutionary
conservedSW2SNF2 family found in distinct multiprotein complexes with ATP-

dependent nucleosome destabilizing activity. The other is the enzymatic system that

governs histone acetylation and deacetylation. Identification of the catalytic subunits of
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these opposing histone-modifying activities reveal conserved proteins defined genetically
as transcriptional regulators.

Further regulation systems of gene expression that work by modifying histones are
phosphorylation and methylation. Phosphorylation and dephosphorylation of the Ser10
residue of histone H3 might regulate chromosome condensation and the associated
changes of gene expression during entry into mitosis. The enzymes regulating these
modifications, the kinases as well as the phosphatases, have been identified in yeast and
have been shown to have homologs in higher cells. Methylation of the Lys9 residue of
histone H3, which was shown to interfere with phosphorylation of H3 Serl0, is another
histone modification with consequences on gene expression, however poorly understood

at present time.

4.2.1 Swi/Snf mediated ATP-dependent nucleosome remodeling

Swi/Snf is a protein complex that activates expression of several genes in yeast. The
description of the Swi/Snf complex was the result of a convergence of genetic and
biochemical studies. Th8WI genes $WI=switch in mating type) were identified as
being important for transcription of th¢O gene that encodes an endonuclease required
for mating type switching (Steret al, 1984). On the other han8NF(SNF = sucrose
non-fermentable) genes were identified to be required for transcription 8LiB2gene

that encodes invertase, the enzyme requiredsbgerevisiago catabolize sucrose
(Neigeborn and Carlson, 1984).

The first indication of the function @WlandSNFgenes outside the transcriptionH®
andSUC2was that mutant strains defective in some of these genes exhibit slow growth
and other phenotypes like inositol auxotrophy or inability to use galactose as carbon
source (Peterson and Herskowitz, 1992). It was foundI¥42was identical t&SNF2

and hence, the gene is referred toSWIZSNF2 Further experiments revealed a
functional interdependence among some of the Swi and Snf proteins which indicated that

they may act together as a complex (Laurenal, 1991). Biochemical studies of
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Swi/Snf proteins led to the purification of a 2-MDa protein complex, which is known as
the Swi/Snf complex (Cairnet al, 1994). This complex is composed of the Swi
Proteins. Swi2p/Snf2p, Swi3p, Snf5p and Snf6p and five additional polypeptides:
Swp82p, Swp73p, Swpblp, Swp59p, and Swp29p (Swp = protein of th€nEw
complex).

The connection between the function of the Swi/Snf complex and chromatin was first
established through genetic studies. The chromatin structure surroundi&d) @2
promoter changes in response to the induction of transcription of this gene. Mutations in
either SWI2ZSNF2 or SNF5result in a decrease in transcription and in a chromatin
structure more resistant to digestion by micrococcal nuclease, even in induced conditions
(Matallanaet al, 1992). This result was an indication of a failure of the mutant cells to
antagonize nucleosomal organization at the promoter region.

The biochemical characterization of the purified yeast Swi/Snf complex provides direct
evidence that the complex might function by disrupting nucleosome structure. Binding of
Gal4p derivatives to a reconstituted mono-nucleosome carrying a single Gal4p binding
site is substantially facilitated by purified Swi/Snf complex in a reaction that requires
ATP hydrolysis and is independent of the presence or absence of activation domains in
various Gal4dp derivatives (Coet al, 1994). Purified Swi/Snf complex is also able to
disrupt an array of pre-assembled nucleosomes reconstituted with purified histones in an
ATP-dependent manner (Owen-Hugle¢sl, 1996).

The mechanisms by which the Swi/Snf complex facilitates the accessibility to
nucleosomal DNA is not known. It is clear that the activity of the complex requires
continuous ATP hydrolysis. ThBWI2 gene encodes a protein that contains motifs
similar to those found in DNA-stimulated helicases. In fact, the Swi2 protein has a DNA-
dependent ATPase activity (Lauresttal, 1993). A model suggests that these factors
may function as ATP-driven motors that translocate along DNA and destabilize DNA-
protein interactions. A DNA translocation protein might use the energy derived from

ATP hydrolysis to transverse a nucleosome in a wave-like manner that results in only
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partial disruption of the nucleosome at any particular point. The transcription factors use
this transitory disruption to reach its DNA target. This model is similar to the ‘spooling
mechanism’ that has been suggested for the procession of polymerases through
nucleosomes (Studitskst al, 1995). However, this model of Swi/Snf action does not
explain the observation that the action of this complex on nucleosomes results in a stable
remodeled form of nucleosomes (Schnitdeal, 1998). An alternative model proposes

that the Swi/Snf complex interacts with nucleosomal DNA and uses the energy of ATP
hydrolysis to alter DNA-histone interaction. In its original conception it was supposed
that the action of the complex promotes the loss of one or both H2A-H2B dimers from
the nucleosome core (Peterson and Tamkun, 1995), but recent dataralviub
Swi/Snf-altered nucleosomes indicate that there is no loss of histones (Burns and
Peterson, 1997).

The question of how the Swi/Snf complex is targeted to the correct chromosomal
position is also poorly understood. Since the complex with approximately 100 copies per
cell is not abundant, the possibility that it is a general chromatin component is ruled out.
One possibility is that the Swi/Snf complex associates with activator proteins
subsequently targeting them to specific genes. However, recent results suggest that it is
rather the chromosomal context of the binding site of the activator that determines the
Swi/Snf dependence of transcription (Burns and Peterson, 1997). Another possibility
would be that the complex is recruited to promoters along with the transcriptional
machinery (Wilsoret al, 1996). However, a strong or stable association with the RNA
polymerase holoenzyme has been questioned (Cairred, 1996). Still another
alternative would be to assume that one of the Swi/Snf subunits has sequence-specific
DNA binding affinity that provides promoter specifity (Quiret al, 1996). An
interesting clue is the interaction of the Swi/Snf complex with the SAGA complex, which

is recruited by specific activators.

Several candidates for functional homologSwi2/SNFhave been identified as part of

large multiprotein complexes in higher eukaryotes. Therefore complexes that belong to
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the Swi/Snf family have been suggested Bwosophila melanogastginamed brahma,

brm) or human cellshpbrm) (Dingwall et al, 1995; Tamkuret al, 1992).

4.2.2 The SAGA complex (Sptta/Gecn5 Acetyltransferase)

Histone acetylation plays an important role in chromatin assembly and transcription.
Acetylation occursn vivo only at specific lysines in the amino-terminal tail of histones.
Although these tails are not required to maintain the structural integrity of the
nucleosome, they are implicated in arranging nucleosomes into higher order chromatin
structures. Acetylation of the histone tails may introduce allosteric changes in
nucleosome conformation and inhibit the higher order folding of nucleosome arrays that
are repressive to transcription (Baeeal, 1994).

Two major_histone @etyltransferase (HAT) activities have been described in eukaryotic
cells. The first is a cytoplasmic enzyme complex, called HAT-B, involved in the
deposition-related acetylation of H4 onto replicated DNA.

The second type of acetyltransferase activity, HAT-A, has been associated with the
nucleus and is responsible for transcription-associated acetylation. The HAT-A activity is
encoded by th&CN5gene and was initially identified in a genetic screen designed to
isolate mutants unable to grow under conditions of amino acid limitation (Broamell

al., 1996; Georgakopoulos and Thireos, 19¢2)yrmutations result in strains unable to
induce the general control system (genecaitiol mon-derepressable). A second screen
selecting for mutants that reversed the toxicity (squelching) caused by overproduction of
the strong activator Gal4-VP16 also gave this gene and in addition the twoAdg2ARs
andADA3 (Pinaet al, 1993). Their three gene products are required for the function of
several activators. Genetic and biochemical studies revealed that Gen5p, Ada2p and
Ada3p form a complex, called the ADA complex (ADA for adaptor) (Mareual,

1994). Purified Gen5 protein shows histone acetyltransferase activity and is able to
acetylate free histones at specific lysine positions (K14 in H3; K8, K16 in H4) éKuo

al., 1996). However, purified Gen5 protein is unable to acetyiatéro histones already
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assembled in nucleosomes, suggesting the possibility that other proteins are required to
direct Gen5p in the acetylation of nucleosomes. A biochemical search for native
complexes able to acetylate vitro nucleosomes yielded the isolation of two high
molecular mass complexes, 0.8 and 1.8 MDa (Geardl, 1997). Both complexes
contain Genbp, Ada2p and Ada3p. The larger of these two complexes turned out to
contain Spt proteins (Spt20p, Spt3p, Spt8p and Spt7p) and is called SAGA
(Spt/Ada/&cn5 aetyltransferase). Spt proteins have originally been isolated as
suppressors of transcriptional initiation defects caused by promoter insertions of the
transposon Ty and are supposed to play a role in TATA-binding protein (TBP) function
(Winston and Sudarsanam, 1998). The relationship between ADA and SAGA is not yet
clear. One possibility is that ADA is a subcomplex of the larger SAGA complex. An
alternative possibility is that each complex might represent quite distinct nucleosomal
HAT activities with unique functions in the cell.

Overexpression o&GCN5 leads to increased acetylation of core histones. Moreover,
Gcenb5p increases histone acetylation at promoter regions in a manner that is correlated
with Gen5p-dependent transcriptional activation and histone acetylase aictivityo.

The way in which the histone acetylase complex selectively affects gene expression is
poorly understood. Gen5p might be selectively recruited to promoters as it has been
shown to interact directly or indirectly through Ada2p with a number of transactivators,
for example VP16 (= virusrptein 1§, Gen4p, and Adrlp (Chiargs al, 1996; Drysdale

et al, 1998; Silvermaret al, 1994). In addition to the ability of acidic activators to
physically interact with purified native SAGA complex, it has been shown that a Gal4-
VP16 fusion targets acetylation and transcriptional enhancement by SAGA étdey

1998).

An additional link between histone acetylation, activators and the basal transcription
machinery is the recent characterization of several TBP-related proteins as components
of the SAGA complex. The first group of these components comprises all members of

the TBP-related set of Spt proteins (Spt3p, Spt7p, Spt8p and Spt20p), with the exception
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of TBP itself (Grantet al, 1998b). The second group is composed of several, TAF
(TATA binding protein-associated factors) (Grasttal, 1998a). This association of
multiple transcriptional regulatory proteins may confer upon SAGA the ability to
respond to a range of stimuli and to interact with numerous activators, with the potential

to regulate a broad range of promoters.

5. Transcriptional interference of tandemly transcribed eukaryotic genes

5.1 Adjacent yeast genes in close vicinity are susceptible to transcriptional interference

In compact genomes as e.g.Sfcerevisiaggenes often are located in close proximity
adjacent to each other (Kruglyak and Tang, 2000). Accordingly, small intergenic regions
separate the open reading frames. The average size in-between tandemly transcribed
open reading frames of yeast genes which are transcribed into the same direction is 517
base pairs (Dujon, 1996). These intergenic regions contain most of the regulatory
elements required for efficient mMRNA 3 end processing and transcription termination
(terminator, calculated average length: 163 bp), but also for the controlled initiation of
transcription (promoter, calculated average length: 309). As these DNA elements are
parts of the respective genes one sometimes can hardly define any intergenic regions
(Springeret al, 1997).

For the downstream promoter activity of tandemly repeated genes it is essential that
efficient termination of transcription of the adjacent upstream gene has taken place.
Incomplete termination of transcription, characterized by RNA polymerase II-
transcription complexes still bound to the DNA template and scanning downstream,
interferes with the process of assembly of the transcriptional initiation complex at the
downstream initiator element. This phenomenon is called ‘transcriptional interference’
and transcription complexes that read far beyond the 3" end of the initial gene have
indirectly demonstrated by Northern hybridisations detecting long read-through

transcripts. Transcription ‘run-on’ experiments have directly stated the exact position
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where the RNA pol Il leaves its template. The prevention of initiation of transcription at
the promoter as consequence of transcriptional interference has also been termed

‘promoter occlusion’.

5.2 Natural barriers to transcriptional interference in eukaryotes

During environmental circumstances, i.e. when the upstream one of two adjacent genes is
strongly transcriptionally activated it could become a severe disadvantage for the cell if it
failed to prevent transcriptional interference. Thus, promoter occlusion might abolish the
expression of a possibly essential function of a downstream located gene. Natural
barriers and mechanisms that signalize the transcribing RNA polymerase 1l complex the
completion of the original gene in order to terminate and finally release the DNA
template are poorly understood.

DNA binding proteins that act as transcription termination factors and therefore as
transcriptional barriers were found for RNA polymerase | genes encoding rRNASs. In
yeast, mouse and mammals the efficient transcription of downstream rDNA units by
RNA polymerase | has been shown to depend on binding of the homologous termination
factors Reblp (yeast) or TTF-I (mouse, man) to the preceding terminator element that
belongs to the upstream rDNA transcription unit (Largsal, 1997; Masoret al.,

1997). These termination factors primarily block the transcribing polymerase complex
and function thus by pausing the transcription complex on its template. As binding of
TTF-I to its terminator element is strictly required to maintain a positioned nucleosome
at this locus, a link between transcription termination and chromatin structure for RNA
polymerase | genes was suggested (Laegat, 1997). It remains elusive whether this
positioned nucleosome itself or rather TTF-I is the actual barrier for the transcribing
complex. The release of the nascent transcript from the ternary complex and the final
release of the polymerase from the DNA requires a further protein, the transcription
release factor PTRF (Jansa and Grummt, 1999). This protein has been found and isolated

from mouse and is also able to liberate the pre-rRNA and the Reblp-paused transcription
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complex from ternary transcription complexes isolated from yeast (Jansa and Grummt,
1999).

For termination of RNA polymerase Il transcriptiois-elements have been described
(Hamadaet al, 2000). The enzyme terminates transcription at a run of four or more
thymidine (T) residues. As some pol Il genes contain runs of T residues that are not
recognized as termination signals, the adjacent sequence context also seems to be of
importance (Gunnenet al, 1999). The pols IIl of different organisms includiBg
cerevisiaeS. pombgeor human exhibit quite distinctive properties. Termination occurs in

S. pombein a manner that is functionally more similar to human than it iS.in
cerevisiae DNA binding transcription termination factors for pol Ill genes or the
requirement of certain chromatin structures at the terminator elements have not yet been
described.

The sites where transcription termination of RNA polymerase Il takes place and the
enzyme leaves the DNA template are e.g. pause sites for RNA pol II. Functional poly(A)
signals in the 3" end of the respective gene were suggested to be required for the
termination process, thus coupling it with mRNA processing that is transcript cleavage
and subsequent polyadenylation (Hamatlal, 2000). Recent work has demonstrated
that the poly(A) signals themselves rather than the mRNA processing are required for
termination activity. mMRNA processing itself consists of pre-mRNA cleavage at the
poly(A) site and subsequent polyadenylation of the mRNA. Both steps were previously
demonstrated to be separable processes (Egli and Braus, 1994). The observation that the
phenomena of termination and cotranscriptional RNA cleavage can be uncoupled
supports the assumption, that there are template-specific elongation and/or RNA
processing factors associated with the transcribing pol Il, which are altered upon passage
through a poly(A) signal, resulting in termination somewhere downstream, more or less
close to the poly(A) site (Osheimt al, 1999). Also DNA regions that pause the
transcribing pol Il complex can also be involved in termination of transcription by

facilitating the release of the complex (Biesteal, 1997). Although there is quite a lot of
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knowledge about the relation between initiation/elongation of transcription and the
impact on chromatin structure at pol Il genes, there are no reports that link the process of

termination of pol Il transcription to the chromatin structure at the respective terminator.

6. Metabolism and differentiation in fungi

The regulation of biosyntheses within cells and the availability of nutrients from the
growth medium have a great impact on the life cycles of fungi. On rich medium, in the
presence of sufficiently well utilizable carbon and nitrogen sources, as e.g. glucose and
ammonium sulfate, diploid cells &. cerevisiag@ropagate by budding (Fig. 5). Shifting

the cells to minimal medium of poor carbon source, e.g. very low amounts of glucose,
leads to meiosis and the formation of asci termed tetrades (tetrade = 4) that carry four
meiotic spores inside, two of each mating type. On rich medium each of these spores can
proceed in haploid budding cycles or, if bringing cells of opposite mating type together,
conjugate to form a diploid zygote that again can proceed propagating by budding. Low
amounts of fermentable nitrogen compounds but rich carbon sources drive the diploid
cells into another growth form that is called pseudohyphal growth. Under these
conditions cells are long shaped and bud unidirectional to form long filaments
comparable to hyphe of filamentous fungi (Tahetial, 2000). Upon such growth
conditions the general control system of amino acid biosynthesis is inactivated and the
expression of the transcription factor Gen4dp strongly diminished (Grundetaain

2001). This points to a close relationship between regulation of amino acid biosyntheses
and developmental programs of the yeast life cycle. When diploid cells are starved for
nitrogen and carbon they enter the stationary phase.

The life cycle of A. nidulanscan be subdivided into three stages, an asexual, a
parasexual, and a sexual cycle. In respect of cell differentiation mainly the asexual and
sexual life cycles are of major interest. The conidiophores, outcome of the asexual
reproduction cycle, are multi-cellular structures that finally produce the conidiospores or

conidia (Fig. 6). During asexual development the fungus growths radially with long
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filaments that form a networked entity called mycelium. Out of these filaments vesicles
differentiate that afterwards themselves produce a further individual cell type on their
tips, the so-called metulae. Afterwards the phialides differentiate out of the tip of the

metulae. These phialides finally produce long rows of conidiospores on their tops.

haploid
@ conjugatlon
zygote

-

pseudohyphal
growth

meiose &
sporulation

Figure 5. Scheme of the life cycle db. cerevisiaePresentea@re the different states through
which yeast cells can pass during the life cycle. Cells of the two mating types are indicated with a
anda. A poor nitrogen source and a rich carbon source drives the diploid cells into pseudohyphal
growth, whereas a poor carbon source drives it into meiosis and sporulation. Haploid cells of
opposite mating type deriving from the ascus can either propagate by budding or conjugate to
form a diploid zygote.

Results of the sexual life cycle are the ascospore containing cleistothecia (Fig. 6). This
cycle is initiated by the cytoplasmic fusion of two individual hyphal cells of either

identical strain (selfing) or of two different strains with unequal genotypes (crossing).
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This specialized dicaryotic fusion cell with the nuclei of both starting cells in close
proximity, divide profusely (up to 10.000 divisions), and form numerous dikaryotic cells
in which afterwards fusion of nuclei occur (Hoffmaenal, 2001). After meiosis and
following mitosis eight nuclei lay site by site inside of a bi-layered membrane, later on
individually packaged as meiospores. These eight meiospores together form one so-
called ascus, with about 80.000 of them filling one sexual fruiting body (cleistothecium).
The first visible structure that the fungus develops after the fusion of hyphal cells is the
so-called nest or primordium, a densely packaged aerial mycelium together with specific
globular Hulle cells that are thought to be required for nutrient supply during the
development of the fruiting body. The mycelium around the dikaryotic hyphal cells
condenses further and finally forms a tight wall around the maturing asci.

Connections between amino acid syntheses and cell differentiation during sexual
development oA. nidulanshave already been shown. Amino acid limitation as well as
heterologous overexpression®CN4in A. nidulanshas been demonstrated to generally
impair the development of fertile cleistothecia. Furthermore the deletion gb¢Bgene

that encodes a repressor of the cross-pathway control also impairs fruiting body
formation (Hoffmannet al, 2000). Moreover tryptophan auxotrophic mutant strains
require very high exogenous amounts of tryptophan to partially restore the formation of
fertile fruiting bodies (Eckeret al, 2000). The genetic and enzymatic requirements for
those regulated developmental processes are poorly understood so far and the correlation
between the regulatory network for amino acid biosynthesis and cell differentiation is of

special interest.
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Figure 6. Scheme of the life cycle oh. nidulans On the top the sexual life cycle of the fungus

with the final formation of the sexual fruiting body (cleistothecium) is drawn. The arrows
indicate the time course. From germination of a spore to the completion of a fertile
cleistothecium it takes approximately 200 hours. The bottom sketches the asexual life cycle from
a germing spore to the complete conidiophore that carries long rows of conidiospores. The
development from the germination of an ascospore to a mature conidiophore takes about 20
hours. The parasexual cycle is only suggested in light grey (Actbahs 1998).
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Aim of the work

In this work, the regulation of expression of the gene encoding IGP synthase, an enzyme
involved in the biosyntheses of the amino acid histidine and of purines, was investigated.
The studies were performed with the genes of two model organidh&s of the
unicellular fungusS. cerevisiaend its homologubisHF of the filamentous funguA.
nidulans ThehisHF gene fromA. nidulansshould be isolated and its regulation should

be investigated with respect to those environmental conditions that are known to regulate
the expression of the homologous yeast g&i&Y. Since the progression &f nidulans
through its developmental life cycle depends on the state of a genetic regulatory network
that controls the biosyntheses of amino acids, the impakli®7 expression on the
development of the fungus should be analyzed. With the {#83tgene as an example

for a housekeeping gene, the chromatin structure of its promoter for different
environmental conditions that influence its expression should be studied. We were
interested in mechanisms that regulBt&7 transcription on the level of chromatin.
Furthermore, we addressed the question, how an eukaryotic cell avoids transcriptional
interference of two genes that are located in close proximity and transcribed into the
same direction. Therefore we analyzed to which extenHitB&expression is influenced

by the transcription of its upstream gelBO4 and what elements within teR0O4-

HIS7region prevent interference.
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Chapter 2

Regulation ofhisHF Transcription of Aspergillus nidulansby
Adenine and Amino Acid Limitation

Abstract

The hisHF gene ofAspergillus nidulangncodes imidazole-glycerole-phosphate (IGP)
synthase consisting of a glutamine amidotransferase and a cyclase domain. The enzyme
catalyzes the fifth and sixth step of histidine biosynthesis which results in an intermediate
of the amino acid and an additional intermediate of purine biosynthes&. widulans

hisHF cDNA complemented &accharomyces cerevisiae hisstrain as well as
Escherichia colhisH andhisF mutant strains. The genomic DNA encoding tieHF

gene was cloned and its sequence revealed two introns within the 1659 bp long open
reading frame. The transcription of thesHF gene ofA. nidulansis activated upon
amino acid starvation suggesting théHF is a target gene afross pathway control
Adenine but not histidine, both end products of the biosynthetic pathways connected by
the IGP-synthase, represdesHF transcription. In contrast to other organisms HISHF
overproduction did not result in any developmental phenotype of the fungus in hyphal
growth or the asexual life cycl@isHF overexpression caused a significantly reduced
osmotic tolerance and the inability to undergo the sexual life cycle leading to

acleistothecial colonies.
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Introduction

The filamentous funguaspergillus nidulanfias become an eukaryotic model organism

for metabolic diversity and the genetic regulation of cell differentiation during asexual
and sexual development (Adletral, 1996).A. nidulansis able to synthesize histidine as

well as all other amino acidi novo Studies with several prokaryotic microorganisms
gave insight to the biosynthesis of histidine in general (Alifano, et al., 1996). Within the
eleven reactions, starting with phosphoribosylpyrophosphate (PRPP) and ATP, leading to
histidine, a connection to thae novobiosynthesis of purines exists, but none to other
amino acids. The histidine and purine biosynthetic pathways are connected by the
compound 5-aminoimidazole-4-carboxamide ribotide (AICAR), a byproduct of histidine
synthesis and an intermediate of purine biosynthesis. During histidine biosynthesis the
intermediate compound imidazole-glycerole-phosphate (IGP) and its byproduct AICAR
are formed by two reactions catalyzed by the heterodimeric IGP-synthase.

This IGP synthase comprises a glutamine amidotransferase activity (EC 2.4.2.14) and a
cyclase activity (EC 4.3.2.4). In the eubacteacherichia coliandSalmonella
typhimuriumthey are encoded by the structural gemsbl andhisF, respectively, both

part of histidine operons (Beckwith, 1987; Brener, 1971). Regulation studies with these
organisms have shown that histidine in the growth medium completely shuts down the
expression of théis operon. Starvation for histidine results in a strong transcriptional
and translational induction, leading to an increased internal histidine pool (Adifaio

1996; Verdeet al, 1981). However, enhanced overexpression ohte@peron inS.
typhimuriumcauses growth inhibition at 42°C, a changed cell morphology leading to
long filaments, and growth inhibition on increased salt concentrations (Gibert and
Casadesus, 1990; Murray and Hartman, 1972; Ro#d, 1966). InE. coli a similar
response was observed (Frandsen and D'Ari, 1993). This pleiotropic response is due to
the surplus of hisHp and hisFp that possibly causes a defect in septum formation leading

to cell division inhibition and to cell filamentation (Caeial., 1998).
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The identifiedHIS genes of eukaryotes are scattered throughout the respective genomes.
For Saccharomyces cerevisiaeArabidopsis thalianahe heterodimeric IGP-synthases

are encoded from the single bifunctional geH&S7 and hisHF, respectively (Fujimori

and Ohta, 1998; Kuenzlet al, 1993). Even with plenty of external histidine the yeast
HIS7 gene is transcribed at a significant basal level. Starvation for any amino acid
activates in yeast thgeneral control system of amino acid biosynthesssilting in the
transcriptional activation of many target genes from different biosynthetic pathways
(Hinnebusch, 1986). The transcription factor that triggers this control system is Gcn4p,
whose mMRNA is more efficiently translated under those conditions (Mueller and
Hinnebusch, 1986). The yedstS7 promoter contains two Gcn4p binding sites, which
were shown to be targets for this transcription factor. One of tiestements is also

the binding site for the heterodimeric transcription factor Baslp/Bas2p that activates the
HIS7 gene and several genes of purine biosynthesis upon adenine or guanine limitation
and thereby reflects biosynthetic connection of both pathways (Spengkrl1996).

For filamentous fungi a regulatory network similar to the general control of yeast has
been described asoss pathway contro{Piotrowska, 1980). Th&CN4 homologous
genes oNeurospora crassaspergillus nigemndCryphoectria parasiticacpcA cpcl

and CpCPC1] respectively, were cloned and characterized (Petwtt, 1988; Wanget

al., 1998; Wankeet al, 1997). The corresponding transcription factoAohidulanshas

not yet been described. Homologous proteins to the yeast Basl and Bas2 proteins are
also not known for this fungus.

In this work we describe the isolation and characterization of the bifunchimiéf gene

of A. nidulans We investigated its transcriptional regulation upon amino acid starvation
and purine limitation. Furthermore we studied the consequentesHF overexpression

by fusing the gene to the inducildécA promoter. Overproduction of HISHF led to a
reduced salt tolerance of the fungus. FurthermoraigtéF overexpression impaired the

formation of sexual fruiting bodies at an early stage of sexual development.
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Experimental Procedures

Strains, Media and General Techniques.

TheS. cerevisiastrain RH1616 NMIATa aro3-2, ura3-52, his&:his7"-lacz, gcn4-10)

(Kuenzleret al, 1993) was used as recipient fohia7 complementing:DNA of a
galactose inducibl@. nidulansexpression library. Thé&. coli strains HfrG6 X,
hisA323 (Matneyet al, 1964), SB3931X(, hisF86Q and UTH1767 X', hisH1767
(Goldschmidtet al, 1970) with stable mutations lisA hisF andhisH, respectively,

were obtained from thE. coli Genetic Stock Center (Yale University, New Haven, CT)
and served as recipients for the cDNA found by the yeast complementation experiment.
The A. nidulansstrain GR5WA3 pyrG89 pyroA4 veAl from G. May (Houston, USA)

was recipient for the plasmids pME1565 and pME16®8nidulansstrain AGB121
corresponds to GR5 with an ectopic integrated empty overexpression vector pME1565.
Transformants with thaisHF overexpression plasmid pME1608 were called AGB122
and AGB123, carrying one and two further ectdpgHF alleles, respectively.

E. coli strain DH® (Hanahan, 1983) was used for the propagation of plasmid DNA.
Enzymatic manipulations and cloning of DNA were performed as described in
(Sambrook, 1989). Yeast strains were cultivated in YEPD complete medium (Rose,
1989) or MV minimal medium (Miozzast al, 1978), andh. nidulansstrains in minimal
medium according to (Bennett, 1991). Transformatio.ohidulanswas carried out
according to Punt and van den Hondel (Punt and van den Hondel, 1992). Yeast
transformation was performed as described in (Elble, 1992). DNA isolation from yeast
(Brauset al, 1985),A. nidulans(Kolar et al, 1988), and Southern analysis (Southern,

1975) were previously described.

Race tube growth tests folA. nidulans
In order to compare growth rates of differéntnidulansstrains, 25 ml pipettes were

sealed at one end, filled with a layer of the respective medium, and inoculated at the open
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end with about 2ul from a conidia suspension of about 1kT®nidia/ml. In a time
course of 40 days the distance from the inoculation spot to the growth front was

followed.

cDNA Library and hisHF Overexpression Plasmid.

The cDNA library was constructed after mRNA isolation frAnmnidulansstrain FGSC
A234 (yA2, pabaAl, veAlusing the Superscript cDNA Synthesis Kit from Life
Technologies, Inc. (Gaithersburg, MD) as described (Hoffmetnal., 2000). cDNAS
were ligated aSal/Notl fragments in the shuttle vector pRS3&&L1 (Liu et al, 1992)

and propagated iBscherichia coli

The hisHF Sal/Notl cDNA fragment was inserted into th&mad linearized
overexpression vector pME156Brag, pyr4, alcA” pBluescript-MCShis2B) between

the induciblealcA promoter and thé&is2B terminator by blunt end ligation leading to
plasmid pME1608. The orientation of the integrated cDNA fragment was tested by

restriction analysis.

Sequencing, Sequence Alignment and Homology Modeling Studies.

DNA sequencing was performed using an ABI PRISNA10 Genetic Analyzer from
Perkin Elmer (Foster City, CA) via primer walking. DNA sequences were analyzed using
the LASERGENE Biocomputing software from DNAstar (Madison, WC). Alignments

were created as cluster as described (Higgins and Sharp, 1989).

RNA Preparation and Analysis.

Total RNAs were prepared from vegetatively growiAg nidulanscultures using
TRIzol™ reagent from Life Technologies, Inc. following the supplier’s instructions. For
Northern hybridization analysis 20y of total RNA were separated on a formaldehyd
agarose gel, transferred to a positively charged nylon membrane (Biodyne B, PALL) by
electroblotting and hybridized with the respecffR-labeled DNA fragments. The DNA

fragments were randomly radiolabeled using the HexalLabel DNA Labelling Kit from
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MBI Fermentas. Transcript levels were visualized by autoradiography and quantified by
using a Bio-Imaging Analyzer from Fuji Photo Film C. Ltd. (Tokyo, Japan). Transcript

length was determined using the 0.16-1.77RA ladder from Life Technologies, Inc.

Microscopic Technics.

A. nidulansstrains were grown on solid medium at 30°C. The growth of colonies was

followed by using a Zeiss Stemi 2000-C binocular with an eightfold enlargement and
cleistohecia were investigated with a Zeiss Axiolab microscope (Jena, Germany) with a
40-fold enlargement. Cryoscanning electron microscopy was performed as previously

described (Adleet al, 1996).

Nucleotide Sequence Accession Number.
The DNA sequence of the 4.3 IHcdRV genomic fragment containing the complete
hisHF gene and its cDNA sequence has been submitted to the GenBank sequence

database (Accession Number: AF159463).
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Results

Isolation and Characterization of the hisHF Gene ofA. nidulans Encoding a
Bifunctional Histidine Biosynthetic Enzyme.

The hisHF gene encoding a bifunctional glutamine amidotransferase and cyclase (EC
2.4.2.14 and EC 4.3.2.4) é&f nidulanswas isolated by functional complementation of
the histidine auxotrophi8. cerevisiadis7 strain RH1616 (Kuenzlezt al, 1993). This

strain RH1616l{is7A::his7"-lacZ, ura3-52 was transformed with afk. nidulanscDNA

library expressed from th@ AL1 promoter (Hoffmanret al, 2000) and transformants
were selected by growth on minimal medium lacking histidine and containing 2%
galactose as sole carbon source. The plasmid DNA pME1611 from one of the
transformants was retransformed into RH1616 to verify its ability to complement the
histidine auxotrophy. Plasmid pME1611 was further analyzed by transforming it into the
histidine auxotrophi&. coli strains HfrG6 (Matnegt al, 1964), UTH1767 and SB3931
(Goldschmidtet al, 1970) containing mutations in thesA hisH andhisF genes,
respectively. Although no function&. coli promoter was present on the plasmid, the
transformed DNA was able to complement the mutatiortssh andhisF, encoding a
glutamine amidotransferase and a cyclase, respectively, but rosAnencoding
imidazole-carboxamide isomerase.

The length of the cDNA fragment of plasmid pME1611 was determined as 1849 bp
without the poly(A) tail. The 5 untranslated region consisted of 64 bp, the 3
untranslated region of 126 bp. The open reading frame was 1659 bp in length
corresponding to 553 codons. Cluster alignments (Higgins and Sharp, 1989) of the
deduced amino acid sequence showed strong similarities to bifunctional IGP-synthases
from S. cerevisia€59% identity (i) and additional 24% similarity (s)) afdthaliana(i:

42% and s: 27%) as well as to the respective prokaryotic monofunctional enzymes from

E. coli(i: 30% and s: 29%),. lactis (i: 32% and s: 28%) d8. typhimuriun(i: 29% and
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S: 27%). In analogy to the nomenclature of the homologous genes in these organisms we

named the gene &f. nidulanshisHF.

-438 CGGAGGTGAA TTCAGTGCGA ATGGTCAGTIT GTAATCACGT GACTGTACGA GCTCTACCTA AGCTCGAAAA GGAAATCCCT
-358 CCATTAGCCG GIGGTATACT TAATTCTGCT GTAATACATT TGCGGCCAAG ATTGTATTTG TGAAAGACAT TGIGITTGIC
-278 CGGAGCTTTC TGCTAGTATG ACAAAGCACC GITGICTAGT GGTTAATGAT ATCTTTTCCG TTGAGCACAT GATAGCTCTC
-198 GACTGTAGGA TCGATACACT CAAAAAAAAA AAAAACTTGT ATGAGTCAGC C%ITC%TTC CTCTGGIGEG GI'GGCGTGGA

-118 AAGATACGAT GGTATTGAGT AGTCAAAACT TGGGTCTACG AAGCCATTGA GCTTTTCTAT CAAACCTAAT TTCTGITACT

- 35]3- ACGCATCTCA AACGTAGTAG GAGCCAGCTA TTATCACT, AT GC(IACT GT T CATCT GCT TG ATTATGT Ci& TGGGAAAN TVGT G o
ﬁg CGT 'SI'CCT TGG TGAATGCCAT CAACAAGGT T 8GATATGAAG TTGAGI'%T GAGA'SI'CGCCC éGEATTTGA AAGATGT CGA ; c
123 ot aagOwMA TTATCCTCST GACCATIGIS CFTIEIGOCT CATIATGTAT CIGITICESS AMTICAGES TACEISSS 3
203 GCT. ALQMG CT CATACT TC CAGGAGTC% CCACTTCGGEC CATTGﬁT TT. CTCAGCT TTC AAGCGGTGGEC TATTT@AGC ;Dh 3.
42  ----==- G G HF G HC S Q S S G G Q =35
2%% CGATA%GAEA GQATATT%IT ECC%GGQAAg CGETTM G(&G AATAEGT gl' T %T '[TA%QAE CEET T'ETCEA G%GT ECCEAG g D
38% GAGGATCCCA ACATT@T % TTTG%GT ACA ATC%OA(E\CB% %T TGCGCAA ATTTGAm '?(AA'%'CG%AG% m\G/T ACCT (‘A D g
{45 TITORTI NI OAGTASTER OO ACTRRAGRTR AT TEATOS MO 2
523 AGT ACT ACT A CGTACACTCA TACGCCGCGC CATATGAGCC (mAATTCT T GAGAAAGATG GTTGGITGGT CGCACGGCGA o
147 V HS Y A AP Y E P G G WL V A RR !
9 GTTATESSR ACYIGATT CITORORS ATAGIEAG ATNCHTCET TEOSICAIA TTORTERTR AYORS
GG Al CTT T TCTT (‘A CATTCTGT CATTAGA C TCGATTTTGA —_
563 CURRES TAOCRCE CTLCHECET RIS Ao B ORTTAGAC -
5] ARG MUCETET AOORTASSR TONORCTS TETTGATGT TAOGANTS ATGIOR TETogTTTe |2
843 ACTAAGEGECG ATCAATATGA TGTTCGCGAG AAGGATGGTG CGGATCCTGG AGGGCAAGTG AGGAACCTGG GAAAGCCGGT =
253 T K GGD QYD VRE KDGA DAG GQV RNLG K PV
%3 TBTACKT RCRATATY ACGAGGRS GRUAGITEAG GTGOSEIT] TAACATCAC CICTETCAGA ARCESTROST
1003 TAGCCGACCT CCCTATGCTC GAGATTCTCC GAAGAACGTC GGAGACCGTC TTCGTACCTT TGACTATTGG TGGCGGCATT
307 ADL PML EI LR RTS ETV FVPL TI1 G GG
1939 APCRACACTG TORTACAGA ORETACTEAC ATOREAGCTE TAGROGTCHC ALOGIGAC [TCWICTR GRICTRICHA
1163 AGTCAGCATT GGTTCGGATG CCGITGTTGC TGCGGAAGAT TATTACGCAG CTGGCAAAGT TCTGTCTGGC AAAACTGCCA <
360 v sI GSDA VVA AED YYAA GKV L S G KTAII o
1243 TTGAAACTAT TTCTAAGGCG TATGGAAACC AGGCTGICGT TGTAAGCGTT GACCCGAAGC GCGTTTATGI CAGCCAACCA -
387 ET1 SKA YGNOQ AVYV VSV DPKR VYV s QP Q
1323 GAAGACACGA AACACCGTAC GATAGAAACG AAATTTCCTA ACGCCGCCGG GCAAAATTTC TGTTGGTACC AGIGTACTAT %
413 EDTK HRT I ET KFPN A AG QNF CWYQ CT.I o)

45 MYGETRER AEAGHAOCh CAGCTTAG TTCIONG CTGGIIAG OOGTORACH: MY GEI(CT QGBHaATT
149 TOFTGATES CATTGTAMA GICERCCN ACKGIRETLC GATCTICACT GTGUEA, CCLCHAGES TCOATAA
1953 TAOYCR TTGEEICTAS ORORGETGRT ARGy ATEITRACRR AGTTETTRT GpCoics CARTECTGE:

1743  TCTGGGTGCT GGGATGgtat gt ATATATGT GTACCTTTTC CTGITTCTGT CTACTACAGC AATACTAATT GAGGTAcagT
520 LG A G oM 2ol 2nilnlil 2ot PNTRON - - - 22 Do D D i L P F

1858 TORTROTE TEACTATACT GITRSTEAMG TORCATA OfTTRACRTT AT ETOL TTGTTRARS ARTORGRCT
1%%% %AT%T CTGAG TGGGTTATGC GTCAAATTCC GCTGCTGGTC CCCAGGTTTA G’IITGI' CAGA TTCAGATATA GATTTTAGAG

1983 GCAGAATTAT ATCGTITTTGT TGAGCTCGIT GCCAACGGTG CCTTCACTGA GACAATCCTC TAACCCTATC ATATTCCCGA

2062 GGTAAAACTC TTGCCTGAAA GCTGTGAAAC CACAAAGAAA ATGCAATTCT CGCTTAGCTC TCCCTCCTAT GTGAGGTATT

Figure 7. DNA and deduced amino acid sequences of thesHF gene ofA. nidulans
Sequence analysis of the genomamoRY and the cDNA fragment revealed a promoter with two
elements similar to the consenscdis-sequence for Gen4dp (underlined), the transcriptional
activator of the general control systemS3n cerevisiaga putative transcriptional initiation site
(first solid triangle), two introns (dashed lines), a poly(A) site (second solid triangle) and the
deduced amino acid sequence. The region between the glutamine amidotransferase and the
cyclase (underlined) did not show any similarity to sequences of other proteins, neither of
nidulansnor of other organisms and was called linker. 5" and 3’ splice motifs are shown in small
underlined letters.

Southern hybridisation experiments with the cDNA fragment of plasmid pM1611 as
probe and genomid@. nidulansDNA, digested with different restriction enzymes,

suggested, that tHesHF gene exists as a single copy in fenidulansgenome (Fig. 9
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A, lane 1 forEcdRV). A genomic clone includindnisHF was isolated by colony
hybridisation as a 4.3 kiacoRV fragment from ai\. nidulansgenomic sublibrary with
EcoRV fragments of 3.5-4.5 kb in size. The isolated plasmid pME1633 was subjected to
DNA sequence analysis. Two introns interrupted the coding region, intron | from
postions 124 to 209 and intron Il from 1759 to 1822 relative to the translational start
codon (Fig. 7). Both introns showed the conserved internal 5 splicing and 3 splicing
motifs described foA. nidulans(May et al, 1987). The open reading frame of the
genomic fragment was flanked by a 519-bp 5°-region and a 1.9-kb 3’-region. In the
putative promoter region upstream of the cDNA 5°end, two elements similar to the motif
5°-TGACTC-3" were present at positions —157 and —399 relative to the AUG
translational start codon (underlined in Fig. 7). This regulatisyelement has been
described in yeast as _Gcn4gcognition_&ment (GCRE), the binding site for the
transcriptional activator of the amino acid biosynthetic network, Gen4p. In filamentous
fungi this network was callectoss pathway contrand theGCN4homologous genes of

A. nigerandN. crassacpclandcpcArespectively, were identified (Paleh al, 1988;
Wankeet al, 1997). Therefore the binding site was named CPRE for ceibsvay

recognition_ &ment (Fig. 8 B).

Activation of hisHF Transcription by Amino Acid Starvation.

Northern hybridisation analysis of thieisHF transcripts revealed a length of
approximately 1.8 kb (not shown). In yeast the homologous gé&Beéis regulated by

the general control of amino acid biosynthesisd its transcription is activated by the
transcription factor Gendp upon amino acid starvation (Kuemlat, 1993). As the
hisHF promoter contains two putative binding sites resembling the yeast Gcn4p binding
site, we investigatelisHF transcription during conditions of amino acid starvation. The
A. nidulansstrain strain GR5WA3 pyrG89 pyroA4 veA) was cultivated in liquid
medium for 20 h and mycelia were transferred to fresh medium containing 20 mM 3-

amino-1,2,4-triazole (3AT). 3AT acts as a feedback-inhibitor signal of histidine
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biosynthesis and therefore depletes the histidine pool of the cells leading to the amino
acid starvation (Hiltoret al, 1965). Mycelia were harvested at three time points and total
RNAs were isolatedhisHF transcript levels were determined by hybridizing with the
radioactively labeled cDNA probe. A specific probe gpdAtranscripts was used as an
internal control. Transcription ofgpdAencoding glyceraldehyde-3-phosphate
dehyrdogenase (EC 1.2.1.12) (Panal, 1988) was not affected upon addition of 3AT.
Quantification of the northern signals by Phospho Imager analysis revealed up to a 3.0
fold increase in the level ¢fisHF in cells incubated with 3AT (Fig. 8 A). We confirmed

this result by inducing amino acid starvation with 5-methyltryptophan, a tryptophan
analogue acting as false feedback inhibitor of this amino acid (not shown). Therefore our
results strongly suggests that the transcription ofhikelF gene is regulated by the

cross-pathway-control systemAn nidulans.

A 3-AT Ade (mM) HIS (mM)
[ 1 [ 1 1

Q Q

SHE o o &

hisHF - | [ ]

gpdA (e (mes e
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2 — [hisHE _#
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Figure 8.Expression of thehisHF gene ofA. nidulans under amino acid starvation, adenine

and histidine supplementation conditions. AEach autoradiography is an example of at least
four independent Northern hybridization experiments with total RNA of mycelia of strain GR5
and thehisHF cDNA as probe. The addition of 3AT led to an increased levehisifiF
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transcripts. Supplementation with adenine reduastiF mMRNA levels and external histidine

had no effect. ThgpdAmRNA was used as internal standard. Quantification by Phospho Imager
revealed a 3.0 fold increasbd&dHF transcript level after 4 hours of growth with 3AT. It did not
significantly increase during the next 4 hours of cultivation. Growth in medium supplemented
with 1.0 mM adenine reduces théesHF transcript level to approximately 75 % and with 10.0
mM adenine to 50 %. Supplementation with histidine displays no effetiistiF transcript

levels. The standard deviation did not exceed 1B %hows a scheme of the putative CPREs and
their sequences within the promoter region ofiileHF gene. Small letters printed in bold are
mismatches of the postulated consensus sequence for the respective Gen4p binding sites in yeast.

Repression othisHF Transcription by Adenine but not Histidine.

The byproduct AICAR of the reaction catalyzed by the IGP-synthase is a common
intermediate of histidine and purine biosyntheses and thereby connects both pathways.
We investigated whether end products of either pathways, histidine or adenine/guanine,
influenced the expression of tihesHF gene. ThehisHF mRNA levels inA. nidulans

strain GR5 grown in the presence of different amounts of histidine and adenine were
determined. Mycelia from liquid cultures containing up to 15.0 mM histidine were
harvested and total RNAs were isolated. The shisidF mRNA levels were found for
these cultures as for a culture without histidine supplementation. The autoradiography
shown in Fig. 8 A illustrates the situation for 1.0 or 15.0 mM histidine supplementation.
In contrast, supplementation with adenine to final concentrations of 1.0 mM or 10.0 mM
reduced thehisHF mRNA levels to 75% and nearly 50%, respectively (Fig. 8 A), in
comparison to mycelia from cultures without adenine. Higher concentrations did not
increase this effect. ThussHF transcription ofA. nidulansis repressed in the presence

of external adenine but not by histidine.

Reduction of Salt Tolerance and Inhibition of Sexual Development by highisHF
Transcription

Strong overproduction of the IGP-synthase in the eubacerigphimuriumor E. coli
resulted in growth deficiencies and morphological changes (Casadesus and Roth, 1989;

Floreset al, 1993; Gibert and Casadesus, 1990; Murray and Hartman, 1972). Here we
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investigated the consequenceshisfHF overexpression for growth and development of

A. nidulans We cloned thénisHF cDNA between the induciblalcA promoter and the
his2Bterminator of vector pME1565 leading to pME1608. &le&A gene ofA. nidulans

is highly expressed and codes for alcohol dehydrogenase | (EC 1.1.1.1). Transcription of
alcA is extensively repressed during growth in medium containing glucose but strongly
induced in medium containing ethanol as sole carbon source (Wdraig 1989). The
overexpression plasmid pME1608 and the vector pME1565 withohighé& gene, both
carrying thepyrG marker gene, were transformed info nidulansstrain GR5.
Transformants were selected by growth on uridine deficient medium. Ectopic integration
events and the number bisHF copies in the genome were analyzed by Southern
hybridization analysis (Fig. 9 A). Transformation with the empty vector resulted in strain
AGB121 with only the wild typehisHF allele. Strains AGB122 and AGB123 were
transformants with pME1608 and carry one or d@A-hisHFalleles, respectively.

hisHF transcription levels of the strains AGB122 and AGB123 were compared with that
of strain AGB121. Northern hybridization experiments with total RNA from mycelia
grown in glucose or ethanol containing medium were performed. Glucose repressed and
ethanol activated thieisHF transcription from thalcA promoter of the transformants as
shown in Fig. 9 B. In medium containing ethanol as sole carbon sduste¢F
transcription of AGB122 increased five-fold and of strain AGB123 eleven-fold (Fig. 10
B).

On glucose the growth rate of strain AGB123 &&A-hisHF + wt-hisHF) and that of
AGB121 (wthisHF) was similar as measured with race tubes in a time course of 40
days. Induction ohisHF overexpression by cultivating strain AGB123 on ethanol led to

a growth rate of 70 % relative to that of AGB121 on ethanol. On glucose medium
increasing concentrations of NaCl impaired colony growth of AGB123 to the same
extent as of the wild-type strain AGB121 (Fig. 10, rows 1,2). High salt concentrations
combined withhisHF overexpression, induced by growth on ethanol, drastically

diminished colony growth of strain AGB123 (Fig. 10, row 4). As measured in race tubes
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with ethanol medium containing 0.9 M NacCl, the growth rate dropped to 30 % of the
wild type at this conditions, and even to 10 % on 1.5 M NaCl. On 1.8 M NaCl hardly any
growth was observed after several days of incubation. As shown for bacteria earlier,

overexpression dfisHF also impaired salt tolerance Af nidulans

A 1) wt-hisHF
2) alcA-hisHF + wt-hisHF
| 3) 2 x alcA-hisHF

+ wt-hisHF
-
1 2 3
B T I T
350 58 30
oW oW O
= =¥ | hisHF

®® »w we|psdD

S W% =W |gpdA

1 2 3

rel. intensity
hisHF

N
1

Figure 9.Overexpression of thehisHF gene inA. nidulans The autoradiograph® shows a
Southern hybridisation experiment witbcdRV digested genomic DNA probed with the
radioactive labeledhisHF cDNA. The strain AGB121 had the wild typesHF allele (lane 1),
transformant AGB122 had one and transformant AGB123 two ectdpichisHF (lanes 2,3).

The number of copies was confirmed by Southern analysisNtighdigested DNA (not shown).

B The respectivliisHF mRNA levels of these strains were determined by Northern hybridisation
experiments and are illustrated in the autoradiograpity quantified by Phospho Imager
analysis. All quantifications are the average of four different RNA isolations and the standard
deviation did not exceed 15%. AGB122 exhibited a five-fold and AGB123 an eleven-fold
increasechisHF mMRNA level if cultivated on medium with ethanol as carbon sounselD
MRNA levels did not change upbisHF overexpression.
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HISHF overproduction irA. nidulans in contrast to that irs. typhimuriumdid not
reduce growth at elevated temperatures. Moreover the colony morpholagpidiilans

did not change upohisHF overexpression as it was observed in bacteria (Fig. 10).
Electron microscopical studies revealed that the cell morphology of the distinct cell types
of the asexual formed conidiophores did not change updmghé overexpression (Fig.

11 A+B top). Cultivation of botlnisHF wild type or an overexpressing strain on solid
glucose medium under oxygen limitation conditions led to mature sexual fruiting bodies
after 10 days of growth. On ethanol medium this sexual development took 13-15 days for
the wild type (Fig. 11 A bottom) leading to more than 100 mature cleistothecia on a
square centimeter. THasHF overexpression strain AGB123 did not form any sexual
fruiting bodies on ethanol and the number of nests was reduced and showed
accumulations of globular hulle cells (Fig. 11 B bottom). Even after 30 days of growth
these nests were found. Eleven-fold overexpression ofhitldF gene therefore
prevented the sexual life cycle A nidulans Shifting thesealcA-hisHF cultures to
repressing glucose medium resulted in the completion of the sexual life cycle and the
formation of cleistothecia after another four to five days (not shown). This suggested that
the ectopic integration of the construct did not result in a secondary mutation. In contrast
to the eleven-folchisHF overexpression of AGB123, the five-fold overexpression of

AGB122 did not impair the formation of cleistothecia.

[NaCl]
0.0M 0.6 M 09 M 12M 15M 1.8M
wt-hisHF
> glucose
2 x alcA-
hisHF hisHF
+ wt-hisHF mMRNA
wt-hisHF
2 x alcA- = ethanol
hisHF hisHF
+ wt-hisHF MRNA

Figure 10.Salt sensitivity of thehisHF overexpressingA. nidulans strain AGB123. Colonies
of the A. nidulansstrain AGB121 with thdisHF wild type allele and strain AGB123 with its two
alcA-hisHF copies were grown on raising NaCl concentrations. Growth at salt concentrations up
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to 1.8 M is shown for repressing glucose medium and inducing ethanol medium. Whereas both
strains grew similar on glucose (rows 1,2), on ethanohtbElF overexpression strain AGB123
displayed an increase in sensitivity for raising salt concentrations resulting in much smaller
colonies (row 4) compared to AGB121 (row 3). These results were confirmed on media with
similar concentrations of sorbitol (not shown).

A B

hisHF wild type expression 11-fold hisHF expression

Figure 11.Sexual development is prevented byisHF overexpression.Scanning electron
microscopy of AGB121 (whisHF) and AGB123 (2xalcA-hisHF + wt-hisHF). A Conidiophores

of both strains for growth on ethanol medium. The individual cell types are vesicle (V), metulae
(M), phialide (P) and conidium (ChisHF overexpression did not change the morphology of the
individual cell types.B Cultivation of wthisHF strain under oxygen limitation led to the
formation of sexual fruiting bodies. The photograph on the left side shows a cleistothecium as
they were visible after about 300 hours of growth on ethanol medium. 11-fold overexpression of
the hisHF gene only led to nests with accumulations of hulle cells, as shown on the right
photograph. Even further 200 hours of growth did not led to cleistothecia. Only the shift to
repressing glucose medium raised the block of the developmental process and led to mature
cleistothecia (not shown).

hisHF Overexpression did not Activate the Cross Pathway Control.

One reason for a block in the formation of cleistothecia could be the activation of the

cross pathway control systef(kEckert et al, 1999; Hoffmannet al, 2000). We
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investigated whether the strong overexpression ohigidF gene in AGB123 led to an
activation of this regulatory network, i.e. by causing a severe imbalance of the internal
pool of histidine in relation to the other amino acids. In Northern hybridisation
experiments we determined the transcript levels of the biosynthetic lysBendargB

of AGB123, both known target genes of cross pathway control (Batsah 2000; Goc

and Weglenski, 1988) (Fig. 12). Although the transcriptiohigiflF in strain AGB123 is
strongly activated if cultivated in medium with ethanol as carbon source (EtOH-lanes in
Fig. 12), theargB andhisB mRNA levels did not increase. We conclude that the
acleistothecial phenotype caused by the sttusBlF overexpression was not linked to

an activateatross pathway control

A
: 2 x alcA-hisHF
wt-hisHF + wt-his HE
argB
hisB
gpdA
= 5 =
$$35 853
S T
B
\ m Wt-hisHF
2 = 2 x alcA-hisHF
32 + wt-his HF
3
5
1
Q\\)O ,5?6 Q}O\z\ Q\\)O‘ ,5?6 Q}O\e\
argB hisB

Figure 12.hisHF overexpression did not induce thecross pathway controlThe
autoradiography i\ shows an example of three independent Northern hybridisation experiments
with total RNA of mycelia of strains AGB121 (wiisHF) and AGB123 (2xalcA-hisHF + wt-
hisHF). Both strains were cultivated in glucose, 3AT supplemented or ethanol medium. The blots
were probed againstrgB andhisB, and RNA amounts equalized in relationgpdA mRNA

levels. The quantificatioB confirmed the transcriptional activation of the known target genes of
thecross pathway control argBGoc and Weglenski, 1988) amisB (Buschet al, 2000) upon

3AT addition. However, the overexpressionma$HF in AGB123 on ethanol medium did not
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give rise to higher mRNA levels fargB andhisB and therefore did not activated this regulatory
network.

As the expression of thesdDgene is essential for the formation of cleistothecia but not
for asexual development (Chae, 1995) we analyzed its transcript levels during basal and
ethanol-inducedhisHF expression. The amount n§dD transcripts in AGB123 did not
change uponhisHF overexpression and therefore it was not involved in the

acleistothecial phenotype (Fig. 9 B).
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Discussion

Metabolic enzymes are among the best-studied examples of protein function and
structure. In this work we report the structure and regulation ofigtéF gene of the
filamentous fungu#\. nidulansas the first gene identified encoding an IGP-synthase in
filamentous fungi. These proteins were proposed to be the result of a twofold gene
dublication and gene fusion. The proteins ace lfdrrels and their ancestor might have
been a half barrel enzyme (Lang, et al., 2000). The transcription of the fungal gene is
regulated upon amino acid as well as adenine limitation. Eleven-fold overexpression of
the hisHF gene resulted in increased osmosensitivity. In addition, cleistothecia formation
was impaired in this strain, although we could not find any amino acid stress, which is
normally reflected by the induction of the cross pathway network.

The deduced amino acid sequence ofAhaidulansHISHF displayed high similarities

to homologous bifunctional gene products of other eukaryotes incl&diogrevisiaer

A. thaliang and slightly reduced similarities to homologous proteins coded from separate
genes in prokaryotes includirig coli, S. typhimuriunor L. lactis These data further
support the idea that all genes encoding enzymes for this reaction of histidine
biosynthesis are the descendants of a common ancestor gene. Accordingly, the fungal
cDNA was able to complement HiS7 deletion ofS. cerevisiaas well asisH or hisF
mutations inE. coli. The linker region between both catalytic subunits did not display
any similarity to either hisHp or hisFp and was 21 amino acids in length. In comparison
the A. thalianalinker comprised 17 amino acids (Fujimori and Ohta, 1998) an&the
cerevisiaelinker 23 (Kuenzleet al, 1993). Therefore it seems that the function of the
linker is primarily to guarantee appropriate spacing between the different domains.
Amino acid starvation irA. nidulansled to a threefold activation of thieisHF
transcription. Although the final transcription factor of a regulatory network for the
biosynthesis of amino acids has not been describef. foidulansyet, across pathway

control system similar to thgeneral controkystem of yeast was described (Piotrowska,

63



pterCha

1980). Also forAspergillus nigera similarcross pathwayegulation with its transcription

factor cpcAp was described (Wan&eal, 1997). We assume that nidulanspossesses

a homologous transcription factor £0 niger cpcAp and yeast general control factor
Gcendp, both recognizing the DNA consensus sequence 5-TGACTC-3' hiBlé-
promoter has two putative binding sites for this kind of regulation. One of these cross
pathway_ecognition_&ments (CPRE1) was at position —399 relative to the translational
AUG start codon and CPREZ2 at position —157. Both CPREs are separated by 242 bp.
Within the yeasHIS7 promoter the two functional Gendpaognition éements (GCRES)

at the positions —231 and —145 were only 86 bp apart from each other. Moreover GCRE2
mediated the activation ofIS7 transcription by binding of the heterodimeric
transcription factor Baslp/Bas2p. Baslp/Bas2p act as transcription activators upon
purine limitation (Springeet al, 1996). ForA. nidulansBaslp/Bas2p homologous
factors are not yet identified. Since transcriptiornisHF raised upon purine limitation,

it remains to be shown whether CPRE1 or CPRE2 as putative promoter sites are also
involved.

Overexpression of theisHF gene driven from the inducibl@icA promoter led to an
increased sensitivity to high osmolarity of the fungus. Raising concentration of NaCl or
sorbitol resulted in reduced growth rates and smaller colonies in comparison to wild type
hisHF expression. A similar osmotic phenotype was previously observed.for
typhimuriumand E. coli as part of a pleiotropic response caused by hisHp and hisFp
overproduction (Flores and Casadesus, 1995). Further overexpression phenotypes in the
eubacteria were a reduction in growth at elevated temperatures and a changed cell
morphology that manifested in long filaments instead of small rods. In cohis&tt
overexpression irA. nidulansdid not affect growth at elevated temperatures or the
morphology of hyphae or conidiophores. However, cleistothecia were no longer formed
during stronghisHF overexpression. The molecular reasons for the osmotic and

developmental phenotypes Af nidulansremain to be shown. It will be interesting to
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compare them on the molecular level with those of the pleiotropic response observed in

S. thyphimuriunandE. coliupon overproduction of hisHp and hisFp.
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Chapter 3

Different Transcriptional Activators Regulate HIS7 Expression by
Different Nucleosome-mediated Activation Mechanisms

Abstract

ARO4andHIS7 are two tandemly orientated genesSaiccharomyces cerevisiagich

are transcribed into the same direction. WRO4terminator and th&llS7 promoter
regions are hypersensitive to Micrococcus nuclease (Mnase) and separated by a
positioned nucleosome. THS7 promoter is target for the transcription factors Gendp
and Baslp/Bas2p that activate its transcription upon amino acid starvation and purine
limitation, respectively. Activation of thellS7 gene by Gcn4dp but not Baslp/Bas2p
releases the defined nucleosomal distribution to yield increased Mnase sensitivity
throughout the entire intergenic region. This change in chromatin structure requires the
intact HIS7 promoter with both Gen4p recognition elements and the binding site for an
additional protein, Abflp. The remodeling 3NF2dependent buECN5independent.
Accordingly SNF2is necessary for the Gen4p-mediated transcriptional activation of the
HIS7 gene. GCNb5is required for activation upon adenine limitation by Baslp/Bas2p and

to maintain the resulting basal Gecn4p-independis7 expression. Our data suggest

that activation oHIS7 transcription by Gen4p and Baslp/Bas2p is supported by two
distinct mechanisms acting on the nucleosomes. Whereas Gcn4p activation causes
Swi/Snf-mediated remodeling of the nucleosomal architecture atlt8& promoter,
theBasl/Bas2p complex activates via the Gen5p acetyltransferase without changing the

chromatin structure.
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Introduction

Regulation of transcription involves specific transcription factors and multiple complexes
that act directly or indirectly by changing the nucleosomal order of the chromatin
(Armstrong and Emerson, 1998). In average, 147 base pairs (bps) of DNA coil around a
histone octamer and jointly form the nucleosome. Inclusion of promoters and/or
upstream_etivation £quences (UAS) into fixed nucleosomes represses gene
transcription and result in silent or basal transcribed genes (Cavalli and Thoma, 1993;
Moreira and Holmberg, 1998b; Svaren and Horz, 1995). The process of destabilizing this
chromatin structure in order to facilitate access of the general transcription machinery
requires not only sequence specific transcription factors, but also cooperation with
histones and with cofactors that help to remodel or displace nucleosomes. Genetic studies
and subsequent biochemical analyses have identified a number of factors required for
transcriptional regulation in relation to chromatin. The multitude of these proteins
function as part of large complexes, such as the Swi/Snf complex and the RSC (from
remodeling thestructure of chromatin), Ada and SAGA complexes and the
Srb/mediator/holoenzyme complex (reviewed in Perez-Martin, 1999).

Swi/Snf was purified as a 2-MDa protein complex that is composed of the Swil,
Swi2/Snf2, Swi3, Snf5 and Snf6 proteins plus five additional polypeptides (Eahiahs

1994). Swi/Snf can bind to nucleosomes and DNA either and thereby creates loops in
nucleosomal arrays or naked DNA, respectively, bringing distant sites into close
proximity (Bazett-Jonest al, 1999). In an ATP-dependent fashion it can reposition
nucleosomes ircis on the same DNA molecule (Whitehouseal, 1999) and the
SWI2/SNF2gene itself encodes the DNA-dependent ATPase activity (Richmond and
Peterson, 1996). Recent transcriptome analyses wsthizZ/snf2mutant strain have
estimated that Swi/Snf controls transcription of only 6% ofSalterevisiagenes and

that the control is exerted at the level of individual promoters rather than over

chromosomal domains (Sudarsanatral, 2000). Swi/Snf thereby both activates and
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represses transcription of different target genes. Recruitment of Swi/Snf to specific
promoters by DNA-binding regulatory proteins as well as targeting of the complex by the
general transcription machinery has been suggested (Yudkewaky1999).

Two high molecular mass Ada-Gcn5 complexes (0.8 and 1.8 MDa) have been
biochemically isolated frors. cerevisia@nd shown to be able to acetylate nucleosomes

in vitro as well asn vivo at specific lysine residues of histones H3 and H4 (Gehalt,

1997). Both complexes share Gcn5p, Ada2p and Ada3p, whereas the larger one
additionally contains Spt proteins (Spt20p, Spt3, Spt8 and Spt7) and is called SAGA
(Spt/Ada/&cn5 aetyltransferase). GenS5p comprises tistdme_aetylransferase (HAT)
activity to acetylate histones in promoter regions in a manner that is correlated with
Gcen5p-dependent transcriptional activation and HAT activityitro (Kuo et al, 1998).

SAGA interacts with both TATA-binding protein (TBP) and acidic transcriptional
activators such as the herpes virus VP16 activation domain and yeast Gcn4p, suggesting
that the complex also might have a transcriptional adaptor function for some promoters
(Grantet al, 1998).

HIS7 is a typical house keeping gene of yeast and its gene product is necessary for the
biosynthesis of the amino acid histidine as well as purines (Kuatlar, 1993). Its
expression has previously shown to be activated by two major stimuli, that are lack of
amino acid availability and limitation of external purines, respectively (Spreigai,

1996). Starvation for amino acids triggers increased expression of Gcn4 protein that in
turn activates transcription of amino acid biosynthetic gegesefal control of amino

acid biosynthesisreviewed in Braus, 1991; Hinnebusch, 1997). Upon starvation, two
Gcendp-ecognition_tements (GCRESs) within thelIS7 promoter are targeted by the
transcription factor thereby mediating an eight-fold increasd|8f expression (Fig.

13). Purine limitation causes a two-fold increaséli87 expression and is mediated by

the heterodimeric transcription factor Bas1/Bas2p that shares a common binding site with
Gcendp, the TATA-proximal GCRE. Nevertheless, both activation pathways act

independently of each other and, moreover, are additive upon simultaneous amino acid
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and purine limitation (Springest al, 1996). In-between the two GCREs anotbier
element is occupied by the ubiquitous transcription factor Abflp that contributes to the

basalHIS7 expression in the absence of starvation conditions (Sprngér 1997).

cD
-416 ¢\¢ g

ATG (+1)

FIGURE 13. Scheme of the yeastlIS7 promoter. Two binding sites for Gen4p (GCRE1+2)

with a binding site for Abflp (ABS) in-between are functional parts of the promoter. GCRE2

additionally functions as recognition element for the heterodimeric transcription factor

Baslp/Bas2p. TA at position (-120) reflects the putative TATA element. The arrow at (—87)

indicates the initiator element of the major transcriptional start site. Positions are relative to the
translational start codon ATG which is shown as +1.

Up to now there is only little knowledge about how different chromatin modifying
complexes like Swi/Snf or HATs act together in regulating one gene that is regulated by
different activation systems. Whether different activators demand for different possibly
independently acting chromatin modifying activities, or whether they claim for their
simultaneous presence is poorly understood.

In this work we show that two different transcription factors though sharing a common
binding site use different chromatin modifying activities to achieve their goal of
transcriptional gene activation. TranscriptiokH57 activation by Gcn4p requires the
Swi/Snf-dependent rearrangement of otherwise positioned nucleosomes whereas

Basl/Bas2p mediatddIS7 transcription demands for the presence of the HAT activity
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of Gen5p. Both activation processes and moreover their accompanying effects on

chromatin seem to be independent of each other.
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Experimental Procedures

Yeast strains and growth conditions

Yeast strains and their genotypes used in this work are listed in table 2. Fa&Cigh
expression, strains were transformed with plasmid p238, harboring a constitutively high
expressedSCN4 allele (Muller and Hinnebusch, 1986). To enable starving strains
FY1553 and 1360 for histidine with its analog 3-AT, histidine auxotrophy was initially
regained by transforming them with plasmid pRS30B50) (Sikorski and Hieter, 1989)
yielding strains RH2561 and RH2563. Strains RH2569 and RH2570 with d&l€8

and translationdlhis7-lacZfusions were obtained by transforming RH1615 and RH1616

with the deletion cassette of plasmid pME1236. The inseéwet marker gene was

afterwards removed with the Cre-LoxP recombination system as described by (Guldener
et al, 1996).

Strains were cultivated in minimal vitamins (MV) medium (Miozzetial,
1978). Adenine repression was achieved by supplementation with 0.3 mM adenine
(Springeret al, 1996).

Plasmids

Plasmids used in this work are listed in table 2. Plasmid pME1236 carrying the
gcn5::kat™ deletion cassette was created by replacement @@N5coding sequence

for the kan™ kanamycin resistance cassette using a PCR-based three step cloning

strategy, with plasmids pME1234 and pME1235 as intermediates. Other plasmids used

here have been described previously.
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Genomic chromatin preparation and nuclease digestions

These methods have been described previously (Thoma, 1996). Biodyne B nylon
membranes (Pall, Dreieich, Germany) were used for Southern transfer. Probes were

labeled by the random primer method (Feinberg and Vogelstein, 1983).

Indirect end-labeling

Chromosomal DNA from the nuclease digestion was digestedXti¢h and Mlul and
fractionated on 1.2% agarose gels. The fractionated DNA was blotted on a Hybond-N
nylon membrane by the alkaline blotting method and hybridized with a radioactively
labeled 250 bp PCR-amplicon, generated with the oligonucleotides HIS7-CHR1
(5'gagattaaagaaattgtcaga3’) and HIS7-CHR2 (5 caagtattgaggagaaatggta3”), annealing
just downstream of th¥ba site. A DNA ladder consisting of multiples of 256 bp was

used for calibration (Thomet al, 1984).

Primer extension

Oligonucleotides CHR-PE1 (5"gccaattcggtattatttaattgtgtttagcge3” for top strand) and
CHR-PE2 (5’ cctaaactggatactgctacttcaatagctgcc3” for bottom strand) were purchased by
Gibco BRL and radioactively 5° end labeled by Hartmann Analytik GmbH
(Braunschweig, Germany). The Mnase-digested DNA was cutXui#iMIlul to reduce
viscosity. Conditions for primer extension on Mnase digests were according to Zhu and
Thiele (1996). DNA was electrophoretically separated on a 6% polyacrylamide-urea gel.

For sequencing analysis a cycle-sequencing kit (Amersham) was used.

RNA analysis

Total RNAs fromS. cerevisiaevere isolated according to Cross and Tinkelenberg
(1991). For Northern hybridization analysis (2 of total RNAs were separated on a
formaldehyde agarose gel and transferred to a positively charged nylon membrane

(Biodyne B, PALL) by capillary blotting. Hybridization with specific DNA probes was
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performed aftet’P-labeling of the respective DNA fragments with Bréne It 1| DNA
Labelling Kit from Stratagene. THe&lS7 probe was generated with the oligonucleotides
HIS-OL1 (5"gtggtaacctacagtcactaacc3’) and HIS-OL2 (5" ccgatcgatactttatcagcacc3’), and
the ACT probe with the oligonucleotides ACT-OL1 (5 gctgctttggttattgataacgg3”) and
ACT-OL2 (5’ cacttgtggtgaacgatagatgg3’). Band intensities were visualized by

autoradiography and quantified using a BAS-1500 Phospho-imaging scanner (Fuiji).

3-galactosidase assay
3-galactosidase activities were determined by using permeabilized yeast cells and the
fluorogenic substrate 4-methylumbelliferyl-3-D-galactoside (MUF) as described

(Kunzleret al, 1993).
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Table 2 Yeast strains and plasmids used in this study

Strain Genotype Reference
FY1353 MATa, his3A200, ura3-52, leual, lys2-173R2 Sudarsanarat al, 2000
RH2561 as FY1353 but with plasmid pRS36333 this work
FY1354 MATa, his3A200, ura3-52, leual, lys2-173R2,

gcnA:HIS3 Sudarsanaret al, 2000
FY1360 MATa, his3A200, ura3-52, leual, lys2-173R2,

snf2A::LEU2 Sudarsanamt al, 2000
RH2563 as FY1360 but with plasmid pRS36333 this work
FY1352 MATa, his3A200, ura3-52, leual, lys2-173R2,

gcnA:HIS3, snfA::LEU2 Sudarsanaret al, 2000
RH1615 MATa, ura3-52, aro3-2, his7-lacZ Springeret al, 1996
RH1616 MATa, ura3-52, aro3-2, his7-lacZ, gcn4-101 Springeret al, 1996
RH2569 MATa, ura3-52, aro3-2, his7-lacZ, gcASloxP this work
RH2570 MATa, ura3-52, aro3-2, his7-lacZ, gcn4-101, genfoxP this work
RH1619 MATa, ura3-52, aro3-2, his7(mut GCRE1)-lacZ, gcn4-1&bpringeret al, 1996
RH1622 MATa, ura3-52, aro3-2, his7(mut GCRE2)-lacZ, gcn4-1&bpringeret al, 1996
RH1830 MATa, ura3-52, aro3-2, his7(mut ABS)-lacZ, gcn4-101 Springeret al., 1997
Plasmid  Description Reference
pBluescript

I SK (+) commercial cloning vector with polylinkdgcZ

pUG6 loxP-kanMX-loxPmodule withkarfmarker flanked

by TEF2 promoter and terminatoAmg®

pPME1768 loxP-kanMX-loxPmodule from pUG6 in
pBluescript Il SK (+)

PME2034 774 bsCN53 -fragment in pBluescriptll SK (+)
PME2035 862 bsCN55 -fragment in pBluescriptll SK (+)

pME2036 1.6 kikkanMXfragment from pME1768 in-between

GCN55"- and 3 -fragment
pSH47  crerecombinase expression vector
pRS303 yeast integrative vecttacZ, HIS3

p238 YCp50 carrying &CN4allele with mutated uORFs
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Results

The yeastHIS7 promoter is covered by a defined nucleosome structure in the
absence of Gen4p activation

The chromatin structure of the basal ye&d87 promoter was investigated by
Micrococcus nuclease (Mnase) protection experiments. Crude nuclear extracts from
over-night cultures which were grown in the absence of amino acid limitation and
expressing low amounts of the transcription factor Gen4p, were partially digested with
Mnase and further treated as previously described (Thoma, 1996HI$Rg@romoter

region carries binding sites for Gen4p, Bas1/2p and Abflp which are all hypersensitive to
the nuclease (Fig. 14 A, lanes 2+3). In the case of low Gcn4p levels this extended
sensitive region is flanked on both sites by protected DNA stretches that correspond in
length to positioned nucleosomes. TARO4gene is located upstream9IS7 and is
transcribed into the same direction (Kunz¢ml, 1993). One nucleosome separates the
ARO4 3’-end region and thElIS7 promoter. The 3'-end region of theRO4 gene
upstream of the protected region separating the two genes is again hypersensitive (Fig. 14
A lanes 2+3).

Primer extensions with DNA of this Mnase experiment as template revealed the exact
borders of the sensitive promoter region with respect to the positions of the flanking
nucleosomes. The TATA-element (TA) located 130 base pairs upstream of the
translational start codon is part of the unprotected promoter region (Fig. 14 B, lanes 3-5
and 12-13). The transcriptional initiator elements at positions —87, —88 or —95 relative to
the start codon (Kunzlest al, 1993) lie within the protected region apparently covered
by a nucleosome. The upstream border of the hypersensitive region is located only 10
base pairs upstream of GCREL, one of the two binding sites for the transcriptional

activator Gen4p.
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FIGURE 14. Mnase protection experiments of the nucleosome structure of theR0O4-HIS7
intergenic region. A) Low resolution experiments with chromatin $f cerevisiaestrain FY1353

are indicated as W&ECN4 expressing low amounts of Gen4p. A derivative strain expressing high
amounts of Gendp is FY1353[p238]. Lanes 8-10 show Mnase control digests of the same DNA
without nucleosomes. Lanes 1 and 11 display a 256 bp DNA ladder and lanes 4 and 5 are
Southern hybridisations that exactly locate GCRERa/Tad) and ABS GalBA) positions. The
scheme on the left displays the exact positionistlements (small boxes) and relevant
restriction sites, respectively. Black ovals represent protected DNA stretche<ca@@Nvt{lanes

2+3) which correspond in their size imposed positioned nucleosomes. High Gcndp expression in
strain FY1353[p238] removes the positioned nucleosomes. B) Enlargement of the hypersensitive
promoter region and its borders of FY1353 expressing low amounts of Gen4p by high resolution
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primer extension experiments. Radioactive oligonucleotides annealing at top and bottom strand,
respectively, were used to prime DNA extension in both directmseslements (for details see
Figure 1) and adjacent protected DNA presumably corresponding to positioned nucleosomes are
indicated.

Gcen4p-activation releases a defined chromatin structure at thElIS7 promoter

The HIS7 promoter is expressed at a basal level in the absence of amino acid starvation.
This basaHIS7 expression takes place when exogenous purines are not available from
the growth medium, and the cell has to synthesize pudee®vo Supplementation of

the purine adenine to the medium represses the bBiéS@ltranscription. For the basal
expression the activity of the adenine-dependent transcription factor Baslp/Bas2p is
required. During amino acid starvation Gcndp activatedHilsy expression eight-fold,
whereas high concentration of adenine in the growth medium reduces the expression of
the basal promoter to half the value (Springieal, 1996). We addressed the following
questions: (I) How does the binding of transcription factors affect the chromatin structure
under basal expression conditions (Baslp/Bas2p present, low levels of Gen4p)? (1) What
happens to the chromatin structure if the general control system is inactivated (absence of
Gcen4p)? (1) Does repression of the bad#b7 expression by adenine supplementation
alter the chromatin structure? (IV) What happens upon amino acid starvation conditions
whenGCN4expression is strongly increased?

(I) To answer the first question we determined the promoter chromatin structure of the
HIS7 gene in several promoter mutant strains carrying single nucleotide exchanges
within the activator binding sites. The strains were cultivated in the absence of amino
acid starvation and exogenous adenine, therefore expressing low amounts of Gen4p but
retaining the basalllS7 expression by Baslp/Bas2p. Neither a defective binding site for
Basl/Bas2p (gcre2), previously reported to prevent activator binding andHi&sal
expression, nor a simultaneous mutation of GCRE1 and GCREZ2, which together mediate
the Gen4dp-response (Springsral, 1996), has changed the chromatin structure of the

basalHIS7 promoter described above (data not shown). This suggests that Gen4p is not
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required for a hypersensitive HIS7 promoter. A functional binding site for the ubiquitous
transcription factor Abflp (ABS) in-between GCRE1 and GCRE2 supports the basal
HIS7 expression (Springer et al., 1997). Two specific single nucleotide exchanges within
this cis-element drastically reduce binding of Abflp (Dorsman et al., 1990), but neither
this mutation alone nor in combination with mutation of GCRE1 or/and GCRE2 had any
influence on the promoter chromatin structure (data not shown).

(IT) A strain with a gcn4Abackground that cannot produce any functional Gen4 protein
displays basal HIS7 expression in medium without adenine supplementation (Springer et
al., 1996). The HIS7 promoter chromatin structure under these circumstances is the same
as found for low Gcendp levels (Fig. 15 B). We therefore conclude that Gendp is

irrelevant for the basal nucleosomal structure.
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FIGURE 15. Mnase protection experiments of various yeast HIS7 promoter alleles driving
lacZ reporter hybrid genes. A Effect of high amounts of Gendp within the cell. Yeast strains are
wt: RH1616 (HIS7 wild-type promoter), gcrel: RH1619 (HIS7 promoter mutant in GCRE1),
gcre2: RH1622 (HIS7 promoter mutant in GCRE2), and abs: RH1830 (HIS7 promoter mutant in
ABS). B Effect caused by 0.3 mM adenine on the HIS7 wild-type promoter (RH1616). his7-lacZ
expression was quantified as specific B-galactosidase activities measured as nmol/(h ml ODs,)"
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and graphs are averages of three individual enzyme essays performed with four independent
cultures.

(1) Supplementation of the culture medium with adenine suppresses H&SAl
expression to a quite low remaining level (Springemal, 1996). Mnase protection
experiments with cells without functional Gecn4p grown in adenine-supplemented
medium did not detect any changes of the promoter chromatin structure upon the
repressed bas#IS7 expression (Fig. 15 B). This supports the result from (I) where
mutation of the binding site for Baslp/Bas2p (GCREZ2) has not led to changes during
basal expression.

(IV) To analyze whether increased Gcn4p levels changdi®épromoter chromatin we
performed Mnase protection experiments with cells encoding a constitutively high
expressedsCN4allele (Miller and Hinnebusch, 1986). In fact, the chromatin structure
severely changed upon high levels of the transcriptional activator. The well-defined
structure described for the basal expressed gene is replaced by a less ordered nucleosome
distribution with hypersensitive sites throughout the e{R©4-HIS7intergenic region

(Fig. 14 A, lanes 6+7).

Taken the results from (1) to (Ill) together, the chromatin of the promoter of the typical
house keeping gendIS7 has a ‘pre-set’ configuration. Its open and hypersensitive
structure is independent from promoter-bound transcription factors Baslp/Bas2p, Abflp
or low amounts of Gen4p during basal expression. However, considering the result of
(IV), high amounts of Gecn4p present in the cell alter the defined nucleosome distribution

severely at that locus.

Both GCREs and the Abflp-binding site are necessary for chromatin changes at the
HIS7 promoter

As described above, the binding sites for Baslp/Bas2p (GCREZ2), Abflp (ABS) and
Gcendp (GCREL+2) of théllS7 promoter are not requirggler sefor the chromatin

structure of the basal transcribed gene. We next analyzed whether the activator binding
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sites for Gen4dp (GCRES) are required for G&N4dependent transition in chromatin
structure. Both intact GCREs are prerequisites for the nucleosomal change at the
promoter. Mutation of either GCRE1 or GCRE2 fixes the structure to that of the basal
expressed gene (Fig. 15 A). Their essential role for the chromatin release correlates with
the resulting Gen4p-driveidIS7 expression they mediate. Mutation of GCREL reduces it

to about 25% and mutation of GCRE2 to about 50% relative to the wild-type promoter
(Fig. 15 A).

In comparison to the GCRE1 or GCRE2 mutations, a defective ABS-site has a less
pronounced effect on Gcndp-mediatads7-lacZ expression. The remaining R3-
galactosidase activity of the abs mutant is about 70% of the wild-type promoter (Fig. 15
A). However, this binding site is also essential for the release of the basal chromatin
structure. Taken these results together the binding of Gen4p in concert with Abflp as
auxiliary factor has the potential to change the chromatin structure b &¥gpromoter
resulting in increased gene expression. In contrast, Baslp/Bas2p activation by binding to

GCREZ2 seems to act independently of a nucleosome rearrangement.

Remodeling of the yeasHIS7 promoter chromatin structure is SNF2-dependent

Chromatin remodeling upon transcriptional repression or activation of various genes
requires a functional Swi/Snf complex. The chromatin structure oHt8& promoter
changes upon high Gen4p expression but not upon Baslp/Bas2p-mediated transcription.
A role of Swi/Snf onHIS7 chromatin is therefore more likely for the Gcn4p-mediated
chromatin change. By performing Mnase protection experiments we investigated the
HIS7 promoter chromatin of a mutant strain deleted inSh#-2gene. We analyzed
whether the chromatin structure of the basal transciti&d promoter or the Gcn4p-

dependent chromatin release is Swi/Snf-dependent.
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FIGURE 16. Mnase protection experimentf the nucleosome structure of théARO4/HIS7
intergenic region of strains defective in nucleosome remodeling and modification.
S.cerevisiaestrains FY1360(snf2d), FY1354 (gcn®) or FY1352&nf2/gcn™) were
analyzed.A Experiments performed with strains expressing either loB diigh amounts of
Gcen4p from wtGCN4or the additionafGCN4allele of p238, respectively. Locations of GCRE2
and ABS are shown by Southern hybridisations of chromosomal DNA digested with either
Xba/Tad (GCRE?2) orSalBA (ABS).

Mnase experiments withsnf2A mutant strain show ldIS7 promoter chromatin structure
comparable to the wild-type strain grown under basal gene expression conditions (Fig. 16
A). The positions of hypersensitive as well as protected regions within the intergenic
region are similar for thenf2mutant and wild-type strain. Also the suppression of basal

expression by adenine supplementation did not change the chromatin pattern (data not
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shown). This suggests that the Swi/Snf complex is not an essential component in
arranging and maintaining the defineldiS7 promoter chromatin structure during its
Baslp/Bas2p-dependent transcription. However, even the BE&Sapromoter does not
seem to be completely independent of the Swi/Snf complex, because in comparison to
the wild-type strain the deletion 8&NF2increases the basdlS7 transcription twofold

(Fig. 17 lanes 1, 5). The mechanism by which the Swi/Snf complex might i8¢t

expression without affecting the chromatin structure remains to be elucidated.
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FIGURE 17. HIS7 mRNA levels in yeast cells defective in components required for
nucleosome assembly expressing either low or high amount of Gecn4 protelrow Gen4p
amounts are expressed from the wild-typ€EN4 gene indicated with (-), whereas high Gen4p
amounts are expressed from plasmid p238 indicated with (+) for strains FY1353 (wt), FY1360
(snfd), FY1354 gcnA) and FY1352 gnf2A/gen®™)) . Four independent RNA isolations were

hybridized twice in Northern experiments and equalizeA@3 1 mRNA levels, resulting in the
average values given in the graph.
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The chromatin transition of thelIS7 promoter during high Gcn4dp expression is,
however, prevented in anf2A-background and chromatin restrained to its defined
structure of the basal transcribed promoter (Fig. 16 B). Therefore the Swi/Snf complex is
essential for the organization of the nucleosomal change upon Gcn4p-activation.
Consistently with this influence on chromatin, Gen4p-dependent activatiéh f

transcription mainly fails in thenf2A background (Fig. 17 lane 6).

Gcendp-dependentHIS7 transcriptional activation functions in the absence of a
Gcen5p containing HAT complex

Nucleosomes can be remodeled by e.g. Swi/Snf, but they are also chemical modifiable.
Since theHIS7 promoter is transcribed in a Baslp/Bas2p-dependent manner at the basal
level without remodeling of nucleosomes, we investigated whether such a modification is
involved. GCN5encodes the histone acetyl transferase activity essential for the function
of the HAT complexes SAGA and Ada 8f cerevisiaecAcetylation of specific residues

of histones within nucleosomes is strongly associated with transcriptional gene
activation. In Northern experiments we investigated whe@@N5is involved in either
activated Gcn4p-dependeRtS7 transcription or in its basal expression in absence of
amino acid starvation with cells synthesize their own adenine. By analyzirigj $fie
promoter chromatin of &CNS5 deletion mutant we further addressed the question
whether Genb5p influences the Mnase sensitivity at the promoter-DNA.

In agcnA mutant strain thellS7transcription, measured by Northern hybridisation, can

be activated by Gcn4p similarly to the wild-type strain that carries an @@kt gene

(Fig. 17 lane 4). Therefore the Gcn4dp-dependdi®7 transcription does not require
Gcen5p-containing HAT complexes. Accordingly, ten®sA mutant strain is still able to
release the chromatin structure in the presence of sufficient amounts of Gen4p (Fig. 16
B).

Whereas Gcn4dp-dependddtS7 nucleosome structure and gene expression do not

require a Gen5p containing HAT complex, the Baslp/Bas2p-dependentHi&sal
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expression is significantly affected by a gcn5 mutation. The bH§3 mRNA level is
diminished to about half the level whe&BCN5 is deleted (Fig. 17 lane 3). The
distribution of nucleosomes and hypersensitive sites of the basal transcribed gene is
independent from functional Gen5p (Fig. 16 A). However the hypersensitive region that
covers the activator binding sites seems to be less sensitive to Mnasgcirba
background than in the wild-type strain. Taken together, Gen5p contributes to the basal
HIS7 expression during purine limitation conditions but not to the Gcn4p-dependent

transcription during amino acid starvation conditions.

Gcenbp is required for the Gendp-independent activation of thédlS7 promoter by
adenine limitation

Low amounts of Gen4p expressed in the cell even under conditions of basal expression.
It is known that these low amounts are responsible for various promoters to maintain
basal expression levels. To confirm that the Gen5p-dependency oHI&Zaxpression

is caused by effects on Baslp/Bas2p-mediated transcription and not on Gen4p-mediated
transcription, we also investigated the role of Gen5pit8i7 expression in the absence

of Gen4p. 3-galactosidase activitiesgeh4A mutant strains with translationlis7-lacZ

fusions instead of the wild-tyde8lS7 gene revealed a severe drop in expression from the
HIS7 promoter uporGCN5deletion. In the presence of adenine whiéB7 expression is

rather low, deletion o&CN5further reduces it to about 30% of that value (Fig. 18 lanes

1, 3). Furthermore any activation bis7-lacZexpression upon adenine limitation is
prevented in gcnA background (Fig. 18 lane 4). This means that Bas1p/Bas2p requires
the histone acetyl transferase activity encoded f@@N5to enable increased|S7
expression upon adenine limitation.

In summary, the Gendp-mediated responsélt®i7 transcription caused by amino acid
starvation requires a functional Swi/Snf complex and is also accompanied by changes of
the promoter chromatin structure. This response does not depend on functional Gen5p-

containing HAT complexes. In contrast the Baslp/Bas2p-medti8d expression
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during purine limitation conditions, that does not cause chromatin remodeling at the
promoter, requires the function@CN5 gene product but no functional Swi/Snf

complex.
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FIGURE 18. HIS7 promoter expression driving alacZ reporter in yeast cells defective in

GCN4 as well as with defects in chromatin assembl¥ffects of external adenine dwis7-lacZ
expression for strains RH16165CN5 and RH2570 dcnX) measured as specific 3-
galactosidase activity. The graphs give average values of three individual enzyme assays
performed with crude extracts from four independent cultures. Strains were cultivated either in
adenine-deficient medium (- Ade) or in medium containing 0.3 mM adenine (+ Ade). Specific 3-
galactosidase units (U) correspond to as nmol/(h mJ,D
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Discussion

In this work we show that two eukaryotic transcriptional activators that shareissne
element in the promoter of their common target gene respond to different stimuli by
using two different nucleosome-associated protein complexes. One of them, the jun-like
transcription factor Gen4dp acts together with the multi-protein complex Swi/Snf,
corporately remodeling the promoter chromatin structure. The other one, the
heterodimeric transcription factor Baslp/Bas2p, acts together with Gcn5p/HAT

complexes without remodeling the nucleosomal distribution (Fig. 19).

+ ade DNA
+ aa
e HIS7 mRNA
g —
Bas1/2p | Gendp
\ / 7,7
s =
- ade | L YESA .\,
+ aa '
=P  HIS7 mMRNA
+ ade DNA
- aa

- ||S7 MRNA

FIGURE 19. Model of the alternative mechanisms of nucleosome-dependent transcriptional
activation of yeastHIS7 initiated by two different transcription factors.ade / + aa Growth

under conditions with sufficient amounts of adenine (ade) and amino acids (aa), that is without
adenine or amino acid starvationade / + aa:Growth without exogenous adenine but in the
presence of amino acids (that is with purine starvatibrde / - aa:Growth without exogenous

amino acids but in presence of adenine, that is with amino acid starvation. Dark circles represent
positioned nucleosomes whereas light circles represent moving nucleosomes.
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Activation by Gcn4p but not Baslp/Bas2p alters a defined chromatin structure at

the HIS7 promoter

The HIS7 gene is an example for a yeast housekeeping gene that is regulated by to
different and independent activation pathways. As consequence of amino acid starvation
the transcription factor Gen4p activates thenscription. In the absence of amino acid
starvation, when yeast cells are not supplemented with purines and have to synthesize
them de novo the heterodimeric transcription factor Baslp/Bas2p actividt&s
expression to a level which has been termed basal expression @ratt 1987).
Supplementation with adenine represses this basal expression to a lower level which
corresponds to thelIS7 expression of d@aslor bas2mutant strain (Springest al.,

1996).

Changes in the chromatin structure at promoters during gene activation is a common
phenomenon previously reported for numerous genes a®EQ@5 PHO8 SUC2,

CHAL HIS4 Gall10, CUPL (Almer et al, 1986; Cavalli and Thoma, 1993; Devéhal,

1991; Gavin and Simpson, 1997; Gregetyal, 1999; Moreira and Holmberg, 1998a;
Shenet al, 2001). Activators that specifically increase gene expression comprise
transcription factors of different DNA binding motif classes including the basic-helix-
loop-helix activator Pho4p, the acidic-Gy&n cluster activators Gal4p or Cha4p, and the
basic-leucine-zipper Gen4p.

The yeasHIS7 gene is an example with a promoter chromatin structure that changes
upon the activation by one but not the other physiological operating activator (Fig. 19).
Increased Gcndp levels releases a positioned nucleosome withihR@el-HIS7
intergenic region and subsequently increBi$87 transcription. Both Gcn4p binding
sites, GCRE1 and GCRE2 of th#S7 promoter contribute to the change in chromatin
structure suggesting that at least two Gen4p dimer molecules have to bind for this effect.
This also supports the previously described synergistic natu#Saftranscription by
binding of Gen4p to two binding sites (Springgral, 1996). In addition, Abflp which

binds in between the two Gcn4p dimers functions as auxiliary factor, and accordingly an
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abolishment of the Abflp binding site in tHES7 promoter fixes the chromatin structure

to the basal ordered structure. We assume that the simultaneous presence of the
transcription factors causes chromatin remodeling and subseqt#8@yactivation.

Abflp has been reported to affect the chromatin structure cQE€B8(De Windeet al.,

1993), theARS1replication site (Tanakat al, 1994; Vendittiet al, 1994), or recently
RPS28ALascariset al, 2000), by a yet undetermined mechanism.

The HIS7 gene is furthermore activated by another transcription factor, Baslp/Bas2p,
apparently by another mechanism as nucleosome remodeling was not detectable. This
activation depends on the presence or absence of adenine, but the chromatin structure is
the same for both conditions (Fig. 19). These findings were confirmed by the
complementarygis-experiment with a destroyed Baslp/Bas2p binding site. This binding
site largely overlaps with the TATA proximal binding site of Gen4p, GCREZ2. Again, the
chromatin structure remains unchanged regardless whether Baslp/Bas2p can bind the

promoter or not.

Gcn4dp-dependentHIS7 chromatin rearrangement demands a functional Swi/Snf
complex

Genome-wide expression analysis revealed that about 6% of all yeast genes are affected
twofold or more by the inactivation of Swi/Snf. The affected genes are subdivided into
two groups, one with reduced amounts of transcript and the other with increased
transcript level (Holsteget al, 1998; Sudarsanast al, 2000). Since Swi/Snf remodels
nucleosomes that by themselves repress promoters to which they are bound, remodeling
can have two consequences. One is that repressive nucleosomes are removed from the
promoter region thereby enforcing gene activity. The other is that nucleosomes are
positioned to promoter elements thereby repressing gene activity.

An active role of the Swi/Snf complex in Gendp-mediated activation of the k&8t

gene was previously described (Nataraginal, 1999). However, a preferential

accessibility for Mnase to thelS3 promoter was shown to be a general property of the
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DNA sequence and not mediated by the Gcn4p-binding site iVidi, 2000). Besides,
studies have already stated direct interactions between transcription factors and Swi/Snf
arguing for recruitment of the remodeling activity to the promoter by binding the DNA-
bound activator (Neelgt al, 1999; Wallbergt al, 2000; Yudkovsket al, 1999).

The default nucleosomal structure of tHéS7 promoter is apparently a ‘pre-set’
accessible one, so that a total repression of promoter activity by positioned nucleosomes
does not occur (Fig. 19). This pre-set structure is obviously compatible with the
Baslp/Bas2p-mediatddlS7 activation during adenine limitation that does not require
further remodeling. Yet this pre-set configuration does not seem to be suitable for high
HIS7 expression during amino acid starvation. For high Gcn4p-medidi&i7
expression nucleosomes within hRO4-HIS7intergenic region have to be reorganized.
This happens only when Gcn4dp appears in greater abundance, and when Abflp is
apparent as an additional factor. For the purpose of the remodeling of nucleosomes a
functional Swi/Snf complex is required. Probably as pattern of events the transcription is

activated, meaning the increased formation of transcriptional pre-initiation complexes.

The Baslp/Bas2p-dependent adenine response depends on a functional SAGA/Ada
(Genbp) complex without changes of the nucleosomal distribution of thElIS7
promoter

The histone acetyl transferase activity of the SAGA or Ada complexes is encoded by
GCN5and is necessary for the transcriptional activation of several genes (reviewed in
(Berger, 1999)). They include Gcn4dp-regulated as well as Gen4p-independent genes.
Previous studies stated Gen5p-dependence for the Gen4p-activation of an @tfoRl
promoter that also harbors a binding site for Gen4p, therefore inducible by amino acid
starvation. Besides, the saf@elO5 promoter is activated upon phosphate limitation by
the transcription factor Pho4p, yet independently of Gen5p (Syntiatadi, 2000).
Further genes that require a function@CN5 gene for the Gcn4p-dependent

transcriptional activation atdlS3 TRP3andILV1 (Georgakopoulos and Thireos, 1992).
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In contrast, the Gcndp-dependent activation of k84 and ARG4 genes have been
shown to be strictlyGCN5independent (Georgakopoulos and Thireos, 1992). In
common with these latter genes the Gcn4p-response dfilith@ promoter does not
requireGCNA The Gcen4p-binding sites of th#iS4, ARG4andHIS7 promoters nearly
perfectly match the consensus sequence 5 -TGACTC-3" where&8SBeTRP3and

ILV1 promoters possess weak Gcn4p-binding sites (Holmberg and Petersen, 1988;
Struhl, 1982). Possibly the requirement for Gendp increases with decreasing strength of
the respective Gcndp recognition element.

However, sinceGCN5 is required for the basal Baslp/Bas2p dependéir$7
transcription, the situation is more complex for this promoter, enabling individual
responses to different stimuli by using different mechanisms. Future experiments with
antibodies against acetylated histones will show whether the adenine-depdifslént
expression correlates with the promoter-acetylation pattern.

Altogether we demonstrated that the transcriptional regulation dfiitBégene by two
independent activation pathways strictly use different chromatin modifying machineries.
Gcendp, together with Abflp as auxiliary factor, changes the nucleosomal distribution at
the HIS7 promoter upon amino acid starvation. This process requires a functional
Swi/Snf complex but no functional SAGA/Ada (Gcn5p) complex. Baslp/Bas2p-
dependentHIS7 activation, in contrast, requires a functional SAGA/Ada (Gcn5p)
complex but is not associated with chromatin remodeling. Astonishingly this is possible

although both activators use the sasseelement of théd1S7promoter.
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Chapter 4

A Positioned Nucleosome Prevents Transcriptional Interference
Between the AdjacentARO4 and HIS7 Genes of Yeast

Abstract

The two open reading frames (ORFs) of ARO4andHIS7 genes ofSaccharomyces
cerevisiaeare transcribed into the same direction and are separated by 417 base pairs.
Replacement of th&RO4 promoter by the strong&CT1 promoter increaseAR04
transcription and simultaneously reduces the basal transcription of the downdt&am
gene. This phenomenon is called transcriptional interference. Deletion analyses of the
region between the two ORFs revealed that transcriptional interference increases upon
the removal of botARO43 end andHIS7 promoter sequences. Even single nucleotide
exchanges within a functional Abflp-binding site of HI&7 promoter are sufficient to
significantly increase transcriptional interference. The DNA immediately downstream of
the ARO4OREF is required for efficient mMRNA 3’ end formation and is hypersensitive to
Micrococcus nuclease. In the adjacent region 3AB0O4 a positioned nucleosome
protects the DNA against the nuclease and separatdsiBdterminator from théd1S7
promoter. IncreasedROA4 transcription driven from théCT promoter causes an
additional hypersensitive site within this nucleosomal region presumably due to
weakened DNA-histone octamer interactions. Therefore this nucleosome acts as a natural
block against reading-through RNA pol Il and seems to be adjusted to the AdDAl
transcription. Artificially increaseAROA4transcription presumably causes transcriptional

interference by overcoming this nucleosome barrier.
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Introduction

Tandemly orientated genes transcribed into the same direction by RNA polymerase Il
(pol I1) are described for different eukaryotic organisms. This arrangement of genes can
jeopardize regulated transcription of a cell by a phenomenon dadlescriptional
interference As consequence of elevated transcription of the upstream gene,
transcription of the adjacently following downstream gene might be diminished or
ultimately even abolished. Transcriptional interference is favoured by close proximity of
genes which are only separated by short intergenic regions between the corresponding
open reading frames (ORFs). Whereas transcription in prokaryotes by the RNA
polymerase is particularly susceptible to interference because of their densely packed
genome (Adhya and Gottesman, 1982; Hausler and Somerville, 1979), the phenomenon
is less frequently described in eukaryotes. In HelLa cells two closely spagietin

genes in an artificial gene construct were shown to interfere with each other (Proudfoot,
1986). The cryptic promoter within the intron of th&CT1 gene ofSaccharomyces
cerevisiags occluded by transcription from the actd&T1promoter at the 5’end of the

gene (Irnigeret al, 1991). YeasHIS7 transcription is reduced when the upstream
locatedARO4gene is transcribed from the stroAGT1promoter instead of its natural
promoter (Springeet al, 1997b).

Eukaryotic transcriptional interference is presumably the result of pol Il complexes that
initiate transcription at the promoter of the upstream gene and subsequently read through
the promoter of the downstream gene. Therefore the assembly of functional transcription
complexes at the downstream promoter is disturbed resulting in promoter occlusion. The
extent of the transcriptional interference by reading-through pol Il complexes could be
increased when the efficiency of transcription termination of the upstream gene was
reduced (Greger and Proudfoot, 1998; Springieal, 1997b). Deletions o&AL10
poly(A) signals abolish any activity of the downstre@#L7 gene even when tHeAL7

promoter is intact resulting in a bicistronic read-through transcript. Therefo@Ahé
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promoter is completely occluded. Polymerase profiles raised in transcription-run-on
(TRO) experiments for a strain with a mutated poly(A) site confirmed the accumulation
of non-terminated pol Il complexes within tAL7 promoter (Greger and Proudfoot,
1998). As aconsequence of transcriptional interference it was shown that various
transcription factors were not any more able to bind to their promoter sites. This was e.g.
demonstrated for the tandem HIV-1 promoters integrated into the genome of HelLa cells
where promoter occlusion of the downstream promoter correlated with reduced binding
of the transcription factor Spl (Greggral, 1998). The Gal4p activator binding to the
GAL7 promoter is also reduced when this promoter is weakened by read-through
transcription initiated at the upstre&dAL10promoter (Gregeet al, 2000).

A further aspect to be considered for transcriptional interference is the fact that
eukaryotic DNA is packed into histone octamers. The resulting nucleosomes can be
positioned stably or more or less moveable due to only weak DNA-histone interactions.
For Drosophila melanogasteit was showrthat reconstituted chromatin wittbNA
templates resulted in a positioned upstream nucleosome that is recruited by termination
factor TTF-I. This nucleosome can act as barrier to transcriptional interference of the
downstream located rRNA genes which are transcribed by the RNA polymerase |
complex (Langset al, 1997).

Up to now there is hardly any knowledge whether there is also a connection between
transcriptional interference caused by insufficient termination and chromatin structure for
genes. To address this question we constructed vaA®RB4-HIS7alleles of S.
cerevisiaeand analyzed them at the authentic chromosomal locus. Both genes encode
amino acid biosynthetic enzymes required for the formation of aromatic amino acids and
histidine, respectivelyARO4andHIS7 are transcribed into the same direction and have
an intergenic region between the two ORFs consisting of 416 base pairs (bps). We had
previously shown that increas@dRO4transcription as consequence of fusing its ORF to

the strongACT1 promoter causes significantly reduced expression of the downstream
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HIS7 gene (Springeret al., 1997b). Here we show for the first time the role of

nucleosomes in preventing transcriptional interference of pol Il genes.

Experimental Procedures

Yeast strains, growth conditions and plasmids

Yeast strains and their genotypes used in this work are listed in the table 3. For all
experiments described here strains were cultivated in minimal vitamin (MV) medium
(Miozzariet al, 1978) supplemented with the required amino acids according to éRose
al., 1990). To generate functional fusions of th@T promoter with theARO4 open
reading frame (ORF) at the originARO4locus, aSal/BsEll 3.1 kb fragment from
plasmid pME1429 (Springet al, 1997b) was transformed in the respective strains. The
cassette consists of tA&€T promoter fused to the first half of tRdeRO40RF, preceded

by the divergently orientatedRA3 auxotrophic marker gene that again is preceded by
the ARO45 untranslated region. Transformants that had replaced the wildAig&

locus by this cassette by homologous recombination were selected by uracil prototrophy

and confirmed in Northern hybridisations by increa8BD4mRNA levels and by PCR.

RNA analysis

Total RNA fromS. cerevisiaavas isolated according to Cross and Tinkelenberg (1991).
For Northern hybridization analysis 3@ of total RNAs were separated on a
formaldehyde agarose gel, transferred to a positively charged nylon membrane (Biodyne
B, PALL) by capilar blotting. Hybridization with specific DNA probes was performed
after*P-labelling of the respectice DNA fragments with Bréme It 1| DNA Labelling

Kit from Stratagene. One kb PCR fragments generated with the oligonucleotides ARO-
OLV19 (5"taccggatccagacgacagagttcttg3’) and ARO-OLV11 (5 cctcaagacgtcttcagtagtttcc
caacc3’), or with oligonucleotides HIS-OL1 (5 gtggtaacctacagtcactaacc3’) and HIS-OL2

(5" ccgatcgatactttatcagcacc3’), or with ACT-OL1 (5”gctgctttggttattgataacgg3’) and ACT-
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OL2 (5’ cacttgtggtgaacgatagatgg3”’) served as probes fé&Rkel HIS7andACT gene,
respectively. Band intensities were visualized by autoradiography and quantified using a

BAS-1500 Phospho-imaging scanner (Fuji).

Genomic chromatin preparation and nuclease digestions

These methods have been described previously (Thoma, 1996). Biodyne B nylon
membranes (Pall, Dreieich, Germany) were used for Southern transfer. Probes were

labeled by the random primer method (Feinberg and Vogelstein, 1983).

Indirect end-labeling

Chromosomal DNAs from the nuclease digestion were digestedvéhand Mlul and
fractionated on 1.2% agarose gels. The fractionated DNA was blotted on a Hybond-N
nylon membrane by the alkaline blotting method and hybridized with a radioactively
labelled 250 bp PCR-amplificate, generated with the oligonucleotides HIS7-CHR1
(5'gagattaaagaaattgtcaga3’) and HIS7-CHR2 (5 caagtattgaggagaaatggta3”), annealing
just downstream of th¥ba site. A DNA ladder consisting of multiples of 256 bp was

used for calibration (Thomet al, 1984).

3-galactosidase assay

3-galactosidase activities were determined by using permeabilized yeast cells and the
fluorogenic substrate 4-methylumbelliferyl-3-D-galactoside as described previously
(Kuenzleret al, 1993). The presented values are the means of at least four independent

cultures each of them measured three times.
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Table 3Yeast strains used in this study

Strain Genotype Reference
RH1381  MATaaro3-2 gcnd-101 ura3-52 Paraviciniet al., 1988
RH1833 MATaaro3-2 gcnd-101 ura3-22HIS7(-391/-341) Springeret al, 1997b
RH1834  MATaaro3-2 gcnd-101 ura3-22HIS7(-336/-310) Springeret al, 1997b
RH1836  MATaaro3-2 gcnd-101 ura3-5aHIS7(-299/-281) Springeret al, 1997b
RH1781  MATaaro3-2 gcnd-101 ura3-22HIS7(-220/-189) Springeret al, 1997b
RH2642  MAToaro3-2 gcnd-101 ura3-52 ARO4:URBBET-ARO4 this work
RH2643  MATaaro3-2 gcnd-101 ura3-5aHIS7(-391/-341)

ARO4:URAFACT1-ARO4 this work
RH2644  MATaaro3-2 gcnd-101 ura3-5aHIS7(-3361-310)

ARO4:URAFACT1-ARO4 this work
RH2645 MATaaro3-2 gcnd-101 ura3-5aHIS7(-299/-281)

ARO4:URAFACT1-ARO4 this work
RH2646  MATaaro3-2 gcnd-101 ura3-5aHIS7(-220/-189)

ARO4:URAFACT1-ARO4 this work
RH1616 MATaaro3-2gcnd-101 ura3-52 HIShis74acZ Kinzleret al, 1993
RH1815 MATaan3-2gond-101 ura3-52 HIS his7(-391/-341HacZ Springeret al, 1997b
RH1816 MATaaro3-2 gcnd-101 ura3-52 HI§°T1is7(—336/—310)—IacZ Springeret al, 1997b
RH1818  MATaan3-2gond-101 ura3-52 HIS his7(-299/-281HacZ Springeret al, 1997b
RH1819  MATaan3-2 gond-101 ura3-52 HIS his7(-285/-245HacZ Springeret al, 1997b
RH1822 MATaaro3-2 gcnd-101 ura3-52 Hl§his7(-24]j-212)-lacz Springeret al, 1997b
RH1824  MATaan3-2 gond-101 ura3-52 HIS his7(-220/-189HacZ Springeret al, 1997b
RH1825 MATaaro3-2 gcnd-101 ura3-52 HI§his7(—190/—17l)—IacZ Springeret al, 1997b
RH1826  MATaan3-2gond-101 ura3-52 HIS his7(-171/-139HacZ Springeret al, 1997b
RH2174  MATaaro3-2 gcnd-101 ura3-52 HIShis7acZ

ARO4:URAFACTI-ARO4
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Strain Genotype Reference
RH2632 MATaaro3-2 gcnd-101 ura3-52 HI§his7(—39]J—341)—IacZ
ARO4:URAFACTI-ARO4 this work
RH2633  MATaan3-2 gond-101 ura3-52 HIS his7(-336-310HacZ
ARO4:URAFACTI-ARO4A this work
RH2634  MATaan3-2 gond-101 ura3-52 HIS his7(-299/-281HacZ
ARO4:URAFACTI-ARO4 this work
RH2635 MATaan3-2 gond-101 ura3-52 HIS his7(-285/-245HacZ
ARO4:URAFACTI-ARO4A this work
RH2636  MATaan3-2 gond-101 ura3-52 HIS his7(-241/-212HacZ
ARO4:URAFACTI-ARO4 this work
RH2637  MATaan3-2 gond-101 ura3-52 HIS his7(-220/-189HacZ
ARO4:URAFACTI-ARO4 this work
RH2638  MATaan3-2 gond-101 ura3-52 HIS his7(-190-171Hacz
ARO4:URAFACTI-ARO4 this work
RH2639  MATaarn3-2 gond-101 ura3-52 HIS his7(-171/-139HacZ
ARO4:URAFACTI-ARO4A this work
RH1830 MATaaro3-2 gcnd-101 ura3-52 HI§his7(mut—ABS)—lacZ Springeret al, 1997a
RH2640  MATaan3-2 gond-101 ura3-52 HIS his7(mut-ABS)HacZ

ARO4:URAFACTI-ARO4
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Results

PACT-driven ARO4 transcription creates a Mnase sensitive site within a
nucleosomal DNA that separates thARO4terminator from the HIS7 promoter

ARO4 andHIS7 are two adjacent genes transcribed into the same direction. The
replacement of the natural promoter of &RO4gene by the strong&CT promoter was
previously shown to cause transcriptional interference with the downsHé&argene
(Springeret al, 1997b). This transcriptional interference reducedHl$¥ expression to
about 60 % in comparison to the strain with the wild-tyyfeO4 promoter. Since
eukaryotic gene expression and its tight regulation in terms of transcriptional initiation
and termination processes must take place in the presence of highly ordered chromatin
structures, we wanted to know whether the transcriptional interference between the
ARO4andHIS7 gene is accompanied by chromatin changes. Therefore we analyzed the
chromatin structure of thARO4-HIS7intergenic region in absence and presence of
transcriptional interference.

The chromatin structure was investigated by Micrococcus nuclease (Mnase) protection
experiments. Crude nuclear extracts from over-night cultures grown in minimal vitamin
medium (MV) from strains with the wild-typ&RO4promoter (RH1381) or thBACT-
ARO4fusion (RH2642), respectively, were partially digested with Mnase and further
treated as previously described (Thoma, 1996). In wild-type cellRI@13 end region
immediately downstream of the ORF is hypersensitive to Mnase (Fig. 20). This short
hypersensitive region is followed by a strongly protected region that in length
corresponds to a positioned nucleosome. HIg7 promoter further downstream is again
hypersensitive to Mnase. Although the mutant strain wit #@T-ARO4fusion gene
shows a largely similar chromatin pattern, an additional band within the protected region

between théRO43 end region and thdlS7 promoter becomes obvious (Fig. 20, arrow
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1). Even if the band is rather weak, this sensitive site is absent ARBGdwild-type

strain.
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FIGURE 20. Mnase protection experiments of the nucleosome structure of th@RO4-HIS7
intergenic region. Strain RH1381 possesses thBRO4 gene with itsnatural promoterARO49
whereas strain RH2642 has tARO4 promoter replaced by the more efficieh€T1 promoter
(FACT1-ARO4) instead. Chromatin of both strains and naked control DNA was digested with
increasing amounts of Mnase (black ramps). On the left and right outer lanes a size marker of 156
bp-repeats is shown (M). The arrows indicate differences in chromatin structure between both
strains. Black ovals in the scheme on the left reflect protected regions, suggested in representing
positioned nucleosomes. ABS represents the binding site for the transcription factor Abflp that
was previously shown to bind tHelS7 promoter thereby supporting basélS7 expression
(Springeret al, 1997a).

As consequence of higARO4 transcription the transcribing RNA pol Il complex
therefore presumably weakens the DNA histone interaction at the respective nucleosome
thereby creating the hypersensitive site. In addition, a hypersensitive site at the end of the
ARO40ORF nearly vanishes for the strain with fPCT-ARO4fusion gene (Fig. 20,

arrow 2). Apparently the chromatin structure of the very 3’end oAR@®40RF is also
subjected to changes upon stroRBO4 transcription. These changes of chromatin
structures are possibly directly related to termination efficiency and transcriptional

interference.
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Deletions within the ARO4 3'UTR or the HIS7 promoter increase interference
betweenARO4or HIS7 transcription

The DNA in-between the two open reading frame@BRO4andHIS7 was shown to
possess elements required for efficient 3" end formation AR®@4mRNA, and others

that promote efficienHIS7 transcription (Springeet al, 1997b). Here we have defined
DNA regions between these open reading frames which protedtl8igpromoter
against transcriptional interference caused by AB®4transcription. We established a
test-system with thellS7 gene replaced by the quantifiable chiméhis7-lacZgene,
preceded from th&RO4 gene driven either from its natural promoter (Fig. 21, test
system 1) or from theACT1 promoter (same figure, test system Il). To determine
important regions in-between both open reading frames that prevent transcriptional
interference, specific 3-galactosidase activities for intergenic regions carrying various
small deletions were measured. DNA elements that diminish transcriptional interference
have been identified by comparison of the 3-galactosidase activities of both test-systems
with each deletion construct (Fig. 22). In order to maintain the original chromosomal
context the respective test system was established at the authR@#:HIS7locus.
Deletions were chosen to cover several specific DNA-motifs with different functions
including the Zaret/Sherman element (Z/S) requiredARO4mRNA 3" end formation,

three poly(A) sites (p(A)) defining the actual poly(A) addition sites, C+T and A+T rich
regions, the Abflp-protein binding site (ABS), and both Gcn4p-recognition elements
(GCREsSs) (Fig. 22).

Deletions that cover the Zaret/Sherman element and the first poly(A) site which are
elements 0ARO4mRNA 3° end formation, and the Abflp-binding site located within
the HIS7 promoter cause a significant reduction in specific 3-galactosidase activity when

measured in test-system |l. The 52-base pair deletion withilB®4 3'UTR that
eliminates the Zaret/Sherman element does not affe€htsig-lacZexpression when the

ARO4gene is transcribed from its own promoter in test-system | (strain RH1815 in Fig.

22). The ACT promoter of test-system Il (strain RH2632), however, causes a severe
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reduction of 3-galactosidase activity for this deletion to about 28 % of test-system I. Also
the 28-base pair deletion that removes the first polyadenylation site (p(A)) strongly
reduces his7-lacZexpression if present in test-system Il (strain RH2633). Only about 22
% activity is left in comparison to test-system | with this deletion (strain RH1816).
Deletions of the second and third poly(A) site (I: RH1818; 1l: RH2634), or C+T rich (I:
RH1819; Il: RH2635) and A+T rich (I: RH1835; II: RH2638) stretches, or the binding
sites for Gen4dp (GCREs; I: RH1822/RH1826; II: RH2636/RH2639) do not increase
transcriptional interference. However, the test-system Il combined with a deletion of the
Abflp-binding site (ABS) displays a significant loss of specific 3-galactosidase activity,
yet keeping in mind that this deletion itself strongly diminishes expression in test-system

_PARO4 ARO4 PHIS? HIS7T >— wt

—_— —>
?
- == - test-
—Paro4 [ARO4 Py Es]lacz >— system |
—_— —>
?
- == - test-
—PacT1 LAROA Py B jlacz >— system Il

FIGURE 21. Scheme of the test-systems used to determine DNA regions within tARO4-

HIS7 intergenic region that antagonize transcriptional interference.The top lane shows the
wild-type ARO4-HIS7locus without any changes. The lane in the middle represents ‘test-system
I” in which the open reading frame of th#S7 gene is replaced by the reporter giae. The
‘test-system II’ in the lane on the bottom has not onlyl#tZ reporter gene but also &#R04

allele in which the natur@hRO4promoter is replaced by the more effici&@T1 promoter. To

find out elements that prevent transcriptional interference, both test-systems have been driven
with various deletion constructs of the intergenic region, and specific 3-galactosidase activities
have been compared with each other (see figure 22).
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In summary, the data obtained from this test-system suggest thaaté#Sherman
element and the first poly(A) site, together responsible for effickRO4 3" end
formation, are essential elements which inhibit transcriptional interference. In addition,
the Abflp-binding site within th&llS7 promoter counteracts promoter occlusion. No
region has been detected which enhances transcriptional interference since no deletion

has resulted in higher 3-galactosidase activities in test-system Il when compared with

test-system |.

oo i -galactosidase activity for test-
_4172 E é é +1 strain aCt|V|ty/U -~ system n
o 0,
A RH1616 13.0 /%
RH2174 62
deletion
RH1815 123
391341 | o o0 28
ZIS 816 117
RH181 .
| -336/-31
_:t ' 3361810 | pii2633 22
1St p(A
PA) poorogy | RH1818 12.3
1 T RH2634 66
2/3 1d_p(A)
{ | -285/-245 | RH1819
- RH2635 75
125
] | -241/-212 Eﬂ;ggz 65
GCRE1 6
RH1824
] | -220/-189
L 0. 28
ABS RH2637
1 RH1825
'AT' 90T | pyio63s o 1. 77
;L ) . RH1826
T LIRSS | piioes0 L. 77
GCRE2

I test-sytem |
A test-sytem 11

FIGURE 22. Effects of deletions of theARO4-HIS7 intergenic region onhis7-lacZ
activity. The strains carry either tiR0O4gene possessing its natural wild-typemoter (test-
system 1) or the more efficie®CT1 promoter (test-system Il). 3-galactosidase activities in U
measured as nmolMUF/(h ml OD54@&re indicated in the chart on the right side for strains with
various deletions throughout the intergenic region. The scheme on the left side visualizes the
exact locations of the deletions according to the translational start side (+1) and the DNA maotifs
at these positions. Z/S stands for Zaret/Sherman motif necessary for cdiR@dt3” end
formation, p(A) for the sites where the pol(A) tail is added toAR®4mRNA 3" end, CT for a
C+T rich element. In théllS7 promoter GCRE stands for Gen4p-recognition element, ABS for
Abflp-binding site, and AT for an A+T-rich sequence. Figures on the outer right headlined as
rest activitydisplay the percentage of R-galactosidase activity that is IEXGT1-ARO4fusion
strains relative to its parental strain possessing wild-ARS©4
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Transcriptional interference causes histidine auxotrophy for aHIS7 promoter
mutant without Abf1p-binding site by prevention of its transcription

The data of the test-systems that derived frdiaxcZ-reporter gene have suggested that
elements required for efficie®RO4 mMRNA 3" end formation and ldIS7 promoter
element with the Abflp-binding site are important to prevent transcriptional interference.
We investigated whether the increased transcriptional interference of these deletion
mutants gives rise to malfunctions in cells that harbor the wild-Bi&7 gene and
synthesize their own histidine. Therefore growth of these wild-type strains was tested on
medium without histidine, where cells have to synthesize this amino acid themselves.
When theARO4 gene was driven from its own promoter the growth was neither
abolished for strains with deletions in tARO43" end region nor for strains withlS7
promoter deletions (data not shown). When AlRO4 gene was driven from theCT-

promoter in thiHIS7 background, the strains with deletions in &R0O43" end region

(AZIS, A1% p(A), or A2"Y3" p(A)) grew well without histidine supplementation (growth

test in Fig. 23 showsi1% p(A) with theARO4wild-type promoter in strain RH1834, and
ACT1promoter fused t&\RO4in strain RH1644). Also the strain RH1781 with HiS7
promoter deletion that covers the Abflp-binding SfAES) and theARO4gene driven

from its natural promoter is viable without exogenous histidine. But the same promoter
deletion in combination with aARO4 gene driven from th&CT1 promoter causes

histidine auxotrophy in strain RH2646 (Fig. 23).
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FIGURE 23. Transcriptional interference causes histidine auxotrophy for aHIS7 promoter
deletion that eliminates the Abflp-binding site.The growth of yeast strains was tested on
histidine deficient MV medium. Strains RH1781 and RH1834 possesARE gene with its
natural promoter and have deletions in either 87 promoter AABS) or the ARO4 3’end
region 015" p(A)). Strains RH2646 and RH2644 have the natural promoter oAR@®@4gene
replaced by th&CT1promoter and carry either thélS7 promoter deletiodABS or theARO4

3" end deletiold1°" p(A).

We compared the effects of the transcriptional interference as obtainedg#tHacZ
chimeric genes and the growth tests, with the quantifkeé& 7 transcript levels
determined by Northern hybridisations (Fig. 24). The fusion oAth&1promoter to the
AROA4gene increaseSRO4mRNA levels approximately four-fold (Fig. 24). HIigtRO4
transcription derived from th&CT1 promoter in the background of the wild-typéS7
gene and a wild-typARO4-HIS7intergenic region in strain RH2642 has decre&f&y
MRNA levels to about 60 % compared to thRO4 gene with its natural promoter in
strain RH1381. In strain RH2643 theR0O4 3’end region with theZaret/Sherman
element as 3" end formation signal is deleted andB®4gene driven from thACT1
promoter.HIS7 mRNA levels in this strain were decreased to approximately 40% of
strain RH1833 that possesses the natddlO4 promoter. The reduction dfilS7
transcript levels is even more pronounced in strain RH2644 with an intergenic deletion
that covers the first site where the poly(A) tail is added toAfR®4transcript to about
30% of strain RH1834 with the natur@RO4promoter. In contrast the deletion covering
the second and third poly(A) addition site does not show any obvious differettk/in

transcripts if compared with the wild-type intergenic region.
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FIGURE 24. Effects of deletions of theARO4-HIS7 intergenic region onHIS7 transcript

levels. Northern hybridisations of selected yeast strains with deletions in eithé&Rbd 3°-
untranslated region (Z/S, p(A)) or th#S7 promoter covering the Abflp-binding site (ABS).
Quantifications were performed by phosphopimager analyses and are presented as averages of at
least two hybridisations with total RNAs from three independent cultures. Quantifications of the
ARO4mRNA amounts revealed a fourfold increase in average if the gene is transcribed from the
ACT1promoter.

Yeast strain RH1781 with the wild-typeRO4gene and &1S7 promoter deletion that
covers the Abflp-binding site already displays ratherHd®&7 mRNA levels of less than

20 % if compared with the wild-type promoter. However, in combination with high
AROd4transcription from théCT1promoter in strain RH2646 nalS7 transcripts were
detectable any longer. This result confirmed the transcriptional interference as detected
before in both the test-system with thie7-lacZreporter gene, and the growth defect on

histidine deficient medium.
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Taken together, these results imply tARO43" end formation signals as well d$S7
promoter elements are required to prevent transcriptional interference. By name these are
() the ARO4mRNA 3 processing motif that was originally described by Zaret and
Sherman foICYCL1 (Zaret and Sherman, 1984), (lI) the major site whereAR©4

MRNA transcript is finally cleaved and the poly(A) tail added, and (Ill) an element of the
HIS7 promoter that binds the transcription factor Abflp.

Single nucleotide exchanges within the Abflp-binding site increase transcriptional
interference

The results obtained so far with the deletion constructs suggest that the Abflp-binding
site plays an important role in preventing transcriptional interference at the wild-type
ARO4-HIS7ocus. We investigated whether it has been the broader context of the deleted
promoter region or solely the abolished binding of Abflp itself that antagonizes
transcriptional interference. Therefore we investigated Hig7-lacZexpression of a
mutant strain with two single nucleotide exchanges within the Abflp binding site that
were previously shown to abolish binding of Abflp (Dorsregal, 1990).

In comparison to the strain with thelS7 wild-type promoter (RH1616), single
nucleotide exchanges within the Abflp-binding site in strain RH2640 réthisz-lacZ
expression to about 30 %, both strains expressing wild-&4R©4 Transcriptional
interference for the binding site mutant strain, induced by the replacementAR @
promoter against thACT1 promoter leading to strain RH2641, is in fact increased in
comparison to the wild-type intergenic region. H§RO4transcription in combination

with the wild-type intergenic region decreasesttts?-lacZexpression to about 60 % in
comparison to strain RH1616 with the natureRO4 promoter. Single nucleotide
exchanges within the Abflp-binding site combined with MdghO4expression (strain
RH2641) cause a reduction to 30 % in comparison to strain RH2640 witA R4
transcription (Fig. 25). This result has demonstrated that it is the binding of Abflp to its

binding site within theHIS7 promoter, and not a broader promoter context that
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antagonizes transcriptional interference at AfRO4-HIS7locus. Probably binding of
Abflp to itscis-element competes with the transcription of a non-terminated pol Il

complex, and therefore at least partially blocks transcriptional interference.
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FIGURE 25. Relative R-galactosidase activities dhis7-lacZ fusion strains with the ARO4

gene driven either from its own promoter ARO4) or from the more efficient ACT1
promoter (FACT1-ARO4. Each of botlARO4alleles has either been combined with the wild-
type HIS7 promoter HIS7) or with aHIS7 promoter that had two single nucleotide-exchanges in
the Ablp-binding sitehis?7). This has led to the combinations (BRO4-HIS7, (Il) ("ACT1-
ARO4-HIS7, (Ill) (ARO4-his7, and (IV) (ACT1-ARO¥*his7. The figures displayed for all
strains are averages of total 3-galactosidase activities in U measured as nmolMUF/(h mI OD546)
! of at least four individual cultures.

We have also investigated whether the single nucleotide exchanges within the Abflp-
binding site change the chromatin structure of the intergenic region. However, no
changes in comparison to the wild-type intergenic region have been detected (not

shown). Therefore we suggest that it is rather the DNA-binding of the protein itself
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thereby somehow blocking the transcribing pol 1l complex, than a reorganization of the

nucleosomal structure by Abflp that subsequently prevents transcriptional interference.
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Discussion

All living cells must have developed mechanisms that enable individually regulated
expression of adjacent genes that are located in close proximity without disturbing each
other. This mainly implies that high expression of one gene as a consequence of e.g. the
response to activating environmental stimuli must not interfere with the expression of its
neighboring gene that might be lowly expressed under these circumstances. To make
individual regulation of two tandemly orientated genes possible, the cell has to cope with
numerous mechanistic obstacles.

The transcription of the gene that is transcribed firstly has to be efficiently completed. In
eukaryotic cells this process is characterized by the combination of events that generate
the mRNA 3" end followed by its polyadenylation, and the actual termination of
transcription that is the release of the elongation complex from the intergenic DNA. The
efficiency of these processes must be adjusted to the respective expression levels that in
turn depend on activating or repressing stimuli regulating the transcription of this gene.
For transcription of the second gene an efficient recruitment of the transcriptional pre-
initiation complex at the initiation site of its promoter is required. In addition to this
recruitment, regulated gene expression requires efficient binding of gene specific
transcriptional activators to the promoter upstream of the transcription initiation site. The
efficiency of both the 3" end formation/termination and the initiation of transcription
must be adjusted to the ‘strength’ of the two adjacent genes for different levels of their
regulated expression. Otherwise transcriptional interference reduces or even abolishes the
expression of the second gene by promoter occlusion. Since eukaryotic DNA is closely
associated with histone proteins providing a highly ordered chromatin structure, these
processes must take place against the background of nucleosomes that counteract not
only the access of DNA binding proteins but also the transcription process itself.

Here we used a test-system for the detection of elements located in-between the ORFs of
two closely located genes that antagonizes transcriptional interference. We provided the

first gene with a stronger promoter to highly increase its transcription and fused the
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second one to a reporter gene. The test-system was integrated at the natural locus of the
two genes in the authentic chromosomal context. The chromatin structure at this locus is
characterized by a distinct nucleosome that separates two Mnase hypersensitive regions.
One of these hypersensitive regions is required for efficient mRNA 3" end formation of
the upstreanARO4gene and the other for transcriptional activation of the downstream
HIS7 gene. The defined positioning of the nucleosome between terminator and promoter
suggests that it antagonizes transcriptional interference between the two genes. Hence,
transcriptional interference generated by high expression of the first gene of the test-
system coincides with a diminished DNA-histone octamer interaction at this separating
nucleosome. Since there is also an alteration of the nucleosomal structure at the 3" end of
the ORF of the first gene, efficient termination of transcription possibly requires a
defined chromatin structure at the very end of an open reading frame. A link between the
positioning of an upstream nucleosome, transcriptional initiation at downstream
promoters and transcriptional interference was previously reported for genes encoding
ribosomal RNA (rDNA) (Langset al, 1997). In that work it was shown that the
positioning of a nucleosome at an upstream terminator element is required to enable
transcription from the downstream promoter. To position this nucleosome the DNA-
binding termination factor TTF-I, homologous to the yeast Reblp, was shown to be
necessary.

The guantification of reporter gene expression for various ‘intergenic’ deletions within
our test-system revealed that there are further elements beside the positioned nucleosome
that define the border of two adjacent genes. mRNA 3" end formation signals like the
Zaret/Sherman element as well as the site were the nascent transcript is cleaved and the
poly(A) tail added represent borders that belong to the precédR@ygene. Removing

of these elements significantly increase transcriptional interference at that locus.
Termination of transcribing RNA pol Il and its release from the DNA template was
previously shown to be linked to mMRNA 3’ processing (Proudfoot, 1989). Destruction of

poly(A) signals results in reduced termination events leading to increased transcription
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beyond the poly(A) site of a gene and thereby impairing the activity of downstream
promoters (Proudfoot, 1989; Springral, 1997b).

Another border marked by the downstreHil$7 gene is the presence of the ubiquitous
DNA-binding factor Abflp at its promoter. Besides its role as activatoH 87
transcription it obviously has an additional function in forming a protective barrier
against transcription of the upstres®R0O4 gene. Recent publications have reported a
molecular explanation for such a link between prevented termination and promoter
activity, e.g. for theGAL10-GAL7 locus in yeast or the tandem HIV-1 promoters
integrated in HelLa cells (Greger al, 2000; Gregeet al, 1998). Byin vivo footprinting

it was demonstrated that reduced 3’ processing activity ofcthe10 gene directly
weakens binding of the transcription factor Gal4p to the adjacent downsa&higene

and thereby reducing its transcription. Likewise binding of the transcription factor Sp1 to
the downstream promoter of tandemly localized HIV-1 promoters is significantly
increased by insertion of an efficient transcriptional termination element upstream of the
occluded promoter. A recent report stated that efficient termination enabled by the
murine transcript release factor PTRF augments downstream ribosomal gene
transcription by enhancing reinitiation at the rDNA promoters (Jeingh 2001).

Our data demonstrate a novel function for a positioned nucleosome and Abflp have
because they are not only involved in initiationHiS7 transcription but also form a
border between the two geneRO4andHIS7. They prevent the downstreaniS7 gene
against transcriptional interference and separate the proce#sRBOdB" end formation

and initiation ofHIS7 transcription. We suggest that a similar intergenic barrier prevents

also transcriptional interference between other tandemly transcribed eukaryotic genes.
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