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ABSTRACT

Members of the zinc binuclear cluster family are important fungal transcriptional
regulators sharing a common DNA binding domain. Dal81p is a pleotropic zinc
binuclear cluster protein involved in the induction of the UGA genes required for the
y-aminobutyrate nitrogen catabolic pathway in Saccharomyces cerevisiae. The zinc
binuclear cluster domain is dispensable for function in Dal81p and little is known

about other domains in this protein.

The aim of the study was to explore the zinc binuclear cluster protein family using
comparative bioinformatics as a complement to biochemical and structural
approaches. A database of all zinc binuclear cluster proteins was composed. A total of
118 zinc binuclear cluster proteins are reported in this work. Thirty nine previously
unidentified zinc binuclear cluster proteins were found. Four homologues of Dal81p
were identified by homology searching. Important sequence motifs were identified in
the aligned sequences of Dal81p and its homologues. The coiled coil motif found in
the Gal4p zinc binuclear cluster protein could not be identified in Dal81p and its
homologues. This suggested that Dal81p did not dimerise through this structural motif
as other zinc binuclear cluster proteins. Solvent accessible site that could be
phosphorylated by protein kinase C or casein kinase II and the role of such sites in the

possible regulation of Dal81p function were discussed.
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CHAPTER 1

LITERATURE REVIEW

1.1 Introduction to Fungal Genomics

The exponential growth in protein sequence data from huge sequencing projects has
driven research into the post genomic era, more precisely functional genomics. The
slower nature of experimental approaches used to determine protein structure has
necessitated the development of improved approaches for secondary structure
determination from protein sequence data. Functional genomics seeks to develop
global experimental approaches to assess gene function by making use of information

in structural genomics.

The Saccharomyces cerevisiae genome was fully sequenced in 1996 through a
worldwide collaboration involving the Sanger Institute, Stanford and St. Louis
Universities (Goffeau et al., 1996). The S. cerevisiae genome was the first eukaryotic
genome to be fully sequenced. To date the S. cerevisiae genome has an estimated
5885 protein-coding genes, approximately 43 % of these sequences have functions
have been assigned but the majority still have unknown function (Goffeau et al.,
1996; Mackiewicz et al., 2002). There is an even smaller subset of proteins in the S.
cerevisiae genome which have their structures elucidated. Todate the structural
information on S. cerevisiae proteins available in public databases represents a
fraction of the total number of protein sequences identified in S. cerevisiae. Detailed
study of these proteins presents a challenge to understand fungal genome architecture.
Bioinformatics can be used to study datasets of fungal genomic protein sequences
using available structural data. Information derived from bioinformatic analysis can

be used as a platform for detailed experimental study of the fungal proteins.

A comparative approach of analysing fungal protein sequences using computational

tools and techniques can be used to reveal interesting novel fungal protein features.
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1.2 General nitrogen metabolism in S. cerevisiae

Nitrogen is an essential metabolite for the synthesis of proteins and nucleic acids in
the living cell. S. cerevisiae has evolved a mechanism of selectively discriminating
between good and poor sources of nitrogen in the nutritional environment (Marzluf,
1993). In the presence of rich nitrogen sources such as ammonia or glutamate a
physiological response termed catabolite repression is activated resulting in gene
expression inhibition (Marzluf, 1993). The presence of poor nitrogen sources such as
y-aminobutyrate (GABA) results in induction of UGA genes whose products are
responsible for the catabolism of the substrate (Ramos er al., 1985). Nitrogen
metabolism regulation has been shown to be under the influence of a cluster of
regulatory gene elements of distinct nitrogen catabolic pathways involved at the

transcriptional level (Marzluf, 1997).

1.2.1 GABA metabolism in S. cerevisiae

There are three different permeases that transport GABA into the cell while the
degradation of GABA degradation requires three enzymes (Grenson et al., 1987).
These include two non-specific permeases, proline permease encoded by the gene
(PUT4), and a general amino acid permease encoded by the gene (GAP4). The other
permease, Ugadp (GABA permease) encoded by UGA4 is induced in the presence of
GABA (Vissers et al., 1989). The UGAI gene encodes GABA transaminase (y-
aminobutyrate: 2 —oxo-glutarate) involved in the initial step of GABA degradation
resulting in the formation of 2 —oxo-glutarate and glutamate (Ramos et al., 1985).
Spontaneous conversion of 2 —oxo-glutarate yields succinate semialdehyde. Succinate
semialdehyde dehydrogenase will be referred to as Uga2p for the purposes of this
review (Coleman et al., 2001). Conversion of the succinate semialdehyde to succinate
has been shown to occur under the influence of Uga2p (succinate semialdehyde
dehydrogenase) encoded by the UGA2 gene (Coleman et al, 2001). Mutant S.
cerevisiae cells lacking either UGAI or UGA2 genes grown on GABA media as the
sole nitrogen source exhibited impaired growth phenotypes when compared to wild
type S. cerevisiae cells (Coleman et al., 2001). These observations showed the crucial
role of these gene products in the catabolism of GABA to ensure the supply of

nitrogen to the cell in repressed conditions. Expression of UGA genes occurs at basal
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levels under non-repressive conditions coupled with the absence of metabolic
precursors (Ramos et al., 1985). Availability of GABA in the absence of rich nitrogen
sources results in induction of UGA gene expression at higher levels (Ramos et al.,

1985).

Succinate semialdehyde

GABA transaminase, Spontaneous Dehydrogenase,

vGAl UGAS/UGA2
2-oxoglutarate + Succinate )

GABA  glytamate > semialdehyde » Succinate

Permeases involved: GABA permease UGA4, General amino
acid permease GAPI and Proline permease PUT4.

Figure 1.1 GABA metabolism pathway: Schematic representation showing metabolic
enzymes encoded by the genes, permeases involved in transport of GABA into the cell and
specific enzymes.

1.2.2 Transcriptional Regulation: GABA metabolism in S. cerevisiae

Cis- and trans-acting factors are known to mediate nitrogen catabolite repression
(NCR) and induction in S. cerevisiae. Cis-factors are promoter elements found
upstream 5’ end of the UGA genes to which trans-acting factors bind. Three distinct
cis—acting factors have been characterised, an upstream activation sequence (UAS)
essential for transcriptional activation, an upstream repression sequence (URS)
maintains transcription at basal levels in the absence of an inducer and an upstream
induction sequence (UILS) responsible for inducer specific interaction (Rai et al.,
1989; Yoo and Cooper, 1989). Two positive transcription factors, Gln3p and Gatlp
have been characterised as trans-acting factors in NCR (Stanbrough et al., 1995;

Coffman et al., 1996).



Chapter 1 — Literature Review

GABA o Cys6Zn2 zinc

Uga3p
Dal80p G . Dal81p
In3p
> >
\ / !

UASGA TA UASGABA

finger

GATA zinc
finger

UGA4

Figure 1.2: Prototypical model illustration cascade of events of induced y-aminobutyric
acid (GABA) transcription of the UGA4 gene (GABA permease). The interaction of two
elements (UASg4p4 and UASg474) is necessary for high-level induced expression of the
UGA4 gene. Uga3p and Dal81p are believed to interact at the UASg4p4 level synergistically
recruit GIn3p (global nitrogen regulatory factor) that competes with Dal80p (repressor) on the
UASgyra site in the presence of GABA (Talibi et al., 1995). There is no evidence in literature
that Dal81p binds directly to DNA.

A minimum of five critical transcription factors are believed to regulate GABA gene
induction: Gln3p, Ure2p, Dal81p, Uga3p and Dal80p (André ef al. 1995; Talibi et al.,
1995). GIn3p is global nitrogen regulatory protein in S. cerevisiae containing a
GATA DNA binding domain consisting of two homologues adjacent zinc fingers
separated by a linker region (Trainor et al., 2000). In the presence of a rich nitrogen
sources GIn3p is hyperphosphorylated and found to be bound to phosphorylated
Ure2p in the cytoplasm (Cardenas et al., 1999). The presence of poor nitrogen
sources in the nutritional environment stimulates Gln3p — Ure2p dephosphorylation
cascades resulting in GIn3p cytoplasmic to nuclear migration (Cardenas et al., 1999).

A repressor, Dal80p is believed to compete with GIn3p for GATA sequences (Rai et
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al., 1999). Under nitrogen repressed conditions bound Dal80p ensures low level

expression of nitrogen catabolism pathway genes (Rai et al., 1999).

A 19 base pair GC rich sequence was identified as an UASgapa essential for Dal81p
and Uga3p interaction for UGA induction (Figure 1.2). Uga3p has been shown to bind
to the UASgapa through the everted repeat CGG — Ny — CGG (Noel and Turcotte,
1998). Simultaneous occupation of these sites has been shown to be essential for
GABA-dependent transcriptional activation in vivo (Idicula et al., 2002). Dal81p is a
pleiotrophic positive transcription factor and together with Uga3p has been shown to
be essential for UGA4 GABA - induced transcription (Andr¢ et al., 1995). Dal81p has
been shown to be also required for the allophonate-triggered induction of genes in
urea, allantoin and ornithine metabolism (Vissers et al., 1990). Deletion of UGA3 and
DALS8I impaired the activation of UGAI and UGA4 genes (Vissers et al., 1990).
There has been experimental evidence showing that a combination of Dal81p and
Uga3p interaction are thought regulate the induction of UGA genes (Vissers et al.,
1990).

The co-interaction between the two elements UASgata and UASgaga is speculated to

result in high level induced transcription of the UGA4 gene (Talibi et al., 1995).

1.3 Uga3p and Dal81p
Uga3p and Dal81p are members of the zinc binuclear cluster family. Uga3p is 528

amino acids long consisting of a zinc cluster domain (residues 16-46), a predicted
coiled coil (residues 51-67) and a C-terminal located acidic domain (residues 504-
521) (Schjerling and Holmberg, 1996). The Middle Homology Region (MHR)
speculated for the role of reducing improper binding sites on DNA was undetected by
computational analysis (Schjerling and Holmberg, 1996). Interestingly a C-terminal
located putative WD-40 like motif was identified using computational analysis
(Idicula et al., 2002). Repeated WD-40 motifs form a blade propeller like structure
which acts as a site for protein-protein interactions in various cellular roles such as
transcriptional regulation and signal transduction (Neer et al., 1994). The WD-40
domain has been speculated to increase the binding specificity of Uga3p to DNA for
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optimal GABA transcriptional activation (Idicula et al., 2002). The question of
exactly how Uga3p interacts with UASgapa remains relatively unclear since there is

little known structural data.

1 MDPHQSPADN AASPTKSVKA TTKNSSTINNN VNSNNSNNNS NJHDILNFNDN YTTILQHLAN

61 DHPNILREKG [GSQQQQHQQQ QQQQQAQAQAQAQ QQQQISLDTLL HHYQSLLSKS DNAIAFDDNV

121 SNSADHNGS|N SNNNNNNN|DI SSPGNLMGS| NOBRLKKTKIE NYFPDLGNEL EBETSRTKET|

181 SIAPNYLKR TSSGANNNMP TSSNSKRMKN FEDYSNRLPS SMLYRH[QQQQ QQQQQQQRIQ]

241 YPRSSFFVGP ASVFDLNLTK HVRLDNVDQI QLSKTLSLRK VSPTAQFILQ DDFDTTLHSK
301 QEYEVDLVEN LVHPHGHLLYV EIFFKLIHPFE LPILHERVFL EKYSRSYREL TAPLLASIYS

361 LALQYWDFHP ALLGFPKPDV TAQLNNIALE TFYARVGRPK LSIIQTGLLI LQCRSECHNN|

421 WVLCSSVVAL AEELGLGVEC NDWKLPKWEK DLRKRLAWAY WLMDKWCALN EGRQSHLILG|

481 RNWMIKLLNF DDFPLNSPTI LNSLQNDQSG SSPSSSNDVK NHQIAFGNLP IFNINPTLED
541 FKNGTLMFQQ MVSLSIILGE IMDTFYTQGS MTINKSIEQV LKLAKPLQLK LREWYHSLPK
601 NLSMSYATPQ KLNSNSTLTL AYFATEITLH RKIICALNPQ TPKELVQVCR TAARTRLVAA
661 IEFIRDLKNE HINAFWYNCS TGNLMLIGTF AALLYVTSAT KEEAMIFRDY VRNYTWVLKI

721 GSKYFDKLSN ALNNMHLLFA QIPGLLTDEP VVVSPNSNIN SVNPQRSGVQ SQIPIQFNVG
781 SPAMTEQGSP LNQWKNLPQE ILQQLNSFPN GTTSTTTPVN PTSRQTQLES QGSPAINSAN

841 NNSNNTPLPF APNKSSKKTS QSSPNVTPSH MSRHPPSNTS SPRVNSSTNV NSNTQMNASP

901 LTSINETR|[QE SGDAADEKTA GRERTANEES STELKD|DNPN SNQETSATGN QTIKMNDDKN

961 VTINTRETPL

Figure 1.3: Schematic illustration of the protein sequence of Dal81p. Homopolymeric
stretches shown boxed in pink, residues 28-41 and 130-138 respectively. Polyglutamine
stretches shown boxed in blue, residues 73-94 and 227-237 respectively (Bricmont et al.,
1991). Zinc cluster region shown boxed in orange (residues 149-181) while the lime boxed
area shows middle homology region (405-477) (Schjerling and Holmberg, 1996).The eight
motif domain (residues 314-603) is show by the grey shaded area (Poch, 1997) The acidic
domain is shown by the black boxed area (Schjerling and Holmberg, 1996).

The DAL81 gene encodes a 970 amino acid protein in S. cerevisiae containing
sequences homologous to the zinc cluster motif (Bricmont and Cooper, 1989). S.
cerevisiae cells containing Dal81p mutants lacking the zinc finger domain were found
to be functionally unaffected by the deletion (Bricmont et al., 1991). Separate
deletion studies on the each of the polyglutamine stretches on Dal81p were carried

out (Bricmont et al., 1991). A 50 % loss of induced urea amidolyase activity was
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observed in a group of Dal8lp mutants (Figure 1.3) (deletion: residues 73-94)
compared to wild type but there was no observed phenotype in growth when the
mutants were grown in media with GABA as the sole nitrogen source. Dal81p
mutants lacking a second glutamine stretch (residues 227-237) did not have a
detectable phenotypic loss of function (Bricmont ef al, 1991). The predicted coiled
coil domain was found to lie on this polyglutamine stretch (Figure 1.3, residues 227-

240) (Schjerling and Holmberg, 1996).

Glutamine rich domains have been shown to be important in transcriptional
regulation by interacting with other transcription factors in S. cerevisiae and Homo
sapiens (Escher et al., 2000). The middle homology region and the acidic domain

were designated to lie between residues 405-477 and residues 909-936 respectively
(Schjerling and Holmberg, 1996). The eight-motif domain in Dal81p thought to be
involved in the regulation of some zinc binuclear cluster proteins was found to

encompass residues 314-603 (Poch, 1997).

A related fungal homologue to Dal81p, TamAp (739 amino acids long) in Aspergillus
nidulans has been reported (Small ef al., 2001). Deletion of the first 152 amino acids
in TamAp did not have a phenotypic effect on Aspergillus sp. grown in media with
GABA as the sole nitrogen source. Interestingly the zinc finger motif is contained in
this sequence suggesting that the motif was dispensible for function (Small et al.,
2001). Deletion studies on most regions of TamAp resulted in loss of function;
overall conformation of TamAp may be essential for function (Small et al., 2001).
Full-length protein sequence similarity between the Dal81p and TamAp was observed
at 40 % (Small et al., 2001). A higher degree of amino acid sequence similarity was
observed in the zinc-binding domain (77 %) (Small et al., 2001). TamAp has a
characteristic serine / threonine rich region (residues 105-128), a central domain
(residues 376-421) which was indispensible for TamAp function. The region
exhibited a 59 % identity and 77 % similarity in amino acid residues with an
equivalent region of Dal81p on a multiple sequence alignment (Small et al., 2001).
Another homologue Otamp encoded for by the tamA gene in (Aspergillus oryzae) was
found to consist of 711 amino acids (Small et al., 2001). Three potential nuclear

localisation signals (NLSs) in the protein sequence of TamAp have been identified
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suggesting that TamAp is located in nucleus the cell. The NLSs sequences are not
found conserved in Dal81p (Small et al., 2001).

1.4 Basic principles of Protein Structure

Proteins have evolved a unique architecture termed regular secondary structure
formed as a result of amino acid side chain hydrogen bonding (Lesk, 2001). Globular
proteins form an ordered arrangement that consists of a “hydrophobic core” and a
hydrophilic surface (Branden and Tooze, 1991). Polar main-chain groups along the
polypeptide interact with hydrophobic residues through hydrogen bonding. This leads
to main-chain folding into the protein interior. This defines the two main structural
features of a protein: a-helices and B-strands (Branden and Tooze, 1991). Regions
linking chains in globular protein are termed loops or random coils. Loops lack
properly defined secondary structure and have a preference for outer regions of the

proteins while a-helices and 3-strands have a preference for the protein core.

1.4.1 The Alpha (o —Helix)

A

Figure 1.4: Diagrammatic representation of a helical region (residues 360-380) crystal structure Of
Human Tyrosine-Protein Kinase C-Src (Xu et al., 1997) [PDB: 1FMK]. A, Cartoon representation. B,
Ball and stick representation is shown, hydrogen bonds shown as dotted lines. Residue (i) forms a
hydgrogen bond with Residue (i+4). Molecular visualisation by RASMOL (Sayle and Milner-White,
1995).
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A typical a-helix has 3.6 amino acid residues per turn and can either be right or left
handed (Pauling ef al., 1951; Branden and Tooze, 1991). Hydrogen bonds are formed
between the NH group of residue i with the C=0 of the residue i + 4, four residues
away (Figure 1.4). Steric hinderance of amino acid side chains dictates a preference
for certain amino acid residues in oc- helix formation. Glutamate is an excellent helix-
forming amino acid since the side chains participate in hydrogen bonding, while
proline has a sidechain that interrupts the hydrogen-bonding pattern in oc-helices
(Lesk, 2001). A consensus pattern of hydrophobic non-polar residues on one side of
the helix and hydrophilic and polar residues on the other side has been observed in

amphipatic a-helices (Lesk, 2001). The amphipatic a-helices present a hydrophilic
segment to the aqueous environment and a hydrophobic segment away from the

solvent.

1.4.2 (B) Beta Sheets

Figure 1.5: Diagrammatic representation of typical beta sheet region (residues 84-89, 106-110)
Crystal Structure of Human Tyrosine-Protein Kinase C-Src (Xu et al., 1997) [PDB: 1IFMK]. A,
cartoon representation shown . B, Stick representation shown, hydrogen bonds shown as dotted lines.
Molecular visualisation by RASMOL (Sayle and Millner- White, 1995).

B-Sheets are formed through hydrogen bonding between adjacent (-strands, which
are 5-10 amino acids long (Figure 1.5). Linear hydrogen bonding between amino

acids on different polypeptide chains between the amino group of one -strand with
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the carboxyl group of another B-strand results in the formation of B-sheets (Pauling
and Corey 1951; Branden and Tooze, 1991). Hydrogen bonding patterns in the same
or opposite directions result in either parallel or antiparallel beta sheet configurations
respectively. B-Strands can combine with mixed B-sheets and B-strands in globular

proteins (Figure 1.6).

Loop regions are characteristically varied in length and have irregular shape (Branden
and Tooze, 1991). Loops may also connect a-helices and B-sheets to form the
hydrophobic core of the protein, allowing surface exposed main-chain amino and
carboxyl groups to hydrogen bond with water molecules (Branden and Tooze, 1991).
Analysis of homologous proteins shows that amino acid insertion and deletion events
occur mostly in loop regions as compared to a-helices and B-sheets (Branden and

Tooze, 1991).

Beta hairpin turn B-0-B motif
hairpin
— B- strand —_ B-strand
B- strand
a-helix
B-strand N

Figure 1.6: Schematic representation of supersecondary structure. Beta hairpin turn links
two beta strands hydrogen bonded through adjacent mainchain. B-o- motif consists of two
parallel B-strands linked to an alpha helix oriented parallel to the (-strands. The motif forms
part of the hydrophobic core (Lesk, 2001).

Beta-hairpins are short loop regions connecting adjacent strands allowing the
polypeptide chain to change direction (Figure 1.6). The organisation of two or more

consecutive a-helices and B-sheets give rise to protein supersecondary structures

10
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such as the B-a-B unit which are important in forming globular structure (Lesk,
2001).

1.5 Functional protein domains

Protein domains are interactive modules involved in protein-protein / protein-nucleic
acid interactions. Protein domains are important in biological processes including cell
signalling, transcription, cell cycle events and immunological response (Alberts ef al.,
2002). The growing amount of available structural data on functional protein domains
in databases has lead to the prediction of potential functional sites from primary
amino acid sequence. The approach of using known protein sequence profiles has
been reliably used to search for potential biologically significant sites in novel
proteins (Rost and Sander, 2002). The same approach can be used in zinc binuclear

cluster proteins.

1.5.1 Coiled coil domains

Coiled coil motifs are the most common protein- protein interactive modules. Coiled
coil domains have been implicated in biological processes such as transcription and
membrane fusion (Lupas, 1996a). A typical coiled coil has two or more o-helices
interacting with each other to form a super-helical twist. The core of a coiled coil is
the heptad repeat, a structure formed by a linear pattern of seven amino acids
(Keating ef al., 2001). The orientation of amino acid residues in side chains within a
heptad repeat have been shown to give rise to left or right handed super-helical twists

resulting in a structure with a periodicity of approximately 3.6 residues per turn.

The projection of the dimeric coiled coil (Figure 1.7) onto the helical arrangement
leads a super coiled structure that consists of a matrix with hydrophobic residues in
the centre of the domain with the polar /charged residues forming an interface
between the centre and solvent. This characteristic pattern enables accurate prediction
of this motif using computational analysis of protein sequence (Wolf et al., 1997).
The COILS prediction server (Lupas et al., 1991) uses a technique predicting long
coiled coils. Shorter coils characteristic of zinc finger proteins (Schjerling and
Holmberg, 1996) were predicted less accurately when assigned with a four heptad

repeat window (28 residues).
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A D g

Figure 1.7: Prototypical coiled coil helical wheel representation. The heptad repeat
sequence in each of the two oc-helices is represented above (ABCDEFG),. Positions A and D
(red) are preferentially occupied by hydrophobic residues. Positions E and G (blue) are
preferentially occupied by charged / polar residues (Keating et al., 2001).

Interestingly coiled coils predicted using a heptad of two repeats (14 residues)
correlated to coiled coils in Gal4p and Pprlp as determined by X-ray crystallography
(Schjerling and Holmberg, 1996).

Fewer coiled coils were predicted by another prediction method in zinc cluster protein
study (Schjerling and Holmberg, 1996). The PAIRCOIL method (Berger ef al., 1995)
was observed to predict fewer coiled coils compared to the COILS method using a
window of 14 residues. The PAIRCOIL algorithm uses a fixed heptad of 28 residues
(Berger et al., 1995). The COILS algorithm is inherently biased towards positively
charged protein sequence stretches and default settings have been shown to predict
coiled coils in the absence of a heptad repeat (Lupas et al., 1996a). A weighting
option, which assigns equal weighting to all seven residues, has been shown to have a
negative effect on algorithm performance (Lupas ef al., 1996b). The method was
shown to be less accurate at detecting shorter coiled coils characteristic of zinc

binuclear cluster family (Schjerling and Holmberg, 1996).
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1.5.2 Potential modification sites: Phosphorylation sites

Protein phosphorylation of tyrosine, serine and threonine residues is key in cell
signalling pathways and represents an important protein reversible post-translational
modification (Blom et al, 1999). Protein phosphorylation involves addition of a
\phosphoryl group from ATP catalysed by phosphokinases. The reverse reaction
resulting in phosphoryl cleavage is catalysed by phosphatases. Specificity of
phosphorylation is determined by the acidic, basic or hydrophobic amino acid

residues located in proximity to the phosphorylated residue (Blom et al., 1999).

Transcription factors are part of a highly regulated intricate network of transcription
machinery; post-translational modification is one of many mechanisms that activate a
transcription factor. Phosphorylation at multiple sites has been shown to be critical
for nuclear import for transcription factor Pho4 (Kaffman et al., 1998; Komeili and
O'Shea, 1999). Specific phosphorylation of Ser 699 residue in Galdp is critical for
optimal transcriptional activation of the GAL genes (Sadowski et al., 1996). The
identification of probable phosphorylation sites may provide an insight into the

regulation of transcription factors.

1.5.3 The Nuclear Localisation Signal (NLS)

Three classes of macromolecules are primarily involved in active transport of proteins
between the nucleus and cytoplasm. Some proteins bind directly to receptors while
some receptors form receptor substrate complexes by binding to one or more adaptors
(Mattaj and Englmeier, 1998). The formation of the receptor substrate complex
facilitates for either export or import of the protein across the nuclear envelope via the
nuclear pore complexes (NPC). Once the transport process has been completed, the

transport complex dissociates to release the adaptors and receptor sites.

This review will focus on the nuclear import mechanism involving NLS. The NLS is
typically a defined protein sequence motif recognised by a molecular mechanism of
regulating protein entry into the nucleus. Two types of NLS have been reported, the
monopartite and bipartite motifs (Boulikas, 1993). The monopartite motif consists of

a short consensus sequence, —K (K/R)-X- (K/R)- of basic amino acid residues (Hodel
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et al., 2001). Two clusters of basic residues separated by a linker of about 10-12
residues characterise the bipartite motif (Hodel et al., 2001).

Protein import involving the NLS occurs in two sequential stages. The first stage
involves the energy independent docking of the protein at the cytoplasmic surface
with importin o-protein resulting in attachment on the exterior of the nuclear pore
channel (Mattaj and Englmeier, 1998). Importin o-proteins have two subunits that
each have specialised functions in docking. The importin o-subunit binds to the
protein by detecting the NLS sequence while the importin B-subunit interacts with the
NPC (Adam et al., 1989). Two additional proteins, GTPase and pl10/NTF2 are critical
for ATP driven translocation process that facilitates import into the nucleus through
the NPC (Corbett et al., 1995). Permeabilized cells require pl0/NTF2 for effective
NLS-protein nuclear import (Moore and Blobel, 1994). This protein interacts with a
number of proteins during the GDP-bound state (Paschal and Gerace, 1995).

The sub-cellular location of proteins such as transcription factors has important
functional implications (Nair and Rost, 2003). Fungal zinc binuclear cluster proteins
exhibit diversity in nuclear import pathways, nuclear import is a process poorly
understood to date (Nikolaev ef al., 2003). The vast amount of sequence data in
databases has necessitated the development of quicker automated methods to define
nuclear localisation as an alternative to the slower molecular approaches (Nair and
Rost, 2003). Putative nuclear localisation sites can be predicted using an algorithm
that utilises nuclear localisation data from proteins with known sites in proteins
(PredictNLS method: http://cubic.bioc.columbia.edu/predictNLS/) (Nair et al., 2003).
Computational predictive methods are relatively accurate and can handle vast mounts
of data. The method has been shown to identify approximately 50% of all known

nuclear localisation signals (Rost and Liu, 2003).

1.6 Zinc finger proteins — General overview of their function in

fungal cells
Zinc finger domains are a common motif for specific DNA binding activities in fungi.

Zinc atoms coordinate with amino acid residues from the polypeptide chain ensuring
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stability of the domain. The domain is common in proteins participating in a wide
range of cellular activities (Krishna et al., 2003). Zinc fingers have been recently

classified into eight different structural groups (Krishna et al., 2003).

Table 1.1: Structural classification of zinc finger proteins

Zinc Finger fold group Description of ligand placement

C2H2 like Two ligands from a knuckle and two more from the C-terminus
Gag knuckle Two ligands from a knuckle and two from a short helix or loop
Treble cleft Two ligands from a knuckle and two more from the N-terminus
Zinc ribbon Two ligands from two knuckles

Zn2/Cy6 Two ligands from N terminus of a helix and two more from a loop
TAZ2 domain like Two ligands each from the termini of two helices

Zinc binding loops Four ligands in a loop

Metallothionein Cysteine rich metal binding loop

Description of the zinc finger proteins adapted from (Krishna et al., 2003)

1.6.1 Zinc binuclear cluster proteins

Bioinformatic analysis of zinc binuclear clusters has revealed five putative domains:
the zinc binuclear cluster domain, the linker region, a coiled coil domain, the middle
homology region and an activation domain (Schjerling and Holmberg, 1996). The
zinc binuclear cluster domain (Figure 1.8) was generally N-terminally located and

found to bind to DNA.

Figure 1.8: Diagrammatic representation of Gal4p DNA binding domain (Baleja ef al.,
1997) [PDB: 1AW6]. Metal nuclei (red balls) tetrahedrally coordinated by six-cysteine
residues (Yellow sticks show sulphur atoms in cysteine residues). Two short a-helices (pink)
followed by an extended strand make up the domain. Molecular visualisation by RASMOL
(Sayle and Milner - White, 1995).
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Structural studies of the conserved DNA binding domain have revealed two zinc
nuclei coordinated in a tetrahedral manner by six cysteine residues (Figure 1.8). The
zinc binuclear cluster domain was found to have the general consensus sequence -
CXL,CRXHKXKCDX3PX,CX,CXC-, where X denotes other amino acid residues
(Schjerling and Holmberg, 1996). The folded polypeptide chain contains two o-
helices separated by a short loop region from which the cysteine coordinate with the
zinc nuclei. The zinc binuclear cluster binds to specific DNA triplet sequences. There
are over 1200 CGG triplet sites in the yeast genome; specific binding to certain sites
is critical for transcriptional activation. Many zinc cluster proteins have been shown
to bind as symmetrical homodimers to a pair of CGG triplets in the promoters of
regulated genes (Mamane et al., 1998). Three types of DNA binding sites to which
zinc binuclear cluster proteins have been characterised: the direct repeat (CGG Nx
CGQG), the inverted repeat (CGG Nx CCG) and the everted repeat (CCG Nx CGQ),

where Nx represents a variable number of nucleotides (Figure 1.9)

Inverted repeat everted repeat direct repeat
CGGXXXXXXXXXXCCG CCGXXXXXXXXXXCGG CGGXXXXXXXXXXCGG
GCCXXXXXXXXXXGGC GGCXXXXXXXXXXGCC GCCXXXXXXXXXXGCC

Zinc finger

Dimerisation domains

Tinker region

Figure 1.9: Prototypic models of zinc binuclear cluster proteins binding to DNA
sequences. Shown are the one-dimensional modes of DNA binding as an everted, direct or
inverted CGG repeat (in bold) (Mamane ef al., 1998).
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(Hellauer et al., 1996; Mamane et al., 1998). Structural studies carried out on Galdp,
a well-studied zinc binuclear cluster protein revealed short coil coils interrupted with
short stretches of amino acids (Marmorstein ef al., 1992). These coiled coil domains
have been implicated in specific homodimerisation of zinc binuclear cluster proteins.
A short linker region connects the coiled-coil domain with the zinc cluster.
Comparison of linker regions in the zinc binuclear family did not reveal any distinct
homology (Schjerling and Holmberg, 1996). The middle homology region has been
thought to modulate the affinity of binding to incorrect CGG triplets by the zinc
binuclear cluster domain (Schjerling and Holmberg, 1996). A C-terminal located
acidic domain thought has been thought to participate in transcriptional activation in

some zinc binuclear cluster proteins.
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1.7 Problem Statement

Dal81p is zinc binuclear cluster protein with a pleotrophic role and is required for the
induction of genes in nitrogen catabolite pathways. The zinc binuclear cluster domain
has been shown to be dispensable for function in Dal81p. There is however little
information known about other domains that potentially participate in regulatory
cascades during inducer—dependent transcription. A comparative bioinformatic study
of Dal81p and its homologues could reveal information that contributes to the

understanding of the regulatory role of Dal81p in nitrogen catabolite repression.

1.8 Research Hypothesis

Dal81p and its homologues share common conserved amino acid sequence features
outside the zinc binuclear cluster domain. The conserved features correlate to
domains that are important for function during the inducer-dependent transcription of

nitrogen catabolite genes.

1.9 Research Objectives
1) To assemble a zinc binuclear cluster protein database.
i1) To conduct a comparative study on the zinc binuclear cluster proteins in
the database.
1i1) To identify potential Dal81p homologues and reveal common protein
sequence features amongst the homologues.
v) To identify putative regulatory domains and predict the secondary

structure of Dal81p.
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CHAPTER 2

EXPERIMENTAL MATERIALS AND METHODS

2.1 General database searches

Zinc binuclear cluster proteins of fungal origin were obtained from the Entrez protein
sequence cross database search engine on the 23 November 2003
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Protein). The search integrated
the European Molecular Biology Laboratory (EMBL) (http://www.embl-
heidelberg.de/) database, and the SWISSPROT (http://us.expasy.org/sprot/) database.
The Protein Information Resource (http:/pir.georgetown.edu/), a non-redundant
database was searched for sequences containing the consensus zinc binuclear cluster

motif.

2.2 Coiled Coil prediction
Coiled coils were predicted using the COILS algorithm (default settings) on the

prediction server interface (http://www.ch.embnet.org/software/COILS form.html)
(Lupas et al., 1991). A fixed window of 14 amino acid residues, two repeats of a

heptad was used to predict coiled coils (Schjerling and Holmberg, 1996).

2.3 Zinc binuclear cluster alignments

Multiple protein sequence alignments of the zinc finger domain were done using the
GCG program (CLUSTALW 18.1), using the European Bioinformatics Institute
(EBI) server interface (http://www.ebi.ac.uk/clustalw/index.html) on the 3™
December 2003  (Thomson et al., 1994). The Blosum62 matrix was used as the
likelihood method for estimating the occurrence of pairwise subsitutions (Henikoff
and Henikoff, 1992) for generating the alignments, the sequences were manually

inspected and aligned further refine the alignments.
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2.4 Dal81p homologue search

Dal81p homologues were obtained using the (Default settings) PSI-BLAST program
(Altschul et al., 1997) on the 23 November 2003. The program used an iterative
approach to build an initial profile used to find distant related proteins elusive in

normal database searches.

2.5 Dal81p Homologue Multiple sequence alignments

Multiple protein sequence alignments of the five homologues were done using the
GCG program (CLUSTALW 18.1), using the European Bioinformatics Institute
(EBI) server interface (default settings) (http://www.ebi.ac.uk/clustalw/index.html) on
the 3" December 2003 (Thomson et al., 1994). The sequences were manually

inspected to further refine the alignments.

2.6 Kyte-Doolittle Hydrophobicity profiles
Hydrophobicity plots were used to predict potential protein structures using the Kyte-
Doolittle method (Kyte and Dolittle, 1982). A window size of nine was used to detect

similar regions from the alignments.

2.7 Protein Secondary Structure Prediction

Three neural network-based protein secondary structure predictive methods were used
to analyse data obtained from the primary amino acid sequences. The approach was
to use 3" generation algorithms predictive tools that incorporate information obtained
from homologues. Algorithms have an estimated prediction accuracy of over 70 %
(Rost and Liu, 2003). The algorithms used included Profile fed network systems from
Heidelberg (PHDsec) (Rost, 1996), PROFsec (Rost & C Sander, 1993) and Predictor
of Non-Regular secondary structure (NORSp) (Liu and Rost, 2003). The prediction
was done on the PredictProtein server (Rost and Liu, 2003): (http://www.embl-
heidelberg.de/predictprotein/submit_def.html).
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2.8 Identification of Functional Motifs

Searches for known possible functional motifs was done using PROSITE motif
searches (Hofmann et al., 1999) employing the PredictProtein server interface (Rost
and Liu, 2003) (http://www.emblheidelberg.de/predictprotein/submit _def.html). The
three phosphorylation sites namely: Cyclic AMP phosphorylation sites, Protein
Kinase (PKC) phosphorylation sites, Casein Kinase II (CKII) phosphorylation sites
were searched for, tentative phosphorylation site where correlated to data from a
neural networks based phosphorylation site predictive algorithm. The NetPhos 2.0
prediction server (Blom et al, 1999) http://www.cbs.dtu.dk/services/NetPhos/)
assigned an estimate of the probable phosphorylation of the predicted motif. A
phosphorylation score greater than 0.9 was taken to be a putative phosphorylation site.

Nuclear localisation sites were searched for using PredictNLS (Nair ef al., 2003).

2.9 Solvent accessibility Prediction

Solvent accessibility of residues was done through the PredictProtein server
(http://cubic.bioc.columbia.edu/predictNLS/) (Rost and Liu, 2003) (http://www.embl-
eidelberg.de/predictprotein/submit_def.html). Two distinct algorithms were used,
Profile fed network systems from Heidelberg (PHDacc) (Rost and Sander, 1994) and
the more recent Predictor of Non-Regular secondary structure (NORSp-solvent

accessibilty) (Liu and Rost, 2003).
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Assembly of a zinc binuclear cluster protein database

A homology search (23™ November 2003) using the highly conserved zinc binuclear
cluster motif sequence (-CX,CRX,KXKCDX;PX,CX,CXeC-) (Schjerling and
Holmberg, 1996) yielded 118 zinc binuclear cluster proteins from sixteen different
fungal genomes (Table 3.1). Most of the 39 new annotations reported in this work were
from recently sequenced genomes. There were no new annotations from the S.
cerevisiae genome (zinc binuclear cluster data-disc). The zinc nuclear data disc
attached to the research report as an excel spreadsheet shows all the information used to

construct the database.

The zinc binuclear cluster proteins were variable in protein sequence length, ranging
from 321 amino acid residues (Cmrlp) up to 1862 residues (Gsabp). A total of 56
proteins were found in the S. cerevisiae genome as previously reported (Schjerling and

Holmberg, 1996; Todd and Andrianopoulos, 1997).

Table 3.1: Summary of novel zinc binuclear cluster proteins

Fungal species Estimated genes Total New Protein
(Genome sequence number of annotations Names
published?) zinc (Novel) (Novel)
binuclear
proteins
Aspergillus flavus - 1 - -
Aspergillus fumigatus - 1 1 Cadp
Aspergillus nidulans - 9 - -
Aspergillus niger - 2 1 Xlnrp
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Table 3.1 -Continued

Fungal species Estimated genes Total New Protein
(Genome sequence number of | annotations | Names
published?) zinc (Novel) (Novel)

binuclear
proteins

Aspergillus - 3 2 Amyrlp

oryzae OTamp

Candida albicans - 2 - -

Fusarium solani - 2 2 Ctlap

Ctlbp

Hansenula - 1 1 Mut3p

polymorpha

Kluveromyces - 2 1 Seflp K

lactis

Lentinula endodes 1 - -

Margnaporthe - 2 2 Afalp

grisea Ea2p

Neurospora crassa 10000 8 5 Acl5p
(Galagan et al., 2003) Cmrlp

Ealp
Flufp
Prolp N

Pichia pastoris - 1 1 Gsabp

Saccharomyces 5885 56 - -

cerevisiae (Goffeau et al., 1996)

Schizosaccharomyces 4824 26 22 Calp

pombe (Wood et al., 2002) Ca2p

Ca3p
Grtlp
Spalp
Spa2p
Spa3p
Spadp
Spa5p
Spblp
Spb2p
Spb3p
Spb4p
Spb5p
Spb6p
Spclp
Spc2p
Spc3p
Suclp
Talp
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Table 3.1 -Continued

Fungal species Estimated genes Total New Protein
(Genome sequence number of | annotations | Names
published?) zinc (Novel) (Novel)

binuclear
proteins

Schizosaccharomyces 4824 26 22 Ta2p

pombe (Wood et al., 2002) Yhddp

Sordia brevicollis - 1 1 Prolp S

The S. pombe genome was found to have an estimated 4824 genes, representing the
smallest eukaryotic genome sequenced to date (Table 3.1). A total of 26 zinc binuclear
cluster protein sequences from the S. pombe genome were reported in this study, 22 of
these were reported novel. The N. crassa genome was found to have a total 8 binuclear
cluster protein sequences out of an estimated 10000 genes in this study. Zinc binuclear
cluster proteins found on the S. cerevisiae genome constitute approximately 1 % of the
genes found in that genome. Zinc binuclear cluster protein sequences were found to
constitute 0.5 % of the estimated genes in the S. pombe genome. The N. crassa genome
had the least reported zinc binuclear cluster protein sequences relative to the genes

(0.08 %).

There was no obvious correlation observed between the three published genomes when
zinc binuclear cluster protein sequences were compared to the estimated number of
genes (Table 3.1). The other fungal species had fewer reported zinc cluster proteins due
to their partially sequenced genomes. The on-going sequencing projects on other fungal
genomes and continual annotation of published genomes should unravel huge data
subsets that can be used for whole genome analysis involving zinc binuclear cluster

proteins.
3.2 Zinc binuclear cluster sequence alignment

Full-length alignments of retrieved motifs were done to produce zinc binuclear cluster

alignments. The first residue in the zinc binuclear domain was observed to be a
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* Acl5p 23 SKRT KT 53
Acr2p 21 KEYN@HRKRL LG 50
* Afalp 76 AA 105
Aflrlp 28 SETSEASS OM 58
Aflr2p 27 SEISESRS EM 57
Alcrp 11 SEDP@RKG TE 50
Amdrlp 18 RI 48
Amdr2p 19 0T 49
* Amyrlp 27 SM 56
Amyr2p 15 SM 54
Arg2p 20 GG 50
Aro80p 24 IF 60
* Calp 45 KRRIK@ODERKIZT EG 75
* Ca2p 25 IT 54
* Ca3p 16 [/ S®KKL IM 46
* Cadp 68 HKHLK@DGVT)EV oM 98
Cat8p 69 SKIAT RI 99
Cb32p 13 MK 44
Chadp 43 EGONGNRRRRKONME Kiy VE 72
* Cmrlp 77 ve 107
* Ctlap 60 RI 89
* Ctlbp 52 vv 81
Cyplp 63 HM 95
Czflp 317 TW 347
Dal81p 149 SENQOEGIIK TF 181
* Ealp 58 EAG®LRRRLEGVMDEES SL 91
* Ea2p 58 PEDAGIRRRIK@ILSEDD SL 97
Facb2p 23 SKIAT KT 53
Facb3p 23 SKIAT KT 53
Ferlp 25 IKINTK®DGKKiy VE 54
* Flufp 10 NKKRTK@EDGOM 39
Galdp 10 LK] 40
* Grtlp 13 42
* Gsabp 631 KRQVKEDERKEF TG 661
Hal9%p 135 TF 168
Lac9p 94 AKKINWKOSKTVET Vi 124
Leu3p 36 00 IL 65
Lyl4p 158 G@SEMKRRRMK@DE TKIET 188
Malrp 12 EeDCOINTRRVKODGKRIY T 41
Ma3rp 7 VRRVK@DGKK] T 36
Ma6rp 7 VRRVK@DRNK} T 36
* Mut3p 72 KL M 101
Consensus CRgK| -
> 33 % A

Figure 3. 1: Alignment of the C6 zinc binuclear cluster in fungal proteins of 118 proteins
using ClustalW multiple sequence alignment program (Blosum62 matrix) and manual
alignment techniques for optimal alignment. The red triangle shows the lysine residue
responsible for specific Protein-DNA interaction with the CGG triple as determined by
structural studies in Galdp -Lys 18 (Marmorstein et al., 1992) and Pprlp-Lys 41 (Marmorstein
and Harrison, 1994). The blue triangle shows the conserved proline residue. The consensus
sequence is shown above. Black shaded boxes denote identical amino acid residues while grey
shaded boxes denote similar residues in the alignment. New annotations are highlighted using
the asterisk symbol (*).
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Nirap 41
Nitdp 52
* Otamp 66
Pdrlp 55
Pdr3p 14
Pip2p 24
Pprilp 33
Pribp 19
* Prolp N 54
* Prolp S 53
Put3p 33
Qalfp 75
Qutap 48
Rdrlp 19
* Seflp K 85
Seflp Y 56
Sip4dp 45
* Spalp 22
* SpaZ2lp 25
* Spa3p 24
* Spadp 39
* Spa5p 23
* Spblp 15
* Spb2p 17
* Spb3p 10
* Spbdp 291
* Spb5p 30
* Spb6p 341
* Spclp 37
* Spc2p 75
* Spc3p 20
Stb4p 86
Stb5p 21
* Suclp 12
* Talp 15
* Ta2p 35
TamAp 69
Tealp 69
Thilp 38
Thi2p 29
Uayp 66
Uga3p 16
Ume6p 770
Upc2p 50
* Xlnrp 54
Consensus
> 33 %

72

Iy 83
€y S@DFHROD---@TF 99
©7S@EIYSCE---@TF 84
@TN@ISYDCT---@VE 43
@TKONLF---@If 54
C7KLEVP---@VS 63
CKRANVO--—@IF 52
TAGMKHLGLC---@EW 84
@TAEKHLGLO---@EM 83
COKOVTSNAI---@EM 62
©rp@VSOGRS—--@TH 105
©ST®ASLSRP---@TH 78
CEMOVAYGYV---@HY 48
CERMGLH--—@ET 114
@EKIGLH---@EI 85
©SNOAKIDFP---@KT 75
®SNOLKRSTIOS-OIf 53
@RSLNMD--—@SL 60

M 53
M 68

®OA@SNNKVE---@TW 53
®SNOIAYNYE---@TH 44

OKESEES--—@TM 46

CON@VVYSET---@KY 40
®TKAKTD--—@ID 320

®<NOKAGKLE--—@®TH 59
®RDAGLNSED@IS 373

A@TATPSO--—@KM 66
®DMDOSPRPGNA---—@IN@RKHHLD---@NF 110
®LKAGKO---@IW 50

115

S 51
®VILNNLK--—@TN 41
®LAGOKAHAD---@HF 47
OL.N@TKTNRE---@EG 65
@Y SE®DFHRQD---@TEF 102

OGNE@SRLELV-—-@NV 98

67
S 59

AMEKAGVR---[@VG 96
ORDEORRLSFP-——-[@IM 46
OENO@ERLKLD-—--[@HM 800
ORKOTNMKLE--—-@OM 79
CAHOTEFGLT---@EM 83

Figure 3. 1 -Continued
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Yaflp 65 VKHGLK---@Vl{f 95
Yakbp 21 KKRGIPNL-@PN 52
Yao7p 6 TLFQAD-——[@HM 36
Yas8p 18 KERNEV-—-—[@TM 47
Yb0Op 106 IKYNKD---[@TF 139
Yb89p 39 ISKGLTAT-@VD 78
Ybo3p 55 LEVGEK--—-[@QF 87
Ycz6p 14 QONSLO-——[®ENM 44
Ydo3p 13 MKHNKMD-—-[@EM 44
Ydr520p 71 NVLQLD---[¢SL 103
Yeldp 17 IGSQSK-—--@®TM 46
Yf£f2p 7 LOHNLO--—-[@TM 36
* Yhddp 18 [VKSNSQ-——[®FM 47
Yhlép 14 VKYNKPD-—-[@EM 45
Yinop 20 TVYSYE--—-@TM 49
Yjk3p 19 LKRNIGKF-@RD 50
Yjuép 46 QTNSYE---@KM 74
Yk44p 18 VRLGDVDS- 49
Ykd8p 46 QORNGDR--—-[@SF 78
Ykmlp 10 IVYQEE--—[8HM 40
Ykw2p 23 SSRNRKQ--[@E 54
Yl66p 30 VIRKLPQO-- 61
Y178p 40 LKAGIK---[@VQ 70

¥11054p 14

KASSSI---@sk 44
Y1r228p 43 TNMKLD--- 73

Ymh6p 75 LKHKKL--—-@KEF 104
¥Yn25p 10 VSHGIP-—-[@VEF 40
¥n92p 15 IRLNTPKE-®Iff 46
Yp33p 16 VKRDIAHL-[@RE 47
Yprl96p 6 TORNLN---[@TM 35
Yrrlp 53 ISRNLTT--®OM 82
Consensus = IN&—-O3--|\-KeD-—-lg-———----——"-8-—-@--—-————~- -H
> 33 %

Figure 3. 1 -Continued

threonine, glycine alanine or valine residue (Figure 3.1). Alanine and glycine were
found conserved in 58 % and 12 % of the 118 proteins respectively at this position. The
lysine residue that has been found to be responsible for specific protein-DNA
interaction with the CGG triplet as determined through structural studies on Gal4p -Lys
18 (Marmorstein et al., 1992) and Pprlp-Lys 41 (Marmorstein and Harrison, 1994)
were observed conserved in the alignment. Conservation of a positive amino acid
residue at this position in the 118 proteins was observed at 98 %. This supports the
observations from structural data that charged or hydrophilic residues residue
conserved at this position are important in DNA binding interactions (Marmorstein et
al., 1992, Marmorstein and Harrison, 1994). A total of 89 out of 118 (75 %) protein
sequences (Figure 3.1) had a lysine residue conserved at that topologically equivalent
position. The other 22 (19 %) protein sequences had arginine residues conserved at that

site while 5 (5 %) protein sequences were observed to have histidine residues
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conserved. The remaining two sequences had asparagine and glutamine conserved
respectively at the site. Examination of the new protein sequence annotations revealed
that 27 of the 39 new annotations (Figure 3.1) had a lysine residue

conserved at that topologically equivalent position. This represented conservation in 70
% of the annotations. Arginine was conserved in 23 % of the sequences while histidine,
glutamine and asparagine residues were both conserved respectively conserved in 2 %

of the protein sequences.

The crystal structure of Gal4p revealed that the conserved proline residue (Figure 3.1,
Gal4p) was found located in the loop region of two a - helices coordinated by two zinc
nuclei (Marmorstein et al., 1992; Baleja et al., 1997). Structural analysis of Gal4p has
shown that the proline residue was critical in reducing strain in the loop region
(Marmorstein et al., 1992). The proline residue was conserved in 89 % of the protein
sequences at this topologically equivalent position the fourth and fifth cysteine residues
(Figures 3.1). Similarly a proline residue was conserved at this position in 82 % of the
new annotations. Zinc binuclear cluster proteins lacking the proline residue at this
position were observed to have a longer stretch of amino acids. Proline is found
conserved at the position between the two o-helices since the rigid conformation
adopted by this residue presumably allows the polypeptide chain to change direction.
The net structural arrangement allows for the spatial co-ordination complex of cysteine
and zinc nuclei to form (Baleja et al., 1997). The data supports similar observations on
a comparative study of zinc binuclear cluster proteins (Schjerling and Holmberg, 1996).
A protein, Aro80p was observed to have 4 proline residues in the zinc binuclear cluster,
could this suggest possible novel domain architecture? Comparison of proline
conservation at this position at a genomic level reveals that proline has been
consistently conserved. The three published genomes: S. cerevisiae, N. crassa, S.
pombe were used comparatively. Proline was observed at conserved 95 % of protein
sequences in the S. cerevisiae genome, 86 % of the annotations in the N. crassa genome
had a proline residue conserved and the S. pombe genome had proline conserved in 89

% of its annotations.
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A hydrophobic residue was observed to occupy the last position in the zinc binuclear
cluster motif (Figure 3.1) in most of the proteins. The tyrosine residue was found
conserved in 61 out of 118 proteins and this represented 52 % residue conservation.
The tyrosine residue was found similarly conserved in 46 % of the novel proteins. The
zinc binuclear cluster domains of Gal4p and Pprlp have been elucidated through
structural studies (Figure 3.2). The first a-helix in Gal4p was found to be six residues
length (Figure 3.2, Asp 12 to Lys17) while the second helix was four residues in length
(Figure 3.2, Lys 30 to Lys 33).

Gal4p 10 KLKCSKEKPK—---CAKCLKNNWECRY 40
Pprlp 33 KIKCDQEFPS—---CKRCAKLEVPCVS 63
Da181p 149 KTKCN-YFPDLGNCLECETSRTKCTF 181
TamAp 69 KSRCAMEMVNK--CYSCDFHRQDCTFE 102
Otamp 06 KSRCAMEMVNK--CYSCDFHRQDCTE 99
Ealp 58 RLECVMDEES---CVACQTNGAECSL 91
Ea2p 58 RIKCILSEDD---CISCQANRMDCSL 97
Consensus 58 R-KC-ME-—-—-—--— C-SC————=————= 97
> 30 %

Figure 3.2: Comparative alignment showing the two o- helical regions of the zinc
binuclear cluster motif (Gal4p and Pprlp) as determined through structural data. The
purple-boxed region represents first helical region. The second helical is represented the
yellow-boxed region (Baleja et al., 1997; Marmorstein and Harrison, 1994).

The two a- helical regions in Pprlp and Gal4p were found to align well. Analysis of the
zinc binuclear cluster in Dal81p revealed that in the first o-helix Asn 151 was
topologically equivalent to Asp 12 in Galdp while Lys 156 in Dal81p was topologically
equivalent to Lys 17 in Gal4p. Lys 18 in Gal4p has been shown occupy the DNA
recognition position (Baleja et al., 1997; Marmorstein et al., 1992). The data suggests
that there was considerable overlap between the first a-helical region of Gal4p and

Dal81p.
From a topological perspective, the second a-helical region in Dal81p was found to

extend from Glu 171 to Thr 174 and clearly there were insignificant amino acid

sequence similarities between the second a-helical regions in both proteins. In Pprlp
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and Gal4p the second helix was characterised by two positively charged lysine residues
linked by two hydrophobic residues. The second helix in Dal81p was observed to have
two hydrophobic and negatively charged residues respectively. The second helical
region in TamAp and Otamp was observed to possess a cluster of hydrophobic
residues. Similar amino acid sequence features were observed in two putative Dal81p

homologues, Ealp and Ea2p.

The Gal4p and Pprlp helical region was characterised by basic residues while Dal81p
homologue helical region was characterised by hydrophobic residues. Gal4p and Pprlp
bind to everted DNA repeats (Marmorstein et al., 1992; Marmorstein and Harrison,
1994). There is no evidence for direct DNA binding of Dal81p and its homologues
(TamAp and Otamp) in the literature. There was no clear pattern observed between the
conserved residues in the helical regions of the zinc binuclear cluster and the DNA
binding specificity of the proteins. This suggested that conserved residues in the helical
regions of the zinc binuclear cluster were involved in the determination of DNA

binding specificity.

3.2 Coiled coil analysis of zinc binuclear cluster family

The results of the coiled coil prediction using the COILS algorithm show that 72 of the
118 zinc binuclear proteins (61 %) have putative coiled coils (zinc binuclear cluster
data-disc). The remainder 46 zinc binuclear cluster proteins (39 %) had no coiled coils
detected. Some zinc binuclear cluster proteins lacking a coiled coil have been thought
not to bind to repeat DNA sequences (Schjerling and Holmberg, 1996). The coiled coil
motif was found predicted in 17 new annotations (44 %) and undetected in 22 new

annotations (56 %).

Examination of the coiled coil data (zinc binuclear cluster data-disc) shows that the
COILS algorithm accurately predicts coiled coil domain in Galdp (Table 3.2) that was
found to extend from residues 50-63 (Marmorstein ef al., 1992). A coiled coil domain
as determined through structural studies in Cyplp (Haplp), residues 114-128 was also
accurately predicted (King et al., 1999). The weakness of the COILS method (section

1.5.1) was authenticated by the false prediction of six coiled coils that were
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characterised by hydrophilic residues lacking a defined heptad repeat (zinc binuclear

cluster data-disc).

Predicted coiled coils in Cylp (residues 175-188) and Dal81p (residues 86-99 and 227-
240) lie on polyglutamine stretches and lack a defined heptad repeat. Dal81p was
found to lack a proper coiled coil suggesting that the protein does not dimerise. TamAp,
Otamp and the two putative homologues (Ealp and Ea2p) did not have any predicted
coiled coils. The data shows that these proteins lack a linker region that connects the
coiled coil region to the zinc binuclear cluster domain. An interaction between the
middle homology region and the linker region has been thought to reduce the affinity of
binding to repeat DNA sequences (Schjerling and Holmberg, 1996). The observations
support the hypothesis that states that Dal81p does not directly bind to DNA sequences.
The existence of conserved novel domains in Dal81p and its homologues cannot be

ruled out.

A total of 26 zinc binuclear cluster proteins had multiple coiled coils predicted.
Interestingly the location of the coiled coils in the zinc binuclear cluster family was
found to be variable; generally most predicted multiple coiled coils were found located
towards the C-terminal of the zinc binuclear cluster motif. A novel zinc binuclear
cluster protein, Gsabp was observed to possess a centrally located zinc finger with two
predicted coiled coils on either side of the zinc finger, (residues 352-366 and 1788—
1801 respectively). Yell4p had a predicted coiled coil region encompassing the zinc
finger motif (Table 3.2). There is no evidence in literature of coiled coil regions located
in the zinc binuclear cluster motif. There were no coiled coil regions detected in
Proplp N and Proplp S (Table 3.2). Both proteins have been observed to exhibit high
sequence similarity in their zinc binuclear cluster domains (section 3.2). The zinc
binuclear cluster was located in similar position in both proteins (residues 55-82 and
54-81 respectively) and the proteins were of similar length. Similar observations were
noted when two Dal81p (TamAp and Otamp) homologues were compared. There were
no coiled coils detected and the location of zinc binuclear cluster differed by a few
residues (residues 71-100 and 68-97 respectively). The data shows that the coiled coil
motif was conserved amongst zinc binuclear cluster proteins involved in similar

metabolic  pathways such as maltose fermentation regulators in S.
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Table 3.2: Summary of the sequence data and predicted coiled coils in zinc binuclear cluster proteins

Name Sequence length | Zinc Finger (Position) Coiled coil Function Organism
prediction (14)
Aflrlp 437 29-56 -
Afflatoxin biosynthesis regulatory proteinid. flavus
*Cadp 625 69-96 - Hypothetical protein A. fumigatus
Aflr2p 433 28-55 - Sterigmatocystin biosynthesis regulatory
rotein . nidulans
Alcrp 821 12-49 - Regulatory protein . nidulans
Amdr2p 765 20-50 587-600 |Acetamidase regulatory protein . nidulans
Amyr2p 662 16-42 - Amylase regulator . nidulans
Facb2p 867 24-51 67-96 Acetate DNA binding protein . nidulans
Nirap 892 42-70 471-484 INitrogen assimilation transcription factor |4. nidulans
Qutap 825 49-76 148-161 Quinic acid utilization activator A. nidulans
TamAp 739 70-100 - INitrogen assimilation transcription factor |4. nidulans
Uayp 1060 67-94 - Positive regulator of purine utilization  |4. nidulans
Facb3p 862 24-51 67-96 Acetate DNA binding protein . niger
*Xlnrp 875 55-81 638-651 Transcriptional activator xInR . niger
Amdrlp 735 19-49 155-175 |Acetamidase regulatory protein . oryzae
424-441
581-594
*Amyrlp 604 28-54 241-255 Amylase regulator . oryzae
*Otamp 711 67-97 - Nitrogen assimilation transcription factor |4. oryzae
Czflp 388 318-345 166-179 Zinc finger protein C. albicans
Ferlp 517 26-52 261-276 Fluconazole resistance protein 1 C. albicans
*Ctlap 909 61-90 641-658 Cutinase transcription factor \F'. solani
*Ctlbp 882 53-81 - Cutinase transcription factor \F'. solani
*Mut3p 929 73-99 - Peroxisome proliferation regulator \H. polymorpha
Lac9p 865 95-122 135-155 Lactose metabolism regulatory protein  |K. lactis
*Seflp K 1071 86-116 265-278 Supressor protein IK. lactis
553-574

Table 3.2 —Continued
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Name Sequence length |Zinc Finger (Position) Coiled coil IFunction Organism
prediction (14)

Pribp 565 20-50 63-85 IPrib protein L. edodes
*Afalp 974 77-103 - IPutative transcription factor Piglp M. grisea
*Ea2p 805 59-95 - IHypothetical protein M. grisea
*Acl5p 865 24-51 67-98 IRegulatory protein IN. crassa
Acr2p 595 22-49 - |Acriflavine sensitivity control protein IN. crassa
*Cmrlp 321 78-105 - IRegulatory protein IN. crassa
*Ealp 775 59-89 - IHypothetical protein IN. crassa
*Flufp 792 11-37 45-63 Conidial development protein fluffy V. crassa
Nitdp 1090 53-81 96-110 INitrogen assimilation IN. crassa

324-338 transcription factor

491-511
*Prolp N 696 55-82 - IPRO1 protein IN. crassa
Qalfp 816 76-103 - Quinic acid utilization activator IN. crassa
*Gsabp 1862 632-659 352-366 IPexophagy regulatory protein

1788-1801 \P. pastoris

Arg2p 880 21-48 - |Arginine metabolism regulation \S. cerevisiae
Aro80p 950 25-58 96-117 IPutative transcription regulator IS. cerevisiae

181-194

767-780
Cat8p 1433 70-97 112-135 IRegulatory protein

623- 641

684-698 \S. cerevisiae
Cb32bp 608 14-42 541-554 IRegulatory protein \S. cerevisiae
Chadp 648 44-70 87-106 |Activatory protein \S. cerevisiae
Cyplp 1502 64-93 110-130 |Activatory protein

175-188 \S. cerevisiae
Dal81p 970 150-179 86-99 Transcriptional activator protein IS. cerevisiae

227-240
Gal4p 881 11-38 51-69 IRegulatory protein \S. cerevisiae

Table 3.2 —Continued
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Name Sequence length | Zinc Finger (Position) Coiled coil IFunction Organism
prediction (14)

Hal9p 1030 136-166 163-182 [Putative transcription regulator \S. cerevisiae
Leu3p 886 37-67 70-99

444-466

685-701 IRegulatory protein \S. cerevisiae
Lyl4p 790 159-186 - ILysine biosynthesis regulator \S. cerevisiae
Malrp 473 13-39 135-149 IMaltose fermentation regulator \S. cerevisiae
Ma3rp 468 8-34 128-141 IMaltose fermentation regulator iS. cerevisiae
Mab6rp 473 8-34 - Maltose fermentation regulator \S. cerevisiae
Pdrlp 1060 56-72 166-181 IPleiotropic drug resistance regulator \S. cerevisiae
Pdr3p 976 15-41 - IPleiotropic drug resistance regulator \S. cerevisiae
Pip2p 996 25-52 66-79 IPeroxisome proliferation regulator

560-573 \S. cerevisiae
Pprlp 904 34-61 80-93 IPyrimidine pathway regulatory protein  |S. cerevisiae

197-210

479-492

699-714
Put3p 979 34-60 76-97 IProline utilization trans-activator IS. cerevisiae
Rdrlp 546 20-46 - [Putative transcription regulator \S. cerevisiae
Seflp Y 1057 57-87 97-118

858-871 Supressor protein \S. cerevisiae
Sip4p 829 46-73 745-768 SIP4 protein \S. cerevisiae
Stbdp 949 87-113 - [Putative transcription regulator \S. cerevisiae
Stb5p 743 22-49 554-572 [Putative transcription regulator \S. cerevisiae
Tealp 759 70-96 113-134 [Enhancer activator \S. cerevisiae
Thi2p 450 30-57 166-182 [Thiamine biosynthesis protein \S. cerevisiae
Uga3p 528 17-44 - [Transcriptional regulatory protein \S. cerevisiae
Ume6p 836 771-798 815-832 [Transcriptional regulatory protein \S. cerevisiae

Table 3.2 —Continued
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Coiled coil prediction
Name Sequence length | Zinc Finger (Position) (14) Function Organism
Upc2p 913 51-78 207-225 [Putative transcription regulator \S. cerevisiae
Yaflp 1062 66-93 271-284 Transcriptional regulatory protein IS. cerevisiae
321-334
599-612
Yb00p 1094 107-137 142-158 Transcriptional regulatory protein IS. cerevisiae
658-671
1050-1063
Yb89p 529 40-68 - Transcriptional regulatory protein IS. cerevisiae
Ybo3p 919 56-85 - Transcriptional regulatory protein \S. cerevisiae
Yczbp 832 15-42 16-29 Transcriptional regulatory protein IS. cerevisiae
264-281
664-678
96-117
Ydo3p 885 14-42 181-194
767-780 Transcriptional regulatory protein \S. cerevisiae
Ydr520p 772 72-101 169-182 Putative transcription regulator IS. cerevisiae
236-254
637-656
Yeldp 794 18-44 9-25 Transcriptional regulatory protein IS. cerevisiae
126-139
194-207
Yff2p 465 8-34 - Transcriptional regulatory protein \S. cerevisiae
Yhl6p 883 15-43 207-225 Transcriptional regulatory protein IS. cerevisiae
Yinop 964 21-47 126-139 Transcriptional regulatory protein \S. cerevisiae
Yjk3p 618 20-48 461-474 Transcriptional regulatory protein IS. cerevisiae
Yjubp 758 47-73 - [Putative transcription regulator \S. cerevisiae
Yk44p 863 19-47 492-505 Transcriptional regulatory protein IS. cerevisiae
Ykd8p 1170 47-76 - Transcriptional regulatory protein \S. cerevisiae
Ykmlp 594 11-38 - [Putative transcription regulator \S. cerevisiae
Continued
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Name Sequence length| Zinc Finger (Position) Coiled coil IFunction Organism
prediction (14)
Ykw2p 705 24-52 53-66 Transcriptional regulatory protein  [S. cerevisiae
75-93

Y166p 701 31-59 82- 96 [Putative transcription regulator IS. cerevisiae
Y178p 1341 41-68 5-26 [Putative transcription regulator

170-184 \S. cerevisiae
Y11054p 769 15-42 103-126 [Putative transcription regulator \S. cerevisiae
Y1r228p 814 44-71 109-122 [Putative transcription regulator

331-352

\S. cerevisiae

Ymh6p 944 76-109 606-619 Transcriptional regulatory protein

780-800 \S. cerevisiae
Yn25p 743 11-38 56-69 [Putative transcription regulator

246-259 \S. cerevisiae
Yn92p 607 16-38 429-445 [Putative transcription regulator IS. cerevisiae
Yp33p 446 17-45 - [Putative transcription regulator \S. cerevisiae
Yprl96p 470 7-34 - IMaltose fermentation regulator \S. cerevisiae
Yrrlp 810 54-82 150-163 [Putative transcription regulator \S. cerevisiae

255-268
*Calp 419 46-73 - [Transcriptional regulation \IS. pombe
*Ca2p 632 26-52 67-86 [Transcriptional regulation \S. pombe
*Ca3p 510 17-42 - [Transcriptional regulation \IS. pombe
*Grtlp 648 14-40 - Zinc finger protein \S. pombe
*Spalp 625 23-51 75-91 IProbable transcriptional regulator  |S. pombe
*Spa2p 529 26-58 81-100 IProbable transcriptional regulator  |S. pombe
*Spa3p 654 25-54 - IProbable transcriptional regulator  |S. pombe
*Spadp 783 40-66 489-505 IProbable transcriptional regulator  |S. pombe
*SpaSp 697 24-51 - [Probable transcriptional regulator _ |S. pombe

Table 3.2 —Continued

IFungal Zinc |

Sequence
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Finger length (Position) Function
*Spblp 827 16-42 - Probable transcriptional regulator  |S. pombe
*Spb2p 560 18-44 - IProbable transcriptional regulator  |S. pombe
*Spb3p 594 11-38 95-108 IProbable transcriptional regulator  |S. pombe
*Spbdp 738 292-318 - IProbable transcriptional regulator  |S. pombe
*Spb5p 815 31-57 107-121 IProbable transcriptional regulator  |S. pombe
*Spb6p 397 342-371 - Probable transcriptional regulator  |S. pombe
*Spclp 857 38-64 12-26 Putative transcription regulator \IS. pombe
*Spc2p 867 76-108 686-700 [Putative transcription regulator \S. pombe
*Spc3p 525 21-48 - [Putative transcription regulator \IS. pombe
*Suclp 501 13-39 54-67 IProbable sucrose utilization protein |S. pombe
437-450
*Talp 480 16-46 - IHypothetical protein \IS. pombe
T41718 hypothetical fungal Zn(2)-
*Ta2p 497 36-63 - Cys(6) iS. pombe
Thilp 775 39- 65 9-25 Thiamine biosynthesis protein IS. pombe
126-139
194-207
Yakbp 782 22-48 452-470 Putative transcription regulator \IS. pombe
Yao7p 603 7-34 464-479 [Putative transcription regulator \S. pombe
Yas8p 563 19-45 - [Putative transcription regulator \IS. pombe
*Yhddp 618 19-45 234-250 IPutative transcription regulator \S. pombe
419-432
*Prolp S 693 54-81 - Transcriptional regulatory protein  |S. brevicollis

Name of protein, prefix ‘p’ to show protein. Protein sequence length shown, zinc finger position in protein denoted by (1% cysteine and last cysteine residues
positions) in the protein sequence. Coiled coil prediction using the COILS server (Lupas et al., 1991) with specified window of 14 residues for the optimal
detection of coiled coils (Schjerling and Holmberg, 1996). Coiled coils not detected by the COILS algorithm are denoted (-). New annotations are highlighted

using

asterisk

symbol

(*).
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cerevisiae (Marlp and Mar3p). The data is further supported by similar locations of the
coiled coil and zinc binuclear cluster when Mar1p and Mar3p (Table 3.2) are compared.
Mar6p zinc binuclear cluster domain (amino acid residues 8-34) had an identical
location to the Mar3p but lacked a coiled coil. These homologues are functional

paralogues derived from gene duplications that could have led to loss of the coiled coil.

3.3 Dal81p homologues

The PSI-BLAST search was carried out using the protein sequence of Dal81p (S.
cerevisiae) (SWISS PROT accession number: P21657) against public databases. The
PSI - Blast search for potential Dal81p homologues results yielded four significant hits
present in the zinc binuclear cluster protein database. Otamp (4. oryzae) a known
Dal81p homologue (Small et al., 2001) had a calculated 30 % sequence identity to
Dal81p (10 % gaps) with an expectation value of 2 x 10’ Another Dal81p homologue,
TamAp (4. nidulans) (Small et al., 2001) exhibited 28 % sequence identity (11 %
gaps). Two hypothetical proteins were also identified, Ealp (N. crassa) and Ea2p (M.
grisea). Ealp is a 775-residue long zinc binuclear cluster protein displaying 31 %
sequence identity (16 % gaps) with an expectation value of 7 x 107 Ea2p has 805
residues with a 32 % sequence identity (18 % gaps) and an expectation value of 1 x 10
% The two novel proteins (Eap and Ea2p) display higher sequence identity to Dal81p
when compared to the known homologues (Otamp and TamAp). The proteins were
designated as putative homologues since the search result does not take evolutionary

events such as gene duplication.

3.3.1 Full length Alignments: Dal81p and homologues

Full-length alignments using ClustalW of Dal8lp and homologues; TamAp (4.
nidulans), Otamp (4. oryzae), Ealp (N.crassa) and Ea2p (M. grisea) were done. Four
distinct regions with conserved blocks of amino acid residues characterised by high
sequence identity and similarity amongst the homologues were defined. The regions
have been designated zinc binuclear cluster domain (Figure 3.3, residues 150-180),
domain one (residues 243-411), the middle homology region (residues 425-496) and
domain two (residues 544-723) for the purposes of this study. Extensive functional

deductions from the alignment of such a subset of proteins that have been obtained
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through Psi-Blast were valid since the method accurately detected two characterised

homologues. This was further supported by the existence of the

zinc binuclear cluster domain and the high sequence identity amongst these proteins.
Each region was analysed and used to build a profile for further Dal81p structural

analysis.

There was insignificant amino acid similarity observed in the region between the zinc
binuclear cluster and domain one. This could be explained by the absence of true coiled
coils and linker regions in all five homologues (section 3.2) since conserved residues
imply some degree of structural conservation important for function. The evolution
process of Dal81p and its homologues could have involved the loss of the coiled coils,
the linker region coupled with the loss of function zinc binuclear cluster domain. The

two novel domains identified amongst the homologues could be important for function.

3.3.2 Domain one

Domain one was found to encompass the region Dal81p (Figure 3.3, residues 243-411).
The domain was observed to have the least pronounced amino acid sequence identity
and similarity amongst the homologues. Dal81p exhibited an amino acid sequence
identity similarity of 23 % and 44 % respectively to the other homologues. The
alignment reveals that TamAp (36 % and 54 % sequence identity and similarity) was
observed to be more similar to the putative homologues Ealp (33 % and 50 % sequence
identity and similarity respectively) and Ea2p (31 % and 52 % sequence identity and
similarity respectively). Close examination at the consensus sequence residues revealed
pattern of hydrophobic periodicity. There were hydrophobic residues approximately
every four residues interspaced by hydrophilic residues. The pattern was indicative of
amphipathic helical arrangement. There were proline residues observed at regular
intervals presumably to alter polypeptide direction. The domain was also separated

from the middle homology domain by approximately 12 amino acid residues.

Examination of the hydrophobicity plots of the domain one (Figure 3.4) revealed
strikingly similar profiles. The hydrophobicity profiles correlated to the observed
sequence similarity amongst the homologues and this suggested that this protein

domain could play an important role in the function of these proteins.
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Dal8lp 1 MDPHQSPADNAASPTKSVKATTKNSSTNNNVNSNNSNNNSNHDILNENDNYTTILQHLAN 60
TamAp ]l e e ] MAAVITLOS 9
Otamp ] e WAAVITLOS 9
Ealp 1 MSVPSAVPR 9
Ea2p 1 S WSTPITVAR 9

Dal8lp 61 DHPNILREKGGSQQQQHQ@QQQQQQQQQQQQQQQSLDTLLHHYSELLSKSDNAIAFDDNV 120

TamAp 10 SSTAGLQQGSPSDRHLLRPLLONNPQQPPLO--——-— QOPLOPQORIPSPAIRTGTLPRLP-— 62
Otamp 10 SSTTAP-AASAASFQPSD@LLRSRVONQPLS-——-—-— NQSPLPFR--LPHLLALPRVP-— 59
Ealp 10 TAPIAIAPKPPPRFPPS SINY-——====————— SDSFSGFREGINT)EDTDSLS——-— 53
Ea2p 10 TAPIPIAPKPS-RKTPSR@STM-——-—-—-—————-—--— SDAFSHSMSGLNSJEGSDSASMN -~ 52

Dal8lp 121 SNSADHNGSNSNNNNNNNDISSPENLMGSHENO®RIKKTKENYFPDLG—-———— 174
TamAp 62  —————————-——————————— IBACLRR IAMNEMVN-————— MEC 95
Otamp 59 --------------—-—————- ) DINGMNAK SR®AMNEMVN - ————— ¥y Sle 92
Ealp 53 ——---—-—-m-m————————— E0PAS PROEINGRNAR . F{@VMSDDEE - ————— )V A® 84
Ea2p 90
Consensus
Dal8lp 203
TamAp 147
Otamp 116
Ealp 113
Ea2p 127
Consensus
Dal8lp 204 NSKRMKNFED--YSNRLPS----- SMLYRHQOQQOOQOQOQOORIQYP RSSFFV[EPASVEDL 256
TamAp 148 INMNLDDIINSDADSPKRLST---VSKADSIMRSPLSEHPRENAVSYWH QTT(® IR T Tie 204
Otamp 117 ISLDDTVPEDVDSPKRLSTNPPVSKTNLIRSPLNIQARITPG-YWY QRT[@HNE T §MED ] 175
Ealp 114 JMMRRONPP---SLSSTVTTG-MSLIEEMANFGGPTLLKRTLGLQSD RYS[@YlNe PimyD 169
Ea2p 128 NOROHQOPGNASLSSTVAS--SSFIEDMENFGGPTLLKRSLGLQOKD RYS[6YiNEPaRiD 185
Consensus R S{eYhge Cimy
Domain One
Dal8lp 257 TKHVRLINVIEOTQOLSKTLSTINAV S PTAQERI LODDFDTTLHSKQOEYEVDLVIANTLWYH 316
TamAp 205 LAY L)ZVIBO ST SR- LSDD IMRVVNTMSHADAPQSATLVSERNS T Y| 263
Otamp 176 LEFLISTINONHIGT IS SR— EFGDD IMRMVNTLSHADSPQSASLD ST Y| 234
Ealp 170 SPEINLSHFIRPHINS LIINRGT - LAV GDE LMLPDSLTPGHAHIIEDVDESY-———-—— 221
Ea2p 186 SHINLS)HF|RP SLIRARGT -LINAVGEQ LLLPDHITPGYEHKPSDSEEISNKT 244
Consensus I P L1 IF R K\VAD) DT S O D 1 Y|

Dal8lp 317 HIMVEI 'L HE LEKMSRSYRELTAJARRAS TN SINAT.OY FHPALLGFE 376

TamAp 264 ST@VEK T E ROSMR-TRNGIE)LINESH LKEVIBEIGPINSOBAR 322

Otamp 235 STMIDKEE Himshs T IME DSIRHSMR -ARQGLISZ iE S)a LKE GPINSOJVR 293

Ealp 221 YEKMDRSHRE FR)MEAIA TN TIWA T NWWIRHSEELARIL iy 271

Ea2p 245 OKSMIYDKMERDYRDIRISIMEAIATNI RS VNWWIRHDE TLASIT I 304
P

Consensus E

AN i 2|

Figure 3.3: Full length alignment showing Dal81p, homologues (TamAp and Otamp) and putative homologues
(Ealp and Ea2p). Putative homologues were identified using Psi-Blast (Altschul ez. al., 1997) at NCBI. The Blue-
boxed region shows the zinc binuclear cluster domain (Dal81p, residues 149-181). The Orange—boxed region shows
domain one (Dal81p, residues 243-411). Purple-boxed region shows the middle homology region (Dal81p, residues
425-496). The Lime green-boxed region represents domain two (Dal81p, amino acid residues 544-723). Predicted
coiled coils regions shown by yellow-boxed residues. Identical amino acid residues are shown in black boxes while
similar residues are denoted in grey boxes. The consensus sequence is shown at > 60 %.
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Dal8lp 377 D OINNIALETEFYARVGRPKLSIIRGTENRTI[® CRSECHNNWVLC] 436
TamAp 323 D. ATALRLENESLPYAS ISpNNeyNCInnS KSTLAT--ARL 379
Otamp 294 DAA- STALKL IESLPYASISTIQAGELLME KSTIAT--HEL 350
Ealp 272 RLVRVTIBADAMY RPKLEHSNO)NSIANESE® RPEGDQO-—-WEPT) 328
Ea2p 305 N RLVRDT] DSMFRPKLSTEQAGLLLSQ RPEGDQ--WIAP T} 361
Consensus D TI®A S
|
Dal8lp 437 496
TamAp 380 438
Otamp 351 409
Ealp 329 387
Ea2p 362 420
Consensus
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Figure 3.3 —Continued

Figure 3.4: Kyte-Doolittle hydrophobicity plot of domain one. The Dal81p hydrophobicity
plot shown by the red line, TamAp shown by blue line and Otamp shown by green line. The
Ealp and Ea2p hydrophobicity plots are shown by the brown and black lines respectively.

3.3.3 Middle homology Region
The middle homology region in this study (Dal81p, residues 425-496) was observed to

overlap the region previously designated as the middle homology region in Dal81p
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(residues 405-477). The alignment revealed highly conserved sequence features in all
five homologues. Analysis of the consensus sequence shows that all five proteins share
at least 60 % amino acid sequence similarity (Figure 3.3). Dal81p was found to be 44 %
identical and 60 % similar to the other four homologues. The middle homology region
in TamAp was (63 % and 71 % sequence identity and similarity) was also more similar
to the putative homologues Ealp (65 % and 74 % sequence identity and similarity
respectively) and Ea2p (64 % and 72 % sequence identity and similarity respectively).
The alignment revealed a cluster of positive amino acids -RKR- , Dal81p (Figure 3.3,
residues 453-455) conserved amongst five homologues. This more prominent amino
acid sequence similarity in the middle homology domain in comparison to the other
domains suggested that the domain could be critical for function amongst the
homologues. The middle homology domain overlapped well with the region on TamAp

(section 1.3) known to be indispensable for function.

3.3.4 Domain two

Domain two in Dal81p was observed to be 38 % identical and 54 % similar to the other
four homologues. TamAp (65 % and 74 % sequence identity and similarity) was found
to be more similar to the putative homologues Ealp (54 % and 66 % sequence identity
and similarity) and Ea2p (53 % and 63 % sequence identity and similarity). The -
YFATEITLHR- motif was observed to have a 100 % sequence identity amongst all the
homologues. There were other motifs in this domain observed to 100 % identical in all
the other homologues with the exception of Dal81p. The divergence of the Dal81p
sequence from the other homologues could be explained by evolution. The periodicity
of hydrophobic residues after approximately every 4 residues was also observed in
some amino acid blocks. This suggested the presence of helical secondary structure.
There was low sequence similarity observed in the extreme C-terminal portion of the
homologue alignment. There was an interesting 20 amino acid consensus sequence
found outside domain two (Figure 3.2, TamAp, residues 650-669). The observed
consensus, -[EFA]-X (3)-[LD]-X(2)-T-X-L-X(4)-[PEK]- aligned well in four

homologue sequences excluding Dal81p.
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3.4 Secondary structure prediction

Domains designated were speculated to have conserved secondary structure with a
functional role amongst the five homologues. The different domains were used as
templates to refine and further parse data generated from the secondary structure
prediction of Dal81p. There was need to answer the question of whether amino acid
motifs in conserved homologues were indicative of similar secondary structure since a

correlation would suggest conserved function amongst the homologues.

The polyglutamine stretch upstream of domain one (Figure 3.5, residues 78-94) was
predicted to be o-helical in nature. There is no evidence for the existence of
polyglutamine a-helices in literature. The region also encompassed a coiled-coil region
was also predicted to lie on the polyglutamine stretch (residues 86-99) (section 1.3).
The sequence was not indicative of a proper heptad repeat and can be deduced to lack
the periodicity of a a-helix. Deletion studies on the polyglutamine stretch showed that
the region was a critical region for Dal81p function (section 1.3). Domain one had six o
-helices separated by loop regions (Figure 3.4, grey boxed area). The helices
corresponded with the observed pattern of hydrophobic residue periodicity in the
domain that was indicative of a -helical secondary structure (section 3.3.1). Four
predicted o~ helices on Dal81p (Figure 3.5, residues 316-326, 338-342, 352-363, and
400-411 respectively) aligned well with conserved amino acid residue blocks in the
homologues suggesting that the secondary structure was conserved amongst the

homologues.

The middle homology domain was characterised by a significant amino acid similarity
amongst the homologues (section 3.2). The domain overlaps motifs IV and V as
described in the eight-motif domain (Poch, 1997). The yellow shaded area (Figure 3.5)
was indicative of amphipathic a- helix periodicity. The 13 residue long motif displays
an alternating pattern of polar and non-polar amino acid residues. The primary
sequence was conserved similarly in the homologues suggesting that the amphipathic
o-helix was a potential conserved functionalsite. An a—B—a like motif (Figure 3.4,

residues 448-476) was observed to have significant amino acid sequence similarity
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Figure 3.4: Predicted secondary structure of Dal81p. Secondary structure using PHD prediction (PhD) (Rost, 1996), Predictor of non-regular secondary
structure method (Nsec) (Liu and Rost, 2003) and the prediction of secondary structure using PROFsec (PROF) (Rost and Sander, 1993). Consensus of the
predicted secondary structure pattern shown as Con. Helix shown as (H / h), strand (E, ¢), and Loop (L /1). Black boxed region, residues 73- 94 were subject
to deletion studies (Bricmont et al., 1991). Brown boxed region with grey background shows predicted zinc binuclear cluster domain. Grey-boxed region
represents domain one. Green boxed region represents middle homology region (MHR). Yellow background in middle homology region shows a putative
amphipathic o-helix. Green shaded background in the MHR shows the structure of a highly conserved amino acid residue block amongst the five Dal81p
homologues. The purple-boxed region represents domain two (residues 544-723). Yellow background in domain two shows typical a-helical structure. A
highly conserved motif in domain two is shown in purple. Black boxed region with brown background shows the acidic domain residues 909-936 (Schjerling
and Holmberg, 1996).
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amongst the homologues (section 3.2). Domain two was the largest domain (Figure 3.5,
residues 544-723). The yellow shaded boxes showed the five a- helices with significant
amino acid sequence similarity amongst the five homologues (Figures 3.2). A twenty-
one amino acid motif (Figure 3.4, residues 617-637) was highly conserved in the all
homologues. The motif was predicted to have a strand-loop-strand secondary structure.
The motif is an interesting target for future mutational studies since the motif was

highly conserved in the homologues.

3.4 Prediction of Phosphorylation sites

The phosphorylation of Gal4p has been shown to be critical for Gal4p regulation, more
specifically Ser 699 must be phosphorylated for optimal transcriptional activation of the
GAL genes in S. cerevisiae (Sadowski et al., 1996). Is the phosphorylation of Dal81p
key in the transcription regulation of UGA genes involved in regulation of nitrogen
catabolism in vivo? A PROSITE motif search using the protein sequence of Dal81p
revealed two different types of serine/threonine kinase phosphorylation sites. The
NetPhos2.0 prediction package (neural network based) was used to approximate the
probability of the phosphorylation of these PROSITE motifs. A score above 0.9 was

indicative of a putative phosphorylation site.

3.4.1 cGMP / cAMP dependent protein kinase phosphorylation sites

The ¢cGMP. / cAMP dependent protein kinase site has been observed to have the
characteristic motif consensus sequence: -[RK](2)-X-[ST] - [S or T is the
phosphorylation site] (Bairoch et al., 1997). The kinase was observed to share a
preference to phosphorylate threonine or serine residues found in the proximity of at
least two positively charged residues. PROSITE motif searches (PROSITE Accession
number: PDOCO00004) detected three putative sites that were undetected by the
NetPhos2.0 package. There was little correlation between the two datasets; this
suggested that the cGMP / cAMP dependent protein kinase phosphorylation site was
absent in Dal81p.

3.4.2 Protein Kinase C (PKC) phosphorylation sites
PKC displays an in vivo preference for serine / threonine residues located proximally to

a C-terminal basic amino acid. The consensus motif is [ST]-X- [RK] [S or T is the
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phosphorylation site] (Kishimoto et al., 1985). The presence of additional basic
residues at either the C- or N- termini enhances the Vmax and Km of the

phosphorylation reaction (PROSITE Accession number: PDOC00005).

Table 3.3 Dal81p putative phosphorylation sites

Type of Designation of the | Residue Putative Phosphorylation
phosphorylation | phosphorylation number phosphorylation | score
site site motif

PKC PKC-I Ser 17 -SVK- 0.944
PKC PKC-II Thr 641 -TPK- 0.989
PKC PKC-III Ser 855 —3SK- 0.983
PKC PKC-1V Ser 881 -SPR- 0.962
CK2 CK2-1 Ser 6 -SPAD- 0.985
CK2 CK2-1I Ser 108 -SKSD - 0.995
CK2 CK2-1II Ser 252 -SVFD- 0.927
CK2 CK2-1V Ser 515 -SSND- 0.994
CK2 CK2-V Thr 641 -TPKE- 0.994
CK2 CK2-VI Thr 700 -TKEE- 0.744
CK2 CK2-VII Thr 826 -TQLE 0.940
CK2 CK2-VIII Ser 903 -SINE- 0.986
CK2 CK2-IX Thr 925 -TANE- 0.938
CK2 CK2-X Ser 930 —SSTE 0.974
CK2 CK2-XI Ser 941 -SNQE-, 0.906

Four likely candidates were identified: residues Ser 17, Thr 641, Ser 855 and Ser 881
(Table 3.3). The -SVK- motif (residues 17-19) had a predicted phosphorylation score of
0.944 coupled with the presence of three basic residues, Lys 17, Lys 19 and Lys 23 on
both sides of the termini (Table 3.3). The -TPK- motif (residues 641-643) had a
predicted phosphorylation score of 0.989 with a single The C-terminally located basic
residue, Lys 643. The —SSK- motif (residues 855-857) had a predicted score of 0.983
and had three basic residues, Lys 853, Lys 857 and Lys 858 clustered proximally on
both termini. The -SPR- motif (residues 881-883) was observed to have a +2 located
basic residue and a predicted phosphorylation score of 0.962. Two serine residues, Ser
17 and Ser 881 were more likely to be phosphorylated since there were observed to be
proximally located positively charged residues indicating a preference for proximal

PKC phosphorylation in the aqueous environment.
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3.4.3 Casein Kinase II (CK2) phosphorylation sites

Casein Kinase II (CK2) phosphorylates serine / threonine residues independent of
cyclic nucleotides and calcium (PROSITE Accession number: PDOCO00006). The
consensus motif is [ST]-x (2)-[DE] [S or T is the phosphorylation site]. Serine is
preferentially phosphorylated over threonine under similar conditions. The presence of
an acidic residue (Glu or Asp) must be present three residues from the phosphate

acceptor site.

Phosphorylation is increased by the presence of acidic residues at the +1, +2, +3, +4
and +5 positions. Basic residues located on the N-terminal of the acceptor site decrease

phosphorylation (Pinna, 1990).

Eleven potential phosphorylation sites (Table 3.3) were predicted through the
PROSITE motif search correlated with data obtained from the NetPhos2.0 package
from a possible sixteen sites. The CK2-I site had a predicted phosphorylation score of
0.985 and the presence of a His 6 residue located upstream this motif suggested that the
phosphorylation potential at this site was lowered. The CK2-II site had predicted
phosphorylation score of 0.995. The CK2-III site (-SVFD- motif) had a predicted
phosphorylation score of 0.927. This motif aligned well with equivalent amino acid
similar residue blocks amongst the homologues (Figure 3.5), TamAp (-TELE-, residues
200-203), Otamp (-TDLE-, residues 171-174), Ealp (-TDFE-, residues 165-168) and
Ea2p (-TDFE-, residues 181-184). Threonine was conserved at the equivalent position
with serine in the alignment (Figure 3.5) and two acidic residues (+1 and +3 positions)
in the homologues as compared to a serine residue (Dal81p) with a single acidic residue
at the +3 position in the CK-2 motif. This raises the possibility that the conservation be
evolutionary mechanism to adapt to the preferential phosphorylation of serine residues

over threonine by the CK-2 phosphorylases.
The CK2-1V site (SSND-, residues 515-518) had a predicted phosphorylation score of

0.994; CK2-V (-TPKE-, residues 641-644) had a predicted score of 0.994 and

interestingly was also predicted to be a protein kinase C site with an identical score.
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CK2-111 CK2-V1
Dal8lp 252 SVFD 255 700 BN 703
TamAp 200 mMELIY 203 622 | 625
OTamp 171 mwDL@ 174 592 W 595
Ealp 165 WWDF@ 168 608 G 611
Ea2p 181 @WDFI 184 644 GRQE 647

Figure 3.5: Conserved CK2-III and C2-VI phosphorylation sites amongst the five
homologues. Identical amino acid residues are shown in black boxes while similar residues are
denoted in grey boxes.

The next site CK2-V1 (-TKEE-, residues 700-703) had a lower predicted score of
0.744. The -TKEE- motif was also conserved at equivalent positions in the two of the
four homologues, TamAp and Otamp at positions (Figure 3.5, residues 622-625 and
592-595 respectively). The other sites CK2-VII up to CK2-XI (Table 3.3) were found
located on following residues: (-TQLE-, residues 826-829; -SINE-, residues 903-906; -
TANE-, residues 925-928; —SSTE-, residues 930-933 and -SNQE-, residues 941-944).
The other four CK2 sites (CK2-VII up to CK2XI) were observed to lie on the C-
terminal region of Dal81p, a region with little sequence similarity amongst the
homologues. The predicted phosphorylation scores were observed to be 0.940, 0.986,
0.938, 0.974 and 0.906 respectively. The CK2-X site (-SSTE-, residues 930-933) with a
predicted phosphorylation score of 0.974 was found located in the region designated as
the acidic domain (Schjerling and Holmberg, 1996) thought to act in transcriptional

activation.

Eleven putative motifs were generally predicted to be likely phosphorylation sites.
Two of these sites have been found conserved in homologues and this raises the
possibility that the phosphorylation motif could be common sites amongst the
homologues. The phosphorylation site found on the acidic domain could potentially be
involved in transcriptional regulation since this domain has been previously speculated

to act in transcriptional activation.

3.5 Nuclear Localisation Signals (NLSs)
There was no NLS predicted in Dal81p. The PredictNLS method at maximum accuracy
detects only 43 % of all known NLS (Cokol et al., 2000). A 90 % overlap between the
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co-existence of the NLS and the DNA binding domain of proteins has been observed
(Cokol et al., 2000). Examples include zinc binuclear cluster proteins have NLSs
spanning their respective DNA binding domains include Alcrp (Nikolaev et al., 2003)
and Pdrlp (Dellahodde et al., 2001) The region in TamAp and Otamp (residues 146-
149 and 115-118 respectively) were been identified as a putative (-KKRK-) SV40 type
nuclear localization signal (Kalderon et al., 1984; Small et al., 2001) this motif aligned
well with a similar region in Ealp (residues 112-115). A similar motif was observed
with a spacer region of eleven amino acids between amino acid residues 118-129 in
Ea2p. The putative SV40 type nuclear localization signal sequence was absent in

Dal8&1p.

3.6 Solvent Accessibility (phosphorylation sites)
Putative PKC and CK2 phosphorylation sites predicted to be solvent accessible were
likely to be phosphorylation sites invivo since reaction kinetics favour residues that are

physically accessible in a solvated environment.

The Protein Kinase C (PKC) site, -SVK- (residues 17-19) were solvent exposed and
predicted to lie in a loop region between (Figure 3.6), suggesting that the site was likely
to be phosphorylated. The exposed residues of CK2-II site (Figure 3.6, residues 108-
111) were indicative that this motif is preferentially phosphorylated. The CK2-III site
(Figure 3.6, residues 252-255) was buried in domain one suggesting that the motif was
not phosphorylated. The CK2-III site was observed to occupy a similar position in all
five homologues in domain one (section 3.4.3). Site directed mutagenesis on this
conserved motif in all five homologues would give some insight on this
phosphorylation site. The CK2-1V site (Figure 3.6, residues 515-518) had all residues
exposed with the secondary structure predicted to be in a loop region. This motif was
located in a between the middle homology region and domain two. There was no
observed amino acid sequence similarity between Dal8lp and its homologues
suggesting that CK2-1V site could be uniquely phosphorylated. ~The threonine residue
located on both the PKC-II and CK2-V sites (-TPK- and TPKE- motifs respectively)
was buried and this suggested that these motifs were not a putative phosphorylation

sites.
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The —SSK- motif (Figure 3.6, residues 855-857) was a putative phosphorylation site
since all residues were solvent exposed. The —SPR- motif (residues 881-883) was
likely to be phosphorylated since the serine residue was predicted to be solvent
exposed. The -SSK- and -SPR- motifs were found located on the extreme C-terminus of
the Dal81p, a region with little amino acid sequence similarity amongst the
homologues. The CK2-V1 site (-TKEE-, residues 700-703) was found to be solvent
exposed. This motif (Figure 3.6) was found conserved in the homologues, TamAp and
Otamp (Figure 3.5, residues 622-625 and 592-595 respectively). The motif was located
on domain two in Dal81p and was predicted to be a-helical. From the data above, the
CK2-VI site seems to be an important site amongst the homologues. The residues found
to be equivalent to the CK2-VI site in Ealp and Ea2p were the -GREE- and -GRQE-
motifs respectively (Figure 3.5). The CK2-VII motif (Figure 3.6, residues 826-829)
was predicted to be solvent exposed and could be a potential phosphorylation site. The
other CK2 sites, CK2-VIII up to CK2-XI were located on the extreme C-terminus
region of Dal81p. The CK2-X and CK2-XI sites were solvent exposed and could be
potential phosphorylation sites. CK2-X (Figure 3.6, residues 930-933) was located
proximally on the acidic domain (Schjerling and Holmberg, 1996) suggesting that
Dal81p activation could be mediated through phosphorylation as in the case of Gal4p.

Dal81p could be phosphorylated on multiple CK2 and PKC sites during the
transcriptional activation of the UGA genes. Dal81p could use the multiple
phosphorylation motifs to facilitate its pleotrophic role in pathway specific nitrogen
catabolite repression. The conserved CK2-VI site could be a common conserved

phosphorylation site between Dal81p, TamAp and Otamp.
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Figure 3.7: Sequence features of Dal81p. Zinc cluster region shown by the orange boxed area
(residues 149-181). Domain one shown by the black boxed area (residues 243-411) and the
middle homology region was shown by the lime boxed area (residues 425-496). The pink boxed
area shows domain two (residues 544-723). The acidic domain was shown by the brown boxed
area (Schjerling and Holmberg, 1996). The blue and yellow shaded areas show the putative
phosphorylation motifs for protein kinase C and casein kinase phosphorylation sites
respectively. The predicted secondary structure was represented below the amino acid residues.
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Figure 3.7-Continued: The o-helical regions were shown as purple cylinders, strand regions
were shown as grey rectangles. The loop regions were shown by solid black lines.

In conclusion the sequence features of Dal81p have been summarised diagrammatically

as shown above (Figure 3.7).
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CHAPTER 4

CONCLUSIONS AND FUTURE WORK

4.1 Bioinformatic analysis of the fungal zinc binuclear proteins

A total of one hundred and eighteen zinc binuclear cluster proteins of fungal origin
were retrieved from databases by homology to the zinc binuclear cluster sequence.
Thirty nine of these zinc binuclear cluster proteins were reported to be novel
Alignment of these proteins revealed a consensus sequence, namely:-
ACX,CRXHKXKCDX;3PX 1.6/ CX2CX(6.9)CXY-. Comparison of the full length protein
sequences revealed that zinc binuclear cluster proteins were diverse in nature. The
diversity of amino acid sequence arrangements results in different groups of structural
motifs that participate in specific protein-DNA and protein-protein interactions during

transcriptional activation.

4.1.1 Zinc binuclear cluster domain

The classical zinc binuclear cluster domain was generally located proximally to the N-
terminus of the 118 proteins. There were large differences when zinc binuclear cluster
proteins found in the S. cerevisiae genome were compared to the S. pombe and N.
crassa genomes. The S. cerevisiae genome had a greater number of zinc binuclear
cluster proteins relative to the S. pombe and N. crassa genomes The existence of
fewer zinc binuclear cluster proteins in the N. crassa genome suggested that
transcriptional regulation could be more complex. The transcriptional regulatory
cascades could involve other classes of transcriptional activators other than the zinc
binuclear cluster proteins. The conserved proline residue in the zinc binuclear cluster
domain was found to be more prevalent in the S. cerevisiae genome relative to the S.
pombe and N. crassa genomes. The data suggested that the amino acid residues in
zinc binuclear cluster domains of some homologous proteins such as Proplp N and

Proplp S were significantly similar.
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In addition some zinc binuclear cluster protein had zinc binuclear cluster domains that
were located in unusual positions along the protein sequence; one protein had a
centrally located zinc binuclear cluster domain with two predicted coiled coils. Some
protein annotations had zinc binuclear cluster domains in the extreme C-terminal and

central regions of the protein sequence.

4.1.2 Coiled coil domain

Zinc binuclear cluster proteins were generally divided into two subgroups: those with
a coiled coil and those that lacked a coiled coil. Most proteins with the predicted
coiled coil motif had the following pattern, namely: a coiled coil region separated by a
short linker region located to the C-terminus of the zinc binuclear cluster domain
(Schjerling and Holmberg, 1996). Some of the zinc binuclear proteins had predicted
coiled coils that were located in unusual positions along the protein sequence. This
suggested that the coiled coil motif could also function as a protein-protein interaction
module that is not specifically involved in dimerisation of zinc binuclear cluster
proteins Structural studies of Gal4p, Haplp and Pprlp dimers have shown that these
proteins all dimerise through a C-terminal located coiled coil linked to the zinc
binuclear located domain via a linker region (Marmorstein et al., 1992; Marmorstein
and Harrison, 1994; King et al., 1999). The location of the coiled coil motif in unusual
positions along the protein sequence could help explain the interaction of some zinc
binuclear cluster proteins in transcriptional activation cascades. The coiled coil motif
was found was more to be more prevalent in the S. cerevisiae genome relative to the
S. pombe and N. crassa genomes. This conservation of the coiled coil suggested that
the coiled coil could be an important protein-protein interaction module in zinc

binuclear cluster proteins in the S. cerevisiae genome.

4.1.3 Dal81p homologues

Four homologues of Dal81p were identified by homology searching (Dal81p, TamAp,
Otamp, Ealp and Ea2p). The alignment of Dal81p and its homologues revealed amino
acid sequence identity at greater than 30 %. Four distinct domains were conserved in
Dal81p and its homologues. The domains included: the zinc binuclear cluster domain,
the middle homology domain and two new domains that were designated as domain

one and two respectively.
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There was no coiled coil motif detected in all five homologues. This suggested that
these proteins did not dimerise via the coiled coil motif. The presence of common
motifs in domain one and two suggested that this subgroup of zinc binuclear cluster

proteins could interact with other proteins via these new domains.

The middle homology region was observed to have two structural motifs that were
conserved in all the homologues. These two motifs were an amphipathic a-helix and a
o—B—a like motif. The amphipathic a-helices have been implicated in protein-protein
interactions, amphipathic o-helices have been shown to interact with other
amphipathic o-helices by forming dimers (Lesk, 2001). Since the helix is conserved
in the middle homology region of the homologues the helix could be an important
functional motif. Dal81p and its homologues could potentially interact with other zinc
binuclear cluster transcription factors through this motif. The possibility of Dal81p
interacting with Uga3p through this domain cannot be ruled out. The presence of this
structural motif further suggested that these zinc binuclear cluster proteins (in Dal81p
and it homologues) could have evolved this domain to facilitate for a more specialised
role in transcriptional activation. The evolution of this domain could enable Dal81p to

facilitate its pleotrophic role.

The middle homology region was found to exhibit more than 60 % amino acid
sequence similarity amongst all the proteins. The middle homology region in the
homologues was found to lie within the eight-motif domain that was speculated to be
important in transcriptional regulation of Galdp (Poch, 1997). The conserved regions
the protein alignments correlate to the regions shown to be critical for TamAp
function through complementation studies (Small et al., 2001). In summary the zinc
binuclear cluster domain seems to be an evolutionary relic while middle homology
region and the two putative new domains discussed in this study could mediate a role
in the regulation of these homologous proteins (Dal81p, Tamp, Otamp, Ealp and

Ea2p) during transcriptional regulation.

A putative SV40 type NLS (Kalderon et al, 1984) was found conserved in four
homologues but observed to be absent in Dal81p The results show that TamAp,
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Otamp, Ealp and Ea2p could be localised in the nucleus by this signal. The lack of a
NLS in Dal81p suggests that the signal was undetected by current latest predictive
methods. Dal81p could be nuclear localised through another NLS. The presence of a
NLS would indicate the nuclear localisation of the protein since transcription factors

have to enter the nucleus during transcription.

Dal81p could potentially phosphorylated like many transcription factors involved in
signal transduction pathways. Evidence of multiple potential phosphorylation sites
was shown on Dal81p. The CK2 sites present in domains one and two could be
important since these motifs are located on conserved regions. The putative CK2-1X
and CK2-X sites could be involved in transcriptional activation since the site is
located in the acidic domain of Dal81p (residues 930-933). There was evidence of
conserved phosphorylation sites amongst the homologues. The putative CK2-VI site
was found conserved in Dal81p, TamAp and Otamp at topologically equivalent
positions. These results show that multiple phosphorylation sites could be important

in the transcriptional regulation of Dal81p and its homologues.

4.2 Future Work

The ongoing sequencing projects on other fungal genomes and continual annotation of
published genomes will provide larger datasets for more detailed comparative
bioinformatic studies. The evolutionary relationships will help explain the divergence
and origin of these proteins. As more fungal genomes are elucidated, a clearer

phylogenetic pattern should emerge.

Site directed mutagenesis of the serine residue through a conservative alanine
substitution on the CK2-III phosphorylation could be used to determine whether the
site is critical in the transcriptional regulation of Dal81p. Similar site directed
mutagenic experiments performed on the CK2-VI site could determine whether this
site 1s important for the transcriptional activation of Dal81p and its homologues. The
putative CK2-IX and CK2-X sites located on the acidic domain could reveal
important sites in vivo through site directed mutagenesis for their possible role in the

transcriptional activation of Dal81p. Data generated from such experiments could be
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used to describe the role of phosphorylation in the transcriptional regulation of
Dal81p. The positively charged residues in putative nuclear localisation signals (NLS)
present in the homologues could be mutated to alanine residues. A vector can be used
to transform these mutant sequences. The resulting transformants can be then
evaluated for growth on minimal media containing GABA as the sole nitrogen source.
The growth of these transformants could then be used to infer whether the NLS
sequences are functional in vivo. The availability of more structural data through x-ray
crystallography will enable homology modelling of individual domains and full-

length protein sequences.
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APPENDIX

Table A-1: Summary of the data on the Zinc binuclear cluster proteins used in the study

Fungal Zinc Finger Sequence length |Database References Function Organism
Aflrlp 437 sp/P41765 IP41765 |Afflatoxin biosynthesis regulator protein 4. flavus
*Cadp 625 embl|CAD37157.1 CAD37157 Hypothetical protein 4. fumigatus
Aflr2p 433 sp|P52957 P52957 Sterigmatocystin biosynthesis regulator |4 nidulans
Alcrp 821 |sp\P21228 P21228 Regulatory protein 4. nidulans
Amdr2p 765 sp|P15699 P15699 Acetamidase regulatory protein 4. nidulans
Amyr2p 662 gbl]AAF17101.1 AAF17101 Amylase regulator 4. nidulans
Facb2p 867 gb|AAB63565.1 IAAB63565 Acetate DNA binding protein 4. nidulans
Nirap 892 sp|P28348 IP28348 INitrogen assimilation transcription factor  |A. nidulans
Qutap 825 sp/P10563 IP10563 Quinic acid utilization activator . nidulans
TamAp 739 embl|Q00741 000741 INitrogen assimilation transcription factor  |4. nidulans
Uayp 1060 sp|P49413 IP49413 Positive regulator of purine utilization . nidulans
Facb3p 862 gb|AAB63563.1 IAAB63563 IAcetate DNA binding protein 4. niger
*Xlnrp 875 sp/042804 042804 Transcriptional activator xInR . niger
Amdrlp 735 splQ06157 006157 Acetamidase regulatory protein 4. oryzae
*Amyrlp 604 dbj BAA25754.1 IBAA25754 |Amylase regulator . oryzae
*Otamp 711 embl|Q96WK9 QI96WK9 INitrogen assimilation transcription factor  |4. oryzae
Czflp 388 sp|P28875 IP28875 Zinc finger protein C. albicans
Ferlp 517 |sp\093870 093870 Fluconazole resistance protein 1 C. albicans
*Ctlap 909 |sp\P52958 IP52958 Cutinase transcription factor \F. solani
*Ctlbp 882 sp|P52959 IP52959 Cutinase transcription factor \F. solani
*Mut3p 929 gb|AAKS84946.1 IAAK 84946 Peroxisome proliferation regulator \H. polymorpha
Lac9p 865 sp/P08657 IP08657 Lactose metabolism regulatory protein K. lactis
*Seflp K 1071 lsplP87164 P87164 Supressor protein K. lactis
Pribp 565 sp|P49412 IP49412 Prib protein IL. edodes
*Afalp 974 gb|AAF37291.1 IAAF37291.1 Putative transcription factor Piglp M. grisea
*Ea2p 805 embl|[EAAS56521 EAAS56521 Hypothetical protein M. grisea
*Acl5p 865 sp/P87000 P8700 Regulatory protein IN. crassa
Acr2p 595 |sp\P78704 P78704 Acriflavine sensitivity control protein IN. crassa
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Table A-1-Continued

Fungal Zinc Finger Sequence length [Database IReferences Function Organism
*Cmrlp 321 embl|CAD70758.1 CAD70758.1 Regulatory protein IN. crassa
*Ealp 775 embl|[EAA29566 Q7S2G1 Hypothetical protein IN. crassa
*Flufp 792 sp/O13360 013360 Conidial development protein fluffy IN. crassa
Nitdp 1090 sp|P28349 P28349 INitrogen assimilation transcription factor  [N. crassa
*Prolp N 696 embl|CAB89819.1 CAB89819.1 PRO1 protein IN. crassa
Qalfp 816 sp/P11638 P11638 Quinic acid utilization activator IN. crassa
*Gsabp 1862 sp| QQHFR4 Q9HFR4 Pexophagy regulatory protein \P. pastoris
Arg2p 880 sp|P05085 IP05085 Arginine metabolism regulation IS. cerevisiae
Aro80p 950 sp/Q04052 004052 Putative transcriptional regulator IS. cerevisiae
Cat8p 1433 splP39113 CAA55139 Regulatory protein S. cerevisiae
Cb32bp 608 embl|CAA89804.1 CAA89804 Regulatory protein IS. cerevisiae
Chadp 648 sp|P43634 IP43634 Activatory protein IS. cerevisiae
Cyplp 1502 splP12351 P12351 Activatory protein S. cerevisiae
Dal81p 970 sp|P21657 P21657 Transcriptional activator protein IS. cerevisiae
Gal4p 881 |sp\P04386 IP04386 Regulatory protein IS. cerevisiae
Hal9p 1030 |sp Q12180 Q12180 Putative transcriptional regulator \S. cerevisiae
Leu3p 886 |sp\P08638 IP08638 Regulatory protein \S. cerevisiae
Lyl4p 790 |sp\P40971 IP40971 Lysine biosynthesis regulator \S. cerevisiae
Malrp 473 |sp\P53338 IP53338 Maltose fermentation regulator \S. cerevisiae
Ma3rp 468 |sp\P38 157 IP38157 Maltose fermentation regulator \S. cerevisiae
Mabrp 473 |sp\P10508 IP10508 Maltose fermentation regulator \S. cerevisiae
Pdrlp 1060 |sp\P12383 IP12383 Pleiotropic drug resistance regulator \S. cerevisiae
Pdr3p 976 |sp\P33200 IP33200 Pleiotropic drug resistance regulator \S. cerevisiae
Pip2p 996 |sp\P52960 IP52960 Peroxisome proliferation regulator IS cerevisiae
Pprip 904 |sp\P07272 IP07272 Pyrimidine pathway regulatory protein \S. cerevisiae
Put3p 979 |sp\P25502 IP25502 Proline utilization trans-activator IS. cerevisiae
Rdrlp 546 sp/Q08904 Q08904 Putative transcriptional regulator IS. cerevisiae
Seflp_ Y 1057 sp|P34228 P34228 Supressor protein \S. cerevisiae
Sip4p 829 sp|P46954 P46954 SIP4 protein IS. cerevisiae
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Table A-1-Continued

Fungal Zinc Finger | Sequence length [Database References Function Organism
Stbdp 949 sp/P50104 P50104 Probable transcriptional regulator \S. cerevisiae
Stb5p 743 |sp\P38699 P38699 Probable transcriptional regulator IS. cerevisiae
Teapl 759 |sp\P47988 P47988 Enhancer activator IS. cerevisiae
Thi2p 450 |sp\P38141 P38141 Thiamine biosynthesis protein IS. cerevisiae
Uga3p 528 |sp\P26370 P26370 Transcriptional regulatory protein \S. cerevisiae
Ume6p 836 |sp\P39001 P39001 Transcriptional regulatory protein \S. cerevisiae
Upc2p 913 sp/Q1251 Q12151 Putative transcriptional regulator IS. cerevisiae
Yaflp 1062 sp|P39720 P39720 Transcriptional regulatory protein IS. cerevisiae
Yb0Op 1094 sp|P38114 P38114 Transcriptional regulatory protein IS. cerevisiae
Yb89p 529 sp|P38140 P38140 Transcriptional regulatory protein IS. cerevisiae
Ybo3p 919 sp/P38073 P38073 Transcriptional regulatory protein IS. cerevisiae
Ycz6p 832 sp|P25611 P25611 Transcriptional regulatory protein IS. cerevisiae
Yd03p 885 sp|Q06639 Q06639 Transcriptional regulatory protein IS. cerevisiae
Ydr520p 772 splQ04411 004411 Putative transcriptional regulator IS. cerevisiae
Yeldp 794 |sp\P39961 P39961 Transcriptional regulatory protein IS. cerevisiae
Y{f2p 465 |sp\P435 51 P43551 Transcriptional regulatory protein S. cerevisiae
Yhl6p 883 |sp\P3878 1 P38781 Transcriptional regulatory protein \S. cerevisiae
Yinop 964 |sp\P40467 P40467 Transcriptional regulatory protein \S. cerevisiae
Yik3p 618 |sp\P42950 P42950 Transcriptional regulatory protein iS. cerevisiae
Yjubp 758 |sp\P39529 P39529 Putative transcriptional regulator \S. cerevisiae
Yk44p 863 |sp\P36023 P36023 Transcriptional regulatory protein \S. cerevisiae
Ykd8p 1170 |sp\P32862 P32862 Transcriptional regulatory protein \S. cerevisiae
Ykmlp 594 |sp\Q9COZl Q9C0Z1 Putative transcriptional regulator \S. cerevisiae
Ykw2p 705 |sp\P3 5995 P35995 Transcriptional regulatory protein IS. cerevisiae
Y166p 701 sp|Q06149 Q06149 Putative transcriptional regulator \S. cerevisiae
Y178p 1341 sp|Q05854 005854 Putative transcriptional regulator IS cerevisiae
Y11054p 769 sp|Q12244 012244 Putative transcriptional regulator IS. cerevisiae
Y1r228p 814 splQ05958 005958 Putative transcriptional regulator IS cerevisiae
Ymh6p 944 splQ03631 003631 Transcriptional regulatory protein IS cerevisiae
Yn25p 743 sp|059741 059741 Putative transcriptional regulator IS. cerevisiae
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Table A-1 —Continued

Fungal Zinc Finger | Sequence length [Database IReferences Function Organism
Yn92p 607 sp|P53749 P53749 Putative transcriptional regulator IS. cerevisiae
Yp33p 446 |sp [P19541 IP19541 [Putative transcriptional regulator IS. cerevisiae
Ypr196p 470 |sp |Q06595 06595 [Maltose fermentation regulator . cerevisiae
Yrrlp 810 splQ12172 012172 Putative transcriptional regulator IS. cerevisiae
*Calp 419 embl|CAA20477.2 CAA20477.2 Transcriptional regulation \S. pombe
*Ca2p 632 embl|CAA20706.3 CAA20706.3 Transcriptional regulation IS. pombe

*Ca3p 510 embl|CAA21933.1 CAA21933.1 Transcriptional regulation IS. pombe

*Grtlp 648 sp/Q9C469 Q9C469 Zinc finger protein IS. pombe

*Spalp 625 embl|CAB59617.1 CAB59617.1 [Probable transcriptional regulator \IS. pombe

*Spa2p 529 embl|CAB61777.1 CAB61777.1 [Probable transcriptional regulator \IS. pombe

*Spa3p 654 embl| CAC19742.1 CAC19742.1 [Probable transcriptional regulator \S. pombe

*Spadp 783 embl|CAB16735.1 CAB16735.1 IProbable transcriptional regulator IS. pombe

*SpaSp 697 embl|CAC19729.1 CAC19729.1 [Probable transcriptional regulator IS. pombe

*Spblp 827 embl|CAA19035.1 CAA19035.1 [Probable transcriptional regulator IS. pombe

*Spb2p 560 embl|CAA19036.1 CAA19036.1 [Probable transcriptional regulator IS. pombe

*Spb3p 594 embl|CAA21917.1 CAA21917.1 [Probable transcriptional regulator \S. pombe

*Spb4dp 738 embl|CAA16906.1 CAA16906.1 IProbable transcriptional regulator IS. pombe

*Spb5p 815 embl|CAA19174.1 CAA19174.1 [Probable transcriptional regulator IS. pombe

*Spb6p 397 embl|CAA18884.1 CAA18884.1 [Probable transcriptional regulator \IS. pombe

*Spclp 857 embl|CAA21815.1 CAA21815.1 [Probable transcriptional regulator \IS. pombe

*Spc2p 867 embl|CAA18305.1 CAA18305.1 IProbable transcriptional regulator IS. pombe

*Spc3p 525 embl|CAA19070.1 CAA19070.1 IProbable transcriptional regulator IS. pombe

*Suclp 501 splP33181 P33181 IProbable sucrose utilization protein  [S. pombe

*Talp 480 ir|T38582 T38582 Hypothetical protein IS. pombe

#Ta2p 497 ir|T38582 T41718 T41718 hypothetical fungal Zn (2)- |5, pombe
Thilp 775 embl|CAB62420.1 CAB62420.1 Thiamine biosynthesis protein IS. pombe
Yakbp 782 sp|Q09922 09922 Putative transcriptional regulator IS. pombe
Yao7p 603 |sp |Q10086 Q10086 [Putative transcriptional regulator IS. pombe

76



Table A-1 —Continued

Fungal Zinc Finger | Sequence length [Database IReferences Function Organism
Yas8p 563 sp|Q10144 Q10144 Putative transcriptional regulator IS. pombe
*Yhddp 618 sp/Q9P6I9 Q9P619 Putative transcriptional regulator IS. pombe
*Prolp S 693 embl|CAB89829.1 CAB89829.1 Transcriptional regulatory protein IS. brevicollis

Database abbreviations are shown with the accession number. Databases from which the sequences where retrieved included: SWISSPROT (sp), European Molecular Biology
Laboratory (embl), Protein Information Resource (pir) and the DNA Databank of Japan (dbj). The references are found on the database. New annotations are highlighted using the

asterisk symbol (*).
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