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ABSTRACT

Fructose 1,6-bisphosphate aldolase (FBA) catalyzes the reversible

cleavage of fructose 1,6 bisphosphate into glyceraldehyde 3

phosphate and dihydroxyacetone phosphate. There are two classes of

these aldolases. Class I aldolases are usually found in plants and

animals, while Class II aldolases are found in fungi and bacteria.

Although aldolases have been identified in a number of organisms,

the present study is the first to identify FBA in a filamentous fungi.

The FBA gene was identified in the phagemid clone, 26b, in the

process of screening a '}..,-ZAP cDNA library for sequences coding for

extracellular media proteins in N. crassa, This partial clone was used

to identify the genomic clone 10:9c in the Vollmer/Yanofsky cosmid

library. The putative gene is composed of 1161 bases, contains a

single 63 pb intron, and codes for 366 amino acids. The FBA gene

was mapped by RFLP analysis to linkage group 5 between APSc.3

and AP13.3. The cosmid 10:9c was used to subject co-transformed

progeny to RIP mutations, genetically confirming the identification of

a functional aldolase gene. Comparison of the FBA protein sequence

with other Class II aldolases from yeast and bacteria show that at the

amino acid level, FBA in N. crassa is more similar to that of E. coli,

than to s. cerevisiae or S. pombe. This was interpreted as suggesting

convergence due to functional similarity. Secondary structure

predictions using PSA also places N. crassa and E. coli in the same

macro-class "AB8BL". This structure is seen in other cytosolic
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globular protein enzymes (e.g. triose phosphate isomerase).

Additionally, all Class I aldolases are in the macro-class "AB8BL".
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CHAPTER 1
INTRODUCTION

Experimental organism

Neurospora crassa is a eukaryotic fungi belonging to the class

Ascomycetes. It is commonly known as the orange-bread mold.

Neurospora crassa has a great deal of genetic history, produces no

afflatoxins, can be propagated vegetatively in both liquid and solid

media asexually, such that strains with a particular genotype can be

produced indefinitely, and is able to secrete proteins into liquid

media. These reasons make it amenable to genetic manipulations

(Metzenberg, 1979).

Neurospora crassa has a combination of useful properties of the

more traditional hosts, namely, the bacterium Escherichia coli and

the yeast Saccharomyces cerevisiae. Like bacteria, filamentous fungi

can synthesis large quantities of proteins and like yeast, they have

the ability to properly fold, glycosolate, acetylate and

transcriptionally alter eukaryotic proteins.

In research, filamentous fungi lent insight to biochemical

pathways and the relationship between genes and proteins (Beadle

and Tatum, 1941) Of the filamentous fungi, Neurospora crassa is

probably the one most widely used in genetic and biochemical

studies (Davis and deSerres, 1970; (Metzenberg, 1979).
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Neurospora has few nutritional requirements, needing only

salt, trace elements, and biotin for growth (Davis and de Serres,

1970). Neurospora has both an asexual and sexual phase in its life

cycle (Figure 1). Neurospora cultures are haploid. The result of sexual

Ascus
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Figure 1. Life cycle of Neurospora. Neurospora has both an asexual
and sexual phase in its life cycle.
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cycle (Figure 1). Neurospora cultures are haploid. The result of sexual

crosses is an ascus, containing 8 ascospores. Each ascospore contains a

haploid individual. The vegetative system is composed of hyphae

segmented by incomplete septa which have pores.

There are three spore forms in Neurospora: microconidia,

macroconidia, and ascospores. Macroconidia and microconidia are the

result of asexual activity from the growth of aerial hyphae.

Macroconidia are usually used to inoculate vegetative cultures and

serve as the male parent in sexual crosses. Microconidia are smaller

in size and are usually uninucleate. Ascospores are the result of a

sexual activity between the two mating type (A and a) which

preserve the genotypes in a dormant stage.

Cytologically, Neurospora has 7 chromosomes. These are

referred to as linkage groups I-VII. These chromosomes have left

and right arms connected through the centromere. A current genetic

map of Neurospora is available from the Fungal Genetics Stock Center

orDavis and de Serres, 1970.

Objectives and significance

The objective of my research proposal was initially to

characterize the mechanism behind the use of signal sequences in

protein export in Neurospora crassa. This study was undertaken to

either confirm or refute previous models suggested for these leader

peptides in our model system of N. crassa. Prior to the analysis of
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this mechanism it was necessary to identify and obtain the sequence

for other secreted proteins in N. crassa. In the course of searching for

cDNAs corresponding to these extracellular media proteins, several

other genes were identified, including the aldolase gene.

Protein export

Mechanisms of processing and export

There are two mechanisms involved in the processing and

export of extracellular proteins: the signal peptide dependent (SPD)

mechanism (Wiech et al., 1991) and the signal peptide independent

(SPI) mechanism (Kuckler and Thorner, 1992). SPD and SPI

mechanisms are illustrated in Figure 2.

In eukaryotes the SPI mechanism takes place at the plasma

membrane, while the SPD .mechanism takes place at the membrane

of the endoplasmic reticulum (ER). The SPI mechanism involves

transport components which are related to the bacterial oligopeptide

transport systems and the mammalian multiple drug-resistance

proteins (P-glycoproteins). The SPD mechanism transport system is

ATP-dependent and has two components which involve either

ribonucleoparticles or employ molecular chaperones. The proteins in

the SPD mechanism are transported to the extracellular space by

vesicle transport (fission and fusion of membrane vesicles).
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a) Prokaryotes

b) Eukaryotes

Figure 2. Protein export in prokaryotes and eukaryotes. Key:~
signal peptide dependent (SPD) mechanism;~ signal peptide
independent (SPI) mechanism; C: cytosol; ER: endoplasmic reticulum;
PM: plasma membrane.



6

Mechanism 1: Leader or signal peptides

Proteins that are secreted from the cell are synthesized with a

signal or leader peptide located at the N-terminus of a precursor

protein (Hlobel and Doblestein, 1975a). The leader peptide is cleaved

off and not present in the mature protein (Dev and Ray, 1990).

The physiological role of leader peptides is not completely

understood (Dev and Ray, 1990). Previously it was thought that these

peptides were cleaved in order to activate the precursor form of the

protein into an active state, but it was found that most precursor

proteins are at least partially active (Haugen and Heath, 1979; Ito,

1982). Others suggested that the leader peptide was removed in

order to transport the protein across the cytoplasmic membrane.

However, later studies showed that non-processed exported proteins

could still be translocated across the membrane (Kuhn and Wiclmer,

1985). A breakthrough came shortly thereafter when it was

demonstrated that the processing step was needed to release the

translocated protein from the membrane (Dalbey and Wiekner,

1985). The leader peptide is bound to the inner surface of the outer

membrane and thus leader peptidase cleavage is necessary to release

the exported proteins.

The transport of proteins which employ signal peptides for

export across the ER can be visualized as a series of steps including

membrane association, membrane insertion, and completion of

translocation. Proteins that are secreted in this fashion from the cell
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are synthesized with a signal or leader peptide located at the N

terminus of a precursor protein. The signal sequence is cleaved upon

entry of the polypeptide chain into the lumen of the ER, and is not

present in the mature protein. The protein is then conveyed and

sorted by fusion and fission of vesicles that transport the protein

from the ER to Golgi, through the Golgi stacks, and finally to the

plasma membrane. The protein is either released continuously

(constitutive secretion) or stored intracellularly in secretory granules

for release later (regulated secretion). A consensus model for the SPD

mechanism model is shown in Figure 3.

All signal sequences have in general a positively charged N

terminal region of 1-5 amino acids (aa), a central hydrophobic region

of 7-15 aa, and a more polar C-terminal region that defines the

cleavage site of 3-7 aa (von Heinje, 1990).

There are two cytosolic systems which contribute to the fidelity

of the precursor protein: 1) ribonucleoparticles and 2) molecular

chaperones The first system involves ribonucleoparticles (RNP) such

as the mammalian signal recognition particle (SRP), a SRP receptor

for the RNP at the membrane surface (the docking protein, DP), and

the ribosome plus receptor at the microsomal surface. The

ribophorins I and II, highly conserved glycoproteins located

exclusively at the ER, are also involved in this mechanism. The

function of these ribophorins is still unknown, but they must either

participate in targeting or be so close to the targeting site that they

sterically block the early phase of translocation (Yu et al., 1990)
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Ribonucleoparticles

In the mammalian system, the SRP (Figure 4) slows down or

halts translocation. It consists of a 7S RNA and 6 polypeptides of 9,

14,19,54,68, and 72 kd (Lazdunski and Benedetti, 1990). These

components form 3 distinct structural domains in the SRP. The 54 kd

protein is necessary for signal recognition, the 9 and 14 kd proteins

form a dimer reqUired for elongation arrest, and the 68 and 72 kd

proteins form a dimer which binds the ternary complex (ribosome,

nascent precursor, SRP) to the docking protein. The docking protein,

whose amino acid terminal is anchored in the membrane (Lauffer,

1989), consists of two polypeptides a 72 (OPa) and 30 kd (OPb). SRP

and OP have putative GTP-binding sites and the binding and

hydrolysis of GTP are coordinated with the coupled release of SRP

from ribosome-bound nascent chains and the transfer of these chains

from the signal sequence receptor into the membrane.

The SRP supports the precursor protein with respect to

membrane specificity, together with its receptor and with the

ribosome keeps the precursor protein unfolded in a water soluble

state while keeping the signal peptide exposed. Thus the mammalian

SRP has a variety of functions, besides binding to the signal peptide

as it emerges from the ribosome.

In at least one case, the signal sequence itself is found to be

capable of either interacting or not interacting with the SRPlOP

system (Muller et al., 1987). This interaction is not necessary for
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membrane insertion. The small size of the protein and the

distribution of the charged amino acids within the mature portion of

the precursor plays an important role in membrane insertion. !t is

proposed that in general a signal can be sufficient for membrane

insertion independently of the SRPIDP system.

Molecular chaperones

The second system involves molecular chaperones. The role of

these chaperones is less complex than the ribonucleoparticle system

in that they function merely in helping the precursors stay soluble,

loosely folded, and the signal peptide sequence exposed (Lazdunski

and Benedetti, 1990).

These molecular chaperones consist of stress proteins which

are divided into two groups: 1) the heat shock proteins (hsps) which

respond to elevated temperatures and heavy metals and 2) the

glucose-regulated proteins (grps) which respond to glucose

deprivation or agents which alter calcium homeostasis (Mizzen et al.,

1989). Members of the hsp 70 family have been discovered in

the cytoplasm, nucleus, lumen of the ER, mitochondrial and

chloroplast matrix, and on or near the cell membrane. The

mammalian ATP-dependent molecular chaperone, hsp70, is cis

acting and transports proteins into microsomes. Mammalian cells

(cattle and human) constitutively express a cytosolic and a nuclear

form of hsp 70, referred to here as hsp 73 and a stress-inducible hsp,

---- -- - - -- _._- ----- ---
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referred to as hsp-72 (Brown et al., 1993). They are both sensitive to

ATP and are thought to function as molecular chaperones. Pre

existing hsp-73 forms a stable complex with newly synthesized hsp

72. This might point to a possible mechanism whereby they interact

with nascent polypeptides when the cell experiences stress. They

also share a great deal of sequence homology, although the hsp-72

lacks introns.

Members of the hsp 70 family are thought to retard the folding

of the nascent polypeptide until synthesis or translocation is

completed. Members of the hsp 60 family (or groEL/ES) are thought

to actually catalyze the early events of protein folding and protein

assembly. It is possible that both families work together and the

newly synthesized, unfolded protein complexed with a hsp 70 is

handed down to a hsp 60 protein for folding and assembly.

The interaction of various hsp 70 members with other cellular

proteins undergoing maturation is mediated by ATP hydrolysis. The

exact form (monomer, dimer, oligomer) of hsp 70 protein which

interacts with the protein target and the exact sequences which lead

to its release is unknown.

Heat shock protein hsp 70 isolated from the rat has been

shown to partially substitute for rabbit reticulate lysate, responsible

for conferring import competence to precoat proteins. Hsp-70-like

proteins are proposed to disrupt a procoat containing aggregates and

the induction of a specific conformational change in the procoat

--_._.- ..._.. ----. - ._._.-
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molecules (Brown et aI., 1993). In some of these hsp-70-like

proteins, ATP is not required for functionality.

The two pathways of ribonuc1eoparticles and molecular

chaperones are thought to converge on the level of a putative signal

peptide receptor which might be identical to the 4S kd protein

characterized as a signal sequence binding protein in microsomal

membranes (Brown et al., 1993).

Mechanism 2: ATP-dependent transport 'systems

ATP-dependent membrane transporter in protein export and

intracellular protein trafficking occurs in both prokaryote and

eukaryote cells. The ATP-binding-cassette (ABC)-transport proteins

belong to a superfamily of ubiquitous ATP-driven membrane

transporters that are highly conserved as seen in Figure S (Kuckler

and Thorner, 1992). They are involved in the transport of ions,

heavy metals, sugars, amino acids, oligopeptides, and proteins. The

function of the ABC-transporters in prokaryotes in the secretion of

proteins without typical signal sequences has led to the hypothesis

that animal cells might be operating by a similar mechanism to

mediate secretory proteins lacking a classical hydrophobic signal

sequence (Kuckler and Thorner, 1992).

Multidrug resistance (MDR) is a unique phenomenon in cancer

patients and is commonly associated with an overexpression of the

mammalian MDR gene mdr1, which encodes an energy-dependent

--------. .- .....-_ ..
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180 kDa membrane bound protein, known as P-glycoprotein. The

mdrl transporter can pump a wide variety of drugs out of the cell.

Mdrl has high homology in both amino acid sequence and predicted

topology, to the yeast ste6 transporter.~ is a secreted peptide

hormone, which lacks a typical hydrophobic signal sequence (Kutkler

and Thorner, 1992). The detection of ABC-transporters in rat liver

peroximal membranes implies that the ABC-transporters may be

involved in the biogenesis of intracellular organelles. For example,

many proteins for mitochondria or chloroplasts lack a typical

hydrophobic signal sequence.

It has been hypothesized that antigen presentation by T cells

might involve ABC-transporters that would convey endogenous,

cytoplasmically derived antigenic peptides to the lumen of the ER

where they would bind to the MHC receptor complex before being

carried to the cell surface. Genes thought to encode putative ABC

transporters have been identified at the human MHC locus.

There are a number of mammalian secretory proteins which

lack a typical hydrophobic signal sequence. These include:

interleukins, basic and acidic fibroblast growth factors (FGF),

parathymosin, mammary-growth-inhibitor, lipocortin I, and

anticoagulent proteins (Kuckler and Thorner, 1992). These protein'

are also not glycosylated. The mature protein is generated by

proteolytic processing of the precursor proteins and postranslational

modification of the C- and N-terminals by lipids. When expressed in

heterologous cells, such as yeast, Interleukins, basic fibroblast
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growth factors and acidic fibroblast growth factors are stored

intracellularly, but can be secreted in a glycosylated state if a typical

hydrophobic signal sequence is fused to its N-terminus. Forcing FGFs

through its secretory pathway leads to its interaction with its own

receptor. Therefore, an alternative secretory pathway for certain

growth factors may be necessary if autocrine growth stimulation is to

be avoided.

Eukaryotic ABC-transporters (Figure 5) are organized into 4

structural domains (Kuckler and Thorner, 1992). The domains are

composed of 2 ATP-binding domains and 2 membrane domains.

Integral membrane domains (MD1 and MD2), contain six a helical

hydrophobic stretches and are thought to form a pore across both

membranes. The ATP-binding domains (ABC 1 and 2) are

hydrophobic in nature and contain three loops, which are responsible

for the ATP-binding and energy coupling of the transport process.

The ABC-transporters are powered by ATP-hydrolysis.

Models of protein export

The linear model of protein export (Blobel and Dobberstein,

197Sb) proposes that the leader peptide is translocated across the

membrane and released into the lumen as the polypeptide chain was

being synthesized on the membrane-bound ribosome.

The loop model of protein export (DiRenzo et aI., 1978;

Engelman and Steitz, 1981) proposes that the basic amino terminus



17

remains in the cytosol while the hydrophobic domain of the leader

with the adjacent carboxy-terminal residues in the mature region

forms a transmembrane loop and starts protein export. The

downstream mature protein is exported in this loop structure with

the signal peptide still extended across the membrane.

Regardless of the exact mechanism, eukaryotic signal peptides

appear to have regular motifs (von Heinje, 1990). However,

preliminary evidence suggests that N. crassa signal peptides may not

follow the usual expectations. One goal of this study is to clarify this.

Leader peptidase

Signal peptides are cleaved by proteins called signal

peptidases. These signal peptidases have not been classified into any

of the standard protease families and in fact it has been suggested

that they may constitute a new group of proteases, related to the ~-

lactamases (Dalbey and von Heinje 1992.) There are regions of

similarity between signal peptidases from a wide range of organisms,

demonstrations of overlap between substrate specificities, and site

directed mutagenesis of Escherichia coli leader peptidase. This family

will be described in terms of topology, substrate specificity, sequence

homology, and mechanism of catalysis.

Signal peptidases are located in the eukaryotic ER membrane,

the mitochondria (inner membrane and matrix), the chloroplasts
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(stroma and thylakoidal membrane), and in the prokaryotic inner

plasma membrane.

Signal peptidases have been identified and isolated in a

number of organisms including: dog, chicken, yeast (Saccharomyces

cerevisiae), fungi (Neurospora crassa) and bacteria (Muller, 1992.).

The signal peptidases characterized to date are integral

membrane proteins. The regions involved in catalysis have been

mapped most thoroughly for the E. coli peptidase. There are five

domains present in this protein. There are two transmembrane

segments (HI and H2), a weakly hydrophobic segment (H3), two

polar regions (PI and P2). The molecule is oriented with both the

amino- and carboxy-terminal facing the periplasm. The activity of

the leader peptidase is not dependent on the HI and PI region, and

H2 can be replaced with unrelated hydrophobic amino acids with

only a mild effect on catalysis. The catalytic site is thought to reside

in the periplasmic domain, where it would be positioned to cleave

membrane-bound pre-proteins already translocated to the

periplasmic space but still attached to the membrane via the signal

peptide.

There is extensive similarity between the signal peptidase

proteins of prokaryotes and eukaryotes (Dalbey and von Heinje,

1992). In the prokaryotic peptidases, E. coli has a 93% identity with

S. typhimurium, 50% identity with P. fluorescens, and 31% identity

with B. subtilis. Impl has a 28% identity with B. subtilis. These

bacterial signal peptidases also have 20-30% amino acid sequence
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identity with eukaryotic Sec11, Spc18 ,and Spc 21 subunits. These

eukaryotic proteins have greater than 45% identity, but have little to

none with the 22/23 kd subunit, making it unlikely that the 22/23

kd subunit contains the catalytic site..

There are three highly conserved domains in the signal

peptidase proteins (Dalbey and von Heinje, 1992). The first is located

in the lumenal surface of the membrane [sgSM.Ptl..gd.***]. Ser 88 of

E. coli leader peptidase is the start. The next Ser (position 90) is

highly conserved in this block. The second conserved domain starts

with Gly 128 in the E. coli leader peptidase and is composed of two

motifs Gd.ivvfk and *vkRv*.*pgd which is separated by 7-10

nonconserved residues. The third motif, located 30-60 residues from

the carboxyl terminus, is the highly conserved, GDN. Gly 272 marks

the start of this block in E. coli. Gly-Asp dipeptides are found in all

three blocks, but a functional significance has not yet been

determined. The presence of no conserved Cys residues rules out the

possibility that these leader peptidases are cysteine proteases. The

presence of no conserved His residues rules out the possibility that

these leader peptidases are serine, cysteine, or meta1lo-proteases.

The signal peptidases in bacteria, ER membrane, the

mitochondrial inner membrane, and the thylakoid membrane

constitutes a new family of membrane-bound serine proteases which

are mechanistically related to the ~-lactamases.

----- - -----_.__ .
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Signal peptides predictions

All signal sequences have in general a positively charged N

terminal region of 1-5 amino acids, a central hydrophobic region of

7-15 amino acids, and a more polar C-terminal region that defines

the cleavage site of 3-7 amino acids (von Heinje, 1990). Gunnar von

Heijne was perhaps the first to examine signal sequences of

prokaryotic and eukaryotic organisms in detail to make signal

peptide predictions (von Heinje, 1983, 1985, 1986).

Based on comparisons of several hundred sequences, von

Heijne proposed the -3,-1 rule (von Heinje, 1983) which corresponds

to certain amino acids at positions -3 and -1 with the cleavage site

designated at position zero. The rules are as follows: the residue in

position -1 must be small (Ala, Ser, Gly, Cys, Thr, GIn) ; the residue in

position -3 must not be aromatic (Phe, His, Tyr, Trp), charged (Asp,

Glu, Lys, Arg) or large and polar (Asn GIn); Pro must be absent from

positions -3 to +1. This rule holds well in general for mammals,

plants, insects, etc. giving 75% predictive accuracy. However when all

six of the known extracellular Neurospora sequences with cleavage

sites were examined using the -3,-1 rule they did not conform to this

rule.

To make a more rigorous model for predicting signal sequence

cleavage sites, von Heijne used a weighted matrix approach based on

frequency of occurrence of specific amino acids at specific sites.(von

Heinje, 1986). Starting with 450 eukaryotic sequences von Heijne
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chose 161 to place into a weighted matrix. Starting from the cleavage

site (designated at zero) he measured the frequency of each of the 20

amino acids at positions -13 through +2. The last column represents

the average composition of amino acid counts at each site. These

observed frequencies versus expected frequencies of amino acids at

particular sites give a matrix of scores. Then an actual sequence is

compared and a cumulative score for each site calculated. The

highest score is the predicted site of cleavage.

Methods used to characterize the mechanism of
action of signal sequences in protein export in

Neurospora crassa

Known extracellular proteins in Neurospora

In general signal peptides have a motif of a positively charged

N-terminal region, a central hydrophobic region, and a more polar C

terminal region that defines the cleavage site. Known extracellular

Neurospora genes: glucan l,4-alpha-glucosidase (gla-l),

exocellulobiohydrolase (cbh-l), laccase (strain OR), laccase (strain

TS), acetate permease (acu-8), phosphatase (pho-2), and

preproinsulin-like pseudogene follow this pattern.

However, a cursory examination of these sequences in

Neurospora crassa failed to conform to von Heijne's -3,-1 rule and his

matrix analysis. Since von Heijne's matrix is derived from a subset of

----- ----_..- _ ...
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reported sequences (161/450), none of which are fungal, it is

possible that fungal sequences have a pattern in signal sequences of

their own.

Identification of new extracellular proteins in

Neurospora crassa

The sequence database in GenEmbl was searched for fungal

genes with identified signal sequences. Of the 4291 fungal entries

present in GenEmbl, only 60 had identified signal sequences.

Furthermore, only 6 of these 60 fungal sequences are representative

of extracellular proteins in Neurospora. These preViously identfiied

extracellular fungal proteins, as well as, newly identfied

extracellular proteins in Neurospora crassa would aid in the

understanding of signal sequences.

In an effort to identify new genes which code for extracellular

proteins several A. cDNA libraries made from Neurospora (A.-ZAP I

and II) were screened either with antibodies made against several

Neurospora media proteins or with degenerate oligonucleotide

probes based on N-terminal sequencing of media proteins. Putative

clones were analyzed through the Genetics Computer Group (GCG) for

both DNA and protein similarity to known secreted proteins.

Identification and analysis of signal peptides was dependent on any

relationships deduced between these and the 6 other previously

identified sequences in Neurospora.
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Fructose 1,6 bisphosphate aldolase

Identification of FruCtose 1,6 bisphosphate aldolase

A degenerate oligonucleotide probe corresponding to a media

protein band of approximately 14.4 kd, repeatedly identified cDNAs

corresponding to the photolyase gene, ATP carrier protein, and

fructose 1,6 bisphosphate aldolase. The sequence for the photolyase

gene was previously identified and sequenced (Yajima et al., 1991).

To date no filamentous fungal aldolases have been sequenced and

thus the sequencing of fructose 1,6 bisphosphate aldolase in

Neurospora crassa will add new information to the understanding of

Class II aldolases.

Phylogenetic trees of Class I aldolases have a conventional

branching order, but trees of Class II aldolases are unusual. The

aldolase protein in E. coli and Saccharomyces cerevisiae are more

similar than to other bacterial aldolases. Mutoh and Hayashi (1994)

explain this phylogenetic relationship by a horizontal transfer of a

Class II aldolase gene from some eubacterium to yeast at some stage

in evolution. Sequence data on additional gene of Class II aldolases

are necessary for a better understanding of the evolutionary

relationships of these enzymes.
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Aldolase

Aldolases were first observed at the beginning of the 19th

century as a group of ubiquitious enzymes that catalyze the

interconversion of hexoses and their three carbon components

(Meyerhof et al., 1936). All organisms possess aldolase enzymes.

Fructose 1,6 bisphosphate aldolase is the enzyme responsible

for the cleavage of fructose 1,6 bisphosphate into glyceraldehyde 3

phosphate and dihydroxyacetone phosphate (Figure 6). There are

two mechanistically distinct classes (Table 1) of these aldolases

(March and Lebhertz, 1992). Class I aldolase is found predominantly

in plants and animals, requires no metal co-factor, and forms a

covalent Schiff-base between a substrate and an e amino group of a

lysine residue with an active site dUring catalysis. The Schiff base

intermediate can be reduced with borohydrite in the presence of

dihydroxyacetone phosphate and the aldolase will be inactivated

(Brockamp and Kula, 1990) Class II aldolase is found in bacteria and

fungi, use divalent cations (Zn2+, Ca2+, or Fe2+) as electrophiles in the

catalytic cycle, and can be inhibited by chelating agents such as

EDTA.

Class I aldolases

The aldolase proteins of eukaryotes are usually Class I, with

the exception of yeast. Multiple forms of Class I aldolases have been
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Figure 6. The glycolytic pathway. Fructose 1,6 bisphosphate aldolase
is involved in the reversible conversion of fructose 1,6 bisphosphate
into dihydroxyacetone phosphate and glyceraldehyde 3-phosphate.
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detected in certain vertebrate tissues (Lebhertz and Rutter, 1969).

Three different aldolases have bee isolated from the rabbit: aldolase

A, from muscle (Taylor et al., 1948), aldolase B, from liver (Rajkumar

. et al., 1967) and aldolase C, from brain (Penhoet et al., 1966). These

aldolases are similar and are homologous proteins (Lebhertz and

Rutter, 1969) . Five membered A-B and A-C hybrid sets have been

detected in some mammalian tissues and can be produced by the

binary combination of the different types.

The Class I aldolases are tetramers (MW=160,000) of identical

polypeptide chains (Alefounder et al., 1989). In different tissues they

occur as isozymes and their amino acid sequences are homologous.

This suggests that they have arisen from divergent evolution from a

common origin (Horecker et al., 1972).

The Class I aldolases of Staphylococcus aureus and S. carnosus

are exceptions in this class. They are heat resistant and extremely

stable in acid and basic conditions (Gotz, 1980, Brockamp and Kula,

1990). While most Class I aldolases are active as tetramers the 33-kd

S. aureus protein is active as a monomer.

Class II aldolases

The aldolases of prokaryotes are not as easily categorized.

While most prokaryotes are metal-dependent (Class II aldolases),

there are some prokaryotes such as Escherichia coli (Stibling and

Perham, 1973; Balwin and Perham, 1978), Lactobacillus casei

----_.- -_.._-_ .... _--- -- ...
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Table 1. Class I and Class II fructose 1,6 bisphosphate aldolases.

Class I aldolases:

Reference
Chopra et aI., 1990

Slade et aI., 1994
Slade et al., 1994
Schnarrenberger, 1993
Kim et aI., 1992
Lebhertz, 1969
Burgess et al., 1985
Tolan et al., 1987
Slade et aI., 1994
Slade et al., 1994
Lebhertz, 1969
Slade et al., 1994
Slade et aI., 1993
Stauffer et al. , 1990
Tolan,1984
Hidaka, 1990
Cotinot et aI., 1993
Slade et aI., 1994
Razdan et aI., 1992
Certa, 1994
Knapp et aI., 1990
Mu1<ai et al., 1986
El-Dabaa et al., 1995
Llewellyn et aI. 1994
Pelzer-Reith et aI., 1993
Marchand et aI., 1988
Atsuchi et aI., 1994
Kelley et aI., 1986

~
Arabidopsis thaliana
Arctocephalus forsteri (fur seal)
Canis familiaris
Chlamydomonas reinhardtii
Drosophila melanogaster
Euglena
Gallus gallus (chicken)
Homo sapiens
Hydrurga leptonyx (leopard seal)
Leptonychotes weddelli (Weddell seal)
Nlicrococcusaerogenes
Mirounga angustirostris (N. elephant seaI)
Mirounga leonina
Mus musculus
Oryctolagus cuniculus (rabbit)
Oryza sativa
Ovis aries (sheep)
Phoca vitulina(seal)
Pisum sativum
Plasmodium berghei
Plasmodium falciparum
Rattus norvegicus
Schistosoma mansoni
Sparus aurata
Spinacia oleracea
Trypanosoma brucei
Xenopus laevis
Zeamays

Class II aldolases:

~
Bacillus subtillis
Corynebacterium glutamicum
Desulfovibrio desulfurican
Escherichia coli
Euglena
Pseudomonas multivorans
Saccharomyces cereyisiae _
Schizosaccharomyces pOmbe
Neurospora crassa

Reference
Trach et al., 1988
von der Osten et aI., 1989
Lebhertz, 1969
Alefounder et aI., 1989
Lebhertz, 1969

Lebhertz, 1969
Schwelberger et al.,1989

Mutoh and Hayashi, 1994
Present study
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(London, 1974), and Mycobacterium smegmatis (Bai et al., 1975) that

contain both Class I and Class II aldolases.

The Class II aldolases of Saccharomyces cerevisiae (Rutter,

1964; Jack and Harris, 1971) and E. coli (Baldwin et al., 1978) are the

best characterized. Both are dimers (MW=80,OOO) composed of

identical polypeptide chains. The catalytic activity in the yeast

enzyme is thought to be localized in the thiol groups of cysteine (Lin

et al., 1971) and in the coordination of the zinc ion (Ingram, 1969).

Methods used to characterize fructose 1,6 bisphosphate
aldolase in Neurospora crassa

The incomplete eDNA fructose 1,6 bisphosphate aldolase clone

was used to identify a genomic clone to complete a putative cDNA

sequence. The sequencing strategy is shown below in Figure 7. This

putative sequence was analyzed in terms of codon usage, intron

content, mapped by RFLP analysis, subjected to RIP, and analyzed

using computer programs to determine the relationship between the

FBA of N. crassa and other aldolases and to predict theoretical

secondary structure of the aldolase protein.
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P2 T3 T7 ext T7.... PI ..~ 'llIli1.....
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T3 int T3 ext T7 intP3

II
Cosmid Phagemid

Figure 7. Sequencing strategy for the aldolase gene in Neurospora
erassa. Cosmid lO:9c from the Vollmer/Yanofsky library was used to
complete the 5' portion of the partial eDNA sequence from the
phagemid done, 2Gb.
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CHAPTER 2
MATERIALS AND METHODS

Rabbit anti- Neurospora crassa antibodies

Conditioned media from Neurospora crassa

Materials

74A: (FGSC) 74-0RZ3-1A. Stored at -800 C. Fungal Genetics Stock

Center Department of Microbiology, University of Kansas Medical

Center, Kansas City, Kansas 66160-74Z0 ph# 1-913-588-7044.

74a: (FGSC) 74-0R8-1a. Stored at -800 C

SOX Vogel's medium: 150 g Na3 citrate' 5 liZ HZO (Sigma), Z50g

KHZP04 anhydrous (Fisher), 100 g NH4N03 anhydrous (Fisher) ,10 g

MgS04 ·7HZO (Fisher), 5 g CaCIZ· ZHZO (Fisher), 5 ml trace element

solution, Z.5 ml biotin solution [l mg/l0ml] (Fisher) brought up in 1

L of ddHZO with Z ml of chloroform (Fisher) as a preservative Stored

at room temperature.

Trace element solution: [5 g citric acid· 1 HZO (Sigma), 5 g ZnS04 .

7HZO (Mallinckrodt), 1 g Fe(NH4)z(S04)Z' 6HZO (Merck), 0.Z5 g

CuS04' 5HZO (Mallinckrodt), 0.05 g MnS04' 1HZO (, 0.05 g H3B03

anhydrous (Fisher), 0.05 g NazMo04' ZHZO (C.P. Baker's) brought up

to 100 ml with ddHZO with 1 ml of chloroform (Fisher) added as a

preservative] Stored at 40 C

--------
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Minimal liquid media: 1 ml SOX Vogel's, 1 g sucrose, 49 ml ddH20.

Autoclaved. Made up fresh just prior to use.

Sterile filtering unit: cheesecloth secured over an Erlenmeyer flask.

Covered with aluminum foil. Autoclaved.

Methods

Inoculated 74a and 74A strains into 250 ml Erlenmeyer flasks

containing 100 ml of minima1liquid media. The strains were grown

for 5 days at 330 C and the media combined while harvested by

filtration through the cheesecloth filtering unit. Remaining conidia

was removed by passing the conditioned media through a 0.45 u

filter.

Concentration of conditioned Neurospora media

Materials

74A media: Stored at -20 0 C

74a media: Stored at -20 0 C

Centriprep concentrators: Amicon, Inc. 72 Cherry Hill Drive, Beverly,

MA 01915 ph# 1-800-343-0696. Centriprep 10 - 10,000 daltons.

Stored at room temperature.

Methods

The Centriprep-l0 concentrator was rinsed with 15 ml of non

conditioned liquid media to remove all traces of glycerin and sodium
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azide. Next the pooled 5 day old conditioned media from 74A and

74a was separately spun through a Centriprep-10 at 3000 x g for 30

60 minutes. The media was concentrated until it was 100-fold and

frozen in 1 m1 aliquots at -800 C

The concentrated media samples were subjected to Bradford

analysis, SDS-polyacrylamide electrophoresis and used to generate

antisera in rabbits.

Quantitation of proteins by the Bradford method

This method was provided by Current Protocols in Molecular Biology

(1987). The Bradford method was used to assess the relative amount

of total protein in concentrated media samples from Neurospora.

Materials

BSA (l mg/mD : Stored at -20 0 C in 1 m1 aliquots.

74A media (concentrated 100X) : Stored at -20 0 C

74a media (concentrated 100X) : Stored at -20 0 C

Bradford Reagent: 100 mg Coomassie Brilliant Blue G-250 dissolved

in 50 m1 of 95% ethanol. 100 m1 of 85% phosphoric acid is added and

the solution is brought to 1L with ddH20. Filtered through Whatman

#1 filter paper. Stored at 4 0 C



33

Methods

BSA was used to generate a standard curve. 0 uI, 10 uI, 20 uI,

30 uI, 40 uI, and 50 ul of the 1 mg/ml BSA solution were pipetted

into microtiter plates (Type II) These known concentrations

containing 10 ug, 20 ug, 30 ug, 40 ug and 50 ug of protein,

respectively will be used to generate a standard curve.

10 ul of each 20X concentrated media protein sample was

added in duplicate tubes. The volume in each well was adjusted with

0.15 M NaCI. 250 ul of Coomassie Brilliant Blue Solution was added to

each well and the plate was shaken for 30 seconds. Samples were

incubated at room temp for 2 minutes. The absorbance of the

samples were read at 610 nm on a Beckman model 35·

Spectrophotometer. The standard curve generated by the BSA

dilutions were used to determine the concentration ol protein in each

sample.
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Polyagylamide gel electrophoresis

The method for polyacrylamide gel electrophoresis (PAGE) was

obtained from Novex.

Sample preparation

Materials

10%SDS buffer: Stored at room temperature

Stop Solution 3X: 10 ml glycerol, 1 mg bromophenol blue, 5 ml 2

mercaptoethanol, 4.5 g SDS, 12.5 ml4X Upper Tris stock. Made up to

50 ml with ddH20. Stored at room temperature

Methods

Equal amounts of protein from 74A, 74a (described above) as

detected by the Bradford method were treated with 3X Stop solution.

The tubes were boiled for 6 min in a water bath and immediately

quenched on ice. Because non-specific binding can occur, a high

molecular weight standard (205-29 kd) was run.

Running the gel

Materials

Novex Precast 14% Tris Glycine gels: 14% acrylamide and 2.6 % Bis

acrylamide pH8.6 performance range 6-80kd.
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Noyex Mark 12: SDS-PAGE wide range molecular weight standards

ranging from 2.5-200 kd. (Cat #

BioRad Prestained Standards: SDS-PAGE low molecular weight

standards (Cat.#161-0305)

Novex 2X Sample buffer: 3.0M Tris-HCI, pH8.45, 2.4 m1 Glycerol, 0.8g

SDS, 1.5 m1 of 0.1% Coomassie Blue G, 0.5mI of 0.1% Phenol Red. Made

up to 10mI with ddH20. (Cat #LC1676)

Novex lOX Running Buffer: 121g Tris Base, 179g Tricine, 109 SDS.

Made with ddH20 to 1 liter. (Cat # LC1675)

Methods

The precast gels were rinsed in ddH20 prior to use. The

outliners were placed on the glass side of each gel to facilitate

loading the wells with greater ease. Each gel sandwich was placed on

either side of the buffer core and the chamber filled with IX running

buffer. The prepared samples are loaded into the wells, using the

outliners as a gUide. Novex Mark 12 standards were loaded on one

gel which was later to be visualized either by Coomassie blue or by

Silver staining. Silver staining has a thousand-fold sensitivity over

Coomassie, detecting proteins in the ng range. BioRad Prestained

Standards were run on a second gel to be used in a Western blot and

visualized with NBT/BCIP detection. For 14-wells combs with 0.75

mm spacers, sample volumes of 15 ul are used. Since 74A1a proteins

have a large range of molecular weights standards ranging form 2.5

200 kd were used.
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Attach the lid and run the unit at 125V for 1-2 hours, or until

the marker is near the end of the gel.

Silver staining the gel

Modified protocol from 18.56 Staining SDS-polyacrylamide gels with

silver salts.

Materials

Fixing solution 1: ethanol: glacial acetic acid: ddH20 (30:10:60) Stored

at room temperature

30% ethanol: Stored at room temperature

Sterile ddH2fr Stored at room temperature

Silver nitrate solution: 0.1% silver nitrate (AgN03). Made fresh just

prior to use.

Developing solution: 2.5% sodium carbonate (Na2C03) and 0.02%

formaldehyde. Made fresh just prior to use.

Fixing solution 2: 1% glacial acetic acid. Stored at room temperature

Methods

Carefully remove the polyacrylamide gel from the cassette by

separating each of the bonded sides with the gel knife. Remove the

top plate and discard. Ease the gel from the remaining plate after

cutting off the bottom of the gel into a staining box. Indicate the
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orientation of the gel by placing a notch at the lower right hand

corner of the gel.

Add 100 ml of the 30:10:60 mixture of ethanol: glacial acetic

acid: ddHZO to fIX the proteins in the gel, rocking occasionally, and

incubate for Z hours at room temperature (RT). Discard the fixing

solution and add 100 ml of 30% ethanol 2X at RT for 15 min each.

Discard the ethanol and add ddH20 3X at RT for 10 min each.

Wearing gloves, discard the last of the water washes and add

the 0.1% silver nitrate (AgN03) solution rocking occasionally, and

incubate for 30 minutes at RT. Discard the AgN03 and quickly wash

both sides of the gel under ddH20. Add the developing solution of

2.5% sodium carbonate (Na2C03) and 0.02% formaldehyde to the gel

at RT with gentle agitation until the stained protein bands appear.

Quench the reaction with 1% glacial acetic acid for 5 minutes, then

wash liberally with ddH20.

To save the gel place it in Novex fIxing solution for 1 hour and mount

between two sheets of Novex cellophane. Allow the gel to dry

overnight in the 37° C incubator. The Novex system is used to

preserve the gel indefinitely. The gel can also be photographed or

xeroxed for documentation.

--------"



38

Coomassie Blue staining

Materials

Coomassie Blue Stain

Novex : Destain solution, fixing solution, and drying cellophane.

Purchased from Novex. Stored at room temperature.

Methods

Place the gel in Coomassie blue solution for 1-2 with gentle

shaking. Pour out the fIXing solution and rinse with ddH20. Pour out

the staining solution and place in Novex destain overnight. In the

morning place in Novex fixing solution for 1 hour and mount

between two sheets of Novex cellophane. Allow the gel to dry

overnight in the 37° C incubator. The Novex system is used to

preserve the gel indefinitely. The gel can also be photographed or

xeroxed for documentation.

Production of antibodies in rabbit using media from

N. crassa

Materials

HYI-Bio Products: HYI-Bio Products P.O. Box 1319, Ramona ,CA 92065

ph# 1-619-788-9691.
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Methods

Polyc1onal antibodies to 2.5 mg of media proteins of N. crassa

(that we supplied) were made by HYI-Bio Products using a standard

90 day protocol. 4 injections of antigen and 3 bleeds were performed.

300 ug of antigen was used per injection. Approximately 150 ml of

serum was collected and assayed by ELISA to determine the proper

antibody concentrations.

Western blot to verify reactivity to rabbit antibodies

Materials

Novex Western Transfer Apparatus: Xcell II Mini-Cell and Blot

module (Cat#EI9001,EI9051)

Novex: Pre-Cut blotting nitrocellulose membranes (cat# LC2001),

Blotting pads (Cat#EI9052), Transfer buffer:12mM Tris,96mM

Glycine in 20% methanol pH8.3 (Cat#LC3675)

PreViously electrophoresed mini-gels

Shallow trays

Methods

The gel was removed from the cassette as previously described

and placed in 50 mls of transfer buffer for 10 minutes to remove

excess buffer salts and detergents. The nitrocellulose, filter paper,

blotting pads were also soaked in transfer buffer for 10 minutes and
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allowed to equilibrate. Any air bubble in the blotting pads were

removed by pressing down on the pad. Air bubbles decrease the

effectiveness of the transfer.

To assemble the blot two saturated blotting pads were placed

on the electrode of the Cathode (-) Core. The prepared filter paper

was laid on top of the pads and any air bubble were gently smoothed

out. The prepared gel was placed on top of the filter paper and the

nitrocellulose laid on top of the gel. The remaining filter paper was

placed on top and covered with two blotting pads. The Anode (+) Core

was placed on top of the gel/membrane sandwich and placed into the

guide rails of the lower buffer chamber. The blot module was filled

with transfer buffer until the gel/membrane sandwich is covered.

The lower buffer chamber was filled with ddHZO. The gel was

transfered at 30V for Z hours.

Determination of proper antibody concentrations via a

protein dot blot

A protein dot blot uses antigen/antibody recognition to identify the

proteins secreted by Neurospora into the media. Using this assay we

determined the proper concentrations of primary and secondary

antibodies to the media proteins of Neurospora, as well as

determined if there was non-specific binding to the bacteria or

phage.
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Materials

TBS: (Sigma) 20 mM Autoclaved. Stored at room temperature

Dilution buffer: 10 mM PBS in 0.1% BSA. Stored at room temperature

Wash buffer: 10 mM PBS in 0.05% Tween. Stored at room

temperature

Blocking solution: 0.5% BSA, 0.05% Tween 20, 0.02% Sodium azide (Na

azide) brought up to 200 ml in 10 mM PBS. Stored at room

temperature

Anti-media proteins IgG: (HYI-Bio Products, rabbit) Whole molecules

of media proteins developed in rabbit (1 0 Antibody). Stored at -800 C

Anti-Rabbit IgG: (Sigma) Whole molecule with alkaline phosphatase

conjugate developed in goat. (20 Antibody). Kept at 40 C

Q.1M Glycine buffer: 7.51 g glycine, 203 mg MgCI2, 136 mg ZnCI2.

Stored at room temperature

P-nitrophenyl phosphate buffer (P-NPP): (Sigma) 1 tablet per 5 ml of

glycine buffer. Made up fresh as needed.

Immulon #2. Flat bottom plates: (Dynatech Lab Inc.)

Methods

Six pieces of nitrocellulose filter were marked with a grid

pattern in pencil as shown below, numbered at the top corner, and

spotted with 1 ul of respective material. Pooled 5 day old

conditioned media from 74a and 74A were used as the antigen at a

concentration of 0.04 ug/ul. Six serial dilutions of the antigen in

blocking buffer were spotted across the top in the lane marked
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AG(straight, 1: 10, 1: 100, 1:1000, 1: 10,000, 1: 100,000). Six serial

dilutions of the primary antibody in blocking buffer were spotted

across the second lane marked AB( 1:10, 1: 100, 1:1000, 1: 10,000, 1:

100,000, 1: 1,000,000). Four serial dilutions of the E. coli/phage

lysate in blocking buffer were spotted into the third lane marked EC

(straight, 1: 10, 1: 100, 1:1000). Each of the identically spotted strips

were allowed to air dry for 5 minutes. The strips were then placed in

50 mls of blocking buffer for 1 hour at room temperature with gentle

agitation. The strips were then rinsed 3X with 50 mls of TBST for 5

minutes each time. Filter #1 was set aside in TBST while filters #2-6

were placed in five serial dilution of the primary antibody in

blocking buffer (1: 100, 1:1000, 1: 10,000, 1: 100,000, 1: 1,000,000)

The antigen was allowed to absorbed overnight at 4° C. Each strip

was incubated with a different dilution of the primary antibody. The

next morning the wells were rinsed twice in the wash buffer. Non

specific binding was reduced by adding the blocking solution and

incubating at 37° C for 2 hours.

After rinsing three times in the wash buffer, 100 ul of the

media antibody (1° Antibody) at a dilution of 1:75 was added and

serially diluted vertically until a concentration of 1:9,600 was

reached on each half of the plate. It was allowed to absorb at 37° C

for 2 hours. The wells were rinsed three times in the wash buffer.

100 ul of Anti-Rabbit IgG whole molecule with alkaline phosphatase

conjugate developed in goat (2° Antibody) 1:1,000 was added and

serially diluted horizontally until a concentration of 1:32,000 was
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reached on each half of the plate. The plate was incubated at 37° C

for 2 hours. After rinsing three times in wash buffer, 200 ul of the

color reaction solution P-NPP was added to each well and the color

was allowed to develop for 30 minutes to 1 hour at 37° C

The absorbance of the samples was read at 410 nm on a

Beckman model 3S Spectrophotometer. Using this simple ELISA

assay the proper concentrations of primary and secondary antibodies

to the media proteins of Neurospora was determined.

Screening of the A. -ZAP libraries using
rabbit anti- Neurospora crassa antibodies

Absorption of the primaty antibody with E. coli/ phage

lysate

The absorption of the primary antibody with E. coli/phage

lysate is necessary because polyc1onal antibody preparations often

contain antibodies that are reactive with E. coli and phage proteins.

These contaminating antibodies not only increase the background,

but also identify false positives. By binding the E. coli/phage lysate

to nitrocellulose filters and incubating them with the primary

antibody any cross-reactive antibodies will be adsorbed.
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Materials

Nitrocellulose filters: (MSI) Nitropure nitrocellulose, transfer

membrane, 0.45 micron, 85 mm. Stored at room temperature.

Blotting paper: Whatman #1 filter paper. Stored at room

temperature.

Tris-buffered saline (TBS): 20 mM Tris-HCI, pH 7.5, 150 mM NaCl.

Made up fresh just prior to use.

Tris-buffered saline with Tween-20 (TBST): TBS, 0.05% Tween-20.

Made up fresh just prior to use.

Blocking solution: 1% Bovine serum albumin (BSA) in TBS. Made up

fresh just pribr to use.

Methods

Four nitrocellulose filters were incubated into the E. colil phage

lysate (diluted 1:10 in TBST) for 30 minutes at room temperature

with slight agitation. The filters were then removed and dried on

Whatman filter paper. The filters were washed 4 times with SO ml

of BS for five minutes each. The excess liquid was blotted onto filter

paper and finally immersed in 50 ml of blocking solution for 30

minutes at room temperature with slight agitation.

After blocking the filters they were rinsed 3 times with SO ml

of TBST. The primary antibody was diluted 1:5 in TBST and one

filter was added and agitated for 10 minutes at 37° C. The filter was

discarded and another filter was added and allowed to incubate for

another 10 minutes at 37° C. This was continued until all the filters

--- --- ---- --------
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were used up. Finally the last filter was removed and the antibody

solution was collected.

This procedure was repeated 3-5 times to optimize the

specificity of the primary antibody.

Isolating single colonies of BB4 and XLI-Blue cells

Materials

BB4 cells: (Stratagene) E. coli strain. supF58, supE44, hsdR514 (rk

,mk+), galT22, trpR55, metE1, tonA, A-, D(arg-Iac)U169 [F', proAB,

laclQZDM15, Tn10(tetR)] Stored at -80 0 C

XLI-Blue cells: (Stratagene) E. coli strain. endA1, hsdR17(rk-,mk+),

supE44, thi-1, A-, recA1, gyrA96, relA1, lac, [F', proAB, laclqzDM15,

Tn1O(tetR)] Stored at -80 0 C

Tetracycline: (Sigma T-3383) m.w. 480.9 Stock solution 12.5 mg/ml

in ethanol! water 50% v/v. Stored at -20 0 C

LB (Luria-BertanD Broth: (Difco) 10 g Bacto-tryptone, (Difco) 5 g

Bacto-yeast extract, (Fisher)10 g NaCI up to 1 L with ddH20 and

adjusted to pH 7.5. Autoclaved. Stored at 4 0 C

Methods

1.5 g of Bacto-agar was added to 100 ml of LB. The media was

autoclaved and cooled to 58 0 C before 100 ul of tetracycline [12.5

mg/ml] was added. 25 ml of media (LB-tet) was used per sterile
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agar plate. The agar was allowed to harden at room temperature for

15 minutes.

BB4 and XLI-Blue cells were streaked out on a fresh LB-tet

plate and allowed to grow at 37 0 C overnight. The next morning

single colonies were isolated and restreaked on a new LB-tet plate,

and allowed to grow overnight. Both plates were sealed with

parafilm, wrapped tightly in foil since tetracycline is light sensitive,

and stored at 4 0 C.)

Amplification of the A.-ZAP cDNA libraty of N. crassa

Macroconidia were incubated in Vogel's minimal medium with

2% sucrose for 6 hours to make a mycelial library. This library is

estimated to contain 3.25 x 105 independent clones (75%

recombinant). The library was supplied as A. phage in SM containing

7% DMSO. Constructed by Matthew Sachs this library was purchased

from the Fungal Genetics Stock Center, Dept. of Microbiology,

University of Kansas Medical Center, Kansas City 66160-7044.

The protocol for amplifying the A.-ZAP cDNA library of N. crassa

was adapted from Stratagene's Undigested A.-ZAP II Cloning Kit

instruction manual. The procedure takes 3 days and Stratagene

recommends that only one round of amplification should be done

since slower growing colonies might be underrepresented.
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Materials

N. crassa cDNA library: The library represents mRNA from the N.

crassa wild type strain, 74-0R23-1VA constructed into ",-ZAP

(lchiAI31, sbhlllo {D( smlll-shn13): pPreB and pUC19 polylinker

Xbal to Hind III} , c1857, srl10 4, nin5, srllo5, Saml00) version I

(Short et al., 1988) as described (Orbach et al., 1990). Stored at -80 0

C

BB4 cells: E. coli strain. supF58, supE44, hsdR514 (rk-,mk+), galT22,

trpR55, metBl, ton A, "'-, D(arg-Iac)UI69 [F', proAB, lac1qzDMI5,

Tnl0(tetR)] (William Bullock, Stratagene). Stored at -80 0 C

Tetracycline: (Sigma T-3383) m.w. 480.9 Stock solution 12.5 mg/ml

in ethanol! water 50% v/v. Stored at -20 0 C

LB (Luria-Bertani) Broth: 10 g Bacto-tryptone, 5 g Bacto-yeast

extract, 10 g NaCI up to 1 L with ddH20 and adjusted to pH 7.5.

Autoclaved. Stored at 4 0 C

SM Buffer: 5.8 g NaCI (Fisher), 2 g MgS04 . 7 ddHzO(Fisher), 50 ml

1M Tris HCI (pH 7.5) (Sigma), 5 m12% gelatin (Knox). Stored at 4 0 C

Chloroform: (Fisher) Stored at RT.

DMSO: (Fisher) Stored at RT.

20% Maltose: (Matheson Coleman & Bell #2958 ) Filter sterilized.

Stored at RT.

MgS04: (Fisher) Enzyme grade. Stored at RT.

--- - - ----------
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Methods

SO ml ofLB broth supplemented with 0.2% maltose and 10 mM

of MgS04 was inoculated into a 250 ml Erlenmeyer flask with a

single colony from the BB4 strain of E. coli. It was grown overnight

on an orbital shaker at 30 0 C

The next morning the cells were pelleted using a Sorvall

centrifuge at 2000 rpm for 10 minutes. The BB4 cells were

resuspended in 15 ml of 10 mM MgS04 and diluted to ODS70= 0.5.

200 ul aliquots of BB4 cells (ODS70= 0.5) were placed in 1.5 ml

Eppendorf tubes. Approximately 25,000 independent bacteriophage

clones from the A.-ZAP cDNA library of N. crassa was added to each of

these BB4 cell aliquots and incubated at 37 0 C for 15 minutes (since

the library contains 3.25 x 105 independent clones 14 tubes were

used). 6.5 ml of top agar at 48 0 C was added to each aliquot and

plated onto bottom agar. The plates were incubated at 37 0 C for 6-8

hours and overlayed with 4 ml of SM buffer. The plates were

incubated at 4 0 C overnight on an orbital shaker at a gentle setting.

The following morning each of the bacteriophage suspensions

were pooled into a sterile tube. The plates were rinsed with 2 ml of

SM buffer and added to the pooled bacteriophage. Chloroform was

added until it made up 5% of the total volume. The solution was

incubated for 15 minutes at room temperature. The bacteria cells

were removed from the solution by centrifuging the solution at 2000

rpm for 10 minutes. Chloroform was added to a final concentration

---- - - .. __ ._---- _.
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of 0.3% to the supernatant and stored in 7% DMSO at -800 C. The titer

can be assumed to be 109 -1012 (plaque forming units) pfu/ml.

Checking the titer of the amplified A-ZAP cDNA library of

N. crassa

Although the titer can be assumed to be 109 -1012 pfu/ml it is

relatively simple to check the titer.

Materials

Amplified A.-ZAP eDNA Libraty of N. crassa: Stored in 1 ml aliquots at

-80 0 C

BB4 cells: E. coli strain. supF58, supE44, hsdR514 (rk-,mk+), galT22,

trpR55, metB1, ton A, A.-, D(arg-Iac)UI69 [F', proAB, laclqzDMl5,

Tnl0(tetR)] (William Bullock, Stratagene). Stored at -80 0 C

Tetracycline: (Sigma T-3383) m.w. 480.9 Stock solution 12.5 mg/ml

in ethanol! water 50% vivo Stored at -20 0 C

LB (Luria-Bertanil Broth: 10 g Bacto-tryptone, 5 g Bacto-yeast

extract, 10 g NaCI up to 1 L with ddH20 and adjusted to pH 7.5.

Autoclaved. Stored at 4 0 C

SM Buffer: 5.8 g NaCI, 2 g MgS04 . 7 ddH20, 50 mllM Tris HCI (pH

7.5),5 ml2% Knox gelatin. Stored at 4 0 C

Chloroform: (Fisher) Stored at RT.

DMSQ: (Fisher) Stored at RT.

20% Maltose: (Matheson Coleman & Bell #2958 ) Filter sterilized.

Stored at RT.
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MgSQ4: (Fisher) Enzyme grade. Stored at RT.

Plating Bacteria

Methods

SO m1 ofLB broth supplemented with 0.2% maltose and 10 mM

of MgSQ4 was inoculated into a 250 ml Erlenmeyer flask with a

single colony from the BB4 strain of E. coli. It was grown overnight

on an orbital shaker at 30 0 C

The next morning the cells were pelleted using a Sorvall

centrifuge at 2000 rpm for 10 minutes. The BB4 cells were

resuspended in 0.01 M MgSQ4 (0.4 x the original culture). The cells

may be stored for 3 weeks at 4 0 C

Plating Bacteriophage

Methods

10-fold serial dilutions of the bacteriophage stocks were

prepared in SM buffer. 100 ul of each dilution was placed in
•

duplicate into 15 ml Falcon tubes. 100 ul of BB4 plating bacteria was

added to each tube and incubated at 37 0 C for 20 minutes to allow

the bacteriophage to adsorb. 3 m1 of top agar at 47 0 C. was added to

each tube, the tube inverted briefly, and poured out onto prewarmed

bottom plates. When the top agar had hardened sufficiently the

plates were incubated at 37 0 C for 8 hours. Plaques were counted

and the plates were sealed with parafilm and stored at 4 0 C.)
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Screening the A.-ZAP cDNA library of N. crassa for

proteins secreted into the media of Neurospora using

polydonal antibodies

Materials

N. crassa cDNA library: (FGSC) The library represents mRNA from the

N. crassa wild type strain, 74-0R23-1VA contructed into A-ZAP

(lchiAI31, sbhlll0 {D( smU I-sOOI3): pPreB and pUC19 polylinker

Xbal to Hind III} , c1857, srUo4, nin5, srUo5, Saml00) version I .

Stored at -80 0 C

BB4 cells: (Stratagene) E. coli strain. supF58, supE44, hsdR514 (rk

,mk+), galT22, trpR55, metBl, ton A, ')..-, D(arg-lac)UI69 [F I
, proAB,

lac1qzDMI5, Tnl0(tetR)] (William Bullock, Stratagene)

Antibodies to N. crassa media: (HTI Bio-Products). 150 ml of rabbit

serum containing antibodies made against the secreted media

proteins found in Neurospora crassa.

Methods

The phage in the ')..-ZAP library are first to be plated on a lawn

of BB4 cells to form plaques for screening. In addition a separate

negative control plate will be prepared containing A-ZAP plaques

without inserts. Duplicate nitrocellulose ruter lifts are to be prepared

from each of these plates. These filters will be screened with

polyc1onal primary antibodies made from Neurospora media in
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rabbit and the polyc1onal rabbit anti-goat alkaline phosphatase

conjugated secondary antibody.

The immunoreactive plaques will be cored from the original

agar plates and the pBluescript (SK-) phagemid will be excised.

When isolated and plated on LB/ampicillin plates, these ampicillin

resistant colonies containing the phagemid will be visible.

The DNA can be readily isolated from these phagemids and

used as a template for DNA sequencing.

The DNA sequence will be used to predict the amino acid

sequence of the proteins in Neurospora media. The sequence of the

leader peptide and the region of the mature protein downstream will

be further analyzed for the motifs that lend itself to the probability

of one model of signal sequence over another. All proposed models

will be explored using the sequences identified.

Screening the A. -ZAP cDNA library of N. crassa for
proteins secreted into the media of Neurospora using

degenerate oligomers based on N-terminal
sequencing

Polyacrylamide gel electrophoresis and protein transfer to

PVDFnylon

The protocol for SDS-PAGE protein blotting is from Matsudaira

(1989).
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Materials

Transfer buffer: 10% methanol, 10 mM 3-(cyclohexylamino)-1

propanesulfonic acid, pH 11.0

PYDP membrane: cut to the size of the gel

Coomassie stain: 0.1% Coomassie R-250 in 50% methanol

Destain: 50% methanol, 10% acetic acid

Methods

Polyacrylamide gel electrophoresis via Novex system was

performed as described previously on parental strains 74a and 74A

on media containing sucrose as the sole carbon source. The gel was

removed from its casing and soaked in transfer buffer for 5 minutes

to reduce the amount of tris and glycine. The PVPP membrane was

rinsed with 100% methanol and placed in transfer buffer. The gel

was sandwiched between a sheet of PVDP membrane and several

sheets of blotting paper and assembled in a blotting apparatus. The

proteins were electroluted for 10-30 minutes at 0.5A in transfer

buffer. The PVDP membrane was removed and was with distilled

water for 5 minutes. The membrane was placed in Coomassie stain

for 5 minutes then destained for 5-10 minutes. The membrane was

air dried and the bands of interest cut out and stored at -200 C
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N-terminal seQuencing

Materials

Protein seQuencer: Model 477A (Applied Biosystems).

Methods

Isolated protein bands for a single protein on the PVDF

membrane were transfered to Protein sequencer Model 477A

(Applied Biosystems). The data printout was checked against a

printout made on known amino acid standards to verify the

predicted amino acid sequence corresponding to a single band.

Designing and synthesing the degenerate oligonucleotides

The protocol for designing degenerate oligonucleotides based on

protein sequences is based on Maniatis et al. (1982).

Materials

N. crassa codon bias: Shown in Table 4. Eldelmann and Staben's

codon preference table (1994).

Methods

There are two types of oligonucleotides that may be

synthesized based on a protein sequence. The first is a degenerate

probe designed to incorporate all codons for a particular amino acid.
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There are two methods to use here: 1) oligos that contain only a

subset of the possible codons at each position 2) oligos that contain a

neutral base, such as inosine, which recognizes ATG.

The second is a specific probe based on the codon bias

exhibited by Neurospora crassa. This probe will pick out a specific

sequence when screening a cDNA·library, if the choice of codons is

basically correct. The advantage of using this more general probe is

that you will definitely identify a clone that corresponds to the given

protein sequence, however you will not know which codon

corresponds to each amino acid until you sequence the clone. Leu,

Arg, and Ser should be avoided since they contain 6 codons.

If an amino acid with 6 codons must be used, two separate

pools of oligos must be made so that only the six correct codons are

represented. It may be possible to design nonoverlapping or partially

overlapping sequences that are complementary to different regions

of the coding sequence. Selecting clones that hybridize only to both

probes cut down on the number of sequences which are wrong or

incomplete. Use stringent hybridization to avoid false positives.

4 oligos were synthesized using DNA sequencer Model 390

(Applied Biosystems). These were Dig-labeled using the Tailing Kit

(Boeringer Mannheim) and using to probe the mycelial eDNA library

by plaque lifts. Visualized using the Genius non-radioactive system.

*Note: I is d-inosine which can replace ATG (has affinity for NT/C)

and that since DNA syn$esis starts at the 3' end it must start with a

single base (bold type).

---_._- - --_._-_..
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Purification and isolation of the phagemids

Exdsion of 12hagemids from the A. vector 127589

Materials

Phage plagues: Stored at 40 C

SM Buffer: 5.8 g NaCI (Fisher), Z g MgS04 . 7 ddHzO(Fisher), SO ml

1M Tris HCl (pH 7.5) (Sigma), 5 ml2% gelatin (Knox). Stored at 4 0 C

Chloroform: (Fisher) Stored at RT.

XL-l Blue cells: (Stratagene)E. coli strain. endAl, hsdR17(rk-,mk+),

supE44, thi-l, 'A.-, recAl, gyrA96, reIAl, lac, [F', proAB, lac1qzDM15,

TnlO(tetR)] Stored at -80 0 C

R408 helper phage: (Stratagene) 7.5 x 1010 pfu/ml

Methods

Selected phage plaques were isolated form the agar plates with

a sterile glass pipet and placed in sterile 1.5 ml Eppendorf tube with

500 ul of SM buffer and 20 ul of chloroform. The tube was vortexed

briefly to elute the phage particles from the gel into the SM buffer.

The phage are stable at 4 0 C

To excise the pBluescript phagemid 200 ul of O.D. 600=1.0 XL-I

Blue cells, 200 ul of 'A.-ZAP phage stock (approximately 1 x 105 phage

particles), and 20 ul of R408 helper phage were placed in a sterile SO

ml conical tube. The mixture was incubated at 370 C for 15 minutes.

Next 5 ml of 2xYT media was added and incubated with shaking for
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6 hours at 37° C. The mixture was then heated to 70° C for 20

minutes to kill the bacteria and

inactivate the parent A phage. The phagemid stock suspension was

isolated by centrifuging the mixture for 5 minutes at 1000 rpm and

recovering the supernatant.

Plating the A. phagemid

Materials

Phagemid Stock Suspension: Stored at 4 ° C for a month.

XLI-Blue Cells: (Stratagene) E. coli strain. endA1, hsdR17(rk-,mk+),

supE44, thi-1, A-, recA1, gyrA96, reIA1, lac-, [F', proAB, lac1qzDM15,

Tn10(tetR)] Stored at -80 ° C

LB (Luria-BertaniVAmpicillin Plates: 10 g Bacto-tryptone (Difco), 5

g Bacto-yeast extract (Difco), 10 g NaCI (Fisher) up to 1 L with ddH20

and adjusted to pH 7.5. Autoc1aved. Stored at 4 ° C

Methods

To isolate the pBluescript phagemid 200 ul of O.D.600=1.0 XL-I

Blue cells and 200 ul of A-ZAP phage stock were placed in a sterile

1.5 ml Eppendorf tube and incubated at 37° C for 15 minutes. 10 ul

of the sample was diluted into 100 ul of 2XYT and plated on

LB/ampicilin plates and incubated overnight at 37° C. Colonies were

isolated and grouped by restriction mapping prior to automated

sequencing.
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Plasmid DNA isolation

The protocol for isolating plasmid DNA is adapted from Vollmer and

Yanofsky (1986) with modifications made by Ken Koo and W. Dorsey

Stuart.

Materials

Lysozyme (10 mg/rol.l: Stored at -ZO° C in 1 m1 aliquots.

95% ethanol: Stored at -ZO° C.

7.s M NH4Q&:: Filter sterilized. Stored at room temperature

GTE: 50 mM glucose, Z5 mM Tris-HCI pH 8, 10 mM Na EDTA.

Autodaved. Stored at room temperature

O.2N NaOH in 1% SDS: 80 ul 5N NaOH, 1720 ul ddHZO, ZOO ullO% SDS.

Made up fresh just prior to use.

5 M KOAc: 90 ul 5M KOAc, 42.3 ul ddHZO, 13.7 ul glacial HOAc.

Stored at 40 C

IE:10 mM Tris-HCI pH 8, 1 mM EDTA pH 8. Stored at room

temperature

Methods

Each 40 ml bacterial culture was harvested, in a 30 ml Corex

tube by centrifugation for 10 minutes at 5000 rpm in a RCZ-B

automatic, refrigerated Sorval centrifuge. The pellet was

resuspended in 1 ml of GTE and transferred into a 15 ml Corex tube.

After 5 minutes at room temperature, 100 ul of lysozyme was added
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and the mixture was incubated for 15 minutes on ice. Next 2 mlof

0.2 N NaOH/1% SDS was added. (This solution must be freshly

prepared just prior to use. ) The sample was then vortexed and

placed on ice for 5 minut~s. After centrifugation at 10,000 rpm for 5

minutes at 4° C , the supernatant was transferred to a new 15 ml

corex tube and 9 ml of 95% ethanol (-20° C ) was added. The

supernatant and ethanol were mixed together thoroughly and placed

on ice for 5 minutes. The solution was recentrifuged and the pellet

was resuspened in 250 ul of TE buffer. It was then transferred to a

new 1.5 ml Eppendorf tube and 125 ul of 7.5 M NH40Ac was added.

After placing it on ice for 10 minutes, it was centrifuged in a

Brinkman Eppendorf centrifuge for 5 minutes at 4° C

The supernatant was transferred to a new tube and 1ml of 95%

ethanol (-20° C) was added. The contents of the tube were mixed well

and placed on ice for 5 minutes. The pellet was recovered by

centrifugation in 5 minutes at 4° C. Following this the pellet was

dissolved in 50 ul of TE buffer and reprecipitated by adding 25 ulof

7.5 M NH40Ac and 150 ml of 95% ethanol (-20° C ). The sample was

vortexed and placed on ice for 5 minutes. The pellet was recovered

by centrifugation in 5 minutes. at 4° C. The pellet was resuspended

in 50-100 ul ofTE buffer to a fmal DNA concentration of 1 uglul.

If the sample became contaminated it could be rescued by

ethanol precipitation overnight at 4° C by adding enough 7.5 M

NH40Ac to equal approximately 1/2 the volume present and 1-2 ml
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of 95% ethanol. The next morning the DNA is pelleted and

resuspended in the appropiate amount of TE buffer.

Estimation of DNA concentration

Materials

IX TBE with ethidium bromide: 10 ml,lOX TBE, 2.5 ul EtBr, brought

up to 100 m1 with ddH20. Stored at room temperature

lOX TBE: 108 g Tris base, 55 g boric acid, 40 ml 0.5 M EDTA (pH8),

brought up to 1 Lwith ddH20. Stored at room temperature

1% agarose gel in TBE w/ethidium bromide: Electrophoresis grade

agarose. Dissolved in microwavable container. Stored at room

temperature

A. DNA cut with Hind III: [0.3 ug/ul] Produces 8 fragments with base

pairs as follows 23130, 9416, 6557, 4361, 2322, 2027, 564, and 125.

Stored at 4° C

Methods

The DNA concentration of unknown samples was determined

by electrophoresis of the samples in a 1% agarose gel in IX TBE with

ethidium bromide against a standard of known sizes. The gel was

heated until fluid and pipetted onto a glass plate. The amount of

agarose needed is dependent on the size of the glass plate and the

number of samples to be tested. For a small number of samples (1-
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5), 5 ml capacity plates (microscope slides) are used. For a larger

number of samples ( 6-12) 9.5 m1 capacity plates work best.

Mter pouring the gel, a comb was inserted to create a reservoir

for each sample. Combs having wells with 6 ul capacities are the

most efficient for large numbers of samples. The gel was allowed to

harden at room temperature. The glass plate and the gel were lifted

together and placed in the electrophoresis chamber and oriented,

keeping in mind that the DNA will migrate toward the cathode.

5 ul of DNA of unknown concentration in IX loading buffer are

loaded into each well. DNA of a known concentration usually from "-

phage, digested with Hind III, was run as a standard. The samples

were electrophoresed at 70-120 V. The concentration of DNA can be

estimated by measuring the fluorescence under a UV source, since

the amount of EtBr incorporated in the DNA is proportional to the

intensity of DNA fluorescence under UV light. This gives a reliable

and quick method or assessing the amount of DNA present. (For

better separation, gels with a higher percentage of agarose can be

run. 2% agarose preparatory gels made with NuSieve low melting

point agarose, electrophoresed at a maximum of 60V gives good

resolution of samples.)
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The use ofIPTG and X-gal to verify eDNA inserts

Materials

IPTG: isopropyl-~-D-thioga1actopyranoside

X-gal: S-bromo-4-chloro-3-indolyl-~ -D-galactopyranoside

2XYT plates: ampicillin SO ug/ml

Bacterial colonies with cDNA phagemids

Methods

Bottom plates were poured and allowed to solidify at room

temperature till hardened. 20 ul of IPTG in ddH20 and SOul of X-gal

[2S0mg/ml in DMF] were added to 3 mls of top agar and poured onto

each plate. After the plates were dried colonies were streaked and

incubated overnight at 37 0 C. pBluescript served as a negative

control containing no cDNA insert. Theoretically those phagemids

containing a large (1000 bp or more) cDNA insert will form white

colonies while those without insert (pB~uescript) will be white;

intermediate sized clones (200-800 bp) inserts will form light blue

colonies.



63

Isolation of the genomic sequence using a
cDNAprobe

Digoxigenin labeled probe of eDNA done 26b

cDNA clone 26b, encoding the putative aldolase transcript, was

used to make a randomly labeled digoxigenin-dUTP probe. The

insert was excised from the A-ZAP I vector by an EcoRI digest which

released an insert of apprOXimately 1 kb. The insert was gene

cleaned using the Geneclean II Kit (Bio 101, Inc.) and dig-labeled

according to the Genius protocol. The follOWing protocol was

obtained from the DNA labeling Kit (Genius) with slight modifications.

Materials

Provided by Genius Kit:

Unlabeled control-DNA: [200 ug/ml] pBR328 20 ul digested with

BamHI. Stored at 40 C.

Hexanucleotide mixture: 80 ul of lOX concentrated hexanucleotide

reaction mixture.

dNTP Labeling Mixture: 80 ul of lOX concentrated dNTP labeling

mixture containing 1 mM dATP, 1 mM dCTP, 1 mM dGTP, 0.65 mM

dTTP, 0.35 mM DIG-dUTP. pH 6.5. Stored at -200 C.

Klenowenzyme: (NEB) 2 units/ul. Stored at -200 C.

------ - ---------._- --
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Methods

1 ug of insert eDNA, purified by gene clean (See Geneclean II

Kit for details) was suspended into 15 ul of sterile distilled water.

The eDNA was denatured for 10 minutes at 95° C and chilled quickly

on ice. The following were added on ice: 2 ug of eDNA, 2 ul of

hexanucleotide mixture (vialS), 2 ul dNTP mixture (vial 6), and 1 ul

Klenowenzyme (NEB).

The control-DNA (vial 2) was labeled in the same way. The

reaction was incubated at 37° C overnight and then gene-cleaned to

get rid of the enzyme. To check for efficiency of labeling, the control

unlabeled DNA and the 308-6 eDNA were spotted onto nylon

membranes and probed with the newly labeled probes. In all cases

the labeling reaction worked.

The use of DNA dot blots to determine

hybridization stringencies

In order to screen the genomic libraries of Sachs-Orbach and

Vollmer-Yanofsky it is necessary to determine the hybridization

stringencies used in the screen. The genomic libraries were

constructed in the vectors pMOcos and pSVSO, respectively. Clones

26b and 23a, which are identical, contain the pBluescript vector.
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Materials

Waterbath: at 95° C

Genomic DNA: from parental strain 74A

Vectors: pMOcos, pSV50, and pBluescript

Clones 26b and 23a

Methods

Genomic DNA from parental strain 74A, vectors: pMOcos,

pSV50, pBluescript, and clones 26b and 23a were denatured by

boiling for 5 minutes at 95° C, spotted onto a nylon filter

(MagnaGraph is preferred) and air dried for 2 minutes. The DNA was

fixed to the filter using a Fisherbrand UV crosslinker set at 1200

Joules. The filter was prehybridized for 30 minutes to overnight at

37° C or stored at 4° C. The next morning the filter was hybridized at

42-55° C all day long and up to overnight using the heat-denatured,

dig-labeled insert from the 26b clone. The DNA dot blot was

visualized using LumiPhos Kit from Boehringer-Mannheim Corp.

Southern blot

Pre-hybridization of the membrane

Materials

20X SSC: 175.3 g NaCI, 88.2 g Na citrate, add 800 ml ddH20, pH 7.0,

and fill to 1 L. Autoclaved. (3 M NaCI, 0.3 M Na citrate)
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Prehybridization solution in formamide: 12.5ml 20XSSC, 2.5g

Blocking reagent, 0.50010% Sarkosyl, 50ul10%SDS, 9.45ml water, 25

OOs100% Formamide. Store at -200 C

Methods

The DNA-bound filter was placed in a sealable bag and

prehybridized with 50% formamide solution. Special care was used to

remove any large bubbles prior to sealing the bag. The filter was

incubated at 370 C for at least 30 minutes and up to overnight or may

refrigerate for several days.

Hybridization of the membrane

Materials

Prehybridization solution in formamide

Dig-Labeled DNA use approximately 5-25 ng/ml diluted in

prehybridization mix.

Methods

Made hybridization mix with 7 ul of labeled DNA and 50 ul of

TE added to 7 ml of prehybridization mix. May reuse hybridization

mix several times. Denatured the probe at 95 0 C for 10-15 minutes

then qUick cooled on iced (or EtOH in ice) for 5 to 10 minutes.
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Cut open bag, pour off prehybridization solution, Add hybridization

solution. Removed bubbles and sealed. Incubated in 42-55 0 C water

bath for overnight or up to 2 to 3 days.

Visualization using the Genius or LUmiphos

labeling procedure

Post hybridization washes

Materials

Buffer A: 1 M Tris pH 7 (I50 ml) made with: 120.75 ml of 1 M Tris

HC129.25 ml of 1 M Tris base 5M NaCI (45 ml), add ddHzO up to 1.5

L. Autoclaved.

Buffer B: 2% blocking reagent in Buffer 1. Prepare in advance. Stable

for 2 weeks at 40 C

Buffer C: 1 M Tris pH 9.0(25 ml) 5 M NaCl(5 ml) 1 M MgCI2(12.5 ml)

add ddHzO to 250 mI. Autoclaved.

Sterile ddHZQ. 3 x 800 ml

Methods

Made up Blocking solution (Buffer B) first since it takes a long

time to go into solution with stirring and heat. Buffer B is 2% blocking

reagent in Buffer A. Made 200 ml and put aside 30 ml for antibody

conjugate reaction.



68

Poured off hybridization solution and saved it in a sterile SO ml

tube. Refrigerated hybridization solution for use later, can be saved

for up to three months.

Prepared all wash solutions with"sterile distilled water. Washed

the filter 2 times at room temperature in 2X ssc; 0.1% SDS for 5

minutes. (Made 600 ml: 60 ml of 20X sse + 6 ml of 10% SDS in 600

ml) Washed the filter 1 time at 68° C in O.lX SSC; 0.1% SDS for 15

minutes. (Made 300 ml: 1.5 ml of 20X sse + 3 ml of 10% SDS in 300

ml. Washed the filter 1 time at 68° C in 0.5X SSC; 0.1% SDS for 15

minutes. (Made 300 ml: 7.5 ml of 20X sse + 3 ml of 10% SDS in 300

ml)

From this point, follow LUmiphos protocol exactly.

Lumiphos protocol

Precautions to avoid background

Lumi-Phos 530 is an extremely sensitive substrate. To minimize

background caused by handling membranes, follow these precautions

throughout the Genius protocol:

• Avoid touching membrane with fingers (gloved or ungloved).

• Use blunt-ended forceps to pick up membranes and limit handling

to an upper corner of the membranes.

• Wear unpowdered gloves and use hybridization bags free of dust

and powder.

------ - ------- ----- ------
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• Perform all incubations with the DNA side up. Mark the side of the

membrane which carries the DNA with a pencil to keep track of

orientation.

• Do not allow membranes to touch each other. Process membranes

one at a time.

• Do not allow membranes to dry.

• Do not use nitrocellulose with the Lumi-Phos substrate.

Antibody binding

Materials

Buffer A: 100 mM Tris HCI, 150 mM NaCI; pH 7.5.

Buffer B: 2% (w/v) blocking reagent (bottle 11 of Kit) dissolved in

Buffer A. Buffer B is stable for 2 weeks stored at +4° C.

Buffer C: 100 mM Tris HCI, 100 mM NaCI, SO mM MgCI2; pH 9.5.

Methods

Prewarm all solutions to room temperature. Perform all

incubations at room temperature.

After hybridization and post-hybridization washes, the

membrane was equilibrated in Buffer A for 1 minute. The membrane

was then removed from Buffer A and allowed the excess liquid to

drip off for approximately 5 seconds. Do not allow the membrane to

dry. The membrane was blocked with Buffer B for 3 hours with

gentle shaking.
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Near the end of the blocking step, the anti-digoxigenin alkaline

phosphatase conjugate (vial 8 of the Genius Nonradioactive DNA

Labeling and Detection Kit) was diluted to 1:5000 in Buffer B for a

working concentration of 150 mU/mI. The working antibody solution

is stable for about 12 hours at +4° C. The stock solution of the anti

digoxigenin conjugate (Vial 8) should be stored at +4° C. Do not

refreeze. The membrane was removed from Buffer B (step 3) and

transferred to the antibody conjugate solution . It was then

incubated for 30 minutes with gentle shaking.

After the 30 minute incubation, the diluted antibody solution

was discarded and the membrane washed two times for 15 minutes

each in Buffer A. The washed membrane was equilibrated in Buffer C

for 2 minutes to prepare it for visualization.

Lumi-Phos visualization

Methods

Pre-warm the Lumi-Phos to room temperature and poured an

aliquot into a sterile container. Use only enough substrate solution to

completely cover the membrane. About 10 ml is required per 10 cm

x 10 cm membrane.

The membrane was then transferred from Buffer C to the

Lumi-Phos solution. Make sure the membrane is completely

submerged. Leave the membrane in the Lumi-Phos solution for 1

minute at room temperature. Protect from direct exposure to light.

------ - ---.-------- -_.-
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Next the membrane was removed from the Lumi-Phos solution and

allow excess liquid to drip off for 5 seconds. Do not allow the

membrane to dry.

The damp membrane was then carefully transferred to a

hybridization bag.

The air pockets were removed and hybridization bag was

sealed. The membrane was incubated at 370 C for 15-30 minutes.

Light emission increases steadily dUring this time and reaches steady

state near the completion of the 30 minute incubation. (At room

temperature, 3-5 hours is required to reach steady state.)

The sealed membrane was exposed to X-ray film (e.g., Kodak

XAR film in a darkroom. The initial recommended exposure time is

15 minutes. After the 30 minute/+37° C incubation, the light

emission remains constant for 24 hours.

Membrane stripping and reprobing

Membranes used with the Lumi-Phos 530 substrate are easily

stripped and re-used. The procedure below removes the digoxigenin

labeled probe, while leaving the target nucleic acid bound to the

membrane. After performing this stripping protocol, membranes are

ready for another round of prehybridization, hybridization, and

immuno-chemiluminescent detection.
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Materials

Q.2 N NaOH. Q.1% SDS

2XSSC

Methods

Do not allow the membrane to dry out before removing the

probe.

Rinse membrane in sterile distilled water.Incubate membrane

in Q.2 N NaOH, Q.1% SDS, at +370 C for 3Q minutes with constant

shaking. Wash membrane in Q.2 N NaOH, Q.1% SDS,

Screening the Vollmer/Yanofsky and the Orbach/Sachs

libraries

Materials

Vollmer/yanofsky and Orbach/Sachs libraries: stored at -8Q °C

2XYT media: plates and liquid

Methods

Plate pools from the Vollmer/Yanofsky and Orbach Sachs

libraries were grown in 4Q mls of 2XYT overnight and plasmid

isolation performed by the alkaline lysis method as previously

described. An aliquot from each pooled plate was denatured, spotted

onto nylon filter, and probed with the dig-labeled insert from 26b.

Positive plates were then screened by pooled rows grown, isolated,

---- --- - --- ---------- ---
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and screened in the same fashion. Single colonies were then grown

up from the positive rows and again grown, isolated, and screened in

the same fashion.

Automated sequencing of the phagemid and cosmid
clones

Sequencing strategy for the phagemid and the cosmid

dones

Materials

Sequencing primers: listed in Sequencing section

Method

Primer extensions (T3 ext, T3 int, T7 ext, and T7 int) were used to

obtain overlapping regions of sequence for plasmid, 26b, after an

initial run from opposite sides using the convinient T3 and T7

priming sites. The 5' end of the plasmid sequence was used to design

a primer (Primer1) to obtain the upstream portion of the FBA gene

from the cosmid. Primer 2 was designed based on the 5' end of the

sequence obtained from the cosmid using Primer 1. Primer 3 was

designed to sequence back over the entire cosmid region. Using the

sequence overlap between the plasmid and cosmid a complete FBA

sequence was deduced. (See Figure 7 for strategy.)
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Isolation of the Aphagemid DNA and cosmid DNA for

sequencing

Materials

Phagemid 26b: (ampr) in DHacells

Cosmid 10:9c: (ampr) in DHa cells

Rapid Pure Minipreps (RPM) Kit: (Bio 101, Inc.) includes pre-lysis

buffer, alkaline lysis solution, neutralizing solution, glassmilk

spinbuffer, wash solution, and RPM spin filters. Stored at room

temperature.

Methods

3 mls of an overnight bacterial culture from an isolated colony

was pelleted in a 1.5 ml Eppendorf tube and resuspended in SOul of

pre-lysis solution. 100 ul of alkaline lysis solution was added and

pipetted vigorously until the solution was clear and viscous. Next 75

mIs of neutralizing solution was added to precipitate cell membranes,

proteins, and chromosomal DNA. The solution was pelleted and the

supernatant was placed into the top chamber of the spin filter unit.

250 ul of glassmilk spinbuffer was added to this chamber and mixed

thoroughly. The filter unit was spun briefly to remove all traces of

liquid and 350 ul of was buffer was added and spun through until

the pellet in the filter chamber was dry. Finally the DNA was eluted

in SOul of sterile ddH20 into a new Eppendorf tube and stored at 4 0

c
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Sequencing

SeQuencing the phagemid. 26b

Materials

Plasmid template: 0.5-1.0 ug of 26b prepared via RPM

T3 primer: 3.2 pmol (5' ATTAACCCTCACTAMGGGA 3')

T7 primer: 3.2 pmol (5' TAATACGACTCACTATAGGG 3')

T3 primer internal: 3.2 pmol (5' GTCCfCGGGCTGAGTGTA 3')

T7 primer internal: 3.2 pmol (5' CCGGCCATTGAGACTGG 3')

T3 primer external: 3.2 pmol (5' TACACTCAGCCCGAGGAC 3')

T7 primer external: 3.2 pmol (5' CCAGTCfCAATGGCCGG 3')

Sterile ddH2Q

Premix: 5XTACS buffer, dNTP mix, DyeDeoxy A,T,G,C terminators, and

AmpliTaq DNA polymerase.Store at 4° C. ABI

Applied Biosystems 373A DNA Sequencer

Deionized formamide

50mM EDTA. pH8.Q

6% gel: 40g urea, 120040% 19:1 acrylamide solution and 18m! ddHzO

Methods

The cDNA insert, 26b, was flanked by a T3/T7 region. To

prepare a single reaction, 1 ug of plasmid DNA was added to

separately with either the T3 primer or the T7 primer in a 0.5 ml

Eppendorf tube and adjusted to 10.5 ul with sterile ddH20. The

-------- ----------- ---
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samples were then processed by the Taq DyeDeoxy Terminator

method of sequencing at the Biotech and Molecular Biology

Instrumentation and Training (BMBIT) facility at the University of

Hawaii. 9.5ul of the reaction premix was added and the tubes placed

in a thermal cycler with a hot start. 25 cycles were performed under

the following conditions:

Temp (aC) Time (sec)

Denaturation step 96 30

Annealling step 50 15

Extension step 60 240

The extension products (20ul) were then purified i.n a spin

column containing G-SO sephadex, dried down in a Speedvac with no

heat for 20 minutes, and resuspended in loading buffer (SuI of

deionized formamide, luI of 50mM EDTA, and Blue dextran). The

samples were denatured at 90 a C for 2 minutes, rapidly cooled, and

loaded onto a standard 6% gel in an Applied Biosystems 373A DNA

Sequencer.

Analysis of the sequences obtained allowed for the design of

extension primers to complete the cDNA sequence. The T3/T7

internal primers were designed to resequence the area previously

sequenced, while the T3/T7 external primers were designed to

extend the sequence in both directions with an internal overlap. The

reaction and sequencing procedures above were repeated for each of



77

the additional primers and overlapping regions were used to

determine proper alignment of the cDNA sequence.

Sequencing the cosmid 10:9c

Materials

Cosmid template: 0.5-1.0 ug of 10:9c prepared via RPM

Primer 1: 3.2 pmol (5' TGG CCT TGA AGA ACT TCT CG 3')

Primer 2: 3.2 pmol (5' CAC CCT GGG MG TCT GGA GG 3')

Primer 3 (back):3.2 pmol (5' GCG GTG ACA GGC TM CAC C 3')

Methods

To complete the missing 5' portion of the partial eDNA clone it

was necessary to sequence the genomic clone 10:9c. Primer 1 was

based on the known 5' portion of the cDNA clone and was designed to

sequence upstream of this site. Primer 2 was based on the sequence

derived from the sequencing run using Primer 1 of the cosmid clone

and was designed to sequence upstream of this site. Primer 3 was

based on the sequence derived from the sequencing run using

Primer 2 of the cosmid clone and was designed to resequence the

area.

Various template concentrations were used ranging from lug

to 0.1 ug of DNA as well as primer concentrations ranging from 25

pmol to 2.5 pmol. The sequencing reaction that gave the best result

used the standard O.lug of template DNA with 2.5pmol of primer,
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but the cycling profile was modified with an additional 7 cycles to

account for the concentration of the target DNA in the cosmid. The

tubes placed in a thermal cycler with a hot start. 33 cycles were

performed under the following conditions:

Temp (oC) Time (sec)

Denaturation step 97 30

Annea1ling step SO IS

Extension step 60 240

S1 Nuclease detection of introns

51 nuclease and mRNAIDNA hybrids can be used to detect the

amount of introns in a given sequence. The mRNAIDNA hybrid

causes any introns or intervening sequences to loop out where they

are subject to 51 nuclease digestion. At higher temperatures the

mRNA can also be digested away so that the remaining DNA can be

easily detected with a DNA probe. If only one fragment is detected

then there are no introns present in the sequence. Likewise the

identification of several fragments is reflective of the number of

introns present (FigurelS).
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RNA isolation

The method of RNA isolation is similar to that of the DNA

isolation method. A more precise explaination is given by Reinert, et

al, 1981.

Materials

Progeny of RIP

Acid Washed Sand

Protinase K

Ethanol

Lysis buffer: 100mM NaOAc pH 5.5, 1mM EDTA, 2o/oSDS

RNase free DNase 1: Stratagene

Methods

Strains which were subject to RIP were inoculated into 100 ml

of sterile Neurospora media in a 250 ml Erlenmeyer flask plugged

with cotton. These cultures were allowed to grow for 7-9 days,

swirling daily. The cells were harvested by filtration using Whatman

#1 filter paper and a Buchner funnel. The myc~lialmat was frozen at

-800 C overnight.and pulverzied with a mortar and pestle at -800 C.

The frozen mycelial mat was then pulverized with acid washed-sand

in a mortar and pestle. The mortar and pestle should be kept at -800

C for best results.
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The mixture was then placed in a 30 ml Corex tube with 5 ml

of lysis buffer and phenol/chloroform for 30 minutes at room

temperature. The mixture was spun down at 3000 rpm at 40 C for 10

minutes and the supernatant poured off into another 30 ml Corex

tube and phenol!chloroform extracted twice more. The supernatant

was then treated with Protinase K (final concentration O.lmg/ml) for

1 hour at room temperature and then with DNase (fmal concentration

of 10ug/ml) for 15 minutes at 370 C. The supernatant was then

extracted again with phenol/chloroform and then NH40Ac/EtOH

precipitated. It was then rinsed once with 70% EtOH and dissolved it

with 1 ml of TE. The RNA was stored at -200 C in ethanol or at -800 C

in TE.

Sl Nuclease mapping

Materials

Neurospora RNA

Cosmid 10:9c

Phagemid labelled probe

Sl Nuclease and buffer: NEB

lOX alkaline gel buffer: 0.4 M MOPS, pH 7, 100mM NaOAc, pH 5.5,

and 10 mM EDTA, pH 8.

Formaldehyde

Alkaline loading buffer: 50% glycerol, 1mM EDTA, 0.4% bromophenol

blue, 0.4% xylene cyanol
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Methods

The Sug of RNA and 1 ng of DNA were placed together in an

Eppendorf tube The nucleic acids were then ethanol precipitated

using yeast tRNA as a carrier. The pellet of nucleic acid was then

redissolved in 30 ul of hybridization buffer, transfered to a SOOul

tube, and denatured at 85° C for 10 minutes to denature the nucleic

ac;ids. The nucleic acids were then placed at an annealing temperture .

based on the GC content of the DNA and allowed to hybridize for 12

hours. In this case an annealing temperature of 50° C was used. The

reaction was then chilled on ice and 300 ul of nuclease mix (lOx

buffer, 100 units of Sl Nuclease) was added. The tube was incubated

at 37° C for an additional hour. The nucleic acids were ethanol

precipitated and resuspended in TE. Half of the sample was run

under denaturing condtions and the. other half under neutralizing

conditions.

Samples of RNA/DNA hybrids digested with Sl Nuclease were

run under either a neutral or alkaline conditions and analyzed by

Southern blotting as described below.

Neutral conditions

Samples were run on a 2% agarose gel in TBE as described

previously.
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Alkaline conditions

Samples were run on a 2% agarose gel in a MOPS and

formaldehyde based buffer. 6% formaldehyde was used in the

running buffer.

Restriction Fragment Length Polymorphism (RFLP)

mapping

Maintainance of the RFLP cultures

Materials

RFLP Slants: add ISg of Bacto-agar to IL of RFLP media

RFLP media: IX Vogel's, 2% sucrose, and IX supplements

IOQX supplements: 100 mM L-lysine, S mg/ml inositol, 200 ug/ml

thiamine HCl, 200 ug/ml nicatinimide, 100 mM uridine, 100 mM L

citrulline, 100 mM L-arginine, 100 mM cysteine, SOD mM potassium

sulfate. Filter sterilize. Store at RT.

Methods

To make liquid media, prepare the 2% sucrose, sterilized by

autoc1aving. After allowing it to cool add in the Vogel's and

supplements. To make slants autoclave the 2% sucrose solution with

the Bacto-agar added. After it has cooled to SSe C add in the Vogel's

and supplements and aliquot into sterile glass tubes. Place the tubes

at a slight angle to make the solid media slant.
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Add washed sand

Materials

Beach sand: cleaned and sieved.

12M HCI: stored at RT.

Baking soda

Methods

Sieved sand was placed into 12M HCI acid overnight. The next

morning the acid was poured off into a collection jar and neutralized

with baking soda. The sand was washed with distilled water until its

pH was neutral (pH 7.0). The sand was then placed into a baking dish

and heated at 1800 C until dIy.

Genomic DNA preparation of the 38 segregailts

Materials

Acid washed sand: Stored at RT.

Lysis buffer: 50 mM Tris-HCI, 2% SDS, 62.5 mM EDTA. Prepared fresh.

5M KOAdpH 4.8): Stored at 4° C.

Isopropanol: Stored at -200 C.

Phenol: Stored at 40 C for up to 1 month.

Chloroform: (Sigma) Stored at room temperature.

DNase free RNase: Stratagene
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Methods

The strains of interest were inoculated into 100 ml of sterile

Neurospora media in a 250 ml Erlenmeyer flask plugged with cotton.

The cultures were allowed to grow for 7-9 days, swirling daily. The

cells were harvested by filtration using Whatman #1 filter paper and

a Buchner funnel. The mycelial mat was frozen at -800 C overnight.

The frozen mycelial mat was then pulverized with acid washed-sand

in a mortar and pestle. The mortar and pestle should be kept at -800

C for best results.

The mixture was then placed in a 30 ml Corex tube with 5 ml

of lysis buffer and incubated at room temperature for 1 hour with

gentle mixing. The mixture was spun down at 3000 rpm at 40 C for

10 minutes and the supernatant poured off into another 30 ml Corex

tube and precipitated with 5.5 ml of 5M NH40Ac and an equal

amount of isopropanol.

The solution was precipitated overnight at -200 C. The next

morning it was centrifuged at 10,00 g at 40 C for 10 minutes. The

supernatant was poured off and the pellet dissolved in 1.5 ml of TE.

This nucleic acid solution was phenol! chloroform extracted once and

then NH40Ac/EtOH precipitated. It was then rinsed once with 70%

EtOH and dissolved it with 1 ml of TE.

The RNA was removed by incubating the nucleic acid solution

with 10 ug of RNase A at 370 C for 1 hour. The mixture was then

phenol/chloroform extracted twice, NH40Ac/EtOH precipitated,
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rinsed twice with 70% EtOH and dissolved in I ml TE. The genomic

DNA was stored at -200 C.

Southern blot to visualize RFLPs

Materials

Genomic DNA from parental strains: Mauriceville lc-A (FGSC 2225)

and Multicent-2a (FGSC 4488)

Restriction enzymes: Bam HI, CIa I, Eco RI, Hind III, Kpn I, Pst I and

Xho I (NEB) Stored at -200 C.

cDNA dig-labeled probe: 26b

Methods

Prior to mapping by RFLP it is necessary to find out which

restriction enzyme show a difference in polymorphisms between the

two parental strains. To do this, genomic DNA from parental strains

Mauriceville lc-A (FGSC 2225) and Oakridge-derived Multicent-2a

(FGSC 4488) were cut with a variety of restriction enzymes. The

digestions were run out on an 0.8% gel and blotted overnight. A

Southern was performed using the cDNA insert as a probe and

visualized using Lumiphos detection. The restriction enzyme which

showed the greatest amount of polymorphism between the two

strains was chosen to digest the entire mapping set.

The 38 RFLP segregants and the 2 parental strains were

individually digested with Xho I, run out on an 0.8% gel and blotted
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overnight. A Southern was performed using the eDNA insert as a

probe and visualized using Lumiphos detection to visulaize the

RFLPs. The 38 segregants were scored as M (Mauriceville) or 0

(Oakridge-derived Multicent) based on their banding pattern.

Repeat Induced Point (RIP) mutations

In order to rip the aldolase gene it is first necessary to insert

another copy of the gene into one of the mating type strains' in

Neurospora. Upon a forced cross the extra copy will cause uneven

pairing, resulting in an unstable situation. Upon crossing, C/G to AfT

mutations and methylation of cysteines will occur, resulting in RIP

progeny which contains an inactivated aldolase gene will result.

Because aldolase is part of the glycolytic pathway, progeny with a

non-functional aldolase gene will not be able to utilize glucose

efficiently and will have to process glucose by an alternate pathway,

such as the Enter-Doudoroff pathway or the Warburg-Dicken

Horeecker pathway. This RIP strain can then be detected by

supplementing with an alternate carbon source, like fructose. The

effects of RIP can be detected using methylase-sensitive and

methlase-insensitive enzymes to determine the effects of the

methylation of cysteine residues.
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Transformation of Neurospora by Electroporation

Materials

N. crassa strain 7 to 21 day flask culture of conidia

50 ml blue cap tube

Sterile cheesecloth

1M sorbitol filter sterile. Stored at 4 °C

Hemacytometer

1.5 ml Eppendorf tubes

Variable speed swinging bucket centrifuge: refrigerated

Sterile electroporator cuvettes

Minimal-Sorbitol plates IX Vogel's, IX FIGS, 1M sorbitol, 1.5% Bacto

agar

Top agar IX Vogel's, IX FIGS, 1M sorbitol, 1.5% Bacto agar

Bottom Hygromyocin-Sorbitol plates IX Vogel's, IX FIGS, 0.1 mg/ml

hygromyocin,1.5% Bacto Agar

pES200 DNA Hygromyocin gene [1 ug/ul]

Cosmid DNA from Vollmer 10: 9c cut with BamHI and XhoI [1 ug/ul]

p26b cut with EcoRI which releases the cDNA for aldolase [1 ug/ul]

InvitroGen Electroporator II apparatus
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Fisher FB 600 power supply

Settings: Power supply Electroporator

1500 volts 71 uF

25 rnA 200 ohms

25 W Cuvette size = 2 nun

Voltage gradient = 7.25 kV/cm

RC time constant = 14.2 ms

Methods

The cells were harvested in 30mls of 1M Sorbitol and filtered

through sterile cheese c1oth~ They were spun down at 1500 rpm for 5

mins and resuspended in 10 ml Sorb with vortex resuspension. This

was repeated and finally resuspend in 5 m1 of 1M Sorbitol on ice. The

cell suspension was diluted to 2.5 X 10e9 cells/ml in 1M Sorbitol. 1 to

5 ul DNA [1 ug/ul] was added to 100 ul cell suspension, mix and

incubate 5 min on ice.

40 ul of the cell suspension was transfered to a cuvette and

electroporation was performed. 960 ullM sorbitol was added to the

cuvette. The cells were transfer to an Eppendorf tube on ice. The

cuvette was rinsed with water, 70% EtOH, andlmllM sorbitol before

next use.

Several dilutions of the cell suspension were mixed with 15ml

of Top agar and plated onto Bottom plates with hygomycin. Cells

plated onto the minimal sorbitol plates were used to calculate the

survival rate and transformation calculations performed.
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Maintenance of Transformants

Transformed colonies were selected by growth on hygromycin

and picked onto minimal slants.

Materials

Slants: 2 ml 50X Vogel's, 2 g sucrose, 1.5 g Bacto-Difco agar, 98 ml

ddH20. Microwaved until agar dissolved. Aliquoted 2.5 ml into 5 ml

culture tubes. Plugged with cotton. Autoclaved. Allowed to solidify at

a slant. Can be stored at 4° C

Liquid culture: 3 ml 50X Vogel's, 3 g sucrose, 3 g tryptone, 147 ml

ddH20. Microwaved until tryptone dissolved. Aliquoted 3 ml into 5

ml culture tubes. Plugged with cotton. Autoc1aved. Can be stored at

4°C

Methods

Transformants were grown on slants by drawing the colony up

in a disposable Pasteur pipette and placing it directly on the solid

media. Liquid cultures were individually inoculated using a platinum

wire loop from the solid media slants after an appropriate amount of

growth appears or they were inoculated directly from the Petri dish.

Throughout this procedure working over a pool of methanol is

advisable in accordance with safety regulations.

Slants were grown for 5-7 days and stored at -20° C. Liquid

cultures were allowed to grow for 7 days.

---- _ .. - _._ .. _-- ------- .._.-
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Southern blot to determine COm' number

Prior to attempting to RIP the aldolase gene in Neurospora it is

necessary to have an even copy number to ensure that there will be

an unmatched gene which will cause the RIPping phenomena. To

check this Southerns were performed on a small subset of the

transformants isolated.

Materials

74A strain transformed with the aldolase gene

26b dig-labeled probe

Methods

As described in previously. Co-transformed strains with even copy

numbers (two or multiples thereof) will be used in the RIP

experiment.

Crossing conditions

Under conditions of low nitrogen Neurospora undergoes mating

if the opposite mating type is also present. Transformed 74A strains

were crossed with 74a.

------- -- ----------
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Materials

74A: FGSC 74-0R23-1A cotransformed with hygromycin and the

aldolase gene

74a: (FGSC 74-0R8-1a)

Crossing media: Ig KN03, 0.7g HZHP04, 0.5g KHZP04, 0.5g MgS04 7HzO,

O.lg CaClz, O.lg NaCl, O.lg Biotin soln, O.lg trace element, 2g Bacto

agar, 15g sucrose in lL pH 6.5. Add 15g agar for slants.

Methods

Co-transformed 74A strains with an even copy number of the

aldolase gene were crossed with 74a on crossing media slants. The

slants were placed in the dark for 10 days after which fruiting

bodies were observed. The spores were harvested and heat-shocked

for 60 min at 600 C and the progeny plated onto two selection

medium. Untransformed 74A was crossed with 74a as a control that

the opposite mating types were indeed present.

The crossing slants were stored at -20 0 C

Determination of RIP progeny

Materials

Spores from the cross of transformed 74A and untransformed 74a:

Spores were harvested in ddHzO and heat shocked at 60° C for 60

minutes prior to plating.
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Fructose slants: 2% fructose, IX Vogel's, 1.5% Bacto agar

Glucose slants: 2% glucose, IX Vogel's, 1.5% Bacto agar

Methods

Spores were plated on plates containing fructose as their sole

carbon source, which will allow both RIPped and normal progeny to

grow. They were then picked onto both fructose and glucose slants.

Progeny that grew on both fructose and glucose were assumed to

have a functional aldolase gene. Progeny in which the aldolase gene

was RIPped were identified by their ability to grow well on fructose

and not very well on glucose.

DNA and Protein sequence analysis

The fructose 1,6 bisphosphate aldolase DNA sequence was

analyzed for ORFs and translated to give a proposed aldolase protein

sequence. using DNA Strider 1.2. Codon usage was also quantified

using DNA Strider 1.2.

DNA Strider 1.2 was used to compare the degenerate

oligonucleotide probe for sucrose band 3 with the putative sequence

of the aldolase gene.
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DNA and Protein Similarity to other aldolases

Analysis of the amino acid sequences from the N-terminal

sequence of the 5 bands corresponding to media proteins in

Neurospora were analyzed via protein homologies using TFastA

analysis (GCG Analysis package).

Initial identification of DNA sequences from phagemid isolation

was done by similarity searches via FastA analysis (GCG Analysis

package).

The proposed fructose 1,6 bisphosphate aldolase DNA sequence

was analyzed for similarity using FastA (GCG Analysis package). This

identified several potentially homologous Class II aldolase sequences

from yeast (Schizosaccharomyces pombe and S. cerevisiae) and

bacteria (Escherichia coli and Cornebacterium glutamicum). DNA and

protein alignments of these Class II sequences, as well as Class I

sequences, were performed using ClustalV in SeqApp 1.9.

DNA and Protein Sequence Comparisons

DNA and protein sequences were analyzed using the Phylip package

(Felsenstein, 1994). This package includes: DNA distance, Protein

distance, Neighbor, SeqBoot, and Consensus. Additionally, the Li 1993

program was used to analyze non-synonymous and synonymous DNA

changes.
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DNA Distance Matrix

Materials

SegApp 1.9: computer program (Gilbert, 1992)

DNA distance: creates a matrix of distances (Phylip package)

Li 1993: produces a non-synonymous/synonymous matrix (Li, 1993);

ported by A. Zharkikh from Fortran to C.

http://dot.imgen.bcm.tmc.edu:9331/seq-search/struc-predict.html

Neighbor: Neighbor-joining tree computer program (Phylip package)

Methods

DNA sequences from Class II aldolases were aligned using

SeqApp by codons such that the alignment corresponded to the

alignment of the amino acids (Figure 26). The total aligned DNA

sequence was analyzed using a DNA distance program by the Jukes

Cantor method. The DNA was also analyzed in terms of its non

synonymous and synonymous sites via the Li 1993 program which

produces a matrix of distances. The DNA matrices were analyzed

using Neighbor to produce an unrooted Neighbor-joining dendrogram

based on these DNA distances.
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Protein Distance Matrix

Materials

SegApp 1.9: computer program (Gilbert, 1992)

Protein distance: creates a matrix of distances (Phylip package)

Neighbor: Neighbor-joining tree computer program (Phylip package)

Methods

Protein sequences from Class II aldolases were aligned using

SeqApp. This aligned sequence was analyzed using a Protein distance

program by the PAM-Dayhoff method. The resulting Protein matrix

was analyzed using Neighbor to produce an unrooted Neighbor

joining dendrogram based on these protein distances.

Protein Analysis: Bootstrap

Materials

SegApp 1.9: computer program (Gilbert, 1992)

SegBoot: a general bootstrapping tool (Phylip package)

Consensus: produces a consensus dendrogram of similarity (Phylip

package)

Methods

Protein sequences from Class II aldolases were aligned using

SeqApp 1.9. These protein sequences were bootstrapped using
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SeqBoot to produce 100 replicates. Distances were calculated using

the PAM-Dayhoff method and Neighbor-joining trees drawn for each

replicate. These dendrograms were then analyzed using Consensus to

draw a consensus dendrogram of protein similarity for the Class II

aldolases.

Secondary structure analysis of the aldolase protein

Materials

PSA: Protein Sequence Analysis System. (Baylor College of Medicine)

Methods

Analysis of the secondary structure of the proposed aldolase

protein in Neurospora crassa was performed using Protein Sequence

Analysis (PSA) System. Using this email service probabilities of

strand, turn, and helix motifs were represented graphically and

probabilties for strand, turn, helix, and loops were also represented.

as isobars of probability. Additionally, PSA defines 3 major folding

classes: alpha, beta, and alpha-beta and within a major class, PSA

defines "macro-classes" that further describe the predicted structure.
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CHAPTER 3

RESULTS

Identification of secreted proteins in Neurospora

Antibody approach

Polyc1onal antibodies in 2 rabbits (HYI-Bio Products) were

generated using 2.5 mg of conditioned media from 6 day old

Neurospora crassa cultures. PAGE-SDS (Novex) on this concentrated

media revealed between 17-20 of the extracellular proteins in N.

crassa. Western blot analysis confirmed reactivity to the rabbit

antibodies generated.

A.-ZAP 1111 libraries were screened using this polyc1onal

antibody. The resulting phagemids were isolated and partially

sequenced. These sequences were analyzed using FastA in the GCG

package. None of the sequences had homology to known extracellular

proteins.

Degenerate oligonucleotide based on N-terminal sequencing

PAGE-SDS on 6 day old 74A and 74a cultures grown with either

sucrose or glucose as a sole carbon source revealed 15-20 of the

extracellular proteins in N. crassa. These proteins were transfered to

PVDF and five were N-terminal sequenced (Figure 8 and Appendix).

----- _ .._-- _..
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They were designated sucrose bands 1-3 and glucose bands 1 

2.Five degenerate DNA probes (sucrose bands 1-3 and glucose bands

1-2) based on Neurospora's codon bias (Edelmann and Staben, 1994)

were designed based on the N-terminal sequence from the five

proteins. The degenerate oligonucleotides were synthesized at the

BMBIT facility using a Model 390 Applied Biosystems DNA

sequencer.

The degenerate oligonucleotide corresponding to sucrose band

3 was chosen as a likely candidate, dig-labeled, and used to screen

the A-ZAP cDNA libraries. The degenerate oligonucleotide sequence

was based on the amino acid residues 5-11 of sucrose band 3

(Figures 9 and 10). The resulting phagemids were isolated and

partially sequenced. These sequences were analyzed using FastA in

the GCG package. None of the sequences had homology to known

extracellular proteins.

The degenerate oligonucleotide based on N-terminal

sequencing of sucrose band 3 identified a clone corresponding to the

Class II fructose 1,6-bisphosphate aldolase via FastA analysis.

Phagemid clones identified

Screening of the A-ZAP cDNA I and II libraries with polyclonal

antibodies and oligonucleotides based on N-terminal sequencing did

not successfully identify any gene coding for extracellular proteins in

Neurospora crassa. Figure 11 shows a typical plaque lift obtained by
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either method. However, several genes coding for intracellular

proteins were identified (Table 2) using both approaches.

Analysis of the aldolase gene

Fructose 1.6 bisphosphate aldolase DNA sequence

DNA Sequencing and protein translation of the fructose 1,6

bisphosphate aldolase cDNA clone showed that the phagemid, 26b

did not contain a complete cDNA clone. The phagemid contained

approximately 700 bp of the downstream sequence (Figure 12). Since

aldolases in a wide variety of organisms are known to be roughly 1

kb and because no start codon was identified, the Vollmer/Yanofsky

library was screened to isolated the genomic sequence.

Cosmid 10:9c in the Vollmer/Yanofsky library was identified

and sequenced (Figure 13) to obtain the promoter, ORF start site, and

downstream sequence which overlapped with the phagemid

sequence. A single intron, a single "CAAT" box, and numerous

capping sites were detected in this sequence.
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MW Sucrose Glucose
Std 74A 74a 74A 74a

~

• ... • -1a .. I 3• .. =2

Figure 8. SDS-PAGE of media proteins isolated for N-terririnal
sequencing. Parental strains 74A and 74a were grown on either
glucose or sucrose as their sole carbon source. Media proteins were
isolated and separated using PAGE-SDS under denaturing conditions.
Numbers denote proteins which were N-terminal sequenced. Sucrose
band 3 was used in the identification of the aldolase clone.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1) FTVSYDTGYD D P N ? S L T V V S

2) T N

K K

C C

H

W

Figure 9. Amino acid sequence for sucrose band 3. The first line (1)
gives the N-terminal amino acid sequence of the protein
corresponding to band 3 in the sucrose culture as determined by the
Model 477A Applied Biosystems Sequencer. The lines following are
possibilities based on the chromatograph printouts at positions 1 and
14 by comparison to amino acid standards. The ,amino acid sequence
was analyzed using TFasta in the GCG Analysis Package to confirm
that this secreted protein was not yet identified in Neurospora
crassa.
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a) Amino acid sequence for sucrose band 3 and its codons

no. ill! Codon no. aa Codon
1 ?KWeHTF 11 Asp(D) GATe
2 Thr(T) ACAT 12 Pro(P) eeArGeGc
3 Val(V) GTAT 13 Asn(N) AATeGe

alt Ser(S) TCAT 14 N,K, or eGe AGTC
5 Tyr(Y) TATe 15 Ser(S) TeA~e or AGTC
6 Asp(D) GATe 16 Leu(L) TT Ac or crArGe
7 Thr(T) ACAT 17 Thr(T) AeA'fieGc
8 Gly(G) (;GAT 18 Val(V) GT¥eGc
9 Tyr(Y) TATe 19 Val(V) GTA~e

10 Asp(D) GATe 20 Ser(S) TeA'fie m: AGTC

b) Degenerate oligonucleotide based on N-terminal sequencing

Residues
5
TAT GAT ACI GGI TAT GAT

C C C C

11
GAT CC

C

Figure 10. Design of degenerate oligonucletide probe for sucrose band
3. Based on the amino acid sequence from N-terminal sequencing
degenerate oligomers were designed using the codon bias of
Neurospora crassa (Edelmann and Staben, 1994). b) The degenerate
oligonucleotide sequence was based on amino acid residues 5-11.
(Note I is d-iodine which can replace ATG (has affinity for ATC)



·Table2. Clones identified from the 'A.-ZAP library by either the Antibody (Ab) screening method or
by Oligonucleotide screening method. Clones were partially sequenced from both ends and
tentatively identified using Fasta analysis on GCG.

~ Source HomoloJ!ill1s_seouem:etGCG_acession #) On!anism

Ic Ab screen Fatty acid syntherase (x03977) Saccharomyces cereVisiae
(Yeast)

4d Ab screen Ribosomal protein (S53436) Kluyveromyces marianus

He Ab screen Ribonucleotide reductase M2 subunit (x68127) Mesocricetus auratus
(golden hamster)

28b Oligo screen Superoxide dismutase (Z27080) Caenorhabditis elegans

4a Oligo screen Sucrose binding protein (L06038) Glycine max

2a Oligo screen mRNA for mitochondrial ADP/ATP carrier (XOO363) Neurospora crassa

26b Oligo screen Fructose 1,6-bisphosphate aldolase (D17415) Saccharomyces pombe

19b Oligo screen Photolyase (X58713) Neurospora crassa

13a Oligo screen mRNA for protein kinase C inhibitor homologue (X62838) Oenothera hookeri.

16a Oligo screen N-myristoyltransferase (L25118) Histoplasma capsulatum

1b Oligo screen mRNA for mitochondrial ADP/ATP carrier (XOO363) Neurospora crassa

I--'
0
W
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Figure 11. Plaque lifts from A-ZAP library screening. Typical plaque
lifts obtained by screening with either rabbit anti-No crassa antibody
approach or Dig-labelled oligonucleotide based on N-terminal
sequencing approach.
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+445 ATTCCCGAGG AGGACGAGAA GTTCTTCAAG GCCAACGGCG TGCCCCTCTT

+495 CTCTTCTCAC ATGATCGATC TCTCTGAGGA GCCCGTTGAG GAGAACATCT

+545 CCACCTGCGT CAAGTACCTT AAGCGCATGG CGCCCATGAA GCAGTGGCTC

+595 GAGATGGAGA TCGGTATCAC CGGTGGCGAG GAGGACGGTG TTGACAACTC

+645 CGAGGTTGAC AACGCTTCTC TTTACACTCA GCCCGAGGAC ATCTGGCAGA

+695 TCGAGGAGGA TTCCCGCCCT ATTTCTCCCT ACTTCTCCAT TGGCGCTGGC

+745 TTCGGCAACG TTCACGGTGT CTACGCTCCT GGCAACGTCA AGCTCCACCC

+795 CGATCTCCTT GGCAAGCAAC AGGCTTACGT TCCCGAGAAG CTCGGGGGAA

+845 AGGACAAGAA GCCTTTCTTC TTCGTTTTCC ACGGTGGTTC CGGCTCCTCC

+895 AAGGAGGAGT ACCGTGAGGC TATCTCCAAC GGTGTCGTCA AGGTCAACGT

+945 CGACACTGAT CTCCAGTGGA GCTACCTCGT CGGTATCCGT GACTACATCC

+995 TCAACAACAT CGACTACCTG AGGAGCCAGG TCGGTAACCC CGAGGGCCCC

+1045 AACAAGCCCA ACAAGAAGAA GTACGACCCC CGTGTCTGGA TCCGCGAGGG

+1095 TGAGAAGACC ATGAAGGCCC GCGTCGAGGA GGGCCCTCAA GGACCTTCAA

+1145 ACACTACCGT CACCGTCTAA ATGGGAACTG GGAGATAATG AAAATGGAAT

+1195 GATTTGATGA GTACACTCTT GATTCCGTTC GTGTTTATAG TGGTTCCGGC

+1245 CTATGAGACT GGTTCCATGG CGTGTCGGCT TTTCCGATAC TTGGACGTAT

+1295 ACTAGCAGGT TGGTTCACGG TGTTCCGGGG GGTTCAAGTT ACCGGCTATG

+1345 ATGATGTTAT GCTAACCGGT TGGGTTTGGG GTGATACCGA AAAGTAGTAC

+1395 ATACCCAATT GAAAAGTTGC CTTTGAAAAA AAAAAAAAAG G

Figure 12. Phagemid sequence from eDNA, 26b. Analysis of the
sequences obtained from initial sequencing using T3/T7 primer sites
allowed for the design of extension primers to complete the eDNA
sequence. T3/T7 internal primers were designed to resequence the
area previously sequenced, while the T3/T7 external primers were
designed to extend the sequence in both directions with an internal
overlap.
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-403 AGAGAAAAGA ATAGGGCGAA TGGGATGGGA GAGGGGAGAG GGACGAGTGT

-353 GGAGGGGAGA AAAAGGGGGA AACAAAAAGA GGGAGACTTG CCAAGAGGGA

-303 GTGGTCAAGA GTAAGGAGTA ACAAAAAGAA AGATCGTGAA TGTGAAACGA

-253 ACAAAGCTAC ATCCTGGGAA GCAGCTTAAG GGACCTATTC GCAGCCGATA

-203 GCGGTGACAG GCTAACACCG CGTAGACGCA AACTTCATAA ACCAAAAACA

-153 GGCAGTCCGA AATGGGTATC TATCGATGTA AGTCTCCTCC AGTCTCATCC

-103 TGGCAATTGA TAGCTTCGAA GCGCAGCTGA TCTAACGGTG ATACCCTCAA

-53 CAGGAGCTCA ACCTTCCCGC TGGCGTCCTC TACGGTACGA TTTGGCCAAG

-3 CAGATGCGCT GCCCGATACC GGAACATAAA CAAAATCTGA CCTTTTCTTT

+48 ACCTCTAGGT GATGACGTCC TGAAGCTTTT CCAGTACGCT CGCGAGAAGC

+98 AGTTTGCTAT CCCTGCCTGC AACGTCACCT CCTCTAGCAC TGCCGTCGCT

+148 GCCCTCGAGG CTGCTCGCGA CCAGAAGGCT CCATCATCCC TCCAGACTTC

+198 CCAGGGGTGT GCTGCCTTCT TCGCCGGCAA GGGCATCAAG GACTCTGCTG

+248 AGAAGGCGCG AGACTCCGTC GCCGGTGCCA TTGCCGCCGC TCACTACATC

+298 CGCTCCATTG CCCCCATCTA CGGCATTCCC GTTGTCCGTA gtaagtagct

+348 tagcttgtct tgttcggttc aacttgcctt ccaagatgct gacatggtcc

+398 tagTCCACAC CGACCACTGC GCCAAGAAGC TTCTCTTTGG CGATGGCATT

+448 CCCGAGGAGG ACGAGAAGTT CTTCAAGGCC AAC

Figure 13. Cosmid sequence from 10:9c in the Vollmer/Yanofsky
genomic library. Primer extensions based on the 5' region of the
incomplete cDNA clone, 26b were used to sequence upstream. The
cosmid sequence was used to complete the upstream region of the
putative aldolase gene. The sequence depicted in lower case letters
denote the consensus sequence typical of introns of N. crassa.
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-403 AGAGAAAAGA ATAGGGCGAA TGGGATGGGA GAGGGGAGAG GGACGAGTGT

-353 GGAGGGGAGA AAAAGGGGGA AACAAAAAGA GGGAGACTTG CCAAGAGGGA

-303 GTGGTCAAGA GTAAGGAGTA ACAAAAAGAA AGATCGTGAA TGTGAAACGA

-253 ACAAAGCTAC ATCCTGGGAA GCAGCTTAAG GGACCTATTC GCAGCCGATA

-203 GCGGTGACAG GCTAACACCG CGTAGACGCA AACTTCATAA ACCAAAAACA

-153 GGCAGTCCGA AATGGGTATC TATCGATGTA AGTCTCCTCC AGTCTCATCC

-103 TGGCAATTGA TAGCTTCGAA GCGCAGCTGA TCTAACGGTG ATACCCTCAA

-53 CAGGAGCTCA ACCTTCCCGC TGGCGTCCTC TACGGTA,CGA TTTGGCCAAG

-3 CAG ATG CGC TGC CCG ATA CCG GAA CAT AAA CAA AAT CTG ACC
o Met Arg Cys Pro lIe Pro Glu His Lys GIn Asn Leu Thr

+40 TTT TCT TTA CCT CTA GGT GAT GAC GTC CTG AAG CTT TTC CAG
14 phe ser leu pro leu gly asp asp val leu lys leu phe gIn

+82 TAC GCT CGC GAG AAG CAG TTT GCT ATC CCT GCC TGC AAC GTC
28 tyr ala arg glu lys gIn phe ala ile pro ala cys asn val

+124 ACC TCC TCT AGC ACT GCC GTC GCT GCC CTC GAG GCT GCT CGC
42 thr ser ser ser thr ala val ala ala leu glu ala ala arg

+166 GAC CAG AAG GCT CCA TCA TCC CTC CAG ACT TCC CAG GGG TGT
56 asp gIn lys ala pro ser ser leu gIn thr ser gIn gly cys

+208 GCT GCC TTC TTC GCC GGC AAG GGC ATC AAG GAC TCT GCT GAG
70 ala ala phe phe ala gly lys gly ile lys asp ser ala glu

+250 AAG GCG CGA GAC TCC GTC GCC GGT GCC ATT GCC GCC GCT CAC
84 lys ala arg asp ser val ala gly ala ile ala ala ala his

Figure 14. Proposed sequence of fructose 1,6 bisphosphate aldolase.
1.838 kb of total sequence was spliced together using both the
phagemid and cosmid sequences. The proposed aldolase ORF of 1161
base pairs, contains a single 63 bp intron, and translates to 366
amino acids (intron at positions +338 to +400). No "TATA" box was
identified. A single sequence, G G C A A T T (-102) strongly
resembling a "CAAT" box was identified (underlined). Two sequences
T C T CAT C C (-111) and T T CAT A A (-170) were found to
resemble capping sites (bold print). The sequence depicted in lower
case letters denotes the single intton in the aldolase gene.
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+292 TAC ATC CGC TCC ATT GCC CCC ATC TAC GGC ATT CCC GTT GTC
98 tyr ile arg ser ile ala pro ile tyr gly ile pro val val

+334 CGT A gtaagtagct tagcttgtct tgttcggttc aacttgcctt
100 arg i

+378 ccaagatgct gacatggtcc tag TC CAC ACC GAC CAC TGC GCC AAG
107 Ie his thr asp his cys ala lys

+424 AAG CTT CTC TTT GGC GAT GGC ATT CCC GAG GAG GAC GAG AAG
121 lys leu leu phe gly asp gly ile pro glu glu asp glu lys

+466 TTC TTC AAG GCC AAC GGC GTG CCC CTC TTC TCT TCT CAC ATG
135 phe phe lys ala asn gly val pro leu phe ser ser his met

+508 ATC GAT CTC TCT GAG GAG CCC GTT GAG GAG AAC ATC TCC ACC
149 ile asp leu ser glu glu pro val glu glu asn ile ser thr

+550 TGC GTC AAG TAC CTT AAG CGC ATG GCG CCC ATG AAG CAG TGG
163 ys val lys tyr leu lys arg met ala pro met lys gIn trp

+592 CTC GAG ATG GAG ATC GGT ATC ACC GGT GGC GAG GAG GAC GGT
177 leu glu met glu ile gly ile thr gly gly glu glu asp gly

+634 GTT GAC AAC TCC GAG GTT GAC AAC GCT TCT CTT TAC ACT CAG
191 val asp asn ser glu val asp asn ala ser leu tyr thr gIn

+678 CCC GAG GAC ATC TGG CAG ATC GAG GAG GAT TCC CGC CCT ATT
205 pro glu asp ile trp gIn ile glu glu asp ser arg pro ile

+718 TCT CCC TAC TTC TCC ATT GGC GCT GGC TTC GGC AAC GTT CAC
219 ser pro tyr phe ser ile gly ala gly phe gly asn val his

+760 GGT GTC TAC GCT CCT GGC AAC GTC AAG CTC CAC CCC GAT CTC
233 gly val tyr ala pro gly asn val lys leu his pro asp leu

+802 CTT GGC AAG CAA CAG GCT TAC GTT CCC GAG AAG CTC GGG GGA
247 leu gly lys gIn gIn ala tyr val pro glu lys leu gly gly

+844 AAG GAC AAG AAG CCT TTC TTC TTC GTT TTC CAC GGT GGT TCC
261 lys asp lys lys pro phe phe phe val phe his gly gly ser

+886 GGC TCC TCC AAG GAG GAG TAC CGT GAG GCT ATC TCC AAC GGT
275 gly ser ser lys glu glu tyr arg glu ala ile ser asn gly

+928 GTC GTC AAG GTC AAC GTC GAC ACT GAT CTC CAG TGG AGC TAC
289 val val lys val asn val asp thr asp leu gIn trp ser tyr

+970 CTC GTC GGT ATC CGT GAC TAC ATC CTC AAC AAC ATC GAC TAC
303 leu val gly ile arg asp tyr ile leu asn asn ile asp tyr
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+1012 CTG AGG AGe CAG GTC GGT AAC CCC GAG GGC CCC AAC AAG CCC
317 leu arg ser gIn val gly asn pro glu gly pro asn lys pro

+1054 AAC AAG AAG AAG TAC GAC CCC CGT GTC TGG ATC CGC GAG GGT
331 asn lys lys lys tyr asp pro arg val trp ile arg glu gly

+1096 GAG AAG ACC ATG AAG GCC CGC GTC GAG GAG GGC CCT CAA GGA
345 glu lys thr met lys ala arg val glu glu gly pro gIn gly

+1138 CCT TCA AAC ACT ACC GTC ACC GTC TAA ATGGGAACTG
359 pro ser asn thr thr val thr val STOP

+1175 GGAGATAATG AAAATGGAAT GATTTGATGA GTACACTCTT GATTCCGTTC

+1225 GTGTTTATAG TGGTTCCGGC CTATGAGACT GGTTCCATGG CGTGTCGGCT

+1275 TTTCCGATAC TTGGACGTAT ACTAGCAGGT TGGTTCACGG TGTTCCGGGG

+1325 GGTTCAAGTT ACCGGCTATG ATGATGTTAT GCTAACCGGT TGGGTTTGGG

+1375 GTGATACCGA AAAGTAGTAC ATACCCAATT GAAAAGTTGC CTTTGAAAAA

+1425 .AA.AAAAAAAG G
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The phagemid and cosmid sequence was used to complete the

proposed sequence of fructose 1,6 bisphosphate aldolase (Figure 14).

The proposed aldolase gene is composed of 1161 base pairs, contains

a single 63 ph intron, and translates to 366 amino acids.

Consensus seguence surrounding the ATG codon

The proposed aldolase sequence did not follow the consensus

sequence associated with translation initiation sites. The consensus

sequence immediately surrounding the ATG codon reported by

Legerton and Yanofsky (1985) was A T C A CIA AlC AT G.

An updated version of this consensus sequence as reported by

Edelmann and Staben (1994) was CAM MAT G G C T. The

difference arises from the fact that more genes were examined in the

later study. The consensus sequence immediately surrounding the

ATG codon in the aldolase gene was G C A GAT G C G. Although the

sequence surrounding the ATG codon of the aldolase gene does not

strictly adhere to the proposed consensus sequence of Edelmann and

Staben (1994), it does follow the observation that the codon GCX is

most prevalent after the ATG which means that alanine is prevalent

at the amino termini.
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Consensus sequence for introp.s

There are three consensus sequences within the introns of

Neurospora crassa (Legerton and Yanofsky, 1985, Orbach et al.,

1986.). The fIrst is the consensus sequence at the 5' splice boundary

of an intron is G T A AlC G T. The second is at the 3' splice boundary

TIC A G. The third, internal to both, is AlG C T AlG ACTIA. N. crassa

genes which conform to this consensus sequence for introns are

shown in Table 3.

The cosmid sequence of the aldolase gene was searched for

introns based on the consensus sequence patterns for N. crassa

introns identified. A single intron was identified at positions 338-400

(Figure 14). This intron displayed 100% similarity to the all three

consensus sequences within the intron. The intron was disregarded

in the translation of the DNA to protein.

Open Reading Frame (ORF) analysis

The spliced sequence obtained from the phagemid and cosmid

clones of 1.675 kb was analyzed for open reading frames with the

DNA Strider 1.2 program (Marek, 1988). Open reading frames are

defined as a DNA sequence between and including start and stop

codons in frame. There are three reading frames for a single strand

of DNA. Random start or stop codons would be expected to occur

every 43 or 64 bp. The presence of a long open frame is then

-------- -------------------- -----
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Table 3. Consensus table for introns.

~

B-tubulin

NS1

NS2

NS3

NS4

NS5

NS6

amI

am2

histone-3

histone 41

histone 4 2

his-3

mtr

N. crassa consensus

Yeast consensus

Eukaryotes consensus

N. crassa aldolase

5' Sequence Internal Sequence 3' Sequence

GTAAGT------GCTGACA---18---TAG

GTAAGT------ACTAACA---13---CAG

GTACGT------GCTGACA----7---CAG

GTACGT------GCTCACC----8---CAG

GTGAGC-----GCTAGCT----14---CAG

GTAAGT------ACTGACG----7---CAG

GTACGT------GCTGACT---16---CAG

GTAAGT------GCTGACT---12---CAG

GTAAGT------GCTAACT---13---CAG

GTAAGT------ACTGACT---16---CAG

GTACGT------ACTAACA---16---CAG

GTAAGT------GCTAACT----9---TAG

GTAAGT------GCTAACT----7---CAG

C G G T T

GTAAGT------ACTAACA--7-18--CAG

GTATGT------TACTAACA-18-53-CAG

GTAAGT---------------------CAG

GTAAGT------GCTGACA----6---TAG
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indicative of the presence of a gene based on this probability.

Eukaryotes use the ATG codon as the start codon while prokaryotes

use ATG and GTG (codes for methionine). The stop codons, TAA

(ochre), TGA (opal), and TAG (amber) are used by both eukaryotes

and prokaryotes.

The 1.675 kb were analyzed for ORFs in both strands. A long

open reading frame was found and translated to protein. It contained

a single intron with 100% similarity to the consensus sequence for

introns at positions 338-400. The proposed sequence for the FBA

gene in Neurospora crassa is composed of 1161 bp, contains a single

63 bp intron, and codes for 366 amino acids.

Transcription signal analysis for aldolase

The DNA sequences flanking the proposed aldolase gene were

examined for consensus sequences found commonly in other

eukaryotes. These include: "TATA" box (T A T A T/A A T/A),

"CCMT" box (G G CIT C A A T), the capping site (CIT CAT T C AlG)

and the poly A addition signal (A A T A A A). The "TATA" box is

located 19 to 27 bp upstream of the initiation site of transcription

(cap site) and the "CMT" box is located 80 bp upstream from the cap

site. Although "TATA" and "CAAT" boxes have been found in many

promoters, they have not been identified in all eukaryotic promoters

(Lewin, 1987). The capping site is located near the 5' end of the

mRNA transcript, while the poly A addition is found 10-30 bp
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downstream of the polyadenylation signal (Humprey and Proudfoot,

1988).

No "TATA" box was identified in the within -403 upstream of

the translation start site. However, a single sequence, G G C A A T T (-

·102) strongly resembling a "CAAT" box was identified (Figure 14).

Two sequences T eTC A T C C (-111) and T T CAT A A (-170) were

found to resemble capping sites (Figure 14). No poly A addition

signal can be identified from this proposed sequence because the

latter portion (from +446 on) is a eDNA sequence, made by reverse

transcription of mRNA.

Codon usage for the fructose 1.6 bisphosphate aldolase gene

in N. crassa

The proposed sequence of fructose 1,6 bisphosphate aldolase in

Neurospora is composed of 366 codons (Table 4). Codon usage in

Neurospora crassa was most recently compiled by Edelmann and

Staben (1994). Codons in which end in C were preferred and if no

codons ended with C then G was used. Codons ending in Tare

preferred over those ending in A or G. Codons ending in A are rarely

used with the exception of Gly. Arg, Ser, and Leu (4-codon families)

are used twice as often as 2-codon families. The stop codon UAA is

preferred over UAG or UGA.

The aldolase gene was found to conform to these rules in

general and indeed ended with the UAA stop codon.
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S1 Nuclease detection of introns

Sl nuclease and mRNAiDNA hybrids can be used to detect the

amount of intr6ns in a given sequence because of the fact that Sl

Nuclease degrades single-stranded DNA (Figure 15). The mRNAIDNA

hybrid causes any introns or intervening sequences to loop out

where they are subject to S1 nuclease digestion. By comparing the

number of nucleic acid bands on a neutral versus an alkaline gel the

number of introns present in a genomic sequence can be deduced.

When analyzed under neutral conditions these molecules migrate as

a single band. However, in alkaline conditions the RNA is hydrolyzed

and the individual fragments of DNA migrate according to their size.

Figure 16 shows the results of the migration of the nucleic

acids under either neutral or alkaline conditions. The neutral blot

(picture on the right) shows a single band of approximately 1300 bp

in length. The alkaline blot (picture on the left) shows a single band

of approximately 1000 bp in length. We can infer that another band

of approximately 300 bp should also be identified. The reason that

only one band is identified in the alkaline blot stems from the nature

of the probe. The blots were probed with dig-labeled DNA from the

phagemid 26b which codes for roughly 700 bp of the latter position

of the gene. In conclusion using Sl nuclease and RNA/DNA

hybridization we were able to confirm the presence of a single intron

which was initially identified in the partial sequencing of the cosmid

10:9c.
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Table 4. Codon usage for the fructose 1,6 bisphosphate aldolase gene
in N. crassa. There are 366 codons in the protein coding regions of
this aldolase gene. Frequencies in parentheses denotes protein coding
regions of other genes of N. crassa compiled by Edelman and Staben
(1994).

aa Codon Frequency aa Codon Frequency
Phe UUU 3(316) Tyr UAU 0(257)

UUC 12(1107) UAC 13(870)
Leu UUA 1(53) Och UAA 1(53)

UUG 0(474) Amb UAG 0(12)
CW 5 (583) His CAU 1(245)
COC 12(1333) CAC 7(670)
CUA 1(143) GIn CAA 3(392)
COG 3(581) CAG 11(1135)

lIe AUU 6(577) Asn AAU 1(276)
AUC 16(1164) AAC 15(1276)
AUA 1(94) Lys AAA 1(213)

Met AUG 6(910) AAG 27(1831)
Val GUU 7(616) Asp GAU 6(799)

GUC 18(1337) GAC 15(1296)
GUA 0(114) Glu GAA 1(428)
GUG 1(380)Glu GAG 27(1777)

Ser urn 8(451) Cys UGU 1(80)
lXX: 13(849) UGC 4(338)
UCA 2(182) Opa UGA 0(20)
Uffi 0(499) Trp UGG 4(510)

Pro ern 7(498) Arg mJ 4(484)
err: 14(1003) err: 8(840)
CCA 1(254) CAA 1(143)
CIG 2(412) CAG 0(207)

Thr ACU 5(438) AGA 0(177)
ACC 8(1209) AGG 1(300)
ACA 0(241) Ser AGU 0(198)
ACG 0(351) AGe 3(603)

Ala GCU 14(935) Gly GGU 12(1072)
err: 13(1752) a:r. 15(1345)
GCA 0(244) GGA 2(319)
em 2(451) GGG 2(218)
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RFLP mapping of the aldolase gene

Restriction length polymorphisms (RFLP) seem to be ubiquitous

in wild N. crassa strains. RFLPs allow any cloned DNA fragment to be

genetically mapped if a difference in the restriction length is found

in the homologous genomic DNA (Metzenberg et al., 1984).

The RFLP kit (Fungal Genetics Stock Center) is composed of 2

parental strains and 38 selected progeny. One parent, Oakridge

derived (0) Multicent-2a (FGSC 4488), carries morphological and

biochemical markers dispersed among the seven linkage groups. The

other parent, Mauriceville 1c-A (FGSC 2225) is an exotic wild type

strain. The 38 progeny were selected for maximum segregation of

these conventional genetic markers and of the dispersed, repetitive

5S RNA markers. The resulting restriction fragment differences can

be used as markers for determining the linkages of cloned DNA

segments in the genetic maps.

The segregation of these conventional genetic markers and of

the dispersed, repetitive 5S RNA markers among the 38 progeny in

the RFLP mapping kit is known. The parental strains, 38 progeny,

and derived genomic DNAs are arranged in a consistent fashion to

provide distinctive segregation patterns for each linkage group. The

probability of obtaining anyone particular segregation pattern is 1 in

238•
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Prior to digesting the progeny, it is necessary to distinguish a

polymorphism between the parental strains for the gene in question.

Xho I and CIa I digests of the two parental strains gave discernable

RFLPs (Figure 17). Genomic DNA from each of the 40 strains (2

parental and 38 progeny) were prepared and digested with Xho I, as

described in the Materials and Methods. The digested samples were

electrophoresed, blotted to Magnagraph nylon membrane (Southern,

1975), hybridized to dig-labeled cDNA from phagemid 26b, and

visualized using LUmiphos detection (Figure 18).

The fructose 1,6 bisphosphate aldolase was mapped (Figures 19

and 20) to chromosome 5 between AP5c.3 and AP13.3, both of which

represent RAPDs. The aldolase gene maps close to the con-210cus.

Repeat Induced Point (RIP) mutations

RIP (repeat-induced point) mutation was discovered as a result

of investigating the fate of transformed sequences in Neurospora

crassa. When transformants containing linked or unlinked duplicated

DNA w~re passed through a cross, restriction sites in the duplicated

regions were altered at a high frequency (Selker et al., 1987 ). It was

further noted that linked duplication regions were always subject to

this phenomena while unlinked duplication escaped 50% of the time

(Selker et al., 1987; Cambareri and Selker, unpublished data). These

altered sequences were often heavily methylated and had numerous

------ - ----_.__ . - - --
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Figure 15. Mechanism for S1 Nuclease detection of introns. Samples
of RNA/DNA hybrids digested with SI Nuclease were run under
either a neutral or alkaline conditions and analyzed by Southern
blotting as described below.
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Figure 16. S1 Nuclease detection blots. Lane 1 shows FBA run under
alkaline conditions. Lane 2 is the Lambda Hind III molecular weight
standard. Lane 3 shows FBA run under neutral conditions. A single
intron was detected.

---------
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Figure 17. RFLP check on parental strains. Prior to mapping by RFLP
it is necessary to fmd out which restriction enzyme show a difference
in polymorphisms between the two parental strains. To do this,
genomic DNA from parental strains Mauriceville lc-A (FGSC 2225)
and Oakridge-derived Multicent-2a (FGSC 4488) were cut with a
suite of restriction enzymes (Bam HI, CIa I, Eco RI, Hind III, Kpn I, Pst
I and Xho I). The digestions were run out on an 0.8% gel and blotted
overnight. A Southern was performed using the dig-labelled cDNA
insert as a probe and visualized using Lumiphos detection. CIa I and
Xho I both showed polymorphic differences between the two strains.
Xho I was chosen to digest the entire mapping set.
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Figure 18. RFLP blot for aldolase. The 38 RFLP segregants (4450
4487) and the 2 parental strains (2225 -M and 4488-0) were
individually digested with Xho I, run out on an 0.8% gel and blotted
overnight. A Southern was performed using the cDNA insert as a
probe and Lumiphos detection used to visualize the RFLPs. The 38
segregants were scored as M (Mauriceville) or 0 (Oakridge-derived
Multicent) based on their banding pattern.
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APSc.3 (M) OM 00 00 MO MO MO MM 00 M- OM MO MM MO MO 00 MM OM MM OM (0)

FHA (M) OM -0 00 MO MO MO MM 00 MO OM MO MM MO MO 00 -M OM MM OM (0)

AP13.3 (M) OM 00 00 MO MO MO MM 00 MO OM MO MM MO MO 00 MM OM MM 00 (0)

con-2 (M) OM 00 00 00 MO MO MM 00 MO OM MO MM MO MO 00 MM OM MM 00 (0)

Figure 19. RFLP mapping of aldolase. The aldolase gene was mapped
using Xho I digests of the 38 RFLP segregants to linkage group 5
between APSc.3 and AP13.3, both of which represent RAPDs. The
aldolase gene (FHA) maps close to the con-2 locus. The parentals
Mauriceville 1c-A (M) and Oakridge-derived Multicent-2a (0) are
shown on flanking sides.
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Figure 20. Map of linkage group 5. The aldolase gene maps to linkage
group 5 which is close to the con-2Iocus.
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Figure 21. G/C to AfT mutations.
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C/G to AfT mutations (Figure 21). Crosses of strains that contained

single copies of sequences did not undergo methylation nor sequence

mutations.

RIP is only known to occur in Ascomycetes, such as Neurospora,

Ascobolus, and Gibberella. The process has not been detected in

Basidomycetes and yeast S. pombe and S. cerevisiae. which allow

duplicated sequences to persist. In other fungi, as well as other

Ascomycetes, a process known as MIPping (methylated-induced

point mutations) occurs. There have been many studies to determine

the possible explanation for such phenomena (Selker, 1990)

Prior to the discovery of RIP by Selker and his colleagues, there

were hints that repeated sequences in Neurospora were unstable.

The first indication was the relatively little redundancy present in

Neurospora. The genome consists of 7 chromosomes composed of

approximately 1000 map units, with repeated sequences limited to

rRNA and tRNA, and possible transposable elements or retroviruses.

The second is that N. crassa has never been successfully propagated

as a diploid organism. This separates Neurospora from other fungi

such as Aspergillus nidulans (Selker review, 1990).

Figure 22 shows the proposed mechanism for RIP. A strain

with a duplicated region of at least 1 kb is crossed to a strain with a

single copy of that region. After fertilization and prior to karyogamy,

the repeated sequences are heavily methylated and contain

numerous C/G to A/T mutations (Cambareri et aI., 1989). The

homologous segment in the wildtype nucleus is unaltered and
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capable of complementing mutations resulting from RIP. After

meiosis four types of products are produced (A-D). If the gene is not

essential all four progeny are detected. In the case of an essential

gene only the A and B progeny survive RIP. Progeny B receives both

the altered and unaltered sequence. Identification of methylation

altered sequences are identified easily by digesting total genomic

DNA with isoshizomeric enzymes, one of which is not methylase

sensitive and one that is (MboI and Sau3A).

The eDNA, 26b, coding for the aldolase gene was co

transformed with hygromycin into 74A (FGSC 74-0R23-1A).

Transformants containing an extra copy of the eDNA for the aldolase

gene were isolated and crossed with a 74a (FGSC 74-0R8-1a). The

resulting progeny were screened by growth on fructose and glucose

as their sole carbon source. Progeny that underwent RIP of their

fructose 1,6 bisphosphate aldolase would not be able to process

glucose through the glycolytic pathway and could be supplemented

with a different sugar, such as fructose, through another pathway

(Figure 23). Glucose processing would be limited to secondary less

efficient means of processing. Southerns performed on the RIP

progeny after digestion with methylase insensitive and methylase

sensitive enzymes (MboI and Sau3A) were used to infer methylation

patterns (Figure 24).

---- --- - -- ---- -- -.------
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YPremelotlc DNA synthesis
V Karyol\amy

Figure 22. Proposed mechanism of Repeat Induced Point (RIP)
Mutations. A strain with a duplicated region is crossed to a strain
with a single copy of that region. After fertilization and prior to
karyogamy, the repeated sequences are heavily methylated and
contain numerous C/G to AfT mutations (~ _). The homologous
segment in the wildtype nucleus is unaltered and capable of
complementing mutations resulting from RIP. After meiosis four
types of products are produced (A-D). In the case of an essential
gene only the A and B progeny survive RIP. Progeny B receives both
the altered and unaltered sequence.
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Figure 23. Three phenotypes from RIP FBA strains. Phenotype 1:
growth on fructose only; Phenotype 2: half as much growth on
glucose as fructose; Phenotype 3: vigorous growth on glucose, escape.
growth on fructose.

------ - ---------------
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Figure 24. RIP of the FBA gene. A RIP strain (Phenotype 1) which
showed the expected little or no growth on glucose and vigorous
growth on fructose was digested with either a methyl sensitive
(Sau3A) or methyl insensitive (MboI) isoschizomer. Since RIP induces
methylation of cytosines the digestion will reveal methylation
patterns produced by RIP.
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DNA and protein sequence analysis

DNA and protein similarity to other aldolases

The fructose 1,6 bisphosphate aldolase gene in N. crassa was

compared to other Class II aldolases from a variety of organisms for

sequence similarity at the DNA and protein level. Yeasts and bacteria

aldolases had strong similarity to the Neurospora homolog. In

particular, Saccharomyces pombe had 61.2% similarity at the DNA

level and 59.5% at the protein level (Table 5).

DNA and protein seguence comparisons

DNA and protein sequences (Figures 25-30) were analyzed

using the Phylip package (Felsenstein, 1994). This package includes:

DNA distance, Protein distance, Neighbor, SeqBoot, and Consensus.

Additionally, the LiZhark program was used to analyze non

synonomous and synonymous DNA changes.

Analysis of the aligned DNA sequences (Figure 25) from Class

II aldolases was initially performed using the DNA distance program

by the Jukes-Cantor method. The DNA matrix (Table 6) was analyzed

using Neighbor to produce an unrooted Neighbor-joining dendrogram

based on these DNA distances (Figure 27)
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Table 5. DNA and protein similarity between Class II aldolases. The
percent of similarity between the aldolases of fungi, yeast and
bacteria at the DNA and protein sequence level was determined
using SeqApp 1.9.

Seguencescompared DNA(%) Protein(%)

N. crassa / S. pombe 61.2 59.5

N. crassa / S. cerevisiae 54.8 58.8

N. crassa / E. coli 45.1 46.2

N. crassa / C. glutamicum 38.6 32.3

S. pombe / S. cerevisiae 60.6 65.4

S. pombe / E. coli 48.3 48.0

S. pombe / C. glutamicum 37.9 31.7

S. cerevisiae / E. coli 47.0 45.4

S. cerevisiae / C. glutamicum 35.3 30.5

E. coli / C. glutamicum 38.9 34.0
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Figure 25. Aligned nucleotide sequences of Class I and Class II
aldolases. Class I aldolases, Drosophila melanogaster (D.m.) and Homo
sapiens (H.s.)~ differ from Class II aldolases, N. crassa (N.c.), ~
pombe(S.p.), S. cerevisiae (S.c.), E. coli (E.c.), and C. glutamicum (C.g.)~

at the nucleotide level.
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Figure 26. Aligned protein sequences of Class I and Class II aldolases.
Class I aldolases, Drosophila melanogaster (D.m.) and Homo sapiens
(H.s.)~ differ from Class II aldolases, N. crassa (N.c.), S. pombe(S.p.), S:.
cerevisiae (S.c.), E. coli (E.c.), and C. glutamicum (C.g.)~ at the amino
acid level.
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Analysis of the total DNA distance matrix is misleading because

it includes two confounding factors. The first is that nucleotide

changes that lead to amino acid changes may be under selective

constraint. The second is that, given the long period of divergence

between these species, unconstrained sites are likely to be saturated

with changes. It is therefore useful to divide the DNA into

synonomous and non-synonomous sites.

Non-synonymous/synonymous DNA changes

The aligned DNA sequences (Figure 25) from Class II aldolases

were analyzed by the Li method (1993) to produce a matrix of non

synonymous and synonymous substitutions (Table 7) . This matrix

was analyzed by Neighbor to produce two unrooted Neighbor-joining

dendrograms for non-synonymous and synonymous DNA changes

(Figure 29). The Neighbor-joining dendrogram for synonymous DNA

changes was omitted because the numbers had no meaning (See

Table 7).

Non-synonymous changes cause a change in amino acid

sequence while synonymous changes do not. One would expect a

higher rate of change in synonymous substitutions because it is not

constrained. These changes plateau upon saturation. The rise in non

synonymous changes defines the saturation of the synonymous sites.

The synonymous substitutions may not be truly free to

change(neutral) but reflect either a similarity due to phylogeny or

codon bias.
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Table 6. DNA and protein distance matrix. DNA distances are above
the diagonal (upper right triangle) and protein distances are below
the diagonal (lower left triangle). Jukes-Cantor distances were used
to calculate the DNA distances and the PAM-Dayhoff method was
used to calculate the protein distances. Class II aldolases, N. crassa
(N.c.), S. pombe (S.p.), S. cereyisiae (S c.), E. coli (E.c.),· and C.
glutamicum (e.g.) are shown.

N.c. S:-11. S& E. c. k.&
N. crassa 0.0000 0.3789 0.4775 0.6235 0.7136

S. pombe 0.5142 0.0000 0.4147 0.6089 0.7381

S. cereyisiae 0.5131 0.4244 0.0000 0.6142 0.7806

E. coli 0.8167 0.7849 0.8283 0.0000 0.7104

C. glutamicum 1.2707 1.3200 1.3201 1.15416 0.0000

---_...- _._----- ._-_.- -_.-
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+-------------8. cerevisiae
!
! +-----------------E. coli

--3-----1
! +-------------------------C. glutamicum
!
! +-----------N. crassa
+--2

+----------8. pombe

Between And Length

3 S. cerevisiae 0.23624
3 1 0.10596
1 E. coli 0.29092
1 C. glutamicum 0.41948
3 2 0.02041
2 N. crassa 0.20391
2 S. pombe 0.17499

Figure 27. Unrooted Neighbor-joining tree based on DNA distances
for 5 Class II aldolases. The Jukes-Cantor method was used to
calculate these DNA distances.
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+-----8. pombe
!

--3------8. cerevisiae
!
! +-------N. crassa
+--2

! +---------E. coli
+------1

+------------------------c. glutamicum

Between And Length

3 S. pombe 0.20703
3 S. cerevisiae 0.21740
3 2 0.05443
2 N. crassa 0.24699
2 1 0.21962
1 E. coli 0.33027
1 C. glutamic 0.82389

Figure 28. Unrooted Neighbor-joining tree based on protein distances
for 5 Class II aldolases. PAM-Dayhoff method was used to calculate
these protein distances.
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Table 7. DNA Matrix of non-synonymous vs synonymous changes. a)
shows the distance matrix with the synonymous substitutions below
the diagonal and non-synonymous substitutions above the diagonal.
b) shows the variances of distances.

a)
N.crassa S.pombe S.cerevisiae E.coli C.glutamicum

N. c. 0.0 0.271 0.272 0.400 0.602

~ 1.155 0.0 0.245 0.393 0.601

M... 44.382 1.414 0.0 0.421 0.618

E. c. 100.000 3.163 1.926 0.0 0.597

~ 100.000 1.754 44.419 49.583 0.0

b)
N.crassa S.pombe S.cerevisiae E.coli C.glutamicum

N. c. 0.0 0.022 0.022 0.029 0.041

~ 0.449 0.0 0.021 0.028 0.041

M... 0.481 0.278 0.0 0.030 0.043

E. c. 0.467 3.986 0.766 0.0 0.041

~ 1.026 0.642 0.686 0.782 0.0
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+------8. pombe
+--2
! +-------8. cerevisiae
!
! +-----------E. coli

--3---1
+-----------------------c. glutamicum

+-------N.crassa

Between And Length

3 2 0.01687
2 S. pombe 0.11662
2 S. cerevisiae 0.12838
3 1 0.07038
1 E. coli 0.19733
1 C. glutamicum 0.39967
3 N. crassa 0.13213

Figure 29. Unrooted Neighbor-joining tree for non-synonymous DNA
changes. The U method was used to calculate these DNA distances.
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+----C.glutarnicurn
+100.0

+-85.0 +----E.coli
! !

+-69.0 +---------N.crassa
! !
! +--------------S.cerevisiae
!
+-------------------S.pombe

Figure 30. Bootstrap showing a protein consensus tree. SeqBoot was
used to generate 100 replicates by the PAM-Dayhoff method. The
numbers at the forks indicate the number of times the group
consisting of the species which are to the right of that fork occurred
among the trees, out of 100.00 trees.
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Protein analysis: Bootstrap

Aligned protein sequences from Class II aldolases (Figure 26)

were initially analyzed using a Protein distance program by the

PAM-Dayhoff method. The resulting Protein matrix (Table 6) was

analyzed using Neighbor to produce an unrooted Neighbor-joining

dendrogram based on these protein distances (Figure 28).

Additionally, these protein sequences from Class II aldolases

were bootstrapped. Using SeqBoot, 100 replicates were chosen using

the PAM-Dayhoff method for calc'ulating distances and separate

dendrograms were drawn for each replicate. These dendrograms

were then analyzed using Consensus to draw a consensus

dendrogram of protein similarity for the Class II aldolases (Figure

30).

An unrooted Neighbor-joining tree based on protein distances

for 5 Class II aldolases is shown in Figure 28. This data was subjected

to bootstrap to form a consensus tree (Figure 30). The bootstrap

consensus tree confirms the initial unrooted Neighbor-joining tree

which groups E. coli with C. glutamicum with N. crassa being the

closest branch length to them.

Secondary structure analysis of the aldolase protein

The translated amino acid sequence of the putative N. crassa

aldolase gene represents the primary structure of the protein.
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Because enzyme function is entirely dependent on secondary and

tertiary structure, it is desirable to know these higher order

structures. The only certain way to identify the higher order

structure of a protein is by actual examination of the protein using

crystallography or 3-D NMR analysis. By 1994, 3-D structures had

been experimentally determined for only 1000 of the 30,000 protein

entries in the Protein Data Base (Bernstein et aI., 1977; Rost et aI.,

1994).

It is difficult to predict secondary and tertiary structure based

on a primary amino acid sequence alone (Rost et al., 1994). The most

reliable way is by similarity with a protein of known structure, but

this requires that the information on a similar protein exists.

While crystallographic information is available for a few Class I

aldolases, this information is not available for any Class II aldolases

(Alefounder et al., 1989). X-ray crystallographic data for structures

of Class I aldolases have been determined for D. melanogaster

{Hester et al., 19911 and H. sapiens (Millar et aI., 1981). However,

Class I aldolases are quite different from Class II aldolases at the

DNA (Figures 27 and 29 and Tables 6 and 7» and protein level

(Figures 28 and 30 and Table 6). (Richards and Rutter, 1961;

Horecker et al., 1972). While both classes catalyze the same reactions,

they apparently do it in entirely different ways.

As summarized in Richards and Rutter (1961), Class I and II

aldolases differ in their heat labilities, pH profiles, cofactors, response

to chelating agents, and apparently have entirely different active
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centers (Perham, 1990). All this suggests that their proteins have

different structures and so are expected to have different amino acid

sequences. In fact, the similarity between Class I and Class II

aldolases is only about 15% at the amino acid level (Naismith et al.,

1992; Figure 26)

It is therefore not possible to infer higher order structure of a

Class II aldolase from the structure of Class I aldolases. A different

approach is required. It is possible to make theoretical predictions of

secondary structure based on amino acid sequences by analyzing the

charges, hydrophobicity and sterk properties of the primary

sequences. This produces predictions of large-scale structures,

specifically alpha helices, beta sheets, and strands. These are then

put together into a predicted tertiary structure. The accuracy of

predictions made in this manner is in the range of 35-88% (Rost et

al., 1994). While there is a finite and substantial chance of being

wrong, this at least provides a way to make a rough estimate of

structural features.

There are several computer analysis packages that predict

secondary structures of proteins. Those that predict transmembrane

motifs were disregarded since aldolase is known to be a globular

protein that works in the cytoplasm. The Protein Sequence Analysis

(PSA) system database and algorithms were used to predict the

secondary structure.

DNA Strider 1.2 is a C program for DNA and protein sequence

analysis (Marck, 1988). The option "Oligo" was used to search for the
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occurrence of the degenerate oligonucleotide based on sucrose band

3 in the target sequence of the proposed aldolase gene. The ORF of

the aldolase gene detected by DNA Strider was translated and codon

usage recorded.

The Protein Sequence Analysis (PSA) System is an e-mail

server that predicts structures for single-domain globular proteins

using probabilistic Discrete State-space Models (DWMs) (Stultz et al.,

1993; White et aI., 1994). Secondary structure analysis by this

system produced the following results (Figures 32-41).

PSA defines 3 major folding classes: alpha, beta, and alpha

beta. The N. crassa (Figures 32 and 37) aldolase falls into the major

folding class of mixed alpha and beta structures with probability of

0.997. The other fungal Class II aldolases and the E. coli (Figures 32

34 and 37-39) aldolase also fall into this major class. The C.

glutamicum aldolase (Figures 35 and 40) appears to be primarily an

alpha structure (probability=0.92).

Within a major class, PSA defines "macro-classes" that further

describe the predicted structure. The following descriptions are

based on the PSA server information (Stultz et al., 1993; White et al.,

1994).

N. crassa aldolase (Figures 31 and 36) has probability = 0.997

of belonging to the macro-class "AB8BL". This is described as a

central barrel having exactly 8 repeats of an "alpha-beta plex" which

consists of the sequence (beta-strand)-(turn or loop)-(amphipathic

alpha helix). Surprisingly, E. coli aldolase (Figures 34 and 39) has a
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probability = 0.665 of belonging to the macro-class "AB8BL". This

structure is seen in other cytosolic globular protein enzymes (e.g.

triose phosphate isomerase).

The other fungal Class II aldolases examined turn out to be

classified as belonging to the alpha-beta macro-class "diffuse". This

class has more variability in length and number of strands and in the

connecting loops than the other classes. An example of an enzyme in

this class is lactate dehydrogenase. The profiles for s. pombe (Figures

32 and 37) and S. cerevisiae (Figures 33 and 38) do not show the 8

strong, regular helices that N. crassa and E. coli do. Instead, they

consist of 9-10, less certain helices.

The C. glutamicum (Figures 35 and 40) aldolase has a different

major structure and its macro-class is an antiparallel bundle,

consisting of exactly four amphipathic helices. Structurally, it is quite

different from the other Class II aldolases examined.
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Probability of bei~ in a strand for n.crassa_a~olase (psp3.m): 9-Nov-95 (19:13:31)
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Figure 31. PSA analysis results for N. crassa. Probabilities for being in
a strand, turn, or helix are represented graphically with the residue
position on the x-axis.
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PlObabil~yof being in a strand for S.pombe_aldo350 (psp3. m), 9-Nov-95 (19:37:30)
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Figure 32. PSA analysis results for S. £lombe. Probabilities for being
in a strand, turn, or he,lix are represented graphically with the
residue position on the x-axis.
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PlDbabilityof being in a strand for S.c:ervis_aldo350 (psp3.m): 9-Nov-S5 (20:0:32)

~=:.0
~ 0.5e
a.

50 100 150 200 250 300
Residue Position

Probability of being in a turn for S.c:ervis_aldo350 (psp3.m): 9-Nov-S5 (20:0:32)
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Figure 33. PSA analysis results for s. cerevisiae. Probabilities for
being in a strand, turn, or helix are represented graphically with the
residue position on the x-axis.
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Probability of being in a strand for E.c:01Laldo350 (psp3.m),9-Nov-95 (20:39:7)
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Figure 34. PSA analysis results for E. coli. Probabilities for being in a
strand, turn, or helix are represented graphically with the residue
position on the x-axis.
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Probability of beirg in a strand for C.glu_ald0344 (psp3.m), 9-Nov-95 (21 :9:24)
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Probability of being in a turn for C.glu_aldo344 (psp3.m), 9-Nov-95 (21:9:25)
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Figure 35. PSA analysis results for C. glutamicum. Probabilities for
being in a strand, tum, or helix are represented graphically with the
residue position on the x-axis.
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Secondary-structure probabilities for n.crassa_aldolase (vsp7.m), 9-Nov-95 (19:13:30)
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Figure 36. Secondary structure probabilities for N. crassa.
Probabilties for strand, turn, helix, and loops are represented as
isobars of probability.
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Secondary-structure probabilities fer S.pombe_aldo350 (vsp7. m), 9-Nov-95 (19:37:28)
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Figure 37. Secondary structure probabilities for S. pombe.
Probabilties for strand, turn, helix, and loops are represented as
isobars of probability.
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Secxmdary-structure probabilities for S.cervis_aldo350 (vsp7.m), 9-Nov-95 (20:0:30)
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Figure 38. Secondary structure probabilities for S. cereVlSlae.
Probabilties for strand, turn, helix, and loops are represented as
isobars of probability.
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Seoondary-structure probabil~ies for E.coILald0350 (vsp7.m). 9-Nov-S5 (20:39:5)
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Figure 39. Secondary structure probabilities for E. coli. Probabilties
for strand, turn, helix, and loops are represented as isobars of
probability.
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Secondary-structure probabil~ies for C.g1u_aldo344 (vsp7.m): 9-Nov-95 (21 :9:23)
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Figure 40. Secondary structure probabilities for c. glutamicum.
Probabilties for strand, turn, helix, and loops are represented as
isobars of probability.
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CHAPTER 4

DISCUSSION

Fructose 1,6-bisphosphate aldolase

The amino acid sequence of the N. crassa Class II fructose 1,6

bisphosphate aldolase inferred from its DNA sequence is the first

primary structure of a Class II aldolase to be established in

filamentous fungi. There is little sequence similarity of the N. crassa

aldolase with any of the Class I aldolases (Figure 25). However,

considerable similarity is revealed when the N. crassa aldolase is

compared with the aldolase of S. pOmbe, S. cereyisiae, E. coli, and C.

glutamicum.

Most eukaryotes have Class I fructose 1,6-bisphosphate

aldolases, fungi, such as Neurospora crassa and yeasts seem to be

exceptions (Richards and Rutter, 1961).

The proposed ORF of fructose 1,6-bisphosphate aldolase in

Neurospora crassa is composed of 1089 base pairs and translates to

366 amino acids. This aldolase gene maps to chromosome 5 between

AP5c.3 and AP13.3. The aldolase gene maps close to the con-2 locus.

The fructose 1,6 bisphosphate aldolase gene was identified in

the process of screening a A.-ZAP cDNA library for DNA sequences

corresponding to extracellular media proteins in Neurospora crassa.

The initial goal of this project was to characterize the mechanism

behind the use of signal sequences in protein export in Neurospora
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crassa. Prior to the analysis of this mechanism it was necessary to

identify new DNA sequences corresponding to extracellular media

proteins and compare them with 6 previously identified extracellular

proteins in Neurospora.

'A-ZAP library screening

Screening of the A.-ZAP libraries using either the rabbit anti-No

crassa antibody approach or using degenerate oligomers based on N

terminal sequencing did not correctly identify clones with DNA

sequences which corresponded to secreted proteins in Neurospora

crassa. These clones are listed in Table 2.

Rabbit anti- N. crassa antibody approach

One possible reason that the antibody approach did not work

was because of the way the antibody was prepared. Antibody

specificity could have been lost due to the fact that the antibody was

made to a complex assortment of media proteins (personal

communications). Pre-absorption using Neurospora crassa proteins

and E. coli phage lysate did not seem to correct for this. Further

evidence that the antibody was incorrectly prepared was that con-2

antibody (provided by Dr. Carl Yamashiro) correctly identified the

con-2 gene in a A.-ZAP I library under the same conditions.
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To make a more specific antibody, it might be necessary to

purify a single protein of interest. Preparation of these antibodies is

costly and the polyclonal antibodies were made to complex

assortment of media proteins in Neurospora crassa in an effort to

conserve our resources.

Degenerate oligonucleotide based on N-terminal sequencing

One might question why an oligonucleotide based on N

terminal sequencing of secreted proteins might have detected non

secreted proteins in the A.-ZAP 1111 library. In an attempt to explain

how this occurred the degenerate oligonucleotide probe for sucrose

band 3 was compared with the putative sequence of the aldolase

gene (Figure 41), using the DNA Strider 1.2 program (Marek, 1988).

Allowing for 5 mismatches out of a pattern length of 23, a single

region in the aldolase gene was identified that has 83% similarity

with the degenerate oligonucleotide. This is enough similarity to

account for the hybridization of the oligonucleotide probe to the

aldolase clone.

Identification of fructose 1,6 bisphosphate aldolase

In the process of screening a A.-ZAP eDNA library for sequences

coding for media proteins in Neurospora crassa, we isolated a

phagemid clone of the aldolase gene. This phagemid (26b) had an
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insert size of approximately 700 bp which was found to be

incomplete upon alignment of this sequence with other Class II

aldolases using both FastA and TfastA in the GCG package (most

other aldolases are approximately 1000 bp.) To complete the

sequence the Vollmer/Yanofsky genomic cosmid library was

screened using a dig-labeled insert from the phagemid, 26b. Cosmid

clone 10:9c was identified as containing the aldolase gene. The

upstream region of the putative aldolase gene was sequenced off of

the cosmid using a primer based on the 5' end of the phagemid

sequence.

Repeat Induced Point mutations

Fungi are unique in that they have the ability to streamline

their genome. During the period between fertilization and

karyogamy, Neurospora and other fungi use pre-meiotic

intrachromosomal recombination to delete tandem repeats at a high

frequency. In heterothallic fungi an additional process known as RIP

(repeat-induced point mutations) is also used to clean up the genome

by mutating and modifying repeated sequences in the genome.

This feature provides a way to test for homology of a clone

since homologous sequence induce RIP in a sexual cross. The aldolase

gene was ripped using the cosmid 10:9c to demonstrate that it

contained the complete aldolase gene, since 1 kb of duplicated

sequence is necessary for effective RIP of a gene. RIPped aldolase
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Figure 41. Similarity between the oligonucleotide probe and aldolase.
Similarity between the degenerate oligonucleotide probe based on N
terminal sequencing of the sucrose Band 3 and the fructose 1,6
bisphosphate aldolase in Neurospora crassa was determined using
DNA Strider 1.2. The sequences had 83% similarity over 23 bp, which
accounts for the identification of a non-secreted protein using a
probe based on a secreted protein.
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progeny were able to utilize fructose (and a number of ,other sugars)

as its sole carbon sole, and unable to use glucose through the

glycolytic pathway.

Of the 30 progeny double-picked onto either fructose or

glucose slants 3 different phenotypes were observed. The first

phenotype which occurred at a frequency of 1/30 was the expected

phenotype of little or no growth of the RIP strain on the glucose

slant, while vigorous growth occurred on the fructose slant. The

second phenotype occurred at a occurred at a frequency of 27/30

was the phenotype of half as much growth of the RIP strain on the

glucose slant, as occurred on the fructose slant. The third phenotype

occurred at a frequency of 2/30 was the unexpected phenotype some

growth of the RIP strain on the glucose slant, while on the fructose

slant the RIP strain seemed to be trying to escape and produced

hyphae that extend upward around the walls of the tube away from

the solid media.

The first phenotype was the most strongly RIPped (Figure 23)

and agreed with the initial hypothesis that there would be little or no

growth of the RIP strain on glucose since it would not be able to

process that sugar through the most efficient method of glycolysis.

The second phenotype (Figure 23) confmns this idea in that the

RIP strains here grew only half as well on glucose as on fructose.

Alternate pathways such as the Enter-Doudoroff pathway and the

pentose phosphate pathway (a.k.a. hexose monophosphate shunt or

the Warburg-Dicken-Horeecker pathway) were probably utilized
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instead of the glycolytic pathway. The efficiency of a RIPped

Neurospora strain to utilize these pathways less efficiently via an

alternate pathway is reflected in their less vigorous growth on

glucose rather than fructose. One may also hypothesize why little or

no growth occurred in the case of the fIrst phenotype when grown on

glucose if such an alternate pathway could be exercised. This could

have to do with the exact point of integration of the second copy of

the aldolase gene which may have additionally knocked out another

gene by heterologous integration.

The third phenotype (Figure 23) was perhaps the most curious

since in that instance the effect of the RIP was to select a strain that

had a normal morphology when grown on glucose, though it grew at

a reduced rate, while it exhibited a hyphal-escape morphology when

placed on fructose. There are two possible explanations for this

phenotype both of which can be justified by heterologous- integration

and gene disruption. The fIrst explanation is that the second copy of

the aldolase gene integrated into a gene in the fructose pathway such

that the RIP strain must utilize fructose via an alternate pathway

and that the build-up of a particular precursor molecule is reflected

in this morphological difference. The second explanation is that the

integration of the second gene is within a gene which alters the

morphology of hyphal growth on fructose versus normal growth on

glucose.
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Alternatives to using RIP to detect a functional
aldolase protein

Although RIP mutation analysis via Southern blot detection
,

using methyl-sensitive versus methyl-insensitive enzymes were

used'to determine whether 'or not the cosmid lO:9c coded for a

functional aldolase gene in Neurospora, there are several biochemical

tests that could also have been used. I will discuss these briefly with

the understanding that these biochemical analysis would be far more

difficult to perform and far ~ess elegant than the RIP/Southern blot

system employed.

The way in which enzyme pathways were first elucidated was

through the use of gene mutation and supplimentation of a

nutritional requirement induced by this mutation. Beadle and Tatum

(1941) did the pioneering work in Neurospora and concluded that

most gene control enzymes that in turn control steps in biochemical

pathways. Based on this idea the progeny of a RIP would have a

defective aldolase gene such that the precursor product fructose 1,6

bisphosphate would accumulate in the glycolytic pathway since

aldolase function was knocked out. Likewise supplementation with

any of the molecules past the aldolase gene would result in

functioning of the glycolytic pathway and result in the terminal

product.
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Analysis of the aldolase gene

Fructose 1.6 bisphosphate aldolase DNA seguence

A.-ZAP is a bacteriophage A. expression vector with in vivo

excision properties. This in vivo excision property made it a

favorable choice for screening. Additionally, the resulting phagemid

had favorable sequencing sites (M13 and T3/T7) which flanked the

insert. The T3/T7 sites were used to get an initial sequence of the

phagemid 26b. Analysis of the sequences obtained allowed for the

design of extension primers to complete the cDNA sequence. T3/T7

internal primers were designed to resequence the area previously

sequenced, while T3/T7 external primers were designed to extend

the sequence in both directions with an internal overlap. These

overlapping regions were used to determine proper alignment of the

cDNA sequence.

Analysis of the complete phagemid DNA and the translated

protein sequence using DNA Strider 1.2 and GCG's FastA and tFastA

showed that the 5' end of the sequence was incomplete based on its

alignment with other aldolases and because no start codon was

identified in the ORF detected by DNA Strider 1.2. Aldolases in a

wide variety of organisms are known to be roughly 1 kb.

To complete the missing 5' portion of the partial cDNA clone it

was necessary to sequence the genomic clone 10:9c. Again primer

extensions were used to sequence this cosmid based on the sequence
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previously derived from the phagemid (Figure 12). Primer 1 (5' TGG

CCT TGA AGA ACT TCT CG 3') was based on the known 5' portion of

the cDNA clone and was designed to sequence upstream of this site.

Primer 2 (5' CAC CCT GGG MG TCT GGA GG 3') was based on the

sequence derived from the sequencing run using Primer 1 of the

cosmid clone and was designed to sequence upstream of this site.

Primer 3 (5' GCG GTG ACA GGC TM CAC C 3') was based on the

sequence derived from the sequencing run using Primer 2 of the

cosmid clone and was designed to resequence the area. The overlap

between the phagemid and cosmid sequences were used to splice

together a complete putative Fructose 1,6 bisphosphate aldolase

sequence.

Consensus seQuence for ATG start sites

The proposed aldolase sequence did not follow the consensus

sequence associated with translation initiation sites as proposed by

by Legerton and Yanofsky (1985) and Edelmann and Staben (1994).

Prior to identifying the cosmid clone we attempted to isolate

the coding region for the aldolase gene from a PCR of genomic DNA. A

primer based on the consensus sequence of Legerton and Yanofsky

(1985) and a primer based on a known portion of the aldolase gene

failed to PCR, which is confirmed by the fact that the consensus

sequence they proposed did not apply to the aldolase gene.
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Consensus seQuence for introns

There was a single intron identified in the cosmid portion of

the putative aldolase sequence. This intron, located at positions +338

to +400 displayed 100% similarity to the all three consensus

sequences motifs within the consensus sequences for an intron in

Neurospora. The intron was disregarded in the translation of the DNA

to protein and is not present in the DNA and protein alignments of

the aldolases among different species.

Open Reading Frame (ORF) analysis

DNA Strider 1.2 program (Marek, 1988) was used to identify

open reading frames of the sequence obtained from the phagemid

and cosmid clones. The proposed sequence of 1.655 kb was analyzed

for ORFs in both strands. Five long open reading frames were

identified. The largest of which was 1161 kb. After the 63 bp intron

was removed (positions +338 to +400), the long open reading frame

was translated to protein and analyzed for codon usage. In addition,

the searching capabilities of the program allowed for the

identification of N. crassa consensus sequences around the ATG start

site, the presence of introns, and transcription signals.
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Transcription signal analysis for aldolase

The DNA sequences flanking the proposed aldolase gene were

examined for consensus sequences found commonly in other

eukaryotes. These include: the "TATA" box, the "CAAT" box, the

capping site, and the poly A addition signal (A A T A A A). The

"TATA" box is located 19 to 27 bp upstream of the initiation site of

transcription (cap site) and the "CAAT" box is located 80 bp upstream

from the cap site. Although "TATA" and "CAAT" boxes have been

found in many promoters, they have not been identified in all

eukaryotic promoters (Lewin, 1987). So the finding that while it

contained a single "CAAT" box (G G C A A T T) at position -102 and

no "TATA" box is not unusual. Two putative capping sites were also

identified T C T CAT C C (-111) and T T CAT A A (-170). No poly A

addition signal was identified in this proposed sequence because of

the fact that the latter portion (from +446 on) is from the phagemid

sequence and the manner in which the eDNA was made does not

reflect the poly A addition signal even though it should be there in

the genome.

DNA and Protein Sequence Analysis

The fructose 1,6 bisphosphate aldolase gene in N. crassa was

compared to other Class II aldolases from a variety of organisms for

sequence similarity at the DNA and protein level. Yeasts and bacteria
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aldolases had strong similarity to the Neurospora homolog. In

particular, Saccharomyces pombe had 61.2% similarity at the DNA

level and 59.5% at the protein level.

Comparisons were made among the DNA sequences of 5 known

Class II aldolases in N. crassa, S. pombe, S. cerevisiae, E. coli. and .c.
glutamicum (present study; Schwelberger et al., 1989; Alefounder et

al., 1989; Mutohand Hiyashi, 1994; von der Osten et al., 1989) The

DNA sequences were translated and their protein sequence

compared. Pairwise distances were calculated based on aligned DNA

sequences (SeqApp 1.9) and are presented in Table 5.

These DNA and protein distances were used to produce

dendrograms of similarity (Figures 27 and 28), using a neighbor

joining algorithm in the Phylip Analysis package (Felsenstein, 1994).

The dendrograms are unrooted Neighbor-joining trees which

represent sequence similarities only. They are not intended to

suggest phylogeny in this case.

Additionally, the DNA sequence was analyzed in terms of its

non-synonymous and synonymous changes using Li analysis (1993)

to produce a matrix of non-synonymous and synonymous changes.

These distances were used to produce a dendrogram of similarity

(Figure 29), using a neighbor-joining algorithm in the Phylip Analysis

package (Felsenstein, 1994).

The protein distances were bootstrapped using SeqBoot to

produce 100 replicates. Using Consensus an consensus dendrogram of

protein similarity was obtained for the 5 Class II aldolases.
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DNA Analysis: Non-synonymous vs. synonymous changes

The total DNA distance matrix in Table 6 and the resulting

dendrogram in Figure 27 for the Class II aldolases show that E. coli

and C. glutamicum group together and that these genus diverged long

ago. It also clusters N. crassa and S. pombe together as expected by

phylogeny.

The total DNA can be divided into non-synonymous and

synonymous sites (Table 7 and Figure 29). Examining these distances

more closely by looking at the synonymous and non-synonymous

sites shows the rates of non-synonymous to synonymous are 1:4 to

1:5. As expected the rates of non-synonymous to be lower that of

synonymous.

Given the long divergence between species one would expect

that the synonymous sites would be saturated with changes. Because

these sites are saturated the differences are essentially random and

extreme distance values are obtained for synonymous sites.

Therefore, one is limited to examining the non-synonymous

substitutions. The difference between the grouping of S. pOmbe and

N. crassa in the non-synonymous dendrogram (Figure 29) as

compared with the grouping of S. pombe and S. cerevisiae in the

dendrogram of total DNA (Figure 27) is probably not meaningful

since it reflects synonymous site changes. The non-synonymous
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dendrogram is similar to the protein dendrogram as would be

expected.

Protein Analysis and Bootstrapping

The protein distance matrix in Table 6 and the resulting

dendrogram in Figure 28 shows a trifurcation between S. cerevisiae,

S. pombe, and N. crassa/bacteria. The dendrogram shows a deep

rooted grouping of E. coli and c. glutamicum and a shorter root

grouping these bacterial sequences with N. crassa.

Resampling of the proteins by bootstrapping allows for a

confidence value to be placed on the dendrogram. The dendrogram of

the Bootstrap in Figure 30 shows that at the protein level .c
glutamicum and E. coli group strongly together 100% of the time. The

grouping of N. crassa to these bacteria is also fairly strong occurring

at a frequency of 85%. The bootstrap technique does allow for S:.

cerevisiae to be grouped with N. crassa and the bacteria before So.

pombe.

The interesting result of this comparison is that at the DNA

level, N. crassa is quite similar to the other fungi, clustering with S:.

pombe and S. cerevisiae, while the prokaryotes E. coli and .c
glutamicum group together. However, at the amino acid level, N.

crassa clusters with the bacterial sequences.
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Mutoh and Hayashi (1994) did a similar comparison, using the

amino acid sequence of aldolase only, between 3 species of bacteria

and the 2 Saccharomyces species. They found that E. coli is less

different from the fungi than from other bacteria (47% identity

between E. coli and Saccharomyces versus 48% identity between E.

mu and c. glutamicum). They suggested that this is evidence of

horizontal transfer of the aldolase gene between E. coli and fungi.

The fact that at the amino acid level N. crassa groups more

closely with the bacterial sequences than the bacterial sequence to

the yeasts suggests that horizontal gene transfer did not take place

between a eubacterium and a yeast at some stage of evolution. If

horizontal gene transfer had occurred N. crassa fall outside of the

grouping. It may be that there was a horizontal gene transfer at

some point from a eubacterium to a common ancestor of both the

yeast and Neurospora. But a more logical explanation is that this

similarity is reflective of a functional constraint on the protein.

Secondary structure analysis of the aldolase protein

The latter hypothesis of a functional constraint on protein

structure is consistent with the secondary structure predictions of

the proteins using the Protein Sequence Analysis (PSA) package. PSA

places the aldolases of N. crassa, S. pombe, S. cerevisiae. and E. coli

into the major folding class of mixed alpha and beta structures.

Furthermore, N. crassa and E. col~ are placed in the macro class



179

"AB8BL", while S. pombe and S. cerevisiae are placed in a diffuse

class because they do not show the 8 strong, regular helices that l'i

crassa and E. coli do. Instead, they consist of 9-10, less certain

helices. The aldolase of C. glutamicum aldolase is placed into an

entirely different major folding class of an alpha structure its macro

class is an antiparallel bundle.

Surprisingly, the predicted secondary structure for the N.

crassa aldolase protein is much more similar to that of the E. coli

aldolase protein. These aldolases are placed in the "AB8BL" class with

probability of 0.997 and 0.665, respectively. The structural

probability plot (Figures 31 and 34) shows that E. coli has the same

helical structure as in N. crassa, although the individual helices are

not as certain.

The structural similarity is higher between N. crassa and E. coli

than between N. crassa and either of the other fungal aldolases.

While it is impossible to infer function from the predicted secondary

structure, the observed structural similarity suggests a functional

similarity between aldolases in N. crassa and E. coli that may be

different than that within the genus Saccharomyces.

It is also of interest to note that like N. crassa and E. coli. Class

I aldolases are also classified as "AB8BL". Are these two classes of

enzymes related by divergent evolution from a common ancestor, by

convergent evolution to a stable fold, or by divergent evolution from

several ancestors that possessed similar alp folds? More work on the
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protein of the Class II FBA of Neurospora needs to be done before

any conclusions can be drawn.

X-ray crystallographic information of the actual FBA protein of

a Class II aldolase from N. crassa would further our knowledge of

Class II aldolases. Additionally, even though the FBA gene of N.

crassa has a high sequence similarity at the DNA and protein level to

Class II aldolases, before we can conclude on the exact classification

of this molecule several tests remain. The biochemical isolation of the

FBA protein of Neurospora and classification based on its reactivity

to borohydrite/dihydroxyacetone phosphate or EDTA could confirm

its classification as a Class I or Class II aldolase.

Comparisons of the actual structures of Class I and Class II

aldolases might also bring new light into the relationship of these

two molecules which differ in their overall structure, but might have

similarity at a subunit level.

A phylogeny based on molecular change assumes a neutral

molecular clock. Silent DNA substitutions apparently conform to this

assumption in many cases (Felsenstein, 1981). On the other hand,

changes in amino acid sequences may often be constrained by the

function of the protein. A reasonable conclusion is that when an

amino acid sequences are similar between phylogenetically diverged

organisms, it is because the proteins are functionally constrained to

be similar. That appears to be the case with the aldolases examined

here.
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CHAPTER 5
CONCLUSION

The proposed open reading frame of in Neurospora crassa is

composed of 1089 base pairs and translates to 366 amino acids with

a molecular weight of 46 kd. The proposed open reading frame of

fructose 1,6-bisphosphate aldolase in Neurospora crassa is composed

of 1161 base pairs and contains a single 63 bp intron (positions +338

to +400). This intron was detected using 51 Nuclease and was

confirmed in the sequencing of cosmid 10:9c. The aldolase DNA

sequence translates to 366 amino acids with a molecular weight of

46 kd. Sequence analysis revealed a single sequence, G G C A A T T (

102) strongly resembling a "CAAT" box and two capping sites T C T C

A T C C (-111) and T T CAT A A (-170). No "TATA" box was

identified.

FBA maps to linkage group 5 between APSc.3 and AP13.3. The

aldolase gene maps close to the con-2 locus. The functional identity

of the aldolase sequence was confirmed by RIP analysis using the

genomic sequence from cosmid 10:9c.

The amino acid sequence of the fructose 1,6-bisphosphate

aldolase of N. crassa, inferred from its DNA sequence, is the first

primary structure of a Class II aldolase to be established in

filamentous fungi. This putative gene in N. crassa that is homologous

with known Class II aldolases represents one of the few Class II

aldolase to be identified from a eukaryote and the first from a
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multicellular organism. More detailed analysis of the amino acid

sequence and predicted three dimensional structure indicate that

this putative protein differs in structure from aldolases in other

fungi.

The fact that at the amino acid level N. crassa groups more

closely with the bacterial sequences than the bacterial sequence to

the yeasts suggests that horizontal gene transfer did not take place

between a eubacterium and a yeast at some stage of evolution, but

rather that this similarity is reflective of a functional constraint on

the protein, which is consistent with the secondary structure

predictions of the proteins using PSA.

Clearly more work on the aldolase protein of Neurospora and

other Class II aldolases are necessary to confirm the PSA secondary

structure predictions.
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APPENDIX

N-terminal protein sequences for
glucose bands 1 and 2 and sucrose bands 1 and 2

Residues

1 2 3 4 5 6 7 8 9 1 1 1 1 1 1 1 1 112 2 222
012 3 4 5 6 7 8 9 012 3 4

Glucose band 1
LPTGGPHLEFHMDPDFMGDGERPH

Glucose band 2
LDVNDGAQYADSNGASTYIPL'

H
Sucrose band 1

HRNNGQPQNDPAQPVVMLTDEP

Sucrose band 2

AASPDQVIFGVMFNARANPNYLL

T ? ? R ? ? ? ? ? ? ? ?

The N-terminal Protein sequences for glucose bands 1 and 2 and
sucrose bands 1 and 2 are shown above. The first line directly under
each division gives the amino acid sequence as called by the
computer. Directly under that in some cases is a direct interpretation
from the actual electropherogram obtained using the standard as a
gUide. In all cases areas of amibuigity were not used in the making of
degenerate oligonucleotide probes. .



Degenerate oligonucleotide probes for each are shown below.

Sucrose band 1 (residues 4-11)

C A A C C
MT GGI CAG CCI CAG MT GAT .cc

Sucrose band 2 (residues 6-12)

A
A C C

CAG GTl ATT TTT GGl GTl ATG

Glucose band 2 (residues 7-13)

C A C C C
CAT CTl GAG TTT CAT ATG GAT

Glucose band 2 (residues 4-10)

C C A C
AAT GAT GGl GCl CAG TAT GC

184
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