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ABSTRACT

To investigate the expression of the yeast copper-zinc

superoxide dismutase protein, yeast copper-zinc superoxide

dismutase has been purified and monoclonal antibodies recogt-

nizing the purified protein have been produced. Using a semi-

guantitative immunobl-ot detection systern, the yeast superoxide

dismutase was found to comprise approximately O.2Z of total
extracted protein when cel1s r,rrere collected during the

stationary phase of growth. The yeast enzyme appears early in
the growth cycle and reaches a relativety high intracellular
Ievel by 1-2 hours of growth. Relative levels of yeast

superoxide dismutase within the recombinant yeast strain vrere

found to be the same as that seen in wild type Saccharomvces

cerevisiae. Human superoxide dismutase produced by S.

cerevisiae was analyzed by a quantitative immunoassay and was

found to accumulate to approximately 3.52 of total extracted

protein during the stationary phase of growth. Yeast

superoxide dismutase, from both strains, and human superoxide

dismutase, appeared to be expressed constitutively, and

repression of yeast protein or human recombinant protein was

not evident in the recombinant systern.

Transcription of both yeast and human superoxide dismu-

tase was analyzed by hybridization of specific DNA probes to
messeng:er RNA. Total RNA was extracted from cells collected

at different periods of growth, which upon hybridization

L1



displayed yeast superoxide dismutase transcripts early in the

growth experiment. The messenger RNA levels appeared to

decline sharply after 24 hours of growth, after which none ltas

visible for the remainder of the growth cycle. Both the

recombinant and wild type yeast strains displayed similar

transcription rates and levels for yeast superoxide disrnutase.

The human superoxide dismutase transcript was not visible upon

hybridization with human superoxide dismutase-specific DNA

probes. The reason for this is not inmediately clear, but may

be the result of highly unstable transcripts which happen to

be efficiently translated.

As expression of yeast copper-zinc superoxide dismutase

does not appear to be affected in a system producing the human

form of the enzyme, this places great importance on the

purification of the recombinant human superoxide dismutase.

A formutation of recombinant hSOD for therapeutic use must be

devoid of yeast protein, such as yeast superoxide dismutase.

This stringency of purity is necessary in the concern of

safety. Early studies have shown that some efficient purifi-

cation methods co-purify yeast and human superoxide dismutase

from this source.

l- l_ l_
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IN A HETEROLOGOUS YEAST SYSTEM PRODUCING
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INTRODUCTION

The yeast Saccharornyces cerevÍsiae has gained popularity

as a host for heterologous gene expression. A number of

mammalian proteins have been expressed in yeast and most can

be produced in sufficient guantities with the appropriate

biological activities to be commercially viable. one of the

goals of ABI Biotechnology Inc. is to produce pharrnaceutical-

grade human copper-zinc superoxide dismutase in a heterologous

yeast strain. The production of recombinant superoxide

dismutase in yeast is a practical and economically attractive

alternative to its purification from human erythrocytes.

Recombinant proteins that are used in clinical situations

for the treatment of humans must have an extremely high degree

of purity (Esber, L985). To ensure this purity, the recombi-

nant protein is vigorousty tested for any contamination wit'h

host organisrn proteins (Korwek, L988). The objective of this

project then, vlas to investigate the host organismrs response

to heterologous gene expression and to establish methods of

testing the purity of the recombinant protein.

Saccharomvces cerevisíae, being a eukaryote, also

contains copper-zinc superoxide dismutase within the cytosol.

As the recombinant human copper-zinc superoxide dismutase is

produced cytosolically within the yeast, and not secreted,

extraction of the yeast cellular protein yields both human and

yeast superoxide dismutase. Human and yeast superoxide



dismutases share over 50å amino acid homology as wel-l as very

similar isoelectric points (Bannister et al, L987), therefore

co-purification of the recombinant human superoxide dismutase

and yeast superoxide dismutase may occur. To examine this
possibility, yeast superoxide dismutase was purified and

monoclonal antibodies against the protein produced. Immuno-

togical procedures were employed to differentiate betureen the

human and yeast forms of the enzyme.

A number of variables occur during protein production

which may affect optirnization of recombinant human superoxide

dismutase recovery. one important variable is yeast

superoxide dismutase and its production in the presence of the

human enzyme. In this project, the yeast superoxide dismutase

production levels over tine were followed in both wild type

and recombinant strains to ascertain whether the human

superoxide dismutase enz)rme affected transcription and/or

translation of yeast superoxíde dismutase. If expression was

repressed at either stage, purification and recovery of the

recombinant enzyme may be greatly improved. Repression of the

yeast enzyme would minimize the problem of co-purification of

both proteins, if the human protein h¡as harvested at a

suitable time. It is therefore important to understand the

expression of both enzymes within the yeast, system. Such

understanding of protein expression would allow optimization

of human superoxide dismutase production in yeast, through

atternpting to increase the human superoxide dismutase levels



and decreasing the levels of yeast superoxide dismutase.
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HISTORICAL

Introduction to the Present Studíes

The advent of recombinant DNA technology has allowed for

the production of pharmaceutically useful polypeptides in

different expression systems. Manipulations of nucleic acids

in vitro has allowed investígation of the genetics of

prokaryotic and eukaryotic systems, and the expression of

genes from these systems. Research in this field has rnainly

focused on using E. coli expression systerns (Hitzeman et al,

1-984a). Expression systems for recombinant DNA research now

also utilize many prokaryotic and eukaryotic cells, including

mammalian, p1ant, ínsect, and the yeast S. cerevisiae. A list

of some recombinant materials expressed in S. cerevisiae is

shown in Table A.

In this study, the gene coding for human superoxide

dismutase (hSOD) Ì^Ias previously designed and synthesized with

codons optirnized for expression in yeast. To accomplish this

the hSOD amino acid sequence was backtranslated using a yeast

codon bias. The 5r and 3r ends of the synthetic hSOD gene

were engineered to have restriction sites such that it may be

ligated to the yeast promoter and terminator for t'he

constitutively expressed ENOI- gene (Figure A). The expression

cassette was then ligated to a portion of the yeast 2¡.r,m circle

and the LEU2 gene, for expression and selection in yeast. A



Table A. Examples of Proteins Obtained by Heterologious
Molecular Cloning in Saccharomyces cerevisiae.

SUBSTANCE MOLECUI,AR CLONÏNG Z PROTEIN
of:
*c.f.e.
!medium

REFERENCE

PROMOTER SECRETTON

HumanïNFa TRP]. * 0. ol_å Dobson l-983

HBV surf.
ant,igen

TRPl * r-22 Hitzeman
t_983

Calf
chymosin

PGK t52 Mellor l-983

Human EGF GADPH N. D. Urdea l-983

HUman EGF MFol + r, 72 Brake l-984

Aspergillus
glucoamyl.

ENOl + ! 25-302 Innis l-985

Humanor-PI GADPH t< 5-62 Hoylaerts
L986

HBV core
antigen

GADPH * 402 Kniskern
1986

Human 3-PGK PGK *52 Chen L987

Human INFy PGK r, 2.22 Fieschko
L987

Human CuZn
SOD

GADPH t 3O-7OZ HallewelI
L987

PIant
phaseolin

PHO5 *32 Harris
Cramer L987

T. reesei
endogluc. I

ENO]. + ! 80? Van Arsdell
L987

Leech
hirudin

PGK + *rz Loison l-98g

HUman FXIII ADH2-4C t22 Bishop l-990

Hurnan IL-l-a GADPH + ! 10å Livi t-990

Human 5-
lipoxygen.

STA]. + N. D. Nakamura
l_990

C. albicans
B-tubulin

TRPl N. D. Smith L990



Figure A. Recombinant hSOD Expression Vector.

Plasmid p37 HSOD (Cangene Corp. unpublished work, L987) ì

a syntheÈic gene encoding hSoD !üas designed with codons

optinized for expression ín yeast. This was accomplished by

backtranslation of the amino acid seguence of hSOD using the

yeast codon bias. Restriction sites were positioned within
the hSOD structural gene to facilitate screening and

subcloning. Sites for NheI and HindIII were positioned at the

5r and 3r ends to allow cloning of the hSoD gene into a yeast

expression systern. The 5r and 3t noncoding region of S.

cerevisiae ENOI- was added to the hSOD coding region to permit

immediate insertion into a yeast expression system. The

synthetic gene r¡ras ligated into a pUC vector which had been

digested with EcoRI and HíndIII. The BamHI fragTment of the

yeast 2pm circle plasmid, and the SalI/XhoI fragment of the

LEU2 gene v/as fused to the expression cassette to allow

expression of hSOD in yeast.



BgIII

E9tIl,/XhoI

(rr.o r¡)

EcoRf
HIndIIr

Xba I

HlndI¡i

HlndIII
EcoRI

Ps ÈI
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final ligation into the pUC vector allowed for cloning and

selection in E. coli. The hsoD expression vector is ca1led

p37 HSOD. Upon transformation of wild type Saccharomyces

cerevisiae strain AÍ122, a recombinant strain vtas produced.

This recombinant S. cerevisiae strain is called AÍ122 p37 HSOD.

Superoxide Disrnutase

l-. Characteristics

the funcÈion of yeast and human copper zinc superoxide

dismutases is essentially the same. The enzyme catalyzes the

disrnut,ation of superoxide radicals (Bannister et aI, L987), as

follows:

2Oz- + 2¡¡+ 
-2 

¡¡rg, + Oz

Yeast copper zinc superoxide dismutase (ySOD) has been

purif ied by several investigators (Johansen et aI , l-981- '
United States Patent; Asami et aI, 1986, European Patent) to

yield a protein with a specific activity of approximately 9000

units/rng by the cytochrome C reduction assay. As the specific

activity of purified hSOD has been established at a value of

3OOO units/rng with the same assay (Flohe et aI, L9B4l I it is

possible that ySoD catalyzes the dismutation reaction more

efficiently than the human enzyme.

The copper zinc SoDs are homodimers with an approximate

molecular weight of 32,OOO. The two identicat subunits are

associated so1e1y by noncovalent interactions and each subunit

1_ t_



contains Lg atom each of copper and zinc (Bannister et aI,

l-987). The ySOD is released to the cytosol with no protein

processing other than the removal of the N-terminal methionine

(Benningham-McDonogh et aI, 1-988). Human SoD, which contains

no methionine residues, is cleaved of a methionine following

its use for translation initiation, after which the adjacent

alanine is acetylated to produce the mature protein (Touati,

l-988). The related protein chemistry between the two SODs is

shown in Table B. The copper zinc SODs are primarily local-

ized to the cytosol, but have been found in the mitochondrial

intermembrane space (Bannister et al, L987).

The hsoD gene has been assigned to chromosome 2L, but

four processed pseudogenes have been isolated from genomic DNA

libraries (Danciger et â1, 1-986). Copper zinc hSOD also

appears to be rnargína1ly potynorphic in several populations,

such that its synthesis is controlled by two alleles (DeCroo

et aI, l-988). T!"o messenger RNA species exÍst for hSOD, a

major O.7kb and a minor 0.9kb species (Sherman et aI, L984i

Danciger et aI, l-986). The ySOD gene appears to be present as

a single copy per genome (Berrningham-McDonogh et aI, L988).

2. Regulatíon

Superoxide dismutases appear to be coordinately regulated

in some fashion due to oxidative stress (Lowry et aI, L984ì

Touati, 1-988). The muÌtiregulation of manganese SOD, Iocated

in the miÈochondria of yeast, suggests a possible role of a

t2



Table B. Physicochemical- Properties of copper Zinc Superoxide
Dismutase.

b: Cangene Corp. fnc. unpublished observations I L98'1.
c: Johansen et al, 1979.
d: Touati, 1988.

pI Subun.
M.

J¿It
Met. b

II
It
Trp. b

#
Tyr. b

N-terminal
acylationd

Human
SOD

4.8-
5.354

-1_6, 000 o 1 0 +

Yeast
SOD

-5. O l-5,95Oc 1 0 l_

a: GarEner

l_3



second promoter under oxidative stress conditions (Touati,

l-988i lrlesterbeek-Marres et al, l-988). Under normal oxygen

conditions the biosynÈhesis of manganese SOD is regulated at

the level of transcription, primarily by catabolite

repression, in a manner similar to the respiratory chain

proteins and other yeast mitochondrial proteins. Two

homologous Sequences upstream of yeast mançfanese SOD and other

respiratory chain proteins, are thought to control transcrip-

tion of the genes when cel-Is are çtrown on glucose as a

fermentable carbon source (Westerbeek-Marres et af, l-988).

When yeast cells are exposed to oxidative stress conditions,

biosynthesis of the manganese SOD is in addition regulated in

a manner independent of the respiratory chain proteíns. A

rnodel has been developed whereby an iron-containing regulatory

protein, active in the ferrous form, binds to the manganese

SOD gene to repress transcription. In the presence of oxygen

or oxyradicals, the regulatory protein is oxidized to the

ferric form, thus inactivating it and allowing transcription

of the manganese SOD (Hassan, l-988). Since copper zínc SOD is

a cytoplasmic protein, it is not expected to be under t'he same

regulatory control as the mitochondrial manganese enzyme' but

it has been suggested that copper zinc SOD could be regulated.

This regulation is suggested by the observed increase in yeast

copper zinc SoD in the presence of oxyqen or copper (Ber-

mingham-McDonogh et al, l-988) .

1-4



The use of oxygen as a terminal electron acceptor

provides greaLer energy and metabolic diversity than anaerobic

respiration, yet it is toxic and mutagenic to living cells.

The toxicity of oxygen is related to the generation of

reactive partially reduced oxygen intermediates, such as the

superoxide radical (oz-) or hydrogen peroxide (Hzoz). These

toxic oxygen intermediates are generated during normal oxygen

metabolism, however, their levels can be exacerbated by higher

pOz or by the presence of redox active compounds (Hassan et

â1, 1-988). Certain ions such as cu*Z or Soo-2 create partially

reduced oxygen intermediates when present in the cyt,osol

(Chang et al, 1-990). SOD levels have been found to íncrease

in response to the presence of these oxygen íntermediates.

This effect may only be observed with yeast chromosomal SOD'

as increases in medium copper did not augTment the levels of

recombinant hSOD in AfL22 p37 HSOD cells (Cangene Corp.

unpublished observation, L987) .

Evidence for a transcriptional control of copper zinc SOD

exists. The human copper zinc SOD gene has GC-rich elements

and a stem loop structure in the 5r transcriptional control

region which may be involved in SODI- gene regulation (Touati,

1-988). A number of yeast genes, including SOD, appear to be

induced coordinately in the presence of the superoxide

radical. They have been found to be part of a conmon regula-

tory complex where an induced gene product acts in trans to

have a direct role in their transcription regulation (Lowry et

l_5



â1, l-984). As the amount of copper zinc SOD nRNA in tissues

correlates with SoD enzymatic activity, the control of copper

zínc soD activity is dependent on the regrulation of copper

zínc SoD mRNA levels (Touati, 1-988) .

Further evidence for transcriptional control is provided

by the effect of Cu*2 and. o, on transcript levels. copper' as

well as being a component of superoxide dismutase, is also a

potent caÈalyst of oxidations and a component of several

oxidases (Gregory et âI, L974). Copper does not directly

induce SOD, but rather induction is related to a seguence of

events reguiring both copper and oxygen (Greco et al, L986).

This is exemplified by a lack of induction of SOD by copper

under anaerobic conditions. Copper is thought to induce SOD

through its potential to promote the cellular generation of

reduced oxygen species (Greco et aI, l-990). copper depriva-

tion in yeasts will cause a decrease in the cellular content

of copper zinc SOD nRNA with a compensating increase in

manganese SOD activity (Greco et aI, L990). Upon addition of

Cu*2, the yeast copper zinc SoD messenger RNA leve1 increases

and SOD is expressed. Addition of up to 2SO¡.tNf Cu*2 to aerobic

cultures of S. cerevisiae causes an immediate increase in the

amount of cellutar copper zínc SOD activity (Greco et â1,

l-986; Hassan et aI, l-986). Such an increase is also observed

when S. cerevisiae cul-tures are gro$rn under LOOU O? (Gregory

et aI, L974).

1,6



Fermentation Process Desiqn

There are two related and basic ingredients to any

fermentation process: the organism and the bioreactor.

Specific objectives of the process, such as product yield,

medium costs and product recovery which conform to the regula-

tory standards are all- dependent upon the organism chosen as

a host. S. cerevisiae grol,ts best in a glucose rich medium

such as YEPD (Silverman, L987). Yeast strains carrying stable

plasmids are able to grow in such non-selective medium at very

Iitt1e cost (Kingsnan et al-, l-987). Growth in this medium

gives yeast generation times of approximately 9O minutes, with

yields of up to 2Og wet weight of cells per litre of aerated

culture from haptoid cells at stationary phase (Silverman'

1-987). When yeasts are grov¡n on glucose, glycolytic enzymes

comprise 25-652 of total cellular protein, thus ensuring high

recombinant protein expression when directed by a glycolytic

promoter (Holland et aI, L977).

Yeast Genetics

Human SOD has been expressed in and purified from both E.

coli (Hartman et â1, L986i Takahara et â1, l-988) and S.

cerevisiae (Hallewell et aI, L987). Saccharomyces cerevisiae

is the organísrn of choice for expression of hSOD as there are

several shortcomings to using E. coli as a recombinant

T7



vehicle. E. coli produces an enterotoxin, which rnust be

cornpletely removed if the polypeptide produced is to be used

as a pharmaceutical (Esser et al, L988). E. coli does not

process mammalian potypeptides efficiently and is unable to

efficiently secrete heterologous proteins at an industrial

Ievel (Kingsman et aI, l-985).

The expression and purification of hSOD from S.

cerevisiae offers many advantages over expression in E. coli.

S. cerevisiae is a well characterized and accepted industrial

microorganism (Esser et â1 , l-988 ) . It does not, produce

toxins, and it, shares greater similarities with mammalian

organisms than prokaryotes (Esser et af, l-988). For examPle,

yeasts add guanosine triphosphate and polyadenylic acid to the

5r and 3r termini of RNA molecules, and then transport newly

completed nRNA from the nuclei where the nRNA are transcribed

to the cytoplasm where the nRNA are translated (Hitzernan et

â1, L982, Canadian Patent) (Figure B). Many yeasts also have

a sexual cycle which ensures that strain improvement may be

obtained by chromosomal recombination during neiotic processes

(Esser et aI, 1988). As we1l, yeasts have the pathway for N-

linked and O-Iinked glycosylation, and are able to N-acetylate

polypeptides post-translationally (Kingsman et aI, 1987).

Although yeasts can be manipulated like prokaryotes, they

are similar t.o higher eukaryotes, in that they have a nucleus

bounded by a nuclear membrane, and possess mitochondria,

vacuoles and Golgi bodies (Jawetz et aI, L987'). Almost all

1_8
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strains of S. cerevisiae carry a 2¡^tm circle double stranded

DNA plasrnid within their nucleus, at a copy number of

approximately 60 (Futcher, l-9BB). This extra-chromosomal DNA

is not an essential component of the yeast genome, but

fragments from the 2pm circle, such as the origin of

replication (ORI) and cis-acting replication regions L and 2

(REPI-, REP2), are required for construction of stable

expression plasmids in yeast (Broach, l-983; Futcher, L988).

In general, yeast genes are directed by promoters having

two regions (Hajine et aI, L987, European Patent). The first

region contains the portion starting from the translatíon

initiation site through the transcription initiation site and

TATA box. For most efficiently expressed S. cerevisiae genes,

a pyrimidine-rich tract (the CT block) is located shortly

upstream from the rnRNA initiation site, which is often located

in the sequence CAAG (Kingsman et aI, L985) (Figure B). The

second region is present on the 5t side, upstream of the true

promoter, and. functions in the cis mode to promote transcrip-

tion (Figure B). Such a region is called an upstream activa-

tion site (UAS) (Hajine et aI, L987, European Patent). These

elements lie hundreds of nucleotides upstream of the region of

transcription initiation and activate transcription in

response to particular physiological signals (Guarente, L984).

Regulatory genes that mediate positive control may encode

proteins that interact with the UASs (Guarente, l-984).

20



A consensus terminator seç[uence for yeast has not been

completely established. Even so, research has shown that a

sequence resembling 5t-TTTTTATA located upstream of the

polyadenylation site in several S. cerevisiae genes (Figure

B), and other consensus sequences like it may be important for

terrnination of transcription (Mellor eÈ al, l-983; Kingsman et

al, l-985). At least five factors influence the stability of

S. cerevisiae nRNA under normal conditions. These fastors are

the 5t cap, the 3r poly A tail, nRNA length, the presence (or

absence) of a destabilizj-ng element within the nRNA leading to

exonucleolytic cleavage, and the presence or absence of

various nucleases in the yeast cel-I (Brown et â1, 1988).

Processing of yeast messenger RNA prior to translation occurs

before transport of RNAs from the nuclear to the cytosolic

compartments, with some exceptions (Hopper et aI, L990). The

gene product responsible for intron removal from yeast pre-

mRNAs is located in the cytosol and is apparently excluded

from the nucleus (Hopper et aI, l-990). Yeasts may be unable

to effectively process mammalian mRNAs due to these circum-

stances. The hSOD gene has four introns (Touati, L988)

therefore a cDNA coding region was reguired for efficient

expression in S. cerevisiae.
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Recombinant Gene Expression in Yeast

For mammalian genes expressed in prokaryotes and lower

eukaryotes, the structural region of the gene is synthesized

from processed messenger RNA (Hitzernan et al, 3-984a) . The

resultant cDNA contains no introns, and is therefore effi-

ciently processed by the organism. Construction of the

recombinant vector is also an important factor in efficient

expression. Shuttle vectors are often used, which pennit aII

recombinant DNA preparative procedures to be carried out using

E. coli technology (Kingsman et aI, l-985). Once the specifi-

cally constructed plasmid has been selected for in E. coli,

the plasrnid is isolated and used for transformation of s.

cerevisiae. once expression from the vector begins in s.

cerevisiae, the recombinant protein either accumulates in the

cytoplasm or is secreted Èo the medium (Esser et aI, 1-988).

The vectors are situated within the nucleus as extra-

chromosomal entities, or are integrated into the yeast

chromosome. Integration of vectors may give an advantage t,o

the recombínant protein, âs there is evidence of a hígher

level of synthesized protein than that from the plasmid-borne

gene (Zhu et aI, 1986).

Secretion vectors are constructed by inserting a syn-

thetic oligonucleotide based on a yeast sequence which directs

secretion of a particular yeast polypeptíde (Vlasuk et aI,

L986; Galeotti et aI, L987, European Patent,' SchulÈz et aL,
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L987; Livi et aI, i-990). One example of a secretion signal is

the yeast MFol-, which directs the expression and secretion of

the yeast a mating factor (V1asuk et aI, L986). Such vectors

are useful for the production of recombinant proteins which

are toxic to the yeast celI upon their cytosolic accumulation

(Schu1tz et al, L987; Snith et al, L99o), or reguire secretion

in order to achieve fuII biological activity, due to the

processing involved (Srnith et aI, l-985). Expression levels

from these vectors are comparabte to those observed with non-

secretion vectors (Table A), although more problems witn

protein recovery tend to occur with secretion vectors (Smith

et aI, 1-985; Vlasuk et aI, l-986i Nakamura et al, L990).

Vectors which aIlow production and accumulation of

recombinant protein incorporate transcription signals which

direct constitutive or inducíb1e expression (Kingsman et al,

L987). The highest intracellular yields reported have all

been obtained using promoters from genes encoding

constitutively expressed glycotytic enzymes (Kingsman et al,

l-985) (Table A). Promoter and terminator sequences from yeast

genes such as glyceraldehyde-3-phosphate dehydrogenase

(GADPH), enolase (ENo) and phosphoglycerate kinase (PGK)

direct expression levels from 3å to 7oZ of total yeast protein

as heterologous protein (Urdea et âf , l-983; Travis et âI,

l-985; Kniskern et aI, l-986; Carty et al, L987; Fieschko et aI,

L987; Hallewell et al, 1,987).

23



Promoter and terminator sequences from inducible yeast

genes are used for expression of heterologous gene products

which are toxic to yeast ce11s when constitutively expressed

(Schultz et al, Lg87) | or as a simplified method of purifica-

tion of the heterologous gene product (Kingsman et al, 1985).

For example, genes which are switched on only at the end of a

batch fermentation, at a tine when the rnajority of yeast genes

are switched off, wiII allow a sinpJ-ified purification if

cells are harvested during this phase. Inducible yeast gene

signals that are used, such as the yeast sigma-element, direct

heterologous expression up to LOZ of total soluble yeast'

protein (Hal1ewell, 1-984, European Patent; Harris Cramer et

âI, L987).

Effect of Human Superoxide Dismutase upon Endogenous Yeast

Protein in a Recombinant Svstem

Endogenous ySOD expression in the recombinant hSOD

producing yeast strain may be affected for several reasons.

Atthough copper is toxic to yeast cells above a certain

concentration (Greco et â1, l-990), it is necessary for

expression of SoD (Bannister et aI, L987). ApoSODs, ês seen

with yeast manganese SoD, may in fact act as autogenous

repressors of SOD expression (Pugh et aI, L986) ' such that in

the absence of the appropriate metal Iigand the futile

overproduction of apoenzymes is prevented. Therefore, in a
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yeast system where recombinant hSOD is overexpressed, there

should be a higher requirement, for copper. If supplernentary

copper is not added, processing of the endogenous ySOD may be

affected by a lack of copper. Cupric ions in the media may be

excluded from the ySOD polypeptide by binding nonspecifically

to cell components or through cornpetition with the

overexpressed hSOD (Greco et aI, 1-990). As process design and

scale-up procedures are not directed towards the addition of

copper to the medium, such a repression of ySoD may occur.

Repression of ySoD may also occur through feedback

inhibit,ion of ySOD nRNA translation due to increased intra-

cellular leve1s of hSOD. This type of repression was seen by

Moore et aI (l-990), in a yeast strain over-expressing a yeast

glycotytic gene from an extra-chromosomal high copy number

plasmid. As the intracellular leve1 of the glycotytic gene

nRNA increased, translation of the glycolytic gene nRNA

decreased relative to control nRNA. The efficiency with which

the glycolytic gene nRNA $/as translated decreased as its

abundance increased. Repression of expression was at the

Ievel of translation and was most likely mediated at the level

of initiation (Moore et â1, l-990). Therefore the over-

expressed hSOD may cause repression of not only hSOD but also

the chromosomal ySOD at a translational level. Feedback

inhibition may occur via a direct interaction between hSoD and

SoD nRNA, or indirectly through a secondary RNA-binding

rnolecule and SOD nRNA. Both hSOD and ySOD share enough
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sequence homology (Bannister et aI, L987 ) (Figure C) that hSOD

could recognize the ySOD nRNA and thus cause repression of its

synthesis.

Requlatory Requirenents for Recombinant Pharmaceuticals

À decrease in expression, or a complete repression of

ySOD within the recombinant yeast strain, would greatly

influence the development of purification procedures.

Depending upon the purification scheme used, the hSOD could be

purified to greater than 992 | which is reguired for a pharma-

ceutical grade recombinant protein (Esber, l-985). Such purity

is necessary for recombinant proteins which are used for acute

care, such as treatment of myocardial ischemia reperfusion

(Garnick et aI, L99o). Although the products from biotech-

nology are chernically and biologically better defined than

their natural counterparts (Landis, l99O) , strict process

control by the manufacturer is still reguired. Stringency and

the amount of data reguired from the production and

purification of the hSOD would depend on a number of factors

(Korwek, l-988). These factors include the proposed use of the

SOD, whether the SOD is identical to a previously approved

SOD, and how long it is to be administered to patients.

The protein, peptide, and antibody products from biotech-

nology necessitate the use of analytical methods that are not

normally used for conventional drugs (Korwek, L988; Garnick et
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Figure C. Amino Acid Sequences of Human and Yeast Copper Zinc

Superoxide Dismutases.

The complete amino acid seguence for human and yeast

superoxide dismutase has been aligned to allow comparison of

their homology. Gaps are present to optimize the sequence

homology. (Fron Bannister et al, 1987).
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Arnino Acid Seguences of Human

Dismutases

and Yeast Copper Zinc SuPeroxide

HUMAN A1A
YEAST

HUMAN Val
YEAST VAI

HUMAN GIy
YEAST GIU

HUMAN ThT
YEAST PTo

HIJMAN Asp
YEAST Asp

HUMAN Asn
YEAST Asn

HUMAN GIU
YEAST VAI

HUMAN Lys
YEAST Glu

HI]MAN lle
YEAST lle

HUMAN Leu
YEAST VaI

HUMAN GIy
YEAST Asp

HUMAN Arg
YEAST Arg

Thr Lys
Val GIn

GIn GIy
Ser GIy

Pro VaI
Pro Thr

Glu Gly
Asn Ala

Asn Thr
Al-a Thr

Pro Leu
Pro Phe

Arg His
Arg His

Asp G1y
Asn Gly

Ser Leu
Lys Leu

Val- Val
Val Ile

Asn GIu
Thr GIu

Leu AIa
Pro Ala

Ala VaI
Ala Val-

Ile Ile
Val Val

Lys VaI
Thr VaI

Leu Hl-s
GIu Arg

AIa Gly
Asn GIy

Ser Arg
Lys Lys

Val cfy
Val Gfy

Val Ala
VaI Ala

Ser GIy
Ile Gly

His Glu
His AIa

GIU Ser
GIu Ser

Cys GIy
Cys Gly

Cys Val
AIa Va1

Asn Phe
Lys Phe

Trp GIy
Ser Tyr

Gly Phe
Gly Phe

Cys Thr
Cys VaI

Lys His
Thr His

Asp Leu
Asp Met

Asp Val
Lys Gly

Asp His
Pro Thr

Lys A1a
GIy GIn

Thr Lys
Leu Lys

Val Ile
Val Ile

Leu Lys
Leu Lys

Glu Gln
Glu GIn

Ser Ile
Gl-u fle

His VaI
His fle

Ser AIa
Ser AIA

cly GIy
GIy AIa

GIy Asn
Gly Asn

Ser Ile
Ser Phe

Cys Il-e
Ser Val

Asp Asp
Asp Asp

Thr GIy
Thr GIy

G1y Ile
GIy Leu

GIy Asp
GIy Asp

Lys GIu
AIa Ser

Lys GIy
A1a Gly

His GIu
His GIu

GIy Pro
GIy Pro

Pro Lys
Pro Thr

VaI Thr
VaI Lys

Glu Asp
Lys Asp

IIe Gly
VaI Gly

Leu GIy
Leu GIy

Asn ÀIa
Asn Al-a

AIa GIn
Thr Asn

GIy Pro 13

Ala Gly tz

Ser Asn zo

GIU Ser zs

Leu sa

Asn Ser ¡a

Phe GJ-y st
Phe GIy st

His Phe ¿¿

His Phe ¿¿

Asp Glu rr
Asp Glu zz

Ala Asp eo

Thr Asp ro

Ser Val 103

Ser Leu tos

Arg Thr tto
Arg Ser 116

Lys Gly tze
Lys Gly 1ze

Gly Ser taz

GIy Pro t+z

153

153
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â1, l-990). For example, analysis of amino acid composition

would be required to test the purity of hSOD, as any

methionine detected could possibly signal the presence of

ySOD. Concerns raised over recombinant DNA derived products

include molecular structure changes, chemical and physical

alterations, and consistent manufacturing (Korwek, L988).

Chemical structure heterogeneity as a result of synthesizing

mammalian proteins in rnicroorganisms sometimes results in a

mixture of recombinant proteins u¡ith amino terninal variations

that are difficult to evaluate. the use of detergents and

protease inhibitors ín a production process raises concerns

dealing with chemical and physical alterations of the recom-

binant prot,ein that could result in creation of neoantigens

and an antibody response in a patient. There are also

concerns about the extent of glycosylation, prot,ein folding,

and disulfide bond pairing, primarily in the production of

mixtures of products that cannot be consistently manufactured

or that may be recognized by a patient as different from the

natural molecule (Korwek, l-988).

AII such regulatory factors are important considerations

for the production of recombinant hSOD from yeast. Any

knowledge gained from expression studies of both natural and

foreign SOD in S. cerevisiae is sure to expedite the process

of producing recombinant hSOD as a pharmaceutical.
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MATERIALS AND METHODS

Materials

Reagents for growth and ceII extraction trere as follows:

Yeast extract, peptone, bacto-agar and yeast nitrogen base

without amino acids r^Iere obtained from Difco Laboratories

(Detroit, Michigan). Amino acids (L-isomers), isoamyl

alcohol, and Nonidet P-40 vrere obtained from Sigma Chemical

Company (St. Louis, Missouri). Guanidine thiocyanate (rnolecu-

lar biology grade) was obtained from Fluka Chernical Company.

Phenol, sodium sarkosinate (sarkosyl), cacodylic acid, and

chloroform hrere obtained from International Biotechnologies,

Inc. (New Haven, Connecticut), and all were of molecular

biology grade. Diethyl ether and aII disposable plasticware

rrere obtained from Fisher Scientific Cornpany (Fair Lawn, New

Jersey). Gl-ass beads (0.Smm diameter) were obtained from GIen

Mills Inc. (Malrwood, Ne!ü Jersey).

Reagents reguired for analysis of cell extracts hlere as

follows: Acrylamíde, Bis-acrylarnide, glycine, tris(hydroxy-

rnethyl)aminomethane (Tris), ammonium persulphate, sodium

dodecyl sulphate (SDS), NrNrNt,Nrtetrarnethylethylenediamine

(TEMED) and B-mercaptoethanol- vtere obtained from Bio-Rad

Laboratories (Richmond, California) . Coomassie brilliant blue

R and G, polyoxyethylene sorbitan monolaurate (Tween-20),

dimethylsulphoxide (DMSO), dithiothreitol (DTT), bovine serum

albumin (BSA), Protein A whole cell Staph. A. and Sepharose,
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disodium p-nitrophenyl phosphate, pol1ruinyt pyrollidone (PVP),

FicoII, Kodak X-ray fílm, Cronex Lightning PIus Intensifying

screens, stainless steel exposure cassettes and salmon spern

DNA were obtained from Sigma Chemical Company. Formaldehyde

vras obtained from Fisher ScientÍfic company. Glyoxal and

formamide were obtained from BDH Chenicals (Toronto, Ontario),

and were molecular biology grade. Sodium iodoacetate lJas

obtained from Mallinckrodt Inc. (Paris, Kentucky). BCIP/NBT

phosphatase substrate system was obtained from Mandel Scien-

tific Company (Gaithersburg, Maryland). Ampholines for

isoelectric focusing T¡rere obtained from Serva Chemical Company

(New York, New York). Restriction nucleases and polynucleo-

tide kinase were obtained from Pharmacia-LKB (PiscatawâY, New

Jersey). Xanthine oxidase, and polyethylene g1ycol L50O $tere

obtained from Boehringer Mannheim (Mannheirn, West Germany).

[y3zp]dATP and [o3zp]dcTP were obtained from Amersham corpor-

ation (Oakville, Ontario). Kodak developing chemicals, GBX

developer and replenisher and Kodak rapid fixer, hrere obtained

1oca1ly.

Reagents required for production of monoclonal antibodies

hrere tissue culture grade and !,¡ere as follows: RPMI was

obtained from Difco Laboratories. Aluminum potassium sul-
phate, hypoxanthine, aminopterin, thyrnidine, and 8-azaguanine

hrere obtained from Sigma Chemical company. Fetal calf serum

!'tas obtained from Gibco Laboratories (Madison, Ì{isconsin) .

Pristane (2, 6,1-0, L4-tetramethylpentadecane) was obtained from
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Aldrich Chemical Company Inc (Milwaukee, Wisconsin). BaLb/c

female mice hrere obtained from the l{innipeg Health Sciences

Centre central animal care.

These and chemicals obtained from other sources vtere

reagent grade or better.

organism

The yeast strain Saccharomyces cerevisiae Afl22 is a

¡ciroi strain of genotype: a leu2-3 , LLz his4-51-9 canL-Ll-. S.

cerevisiae AfI22 p37 HSOD is of the same strain and genotype,

but has been transformed with a PexsysÏH37 construct having an

ENOI--HSD gene insert. Both strains and clones are the

property of Cangene Corporation, Mississauga, ontario, and ABI

Biotechnology Inc., I'finnipeg, Manitoba. The organisms ttere

grown using methods described by Cangene Corporation. Routine

growth of organisms was in YEPD (1å (w/v) bacto yeast extract;

2Z (w/v) bacto peptone and 22 (w/v) dextrose pH 6.0) at 30oC

with 2oo rpm agitation, in a New Brunswick Scientific Co.

Series 25D fncubator Shaker. For selective growth of Afl22 p37

HSOD, LEU minus medium, pH 5.8 (YNB AAB-L) t'¡as used. The

composition of this medium in l-.0 litre distilled water is:

6.79 Difco yeast nitrogen base without amino acids, O.LM

sodium succinate, 2å dextrose, and 50 pg/mL final concentra-

tion arnino acid solution, composed of 500 ng each of

phenylalanine, histidine, tyrosine, tryptophan, Iysine,
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adeníne, and uracil, in l-000 ml distilled water as a LOx

concentrated stock.

Growth and Development

Yeast strains T^rere prepared and grown as they would be

for large scale production of recombínant hSOD. Cultures

would normally be grown in an aerated fermentor, but hlere

gros¡n as smaller scale flask batch cultures in these investig-

ations. Stock cultures (1-.0m1) of each strain htere inoculated

into l-OmI of YEPD in 6Omt glass tubes and incubated overnight

(approx. L6 hrs). From this culture, l-.0L erlenmeyer flasks

containing 2ooml YEPD vrere inoculated with Sml of the

respective overnight culture. At each tine period, an aliquot

of culture was asceptically removed and the original culture

allowed to continue incubation. After the 24 hr sampling,

glucose was added to a final concentration of Leo. This was

repeated at approximately 35 hrs of growth to achieve a 2Z

glucose supplementation to both batch cultures.

At each tine point sarnpling, 1-5-20rnl culture aliguots

were removed and streaked for purity on YEPD agar plates

(AÍ122) and YNB A.AB-L agar plates (AH22 p37 HSOD). Growth on

YNB AAB-L also confirmed the presence of the LEU-containing

plasnid. Culture aliguots hrere then diluted in 0.85å NaCl

such that absorbance readings at 660nm on a Shinadzu IIV-L6O

UV-visible recording spectrophotometer were <0.3. The
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spectrophotometer reading $¡as rnultiplied by the dilution
factor to calculate the absorbance of the culture.

Preparation of CeIl Free Extracts

Yeast ce1ls vrere lysed according to methods described by

Harlow et aI (l-988). An aliguot of 2-5mI culture were used to
prepare cell extracts. The culture hras divided into

microcentrifuge tubes such that l-.0n1 culture per tube h¡as

centrifuged with an IEC MicroMB centrifuge for 2 min. at top

speed (1-3000x9). The supernatant nas aspirated using a

pasteur pipette and the cells washed in 1-.OmI 0.85? NaCl. The

washed ceII petlet was resuspended in approximately 5 volumes

of 20nM Tris-HcI, 2mM cuso4 pH 8.2. A copper cont,aining lysis

buffer hras used to preserve SoD activity upon celI lysis.

Acid washed beads (0.5 mm diameter) were added t,o the

suspension such that the beads were just under the meniscus.

Each tube was vortexed for 30 seconds using an Àmerican

Scientific Products S/P vortex mixer; tubes $/ere cooled on ice

for l- minute between vortexings. The intent of vortexing stas

to break the yeast cell walls and membranes and release

intracellular protein. often this woul-d require the tubes to

be vortexed at least l-0 times. The sample was then checked

microscopically for cell breakage. If less than 7OZ of the

cells llere broken, the procedure rìras repeated for l- minute and

checked again. !,Ihen 7OZ or greater number of cells had

broken, Lhe extract was recovered by piercing the bottom of
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the plastic tube with a red-hot l-8c needle and then placing

the tube inside an empty microfuge tube. Both tubes, one

inside the other, !ìrere placed in a 50mI Corning centrifuge

tube and centrifuged at 2000x9 for 2 minutes in a Hettich

Rotixa/P centrifuge. The beads used for extraction were

washed once with 1-00¡rI of extraction buffer and the resultant

extract was clarified with a 5 minute centrifugation at

L3OOOxg. The supernatant was collected and stored at -20oC.

Preparation of Total RNA Extracts

Guanidinium thiocyanate extraction of RNA was carried out

according to the methods described by Feinberg et aI (1988).

This method is based on the ability of high concentrations of

guanidinium salts to dissociate ribonucleoprot,ein complexes

and denature proteins. A culture aliquot of approximately

l-Oml was used for extraction of total RNA. Yeast cells hlere

harvested by centrifugation of the culture in l-Sml sterile

Corning centrifuge tubes at 2LL3xg for l-0 minutes at, l-ooc.

Cells were washed twice in sterile 0.85? saline. The pellet

rrras resuspended in guanidiniurn thiocyanate (GTC) bufferi the

volume used calculated from the absorbance of the culture

measured at 66onm nultiplied by the volume in litres of

culture to be extracted. GTC buffer rras prepared as follows:

6M guanidine thiocyanate, SmM sodium citrate buffer pH 7, 0.1-M

p-mercaptoethanol (added fresh per use) and 0.5å sarkosyl.

The solution was made using sterile deionized dist,illed water
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then sterile filtered with a a.45¡t filter. The guanidinium

and p-mercaptoethanol inhibit the RNAases cornpletely and

díssociate all ríbonucleoprotein complexes. Autoclaved and

baked acid washed O.5 nm glass beads !¡ere added to the

suspension up to the meniscus, and the tube vortexed 4 tines;

30 seconds each time with 30 second rests on crushed ice

between vortexings. GTC buffer (37O¡tL) was added to the bead-

extract mixÈure, swirled and the pooled volume removed by

pasteur pipette to a steril-e 50mI teflon centrifuge tube

(Na1ge Company, Rochester, New York). This step Ìras repeated

twice, and the 3 volumes pooled. To the pooled extract l-.2m1

GTC buffer vrere added and the solution centrifuged at 3-L950x9

for l-0 minutes aE 2OoC using a DuPont Sorvall RC-58 centrifuge

with a SS-34 rotor.
The resultant supernatant was transferred to a sterile

50nl Corning centrifuge tube and an egual volume of prepared

phenol was added. (Phenol is prepared by the extraction of

melted phenol, having O.LZ 8-hydroxyquinoline, with an egual

volume of l-.0M Tris-HCl buffer pH 8, followed by an extraction

with 0.1M Tris-HCI buffer pH I and O.2Z p-mercaptoethanol.

The extractions are repeated until the pH of the aqueous phase

is greater than 7.6.) The tube h¡as shaken vigorously for

about l- minute and the same volume of chloroform: isoamyl

alcohol was added. The tube was shaken vigorously again and

the sarne volume of o.l-M sodium acetate buffer pH 7 was added,

followed by another vigorous shaking. After 5 minutes
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settling, the tube was shaken again, then centrifuged at

2LL3xg for 1-5 minutes. The upper aqueous layer vtas removed to

a fresh tube and re-extracted with an egual volume of

phenol:chloroform:isoamyl alcohol. The RNA in the aç[ueous

layer was ethanol precipitated at -7ooc for at least l-2 hours.

The RNA !,ras recovered by centrifugation at 1-1-950x9 for 30

minutes. The peltet that formed was washed ín 7OZ ethanol,

then resuspended in 200¡rI sterile deionized distilled water.

AII RNA samples were stored in autoclaved polypropylene

l-.5m1 microcentrifuge tubes at -7OoC. Most eguipment used for

work with RNA $ras reserved for this purpose only. AIl

reagents used \Ârere of molecular biology grade and hlere

reserved for RNA work, and water for solutions v¡as autoclaved

prior to use. Sterile plasticware !{as used preferentially,

but when glassware r¡ras required, it was autoclaved and baked

prior to use. All procedures vrere carried out using standard

precautions for handling RNA.

Purification of Yeast Superoxide Dismutase

A modification of the method described by Asarni et aI

(L987, European Patent) was used for purification of ySOD from

Bakerrs Yeast (Fleischman Company). The method in brief is as

follows: firstly, large scale organic extraction of yeast

involved addition of 57ml diethyl ether to l-.0 pound (approxi-

mately 4549) of wet, packed Bakerrs yeast in a double necked

2L round bottom f1ask. After sitting for 30 minuùes, the
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mixture was stirred for 2 hours at room temperature in a fume

hood. Next, 455m1 4OoC distilled deionized water $tere added

and the pH of the nixture adjusted Eo 7.5 with 5N NaOH. The

mixture was allov¡ed to stir, in an open vessel, for 4 hours at

45oc, then was cooled to 25oC over 1,6 hours while continuing

to stir. During this period of tíne the diethyl ether

evaporated from the solut.ion as diethyl ether has a boiling

point of 35oc. The remaining aqueous solution was acidified

to pH 4.8 and the extract cleared by centrifugation at 27O4xg

for 3o minutes at AoC. The supernatant resulting from

centrifugation was collected, concentrated and dialyzed

against O.O25M sodium acetate buffer pH 4.8 to prepare it for

column chromatography. The dialyzed sarnple was centrifuged at

1-L95oxg for 1-0 minutes and filtered with a O.45¡.t' filter. Just

prior to column loading the sample was assayed to ensure that

the pH was approximately 4.8, that conductivity was si¡nilar

relative to the loading buffer, and that protein content of

the sample was from 3-10rng/m1. The sample was also assayed

for SOD activity.

The second step in purifi-cation was column chromatogra-

phy. The CM-52 cation exchange column was washed and packed

in 1-Ox eguilibration buffer to a height of l-0.6 cm in a 5 cm

inner diameter column tube. rguilibration of the column was

at a constant flow rate of Zí2mL/}:rour with approximately L0

column volumes of eguilibration buffer (0.025M sodium acetate

buf fer pH 4.8) . FIow rate Ì¡¡as maintained during sample
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loading, and elution of protein occurred during a linear salt
gradient of 0-0.5M NaCI over a volume of 5OOnI. DEAE

Sepharose CL-68 was washed and packed in LOx equilibration

buffer in a 2.6 cm ínner diameter column tube to a height of

28 cm. The column vras eguilibrated with approximately l-0

column volumes of 0.01-M potassiurn phosphate buffer at pH 6.5

with a fl-ow rate of l-50ml/hour. During sample load, flow rate

was increased stight.ly and protein was eluted over a volume of

500mI with a gradient of O to 0.1-M NaCI in 0.01-M potassium

phosphate buffer pH 6.5.

Protein Assay

The BCA proteín assay reagent (Pierce Chemical Company,

Rockford, IIlinois) was used to detect and quantify protein in

all procedures. Assay protocols provided with the reagent,

Ìô¡ere followed using bovine serum albumin as the standard.

Enzyme Activity Assay

Specific activity of samples was determined by the method

of McCord and Fridovich (l-969). At least 5 dilutions of a

sample were prepared in 0.05M potassiun phosphate buffer pH

7 .8, 1-rnM ethylenediaminetetraacetic acid (EDTA) buf fer at 0-

4oc. These dilutions were in turn mixed with 3.0n1 of a room

temperature solution of cytochrome C (12.4n9 cytochrome C

added to the following solution: 7.6n9 xanthine in 2OmI 0.05N

KOH added to 980nI of the potassiurn phosphate buffer already
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mentioned, r¡rith a final pH of 7.8) . The reaction $ras

initiated by adding  O¡IL of a solution of 2O¡tL xanthine

oxidase in 98O¡tL of the aforementíoned potassium phosphate

buffer. The inhibition of reduction of cytochrome C vras

followed by spectrophotometric monitoring of Asso over l-

minute. Calculations to obtain the amount of enzyme reguired

to inhibit the reduction of cytochrome C by 50? (egual to one

unit) were performed according to Flohe and Otting (L984).

Relative activity of column fractions was determined

according to Beauchamp and Fridovich (l-971-). To screen column

fractions, L00¡.11 of each fraction r¡¡as added to 3mI of reaction

mixture in a glass tube. Reaction mixture (30rn1) was composed

of 29mI of 0. 05M potassium phosphate buf fer pH 7 .8 , O. Srnl

nitro blue tetrazolium at 27 4.71-rng/1-00m1 distilled water,

O.33ml riboflavin at 4.0rng/1-O0rn1 distilled water, 0.1-mI EDTA

at 1-1-2mg/1-0ml distilled water and 44.76m9 methionine added

just prior to use. Once the reaction mixture was added, each

tube was illuminated for exactly L0 minutes after which it was

kept in the dark until the absorbance h¡as measured at 560run.

Control tubes were illuminated with the samples, and consisted

of bovine SOD of a known specific activity, treated in the

same manner, as well as tubes having no sample at all. Sample

tubes containing SOD gave a higher absorbance than those tubes

with no sample. Therefore the absorbance measurements of

sample tubes could be plotted against fraction number to
attain an elution profile of relative activity.
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Production of Hvbridomas

BaLb/c I mice of 3-4 weeks of age were immunized over a

period of 8 weeks with a solution of purified ySOD and alum

adjuvant, according to the methods described by Chase (L967)

and Harlow et aI (L988). Mice ïrere injected intraperitoneally
(i.p.) with SOpg ySoD and 400¡.rg AI(OH)E in a total volume of

2OO¡IJ- a1um. fnjections were done every 2J- days for a total of

3 injections. Two weeks after the last i.p. injection, the

mice hrere injected intravenously with SOpg ySoD ín 1-00¡11

sterile PBS (89 NaClî O.2g KH2PO4i I.1,479 NarHPOo and O.29 KCI

in l-.0L distilled deionized water). This was follotrred by two

more intravenous injections of ySOD/PBS two days apart. Two

days following the last injection, the mice were bled for test

antiserum and once positive reaction to ySoD was ensured, the

fusion was performed.

Hybridorna fusion vras promoted using polyethylene glycol

as described by Gefter (L9771. The modified method which was

used is as follows: the immunized spleen from one mouse was

disrupted by grinding between two sterile frosted glass

slides, and the ceI1 pellet washed twice in incomplete medium

(prepared by mixing in one Iitre distilled deionized water,

one packet RPMI-I-640; Lornl lOmM non-essential amino acid

solution; l-0m1 vitamin solutioni 1Oml penicillin/streptomycin

sol-ution and 29 NaHCO' and sterile filtering through a 0.221t

filter) prior to a final resuspension in 20ml of incomplete

medium. The number of spleen cells was not determined, but on
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average a mouse spleen vJill consist of LxL08 cells. A total
of 6xl,O7 653 mouse myeloma cells v¡ere washed and prepared in

the same way as the spleen cells. The two cell solutions ttere

added together and mixed by gently pipetting up and down

several times. The cells were pelleted by centrifugation at

338x9 for 12 minutes and the supernatant was thoroughly

aspirated. The pellet was gently dislodged by tapping the

centrifuge tube and the tube placed in a shallow dish of 37oC

water. Exactly 1-.0n1 of PEG at 37oC was added to the pellet

over a l- minute period while stirring the cetls with a pipette

tip. PEG a1lows disruption of the cell walLs of both myeloma

and spleen cells, and prornotes fusion. Following addition of

PEG, 5.0rnl incomplete medium at 37oC were added dropwise over

a 5 minute period with gentle nixing. Another S.oml incom-

plete medium were added over l- minute and the cells were

centrifuged. Addition of medium serves to dilute the PEG,

thus stopping ceII waII disruption and ninimizing PEG toxicity

to the cells. After a 30 minute incubation of the pellet with

l-.omt incomplete medium at 37oc, 52 Co2r the cell pellet was

resuspended in complete medium (prepared with incomplete

medium ì LOZ fetal calf serum; 2O¡.tg/mL 8-azaguanine and 2mM

glutamine).

The suspension was plated sÙ¡tL/well into 6 96-we1l tissue

culture clusters having established spleen cell feeder layers.

Control wells contained feeder layer cells with either unfused

myeloma cel-ls t oE unfused immunized spleen cellsr ot no ceII
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overlay at aII. Twenty-four hours following fusion , LOO¡I'L 2x

HAT having 0.9s¡.tg/mL arninopterin (l concentration) were added

to all wells. HAT (1x) is prepared as follows: to incomplete

medium asepticalty add 2OZ FCS , 2mM glutamine, L3 .6p'g/mL

hypoxanthine, O.L9¡.r,g/mL arninopterin and 3.99¡tg/mL thymidine.

Four days later the cul-ture rras fed l¡ith HT medium (HAT minus

the aminopterin), after which HAT feeding was resumed on the

7th day post-fusion. The cells vtere weaned off aminopterin a

week following, and maintained on complete medium.

Hybridomas r¡rere screened by enzyme linked immunoassay

(described in the Methods section titled Enzyme Linked

Immunoassays) for their ability to secrete antibody specific

to ySOD. Hybridoma medium supernatant was also screened by

ELISA to ensure there tüas no cross reaction to hSOD. Hybridorna

clones positive for antibody production were cloned by

lirniting dilution to achieve a monoclonal cell line. This

occurred once cloning efficiency was such that all wells gave

cell clones secreting ySoD specific antibody.

Preparation of Monoclonal Antibodies

Large guantities of anti-ySOD monoclonal antibodies $/ere

produced in ascites. Ascítes production túas performed

according to the methods described in the ABI Biotechnology

fnc. Standard Operating Procedure: Production of Ascit,es

Fluid. Mice were primed by intraperitoneal injection of o.SnI

pristane. Priming with pristane activates peritoneal
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macrophages in the mice and increases the probability of

establishing ascites tumors. After one week, one million

hybridoma ceIls in o.Sml culture medium stere injected per

mouse. I{hen the mouse had swoll-en to the approximate propor-

tions of a pregnant female near term, the ascites fluid was

drained by insertion of a sterile 22c needle into the lower

abdomen. The collected ascites fluid ltas centrifuged at

3-000x9 for l-0 minutes and the supernatant fluid separated from

the pellet of cells, cell debris and clot. Ascites fluid was

stored in aliguots at -zooc prior to affinity purification.

Ammonium sulphate precipitation was carried out on the

thawed ascites fluid in order to concentrate and partially

purify the available antibody. Methods described by Harlow et

aI (l-988) were employed. To do this 25mI of a saturated

(NH4)rSoo solution pH I vrere added slowly and with stírring to

37ml of ascitic fluid. The sol-ution was centrifuged after 2

hours stirring at 4oC and the pellet resuspended in 4m1 PBS pH

7.4. The suspended protein was dialyzed for 4 days with

several changes of buffer (1-0mM sodium phosphate buffer pH 7),

centrifuged and the supernatant filtered with a L.2¡.t, filter to
give a prepared sample for column chromatography.

Protein G-Sepharose was used to purify the mouse

monoclonal antibody based on the methods in the Pharmacia LKB

Mab Trap G Data File. Five ml of column media hrere used to
prepare a column approximately 2.5 cm in height. The column

was eguilibrated with 20mM sodium phosphate buffer pH 7, at a
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flow rate of 81-ml/hour. Following application of not more

than 40ng of ammonium sulphate purified monoclonal antibody,

the column rnras washed with equilibration buffer to remove

unbound protein. The monoclonal antibody was eluted with 0.l-M

glycine-HCl pH 2.7. Tubes for collection of eluted fractions

were prepared by placing 80¡.11 l-M Tris-HCI pH 9 into each tube.

This served to buffer the fractions. The purified antibody

was pooled and dialyzed against PBS pH 7.2. The dialyzed

material was sterile filtered into sterile vials at a protein

concentration of l.37mg/nl, and stored at -zooC.

Immuno-blot Procedures

One-dimensional SDS-polyacrylamide get electrophoresis

(SDS-PAGE) vras carried out according to the Bio-Rad Mini

Protean fI instruction manual based on the procedures of

Laemmli (L970). Both the Mini protean dual slab gel apparatus

(Bio-Rad Laboratories) and the vertical ge1 electrophoresis

system (Tyler Research Tnstruments) were used. CeII free

extract samples and purified SOD standards were prepared in

SDS sample buffer (0.0625M Tris-HcI pH 6.8; 2Z (w/v) SDS; 1-0?

(v/v) glycerol ì 5Z (v/v) B-mercaptoethanol; and 0.00Lå (w/v)

bromophenol blue) to give a final protein concentration of

l-mg/nl for cell free extracts and 0.2m9/ml for ySOD and

0.Sng/rnl for hSOD standards. Samples ttere boiled for 5

minutes and 3-0¡.cI of sample eguivalent to L}ttg extract, Zttg

ySOD, and 5¡^rg hSOD r{ere separated in a L7Z polyacrylanide slab
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gel. Upon completion of electrophoresis, gels hrere either

stained or transferred onto nitrocellul-ose sheets. GeIs vrere

stained with Coomassie blue (0.1-å coomassie brilliant blue (R)

in 30å ethanol i Loeo acetic acid) and destained with successive

washes of 30? nethanol and 20å acetic acid. Silver staining
was also done according to Blum et al (L987).

For transfer of electrophoretically resolved protein onto

nitrocellulose sheets, the Bio-Rad Laboratories Mini Trans-

blot cell and methods described in the Mini Trans-blot manual

were used. Transfer was carried out in a 25mM Tris-glycine
buffer pH 8.3 containing 20å (v/v) methanol, ât LOO volts for

one hour with cooling at 0-4oC. Nitrocellulose sheets vrere

washed in TBS buffer (20mM Tris-HCl; 5O0mM NaCl pH 7.5) ,

cont,aining 3eo gelatin, overnight to block unbound sit,es, then

probed with either anti-ySOD monoclonal antibody or anti-hsOD

polyclonal antibody. Àntibodies $¡ere diluted to approximately

tp,g/mI in TBS containing 0.05å Tween2O (TTBS) and LZ gelatin

and !{ere washed over the sheets for one hour. Sheets hlere

washed by shaking with TTBS for l-5 minutes then incubated with

a second antibody (sheep anti-mouse lgc) conjugated to

alkaline phosphatase. Detection of immune complexes r{as with

BCIP/NBT phosphatase substrate system (Kirkegaard and Perry

Laboratories, fnc. ) which produced purple colored bands upon

detection of complexes.
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Isoelectric focusing

Polyacrylamide isoelectric focusing of column fractions
and purified ySOD samples was carried out based on the methods

detaited in the Lts.B 221-7 Instruction Pamphlet for use with LKB

Multiphor II electrophoresis unit. Acrylamide gels were

prepared with the addition of Servalyt anpholines pH 4.5-5.0

and 5.0-5.5. The gel pH gradient was prepared by prefocusing

at l-0OO volts (constant amperage of 40 mA). Lyophilized

samples (2Ùttg each) I^rere applied to LKB l-850-9Ol- EF sample

application pads in a volume of 2o¡.tL distilled water, in order

that the completed ge1 be stained for detection of protein by

Coomassie G. For gels to be stained for activity, LOpg of

sample in 1-0¡.11 distilled water hrere applied per sample pad.

Methyl red was used as an indicator to judge the completion of

sample migration. The gel was electrofocused at l-000 volts
(40 mA) for approximately 2 hours. At the completion of the

gel run, 5 gel sections (approximately 2.o cm x l-.0 cm) at

equal intervals from the anode to cathode !,¡ere removed such

that the pH of each section could be measured.

The cornpleted gel T¡/as either stained for protein or

activity. To staín for activity of SOD within the gel, the

method of Beaucharnp and Fridovích (L97L) was followed. First,
the gel was incubated with shaking in 0.1-? nitro blue tetrazo-
Iiurn for 20 minutes, then transferred to a solution of 0.322

TEMED, 0.008å riboflavin, L0mM potassiurn phosphate buffer pH

6.4 for another 20 minutes. The gel was transferred to a dry
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glass dish and illuninated with a fluorescent light for 5 to
l-5 minutes until clearing of bands could be seen. GeIs vlere

stained for protein by incubating approximately 1-5 minutes in
O.O4Z Coomassie blue G in 3.Seo perchloric acid.

Enzyme Linked Immunoassays

The enzyme linked immunoassay (ELISA) protocol for most

purposes such as detection and titration of hybridoma superna-

tants hlas as described by Harlow et al (L988). In brief,
polyvinyl chloride microtiter plates hrere coated with antigen;

2.Spg/weLl ySOD or 5.O¡tg/weIL erythrocyte hSOD in 0. O5llI

carbonate buffer pH 9.6 (0.7959 NarCO, and L.4059 NaHCO, in
500m1 distilled deionized water) and incubated overnight at

AoC in the dark. The plates were washed 3x with PBS pH 7.4

containing 0.05å Tween2o. Any remaining sites for protein

binding hrere saturated by incubating with PBS pH 7.4 contain-

ing Leo bovine serum albumin for one hour at 37oC. Blocking

solution was removed and the plates washed at least 3x as

above. Antibody samples srere diluted in 0.5å bovine serum

albunin (BSA) , O.IZ Tween2O in PBS pH 7.4 and incubated at

37oC for one to two hours or overnight at 4oC. The plates were

washed again and a second anti-immunoglobulin antibody (sheep

anti-mouse lgc or rabbít anti-goat IgG, Sigrma Chernical Co.)

conjugated to al-kaline phosphatase was apptied as a l-OOOx

dilution in PBS pH 7.4 containing 0.5å BSA and 0.05å Threen2O.

The plates were incubated at 37oC for two hours, washed and
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the arnount of alkaline phosphate conjugate bound, detected by

the addition of l-mglrnl disodium p-nitrophenyl phosphate in
substrate buffer (L9.4m1 diethanolamine and 2O.2ng MgClr-6HrO

in 2O0mI dístilled water pH 9.8). Àfter a 30 minute incuba-

tion at room temperature, the amount of hydrolysis of

substrate lvas assessed by measuring the absorbance at 405nm on

a Titertek ELISA plate reader.

A competitive enzyme linked immunoassay nas used for
guantitation of recombinant hSOD and ySOD. The methods used

for the competitive ELISA are described in the ABI Biotechnol-

ogy Inc. Standard Operating Procedure: Quantitative Competi-

tive Enzyme Linked Immunoassay for human Superoxide Dismutase.

In order to carry out the ELISA, the purified ySOD enzyme stas

conjugated to alkaline phosphatase (intestinat type VII) using

glutaraldehyde as a coupling reagent according to the ¡nethod

of Reichlin (l-98O). In brief , L.Omg pure ySOD in a volume

less than 0.4rnl h/as added to a pellet of 3.0m9 alkaline
phosphatase. The volume was adjusted to 0.4mI with sOmM PBS

pH 7.2 (L.939 NarHPOoì 9.669 NaHrPOo; 8.59 NaCI in 1.0L

distilted water), and dialyzed against PBS pH 7.2 for 24 hours

at 4oC with several buffer changes. The volume of the

dialyzed protein was adjusted to 1-000p1 with PBS and zOpL

electron microscope grade glutaraldehyde (Sigma Chemical Co. )

was added. The mixture vras stirred 2 hours at room tempera-

ture on a rotary shaker, diluted and dialyzed again. The

dialyzed conjugate was aliquot,ed and stored for up to 6 months
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at 4oC. Human SoD-alkaline phosphatase conjugate hras prepared

previously in the same way.

To carry out the competitive ELISA, pol1ruinyl chloride

microtiter plates were coated with  ¡.tg/ml mouse anti-ySoD

rnonoclonal antibodies or Lp,q/mI purif ied goat anti-hsoD

polyclonal. Antibodies were dispensed 1-00¡r1/well in 0.1-25M

borate buffer (6.L89 boric acidì 9.549 sodium borate; 8.509

sodium chloride in Loo0ml distilled deionized water). The

plates were incubated overnight at 4oC and washed at least 5

times with 0.ol-sM NaCl, o.05å Tv¡een2o. Serial- dilutions of L0

sample wells $/ere carried out the tength of the plate in PBS

and 0.05? Tween20. A known amount of SOD standard (S¡tg/mL for

hSOD i LO¡tg/mL for ySOD) was serially diluted in the same hlay

in the last two rows of the pIate. At this point, 1-00¡rl of a

l-:500 dilution of hSoD: alkaline phosphatase or a 1-: l-00

dilution of ySOD:alkaline phosphatase was added to each well.

Control we1ls containing r-) no sample with conjugate, tested

the binding of the conjugate to the bound antibody in the

absence of competing antigen and 2') no sample and no conju-

gate, tested the hydrolysis of substrate in the absence of any

bound protein, therefore giving background absorbances.

PLates h¡ere incubated for 2-3 hours at room temperature with

slow shaking on a rotary shaker, then r¿¡ashed as described

previously. one milligrarn p-nitrophenyl phosphate/ml of

substrate buffer v¡as added to each welI and the plates

íncubated at room ternperature until the highest absorbance at
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4o5nm on the plate was 0.35 to l-. At this time absorbance of

each well vras measured on a Tit.ertek Multiskan PLUS reader

interfaced to a computer. A program on the computer reported

calculations performed according to Chang et al (1,975). These

calculations determined the average concentration of SOD in

the sample, based on averages of the replicate samples.

fmmunoprecipitation

Culture samples of Afl22 and AfI22 p37 HSOD from growth

curve experiments were mechanically lysed and the extract

subjected to immunoprecipitation according to the methods of

Maniatis et aI (l-989). Yeast cells were lysed by vortexing

cell pellets with glass beads in 50mM Tris-HCl pH 8, O.LZ

Triton X-l-00 | O.5Z SDS. The extract hras precleared by

addition of 5¡r1 of an irrelevant (hGH) mouse ascites f1uid,

L:LO00 anti-mouse immunoglobulin and 50¡.11 protein A as whole

ceII Staphylococcus aureus to 500¡rl of extract.

Immunoprecipitation of precleared extract was carried out

as follows. The extract (l-oo¡11) was diluted approximately in

half with NET-geI buffer (50mM Tris-HCI pH 7.5ì L50mM NaCl;

o.Lå Nonidet P-40; l-mM EDTA pH 8 ¡ 0.252 gelatinì O.O2? sodium

azide) , and approximately 6opg of mouse anti-ySOD

immunoglobulin G added. fncubation at either 37oC for several

hours with gentle mixing or at Aoc overnight with gentle

mixing was used to form the primary immune complex. Another

incubation t'ras carried out after addition of approximately
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t3o¡tg rabbit anti-mouse IgG to allow it to bind to the primary

immune complex. As mouse IgGr does not bind well to protein

A, rabbít fgG, which does bind weII, is used as a link. To

precipitate the antibody cornplex, a number of reagents were

tried. Either AO¡II protein A from whole cell Staph. A., 3tt:-.

protein A sepharose, or 2oeo PEG 8000 were used to bring the

antigen-antibody complex out of solution. The pellet result-

ing from centrifugation of the precipitation mixturer âs weII

as the supernatant, T¡rere resuspended in SDS-sample buffer,

boiled 3 minutes and the cleared sample loaded on duplicate

l-7å SDs-polyacrylamide gels. One gel was silver stained and

the other gel used for transfer of resolved proteins to

nitrocellulose. To detect the presence of ySOD in the

immunoprecipitate, vrestern blot and detection procedures were

carried out.

Northern Transfer of RNA GeIs and RNA Slot Blots

Total RNA samples were diluted in sterile distilled

deionized water and the absorbance at 260 and 280nm of the

samples was measured. The ratio of Èhe absorbance at 260nm

over that at 280nm indicated the purity of the RNA, such that

a ratio of L.9-2.O signified pure RNA. The concentration of

RNA was then calculated from the Aruo according to Maniatis et

aI (1-989). Precipitat.ion of 2opg of each sample was carried

out with ethanol and the pellet resuspended in 4.7ttL sterile

water. Denaturation for electrophoresis hras accomplished
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according to the methods described by Maniatis et al (1-989) as

follows: To 4.7¡tI of RNA, 3.3pI 6M glyoxal , LO¡.I'L DMSO and

2.O¡tL O.l-M sodium phosphate buffer pH 7 hlere added to give a

sample volume of 20. o¡r1. Sarnples vtere mixed and incubated at

Sooc for 60 minutes. Fo1lowing incubation ApL ge1 loading

buffer (50? glycerol; l-OmM sodium phosphate buffer pH 7¡ O.252

bromophenol blue and 0.252 xylene cyanol) were added per

sanple and one sample loaded per lane.

Horizontal geI electrophoresis vras carried out according

to the methods reported by Maniatis et aI (l-989). Horizontal

LZ agarose gels were poured in sterile l-onM sodium phosphate

buffer pH 7 containing 1-OrnM sodium iodoacetate to inactivate

RNAases. The gels were also run in 1OmM sodium phosphate

buffer, with buffer circulation, for L-4 hours at 70 volts

depending on the electrophoresis unit used. Mini-gels (Tyler

Research Instruments) were electrophoresed for approximately

L hour, white the PhannacÍa slab geI system required a running

time of 4 hours. AIt electrophoresis eguipment $tas made

RNAase free by the technigues described in Maniatis et aI

(l-989). Electrophoresis tanks used for electrophoresis of RNA

were cleaned with a detergent solution, rinsed in water, dried

with ethanol, and then filled with a solution of 3Z HzOz.

After LO rninutes at room temperature, the tank was rinsed

thoroughly with sLerite water and left to air dry.

Following completion of electrophoresis, the gels were

either stained or used for transfer of the nucleic acid to a
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nylon membrane, or rrNorthern transferrr. RNA gels vrere stained

for at least 2 hours in a solution of 3 O¡tg/ml acridine orange

in LOnM sodium phosphate buffer pH 7 according to the rnethods

described by Ogden et aI (l-987). GeIs were destained if
necessary by severaL washes with distilled water then

photographed under normal light. Northern transfer of gels

vJas carried out accordinçt to the ICN Biomedicals Inc. Biotrans

applications booklet. High salt buffer (2Ox SSC: 3M NaCI;

0.3M sodium citrate pH 7) s¡as used for passive transfer of

resolved RNA to the nylon over a period of L2 hours. RNA was

fixed to the membrane by exposure to ultraviolet iltumination
for l-5 minutes using an LKB Transilluminator. Unless

membranes hlere used immediately, they were stored flat at room

temperature.

RNA samples prepared as described previously were

denatured according to the method for slot blot analysis of

RNA (ManiaÈis et âl , l-989 ) and applied directly to nylon

membranes usíng a Bio-Dot SF rnicrofittration apparatus (Bio-

Rad Laboratories). Total RNA at quantities of L, 5, 10, and

sÙttg of total RNA were denatured in 50å fonnamide, 72 forrnal-

dehyde and l-x SSC at 68oC for l-5 minutes. Specif ic amounts of

RNA were applied to each slot of the nicrofiltration apparatus

in a volume of 2OAp,L and allowed to bind to the membrane by

applying gentle vacuum. Nonreversible binding of the RNÀ

sample v¡as ensured by exposure to ultraviolet illumination for
l-5 minutes.
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Preparation of DNA Probes

Human SOD and ySoD cDNA inserts were derived from a

plasmid from ABI Biotechnology fnc. and pGSODI-.1- (donated by

Edith GraIIa, Harvard Univ.) respectively. pGSODL.L was used

for transformation of E. coli DH5o cells to achieve amplifica-
tion of the plasmid. Transformation of competent ceIIs,
prepared previously using calcium chloride, !ìras carried out

according to Maniatis et al (L989). CeIIs harboring the

plasmid \iüere selected for by resistance to ampicillin.

Mini-preps of plasmid DNA from DH5a cells vrere performed

according to Maniatis et al (1989). CeIIs were lysed by

alkaline-SDs treatment and the released nucleic acid cleared

of protein by phenol:chloroform extraction. Pure plasmid oua

samples lvere guantitated by measuring the absorbance at 260nm

and 280nm. An Arro/Arrs ratio eguivalent to approximately l-.8

indicated a pure sample of a concentration egual to the Är.o

nultiplied by the dilution factor and SO¡lg/mJ-. The presence

of the ySOD cDNA insert rras confirmed by elecÈrophoresis of

plasmids digested with the restriction enzymes HindIII, EcoRI

and SaI I. Digested plasrnid DNA was resolved and detected by

electrophoresis in Leo agarose gels containing O.Spg/mL

ethidiun bromide. Gels lrrere poured and run in 0.089M Tris-

HCI, 0.089M boric acid, and 0.002M EDTA pH B, according to

methods found in Maniatis et aI (1-982). UV-illuninated gels

were photographed to give a record of the restriction fragrment
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size, based on a À OWa standard digested with HindIII run with

the sample.

Gels v¡ere also used for transfer of resolved DNA to nylon

membranes or rrsouthern transferrr. Transfer and f ixing of

nucleic acid r¡ras carried out as described previously. Prior
to transfer, nucleic acids within the gels were denatured by

30 minutes of shaking in l-.sM NaCl, O.sM NaOH followed by a

neutralizing step with 3M sodíum acetate buffer pH 5.5 for 30

minutes with agitatíon.
The cDNA restrictíon fragTment vras excised from the

agarose gel and purified using the GeneClean II kit (Bio l-01-

Inc. ) , based on the procedures of Vogelstein et al (1-979) .

The purified ínsert hras then re-run on a LZ agarose gel to

test its integrity and size. The hSOD cDNA insert was

isolated in the same s/ay from the ABI Biotechnology Inc.

plasmid. Insert DNA and oligonucleotides were labelled with
32P such that they could be used as probes for human and yeast

SOD nRNA. Twenty-mer oligonucleotides hrere prepared by the

Regional DNA Synthesis Laboratory, Univ. of Calgary, from

nucleotide seguences derived from non-homologous stretches of

the ySOD gene and the hSOD cDNA coding region. The sequence

for the ysoD-specific oligonucleotide is 5r-AGC cAT CTC cTA

AGA cAC Ac-3 t. The seguence for the hSOD-specific oligonuc-

leotide is S'-ACC CCA Acc TAc TTC CCA AA-3'.

Oligonucleotides were endlabelled using Iy32p]dATP,

according to Maniatis et al (l-989) . Briefly, 1 pmole of
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oligonucleotide was incubated with 3o¡.rci Iy32p]dATP (3oooci/

mmol), 2pL Lox kinase buffer (0.5M Tris-HCI pH 7.6ì 0.1-M

MgCIr; sOnM DTT; l-.OnM sperrnidine and l-.OmM EDTA pH 8), 20

units polynucleotide kinase and L1-.5pl sterile HPLC Arade

water (prepared by filtering deionízed, distilled water

through a Millipore filter apparatus having an organíc filter
and a O .45¡t, f ilter) at 37oC for 3 0 minutes. Labelled

oligonucleotides hrere separated from unincorporated

nucleotides by passage over a DE-52 ion exchange column

(Schleicher and Schuell, Keene, New Hanpshire) and eluted with

l-M NaCI, 20mM Tris-HCl pH 7.5 and l-nM EDTA. CoLumn fractions
hrere counted for 32P incorporation on a LKB RackBeta counter

and stored at 4oC.

cDNA inserts and plasmid DNA ï¡ere labelled by nick

translation with [o32p]dcTP (3oooci/mmo1) . Nick translation

of O.Lpg DNA $¡as carried out using the Boehringer Mannheim

Nick Translation kit according to the methods of Rigby et al
(L977). Labelled DNA hras separated from unincorporated

nucleotides by chromatography on a Sephadex c-50 DNA grade

NICK column (Pharmacia-LKB). The labelled DNA was eluted as

the first, peak of radioactivity with TE buffer (L0nM Tris-HCI

pH 7.5; LmM EDTA).

Plasnid DNA and cDNA inserts hrere also labelled non-

isotopically using the Boehringer Mannheim Nonradíoactive DNA

Labe1ling and Detection kit. DNA was labelled by incorpor-

ation of a nucleotide analog, digoxigenin-l-l--dUTP, by randorn



prime labelling. Hybridization of labelled nucleic acid was

by standard methods and detection vras with anti-dig dUTP

antibodies conjugated to alkaline phosphatase. Hybridization

on membranes was carried out according t,o the manual.

Hybridization solutions were prepared from 5x SSC, O.lZ

sarkosyl I O.O2Z SDS, and l-å blocking reagent supplied with the

kit. Hybridization hras carried out overnight at 65oc.

FoIlowing hybridization, membranes hlere trashed as

described for radiolabelled hybridization in the next sect,ion.

Detection of the nucleic acid was carried out according to the

Boehringer Mannheim manual. Membranes were washed briefly in

l-OOmM Tris-HCl; lsomM NaCl, pH 7.5 (buffer i-), then incubated

in the same buffer containing 0.5U blocking reagent for 30

minutes. Following washing of the mernbrane in buffer L, it

vras incubated with anti-dig dUTP antibody conjugated to

alkaline phosphatase, for 30 minutes. The membrane was washed

several times with buffer l- and the immune complexes detected

with nítro blue tetrazolium and 5-bromo-4-chloro-3-indolyl-

phosphate. Bands of deep purpte color indicated hybridiza-

tion.

Hybridízation of Membrane Bound NucÌeic Acid

Hybridization of labelled probes to nucleic acid bound to

nylon vras carried out according to Thomas (l-980). Prehybridi-

zation and hybridization buffer used consisted of 5x Den-

hardt's solution (0. l-å Fico1l ì O.1,2 PVP; O.LZ BSA) , 6x SSC,
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2ï¡lg/mL denatured salmon sperm DNA and 0.5? SDS. In some

cases, 5OZ formamide r¡¡as incorporated into the buffer to
decrease the hybridization temperature to 42oC.

Prehybridization of alL blots was performed within heat-sealed

plastic bags (Decosonic) with approximately 10nI buffer per

l-00 cmz membrane. Prehybridization incubation was at 65oC for
at least 3 hours with L00 rpm agitation. Three mI of fresh

buffer per L00 cm2 of membrane were placed in the bag for

hybridization purposes and approximately l-xl-oó cpm labelled
probe per mI added. The membrane was incubated at 65oC for 72

hours with 1-00 rpm agitation. Nylon membranes hrere washed

once in 20mI per l-00 cm2 membrane, 2x SSC and O.l-å SDS for L5

minutes with l-00 rprn agitation, followed by a 20 rninute wash

with 0.Lx SSC, O.l-å SDS. The blot was checked for radioactiv-
ity with a Geiger counter following each wash and if levels

appeared too high for an acceptable autoradiogram, washings

were continued with fresh wash buffer.

Autoradiography

Nylon membranes vrere sealed damp in plastic bags and

taped to a backing paper. In a darkroom, Kodak X-omat AR X-

ray filn hras placed over the membrane and an intensifying

screen placed over the fitm. This sandwich was sealed against

light within a stainless steel exposure cassett,e and placed at

-80oC to allow exposure. Exposed film was developed using

Kodak developing chemicals, cBX developing concentrate and
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Rapid Fixer concentrate, according to the manufacturerrs

instructions.
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RESULTS

Purification of Yeast Superoxide Dismutase

The aim of this project was to differentiate between ySOD

and recombinant hSOD and to guantify the leve1s of ySOD

produced in a recombinant yeast systern producing hSOD. In
order to do this, the indigenous ySoD was purified from

Bakerrs yeast, to permit the production of monoclonal anti-
bodies against the ySOD. fsolation of ySOD invoÌved organic

extraction of Baker's yeast (S. cerevisiae) and subsequent

purification by CM-52 cellulose and DEAE-Sepharose chromato-

graphy (Asarni et aI, L987, European Patent). Figure l- is an

example of a typical elution profile from a CM-52 cation-
exchange column. Approximately 80Orng of protein v¡ere

extracted and loaded onto the column from 1-.0 pound (approxi-

mately 4549) of Bakerrs yeast. AIt fractions were assayed for
SOD activity as outlined in the Methods section. Those

fract,ions containing SOD activity were pooled (SOD-I-, Figure

f-) and prepared for further purification. Approximately 50ng

of protein from the pooled peak fractions (SOD-3-) hrere applied

to a DEAE-Sepharose column, then eluted with a salt gradient

of O to O.l-M NaCl; a typical elution prof ile is shown in
Figure 2.

Samples from the various steps in purification were

analyzed by SOD activity assay, SDS-PAGE, and isoelectric
focusing as outlined in the Methods. Analysis of the DEAE-
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Figure l-. Cation exchange chromatography of Bakerrs yeast

extract.

The elution profil-e shown is representative of a typical
purification experiment with cation exchange chromatography.

Àn extract of Bakerrs yeast was resolved by CM-52 cation

exchange chromatography to yield a fraction containing ySOD

activity (SOD-l) as outlined in the Methods.

Approximately 80omg of yeast extract protein v/ere applied

to a CM-52 cation exchange column (l-0.6 cm in height; 5 cm in
diamet,er). Unbound protein r¡/as washed off the column with
0.025M sodium acetate buffer pH 4.8. Elution of the ySOD

containing fraction followed application of a linear salt
gradient of O-0.5M NaCl in 0.025M sodium acetate buffer pH

4.8. Flow rate:252mL/h.

Relative activity of column fractions rn/as determined as

described in the Methods. Activíty is given as the percentage

inhibition of the formation of blue formazan from nitro blue

tetrazolium and C2-. Upon photooxidation of a riboflavin
semiquinone, Oz- is produced, which reacts with nitro blue

tetrazolium. The extent of blue formazan formation is
followed by measurement at Au.o.
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Figure 2. Typical el-ution profile of ySOD purified from a CM-

52 pooled fraction (SOD-I-) using DEAE-Sepharose chromatogra-

phv.

Pure ySOD v/as resolved from a pooled fraction contaíning

ySOD activity (SOD-I-) by chromatography with DEAE-Sepharose as

outlined in the Methods.

Approximately 5Omg of protein from SoD-L hrere applied to
a DEAE-Sepharose col-umn (28 cn in height; 2.6 cm in diameter).

Unbound protein was washed off the column with 0.01M potassium

phosphate buffer pH 6.5. Elution of ySOD (SoD-2) followed

application of a l-inear salt gradient of O-0.1M NaCl in 0.01M

potassium phosphate buffer pH 6.5. Flow rate:16omL/h. An

excluded peak of SOD activíty vras collected following
application of O.5M NaCI in O.O1M potassium phosphate buffer
pH 6.5 (soD-3).
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Figure 3. Analysis of DEAE-Sepharose purified ySOD.

Purified ySOD was subjected to electrophoresis as

described in the Methods. The position of migration of marker

proteins (Bio-Rad Laboratories) are indicated by the arrows.

These proteins are lysozyme (1-4t4OO daltons), soybean trypsin
inhibitor (21-,500 daltons), and carbonic anhydrase (31-,OOO

daltons) .

Samples applied r¡rere:

Lane l-. DEAE-Sepharose pooÌed activity peak (SOD-2) (gttg

protein).

Lane 2. DEAE-Sepharose excluded peak (SOD-3) (spg prot-

tein) .

Lane 3. Erythrocyte hSOD (sl.tg protein) .
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Table 1. Yeast superoxide dismutase purification data.

SAIUPLE VOL.
(mr)

u/ml
xloa

TOT.
ACT.
(u)
x1oó

YIELD
z

mg/
rnl

v/
mg
x
l- 04

FOLD
PUR.

z

YEAST EXTRÀCT 220 t. 07 2.40 t_oo 3.7 J.29

CM-52 POOLED
ÀCTIVITY PEAK

2ro 1. 50 3 -20 t_. o l-.5 520

DEAE-SEPH.
LOAD SAMPLE

42 5.20 2 -20 92 2-4 2.2 760

DEAE-SEPH.
POOLED ACTIV-
ITY PEAK

7L 2-OO 1.40 58 0.24 8.3 2800

7I



Figure 4. Isoel-ectric focusing analysis of purified ySOD.

Purif ied ySOD and erythrocyte hSOD r¡/ere analyzed by

isoelectric focusing (Methods) .

Following isoelectric focusing, 2oO mmz sections of the
ge1 r,rere excised. Ampholines in the ge1 slices v/ere eluted

into 5m1 distilled water and the pH measured using a Fisher

Scientific Accumet 910 pH meter microprobe. The pH of the

section and the positJ-on of excision are indicated by the

affOr¡IS.

Samples applied were:

Lane l-. Erythrocyte hSOD (21ttg protein).
Lane 2. Purified ySOD (21pg protein).
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as described in the Methods. As seen in Figure 5, cleared

bands representing SoD activity lrere visible at the migration
points of the purified SOD samples.

Preparation of Yeast Superoxide Disrnutase Specific Monoclonal

Antibodies

To differentiate the two copper zinc SOD species within
AÍ122 p37 HSOD, a monoclonal antibody specific for the yeast

enzyme was produced using purified ySoD as the immunogen. For

these experíments, fusion efficiency is defined as the number

of well-s which show growth in hybridoma selective medíum as a

percentage of the number of wells plated, following plating of

PEG-treated myeloma and irnmunized spleen cells.
Hybridona fusion yielded a suitable antibody producing

clone. The fusion efficiency was Iow, with 344 wells out of

564 wells plated (61,2 fusion efficiency) showing growth in
hybridorna selective media after 13 days of growth. Most

clones v/ere stable producers of ySOD specific antibody and

displayed no cross reacting antibodies to hSOD (Figure 6).

Five master clones were chosen and for all but one, two

subsequent subclonings hrere performed. Fast growing clones

whose supernatants consistently gave a high absorbance

response with ySOD-coated ELISA plates and no response with

hSOD-coated ELISA plates lvere chosen from master plates for
cloning. All final subclones expressed monoclonal antibodies

of sub-isotype IgG' class having a K light chain. Only two of
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FÍgure 5. Activity Stain of ySOD and hSOD analyzed by

isoelectric focusing.

An activíty stain rÄ/as performed on ySOD and hSOD resolved

by isoelectric focusing, âs described in the Methods. The

position of gel pieces which were sarnpled for measurement of
pH as explained in Figure 4 | are indicated by the arrows.

Samples applied were:

Lane l-. Erythrocyte hSOD (10¡.¿g protein).
Lane 2. Purified ySOD (l-}ttg protein) .

75



5.7 0

I

4.80

I

4.25

I



Figure 6. Analysis of hybridoma supernatants by immuno-slot

blot of ySOD and hSOD.

Various hybridorna media supernatants were used to probe

purified ySOD and erythrocyte hSOD transferred to
nitrocerrulose membranes. Media supernates v¡ere taken from

hybridornas created by PEG induced-fusion of mice myeroma and

immunized spleen celIs performed for the production of anti-
ySOD monoclonal antibodies. Amounts of ySOD and hSOD applied

to the membrane are indicated.
Media supernates used for detection of SOD v/ere:

Blot l-. Hybridoma cel-I line F6 E5 2P4.

BIot 2. Hybridorna cel-I line 2C2 2C3 ZH9.
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the master clones produced antibodies specific for the ySOD

monomer, as judged by immunobl-ot analysis following SDS-PAGE.

Yeast SOD antibody secretion v¡as maintained following two

subclonings of the two master clones. OnIy at, this time was

the clone considered to have antibody production that vras

monoclonal. Therefore one of the clones labelled F6 E5 2B,4,

was chosen for large scale production of monoclonal antibodies

by ascites tumors. This clone was chosen based on its strong

response to bound ySOD in ELISA procedures and its specificity
for the monomeric form of ySOD with lVestern blots (Figure 7).

Hybridona cultures producing monoclonal antibodies rtrere

injected into mice to form an ascitic tumor, which all-owed for
a high titre of ySOD specific monoclonal antibody. The anti-
ySOD monoclonal antibody was purified by Protein G-Sepharose

chromatography. As the monoclonal was isotyped as an fgGr

class antibody, the protein G-resin separates this antibody

and other IgG antibodies from aII other classes of antibodies

present in the ascites fluid. The anti-ySoD monoclonal would

represent, the greatest portion of the IgG fraction, and so

should be sufficientJ-y purified for the purposes of this
investigation. From the Ll- mice originally injected with the

F6 E5 2B'4 hybridorna culture, only I survived and yielded

ascites fluid giving a high titre against ySOD. A total of
37mI of ascites fluid hrere obtained from these I mice and

ammonium sulphate precipitation yielded 75mg of protein. This

preparation, fractionated on a protein G-Sepharose column,
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Figure 7. fmmuno-blot specificity of F6 E5 2B,4 monoclonal

antibodies to denatured ySOD.

Pure ySOD and ySOD present in ceIl extracts of yeast

strains AlI22 and AH22 p37 HSOD, were detected using the media

supernatant of the hybridoma cell líne F6 E5 2B4 | as described

in the Methods.

Samples applied rtrere:

Lane 1-. Afl22 cell free extract (zÙpg protein) .

Lane 2. Purif ied ySOD (spg protein) .

Lane 3. AH22 p37 HSOD cell free extract (zopg protein).

Lane 4. Erythrocyte hSOD (10p9 protein).
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resulted in approxirnately 25ng of rgG prot.ein. The titre
this fgG preparation was l-:l-6000. The antibody was stored

-zOoC at a concentration of 1_.37mg/m1 ín pBS pH 7.2.

Analysis of Yeast Growth and protein production

Experiments using AIl22 and AH22 p37 HSOD !üere carried out

in a total of 6 triars. one trial was performed without
grucose supprementation and in comparison to the other trials
demonstrates the effects of glucose supplementation in batch

culture. Both Arr22 and AÍtz2 F37 HsoD curtures had similar
growth kinetics. The type of growth curve generated from the
measured absorbance r^ras typical of that seen with any aerobic

microbiar growth in liguid culture (Jawetz et ar, L}BT). As

seen in Figures 8 and g I the exponentiar or log phase of
growth began 4-8 hours post inoculation and extended untir 72

hours for AÍ122 and 60 hours for AH22 p37 HsoD. Figures 8 and

9 are representative of G growth triar experiments, arl of
which showed reproducibility of absorbance resurts. Following

logarithrnic growth, the absorbance reached steady state or

stationary phase for the rernainder of the experiment. Even

though both curtures were grov¡n in nonserective medium, the

wild type strain AH22, achieved a higher celr density at its
stationary phase. At each sarnpting time point, extracts were

made as described in the Methods.

For all growth trials, protein from cell-free extract,s

was analyzed by sDS-PAGE. A band migrating at the position of

of

at
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Figure 8. Typical growth curve of AH22.

The absorbance of S. cerevisiae straín AÍIZZ cultures,
grohrn in shake fl-asks with YEPD medium, v/as measured as a

function of time (Methods).

AII22 yeast culture at an absorbance of approximately J-O

hras used for inoculation of 200n1 YEPD in a l_.OL erlenmeyer

flask (5n1 inoculum). Cul-tures v/ere incubated at 3OoC with
2OO rpm agitation. Approxirnately every 24 hours a sample of
culture was removed and the absorbance measured.
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Figure 9. Typical growth curve of AH22 p37 HSOD.

The absorbance of S. cerevisiae recombinant straín AÍ122

p37 HSOD curtures, gro\^/n in shake frasks with yEpD medium, was

rneasured as a function of time (Methods) .

YEPD medium (200m1) in a l_.OL erlenmeyer flask was

inoculated with 5rn1 of an AH22 p37 HSOD yeast culture at an

approximate absorbance of 10. Cultures T¡rere incubated at 3OoC

with 200 rpm agitation. Àpproximately every 24 hours a sample

of culture r^ras removed and the absorbance measured.
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the recombinant hSOD standard became prominent within the AH22

p37 HSOD extract by 24 hours, after which levels increased

slightly to a steady state level (Figure 10). A very slight
band was present in AH22 extracts at the location where pure

ySOD migrated. This band appeared early in growth and seemed

t,o maintain the same level over the length of the growth curve

(Figure 11). Cell extracts from atl 6 growth trial experi-
ments displayed the same protein banding pattern, upon SDS-

PAGE, âs observed in Figures l-0 and l-t-. Production of both

SOD proteinsr ês judged by Coomassie blue or silver stained
geIs, appeared to fo1low the curve prepared from assay of
total extracted prot,ein, âS seen in Figure tZ. CeII free
extracts assayed for proÈein show total protein levels rising
during the exponential phase of growth and reaching a rela-
tively steady state level during the stationary phase of yeast

growth. Protein assays of all growth triat cell free extracts
displayed a sinilar pattern of protein production.

Differences between growth rates and absorbance of yeast

cultures with

significant.
or

The

without glucose supplementation were not

purpose of glucose addition was to try to
more closely approximate or replicate fermentor studies.

During a fermentor growth trial a glucose feed would be

started during mid-log phase such that cellular mass could

increase. Once the cell bulk reached stationary phase, the

stable recombinant, hSOD protein would accumulate and so be

harvested (HallewelÌ, t-987). In batch culture, glucose
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Figure l-0. Analysis of AH22 p37 HSOD cell free extracts.
CeIl free extracts of AH22 p37 HSOD from growth trial

sarnpres hrere analyzed by SDS-PAGE. The positions of mÍgration
of marker proteins (Bio-Rad Laboratories) are indicated by the

arroh¡s. These are lysozyme (1-4,400 daltons), soybean trypsin
inhibitor (21,500 daltons), carbonic anhydrase (31_,OOO

daltons), ovalbumin (42t699 daltons), bovine serum albumin

(66,2OO daltons), and phosphorylase B (97,4OO daltons). The

position of migration of hSOD and ySOD has also been

indicated.

Samples applied vrere:

Lane l-. Low molecular weight markers (IOpq protein).
Lane 2. Purif ied ySOD (2ttg protein) .

Lane 3. L2 hours of growth (I}ltg protein) .

Lane 4. 24 hours of growth (10¡rg protein).
Lane 5. 48 hours of growth (IOpg protein).
Lane 6. 74 hours of growth (L)pg protein).
Lane 7. l-00 hours of growth (L)pg protein) .

Lane 8. 1-44 hours of growth (L}¡tg protein) .

Lane 9. Erythrocyte hSOD (íltg protein) .
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Figure l-l-. Anatysis of AH22 ceII free extracts.
cel] free extracts of Aflzz growth triar samples vrere

analyzed by SDS-PAGE. The positions of migration of marker

proteins (Bio-Rad Laboratories) are indicated by the arrows.

The marker proteins are described in Figure t-0. The position
of migration of ySOD is also indicated.
Samples applied h¡ere:

Lane l-. Low molecular weight markers (10¡¿g protein).
Lane 2. Purified ySOD (2pq protein).
Lane 3. I hours of growth (I1pg protein) .

Lane 4. 1-2 hours of growth (Iottg protein) .

Lane 5. 24 hours of growth (i.O¡¿g protein).
Lane 6. 48 hours of growth G)pg protein) .

Lane 7. 74 hours of growth (10¡.¿g protein).
Lane 8. l-00 hours of growth (10¡.¿g protein).
Lane 9. L44 hours of growth (10¡¿g protein).
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Figure L2. rntracel-lurar protein level-s of yeast during
fermentation.

A. Protein content of Afl?z growth trial samples as a

function of tíme.

B. Protein content of AH22 p37 HSOD growth triat samples

as a function of tirne.

The protein levels exhibited are representative of
typicar growth experiments. cerl free extracts of curture
samples hrere assayed for protein using the BCA protein assay

reagent, as described in the Methods. protein content vras

obtained using bovine serum albumin as a standard.
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supplementation did not significantly increase the cerl bulk
over 3 days of growth as compared to a non-supplemented

culture.
Yeast SOD and recombinant hSOD rárere selectively differen-

tiat,ed from all other extract,ed proteins and from each other
by immunoblotting. Thís alrowed visualization of each

proteinrs expression over time within each strain. cerl free
extract protein from 6 growth trial experiments provided

simirar resurts upon immunoblotting. yeast soD was present in
both strains earry in growth and reached a steady state leveI
at approximately 24-48 hours (Figure t-3A and L3B) . Recornbi-

nant hsoD began to appear in l-2 hour sampres and increased by

24 hours of growth (Figure l_3C).

Analvsis of Hunan Superoxide Dismutase and Yeast suoeroxide

Dismut.ase Production

The guantitation of recombinant hsoD was performed by a

cornpetitive ELrsA system using a goat anti-hsoD porycronat

antibody. cerr free extract samples from s growth trial
experiments were assayed for hsoD. These assays have shown

that hsoD was reproducibry produced at a consÈitutively high
lever (Figure 14). The pattern of relatíve Ievels of recornbi-

nant hsoD during the fermentation hras simirar to the curve

observed with the assay of total protein and celr density,
therefore suggesting constitutive expression. By thÍs assay

method, recombinant hsoD appeared to be expressed at approxi-
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Figure l-3. rmmuno-blot detection of ysoD and hsoD in yeast

ceII free extracts.

A. rmmuno-blot of AH22 celr free extracts probed with
mouse anti-ySOD monoclonal antibodies.

B. rmmuno-blot of Afrzz p37 HSOD cel-l- free extracts
probed with mouse anti-ySOD monoclonal antibodies.

c. rmmuno-blot of AH22 p37 HSOD celr free ext.racts
probed with goat anti-hSOD polyclonal- antibodies.
Samples applied r¡¡ere:

Lane l-. Erythrocyte hSOD (Sttg protein).
Lane 2. 1-44 hours of growth (I1ttg protein) .

Lane 3. l-00 hours of growth (I1pg protein) .

Lane 4. 74 hours of growth (I1ttg protein).
Lane 5. 48 hours of growth GOpg protein) .

Lane 6. 24 hours of growth (Iottg protein) .

Lane 7. 1-2 hours of growth (LÙttg protein) .

Lane 8. 8 hours of growth (L1pg protein) .

Lane 9. Purif ied ySOD (zttg protein) .
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Figure 1-4. Quantitation of recombinant hsoD i-n growth trial
ceII free extracts.

The percentage plot of hSOD l_evel_s from yeast ceII free
extracts is representative of a typÍcar growth experiment.

Quantitation of recombinant hsoD was carried out on Atrz2 p37

HsoD cerr free extracts by competitive ELrsA as described in
the Methods.

97



hSOD (Z ot totol protein)

86

T
co.t
nOa
(J
-Tl

C)
n
5c0
ìoT



mately 3.52 of the total extracted protein. Other investiga-
tors using comparable promoter systems have obtained expres-

sion leve1s where l-7OZ of total ce1l protein was present as

heterologous protein produced in yeast (Table A). Relative

production rates of recombinant hSOD deternined by

densitometric scanning of Western blots (Figure 15) agreed

with the values obtained by competitive ELISA (Figure L4).

fmmunoblots of ceIl free extract, protein from 5 growth trial
experiments hrere scanned in order to analyze the relative
production rates of hSOD.

To distinguish between ySOD and hSOD in the recombinant,

system, immunological procedures vrere used. Initial experi-

ments to guantify ySOD employed the same competitive ELISA

used to determine the level of recombinant hSOD. In this
procedure, pure ySOD conjugated to alkaline phosphatase

competed with ceII extract ySOD for mouse anti-ySOD IgG

binding sites. There r'i¡as little confidence in the ySOD data

by this method because of the large variance that was

observed. One possible explanantion was that ySOD levels in
the celI extracts were below the levels of accurate detection

with the ELISA system. The lower lirnit of detection of

antigen for this assay was over 3-00ng of ySOD. This would

reguire ySOD levels within the extract, to exceed L¡tg/mL. The

scattered results may have reflected cross reaction of

interfering yeast protein with the bound monoclonal antibody.

There are numerous inherent difficulties with the ELISA
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Figure 1-5. Rerative levers of recombj-nant hsoD during growth

of AH22 p37 HSOD.

The relative revels shown are representative of a typical
growth experiment. Densitometer scans of immuno-blots were

performed to obtain a relative measure of recombinant hsoD

over the period of growth of AH22 p37 HSOD. rmmuno-blots of
cell free extracts from growth trial samples were performed as

described in the Methods.
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procedure. For example, many things can intefere with binding
of the antigen and antibody. other factors such as the

activity of the arkaline phosphatase, and non-enzymatic

hydrolysis of the substrate may add to the inherent error
(Tijssen, 1985).

Further experiments to quantify the ySOD utilized the

method of indirect immunoprecipitation. This method wourd

alrow serective precipitation of antibody bound-prot,ein

comprexes, and thus quantitation of those prot,eins which are

radioraberred during metabolic uptake of radioactive amino

acids. rnitially, immunoblots of immunoprecipitate and

supernatant samples from unlabelled culture ext,racts were

performed, to measure the efficiency of partition. From these

experiments it was found that ysoD did not guantitativeJ-y bind

the ant,i-ysoD-aggregate complex in solution. severar means of
aggregate precipitation h/ere tried, including protein A whore

cell, protein A-sepharose and pEG-gOOO. Regardless of
attempts at optirnization, the ysoD stirr appeared to partition
almost exclusively to the supernatant fraction.

It was decided that protein would be quantified by

densitometric scanning of western blots. rt was known that
the ysoD monocronal antibody exhibited high specificity and

rras very sensitive to detection of denatured ysoD, therefore
making a serective measurement possible. Many others have

used this method to derive rerative levers of a protein within
part.icular extracts (Gregory et aI, Lg74i chen et ar LggT î
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!{esterbeek-Marres et aI, r-998; Greco et al l-990; Livi et ar
L990). Therefore this method v¡as used to measure relative
revels of both recombinant hsoD and indigenous ysoD. cerr
extract protein (10¡rg) was electrophoresed and transferred to
nit,rocerlurose to perform immunobrotting, as previously
described. rn this hray the ysoD vras differentiated from

recombinant hsoD as there was no cross reaction between anti-
ySOD fgG and denatured hSOD. The detected blots vrere scanned

by a Desaga cD60 scanning densitometer at a wavelength of
59onm. Experimental values from densitometric scanning vrere

obtained by comparison to known amounts of purified ysoD and

hsoD that had undergone the same manipulations. An approxi-
mate microgram value was assigned to the soD present in the
extract samples through these means. such values are quanti-
tative only when the coror reaction intensity of samples and

standards falls in the rinear range. A semi-quantitative
measure of ysoD from AÍlz2 was obtained through cornparison of
extract sampres to a standard curve of purified ysoD. As a
percentage of totar extracted protein, ysoD comprised approxi-
matery o.2z during stationary phase growth (Figure 16).
During the early hours of growth, ysoD levers were just under

1-.0å of totar extracted protein. Arthough there hras an

increase in ysoD protein during the early hours of growth, the
peak observed in Figure i-6 is exaggerated. Both AÍ122 and AH22

p37 HSOD cerl- free extracts, from 4 growth trial experiments,
disprayed the same relative increase in ysoD up to 24 hours of
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Figure l-6. ysoD production in AH22 as a function of time.
Densitometer scans of immuno-blotted AÍr22 celr free

extracts $¡ere performed in order to obtain a semi-guantitative
measure of ysoD. Levels of ysoD shown are represent,ative of
a typicar growth experiment. The procedure for immuno-

blotting of ceII free extracts from growth trial samples is
described in the Methods.
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growth, after which levers decreased slightly to a relatively
steady level.

The method used to measure l-evers of ysoD alrowed a
rel-at,ive comparison of the ysoD present in each extract. The

inherent variation in band intensíty per blot (Bishop et ar,
l-990) suggested that a semi-quantitative measure of ysoD wourd

be obtained with densitometric scanning, which was the best
and most feasible means of guantifying the ysoD for this
investigation. rnitial experíments indicated that up to Lottg

of cell free extract protein could be analyzed with confidence
that resurts wourd be in the rinear response region of the
method. All subseguent experiments have used Lopg or less
cerl free extract protein to analyze revels of ysoD. As

results obtained from lrlestern blot scans and ELrsAs agreed

well for hsoD rates of expression, there was confidence in the
method of densitometric scanning as a semi-quantitiative toor.

The percentage of total protein comprising ysoD lras

considerably rower than that found v¡ith recombinant hsoD,

which was expected of a protein from a chromosomal gene in a

recombinant system. when relative levels of ysoD were assayed

from the cell free extracts of 4 growth trial experiments and

both strains hrere compared, there was rittre difference in the
rate of expression of ysoD between Arr2z and AH2z p37 HSOD

(Figure L7).
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Figure J-7. Relative levels of ysoD during growth of AÍ122 and

Afl22 p37 HSOD.

Levels of ySOD shown are representative of a typical
growth experiment. rmmuno-blots of AH2z and Arr22 F37 HSOD

cell free extracts probed with anti-ySoD monoclonal antibodies
were scanned in order to derive a rel-ative measure of ysoD.

The relative levels obtained are representative of 4 growth

experiments.
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Dismutase Messenger RNÀ

PrelímÍnary transcription anarysis of the recombinant

hsoD and ysoD genes was performed. As the prot,ein levels over

time suggested constitutive expression (Kingsman et ar, L}BT)

a steady-state lever of messenger RNA was expected. rt was

also of interest to examine whether levels of ysoD protein in
the reco¡nbinant organism refrected residual protein. rf the
ysoD was affected by recombinant hsoD production at the
transcriptionar lever, the messengier species may be repressed.

Therefore steady state revels of ysoD protein seen in the
rater hours of growth may be the resurt of stabre, residuar
protein.

Total yeast RNÀ was extracted from both AH22 and AH22 p37

HSOD, as described in the experimental procedures. Appropri-
ate amounts of RNA (l-5-3o¡.tg/geL for Northern transferì L-so¡tg/

slot blot) hlere analyzed by hybridization of DNA probes to the

membrane bound nucreic acid. Both the ysoD-specific oligonu-
creotíde and the pGSoDJ-.L cDNA insert probe hybridized to
messenger species that hrere approximately l_kb in tength
(Figure l-84 and Figure 1BB). This messenger RNA was present

in both yeast strains at about the same revelr ês determined

visualry. The transcripts were at a steady state revel in the
early growth phase untir approximately 24-49 hours of growth,

aft,er which no transcript was detected. Levels of nRNA

1_09



Figure l-8.

A. Autoradj-ograph of a Northern brot ì AH22 and Aft22 p37

HSOD total RNA extracts, probed with a ysoD-specific

oligonucleotide.

The position of migration of the yeast ribosomar RNAs

have been índicated.

í. AÍ122 p37 HSoD total RNA extracts (zoltg RNA).

ii. AII22 total RNA extracts (2ottg RNA) .

Samples applied v/ere:

Lane 1. L44 hours of growth.

Lane 2. LOz hours of growth.

Lane 3. 72 hours of growth.

Lane 4. 49 hours of growth.

Lane 5. 24 hours of growth.

Lane 6. L2 hours of growth.

Lane 7. 4 hours of growth.

Lane 8. Yeast rRNA standard (pharmacia).
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Figure t-8.

B. Autoradiograph of a Northern blot i AH22 and AH22 p37

HsoD total RNA extracts, probed wíth the ysoD cDNA insert of
pGSODJ-. 1_.

The position of rnigration of pBR322 restriction digested
with RsaL, has been indicated by the arrows.

Samples applied were:

Lane l-. Prasrnid containing hsoD cDNA, restriction di-
gested with pstl (l_OOng DNA).

Lane 2. pGSoD1.1 restriction digested with Hindrrr (t_oo

ng DNA).

Lane 3. AHzz p37 HSOD total- RNA extract; 24 hours of
growth (Lspq RNA).

Lane 4. AH22 p37 HSOD total RNA extract; l-2 hours of
growth (Ispg RNA).

Lane 5- AHz2 total- RNA extract ì 24 hours of growth
(Lspg RNA) .

Lane 6. AH22 totar RNA extract ì tz hours of growth

(Lspg RNA).
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detected should be accurate based on eguar loading of each

lane with the same microgran quantity of RNA (Figure 19).

Analysis of recombinant hSOD nRNA revealed that the

transcript was present either in very row amounts, below the

linits of detect.ion by this method, or the recombinant hsoD

nRNA was turned over so rapidry that it was not present in the
totar RNA pool. Through the use of severar hsoD-specific
probesr ro messenger RNA bands were visible upon autoradio-
graphy, yet the probe specificity had been confirmed using

positive control-s (Figure 20). rntegrity of the RNA was arso

confirmed by acridine orange staining of the agarose ge1 príor
to transfer (Figure 19). Therefore, if recombinant hsoD

messenger RNA was present, it should have been visible upon

autoradiography. Since it r^ras not visible, it st,rongly

suggested that the transcript r¡ras present in very low amounts

or it was very unstabre. Hybridization of membrane-bound

tofal RNA, transferred by a vacuum slot maniford (srot blots),
with yeast and human specific probes yielded very littre
information. rnitiar experiments which used relatively row

guantities of bound RNA (L, S, and 10Å¿g) on nylon membranes

did not show any hybridization with radioraberred probes or
aberrant hybridization with nonisotopic probes. Further

experiments used a much higher load of RNA (up to 5O¡¿g), and

in those experiments hybridization with a hsoD cDNA insert,
probe gave a weak, but apparently real signal (Figure 2L).

Therefore it appeared that the nRNA for reconbinant hsoD was

i-L3



Figure L9. Electrophoretic analysis of total RNA extracts
from AfI22 and AH22 p37 HSOD growth trials.

Total RNA extracts r¡/ere electrophoresed as described in
the Methods and the gel stained with acridine orange. The

position of migration of yeast ribosomal RNA is indicated by

the arrows.

i. Afl22 total RNA extracts (2ottg RNA) .

ii. AfÍ22 p37 HSoD total RNA extracts (zottg RNA).

Samples applied \A/ere:

Lane l-. 4 hours of growth.

Lane 2. 1-2 hours of growth.

Lane 3. 24 hours of growth.

Lane 4. 49 hours of growth.

Lane 5. 72 hours of growth.

Lane 6. 1-O2 hours of growth.

Lane 7. L44 hours of growth.

Lane 8. Yeast rRNA standard (Pharmacia).
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Figure 20. Autoradiograph of a Northern brot ì Aïr22 and AH22

p37 HSOD totar RNA extracts probed with the HSOD cDNA insert.
The position of migration of pBR322 restriction digested

with Rsal-, has been j-ndÍcated by the arrows.

Samples applied r¡¡ere:

Lane l-. Plasmid containing hSOD cDNA restriction di-
gested with pstl (1_0Ong DNA).

Lane 2 . pGSODI-. 1 restriction digested with HindIII ( l-OO

ng DNÀ).

Lane 3. AH22 p37 HSOD total RNA extract; 24 hours of
growth (Isttg RNA) .

Lane 4. AH22 p37 HSOD total RNA extract; t_2 hours of
growth (75p9 RNA).

Lane 5. AH22 total RNA extractì 24 hours of growth

(Ispg RNA) .

Lane 6. AH22 total RNA extractì 12 hours of growth

(Lspg RNA) .
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Figure 2L. slot blot of Att22 and AH22 p37 HSOD totar RNA

extracts; hybridization with a non-isotopicalry raberred. HSOD

cDNÀ insert probe.

Co1umn i. AH22 total RNA extracts (sopg RNA).

column ii. AH22 p37 HSOD totar RNA extracts (50ttg RNA).

Co1umn iii. cDNA insert controls (2.5ng).

Samples applied hrere:

Row l-. 4 hours of growth.

Row 2. 8 hours of growth.

Row 3. L2 hours of growth.

Row 4. 24 hours of growth.

Row 5. 48 hours of growth.

Row 6. 74 hours of growth.

Row 7. I20 hours of growth.

Row 8. ySOD cDNA insert.
Row 9. hSOD cDNA insert.
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present, but at low levels. This result may reflect cross

reaction with contaminating plasrnid DNA present in the RNA

sample. Some Northern blots have shown hybridization bands at
distances egual to the migration of plasnid DNÀ, thus this rnay

interfere in slot blot, hybridizations. Therefore transcrip-
tion analysis has been chiefly based on hybridizations of
Northern transfers which demonstrate the presence of ySOD nRNA

in both strains and the absence of detectable hSOD nRNA in
AfI22 p37 HSOD.
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DISCUSSÏON

Heterologous protein expression in S. cerevisiae has

become well established in the past several years, with Èhe

advent of heterologous expression in yeasts starting at the

beginning of the decade (Kingsman et aI, L985). It is the

preferred organisrn for the production of many eukaryotic

proteins as it offers many advantages over expression in
prokaryotes (see Historicat). The expression of hSOD in S.

cerevisiae has allowed the production of high levels of

biologically active soD. When hSoD hras expressed in an

organism such as E.'coli, high leve1s of protein were prod-

uced, but were sometimes lacking in activity and N-terminaL

acylation (Hartman et al, l-986; Takahara et aI, l-988). There

was also evidence that E. coli strains carrying a hSOD

expressing plasmid were growth suppressed (personal results,
Berrningham-McDonogh et aI, l-988) .

The expression of hSOD in yeast appears to offer an ideal

means of producing the recombinant protein, as compared to E.

coli. One factor that may complicate the purification of

recombinant, hSOD from the recombinant yeast strain is the

indigenous yeast copper-zinc SOD. In almost all recombinant

protein expression systems in yeast, there has been no

equivalent native S. cerevisiae protein which Ì{as co-expressed

(Table A). If a yeast gene was homologous in nature to the

recombinant mammalian protein to be investigated, the

L22



researchers would usually produce a yeast deletion mutant.

Such mutants were studied to observe the ability of the

recombinant protein to cornplement the yeast protein deficiency
(Snith et aI, l-990; Thigpen et al, l-990).

Endogenous SOD from Saccharomyces cerevisiae differs from

hSOD; it contains methionine within its amino acid seç[uence,

and is not acetylated at its arnino terminal group (Hatlewetl

et aI, L987 ) (Table B). However, sinilarities between the tv¡o

SODs are significant as S. cerevisiae and human SODs share

acidic isoelectric points and approximately 552 amino acid

sequence homology (Bannister et âI, L987 ) (Table B). Such

similaríties may influence purification of the hSOD from the

recombinant yeast system.

The aim of this research project was to examine the

expression of human and yeast SOD from a recombinant strain of
S. cerevisiae. Information was collected on the expression of
ySOD from the wild type and reconbinant yeast strains, and the

expression of hSOD frorn the recombinant yeast strain. This

information witl assist in optirnizing the purification of

hSOD. As AfI22 p37 HSOD was not a deletion mutant for SOD,

ySOD $¡as expected to be produced as normal. Yeast SOD

expression vras monitored to observe any effect by recombinant

hSOD expression. In other expression systems constructed

solely for research purposes, the presence of a recombinant

homologous gene product (eg. human phosphoglycerate kinase) in
yeast, did not affect transcription and translation of the

L23



native yeast gene (eg. yeast PGK) from the chromosome (Kings-

man et al, l-985; Chen et aI, 1,987).

It is known that high level production of some

heterologous proteins in S. cerevisiae causes an increase in
doubling time (Kíngsrnan et aI, 1,987) | and thus a reduction ín
growth, such that the organism cannot tolerate high levels of
the recombinant protein (Kingsnan et al, l-985). Oft,en plasrnid

encoded protein production wiII occur at the expense of host

biomass production (Gopat et aI, l-989). This is most like1y
the conseç[uence of cornpetition betvreen plasmid directed and

host chromosome directed metabolism for some cellu1ar func-

tion, such as energy provision, transport mechanisms, or the

precursors and machinery of protein and DNA synthesis (Gopal

et aI, L989).

High leve1 efficient expression of the hSOD was dependent

upon the construction of a suitable plasmid. In order to
direct transcription of the hSOD cDNA coding region, the

promoter and terminator sequences for the yeast enolaseL gene

T^¡ere used (Figure A). Enolase exists in nultiple forms in S.

cerevisiae, âs two structural genes coding for enoLase are

present in the yeast genome (HoIIand et aI, l-981-). The coding

region for hSOD was synthetically created and joined directly
5 r to the ENOI- promoter and 3 t to the ENOI- terminator. A cDNA

coding region for hSOD was necessary, as S. cerevisiae does

not reliably process heterologous introns (Kingsman et âI,
L985). By using the ENol promoter, high level const,itutive
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expression of hSOD hras expected. Enolase messenger RNA is one

of the most abundant nRNAs ín vegetative yeast celts, and

enolase comprises one of the most abundant enzymes found in
yeast (Holland et aI, l-98L). There is evidence though, that
there are differences in transcription rates and/or half-Iives
of the mRNAs from the two structural genes for enolase

(Holland et aI, l-981-).

The plasmid construct also contained the endogenous yeast

2¡.lm circle origin of replication, REPI- and REp2 gene products

and the REP3 gene fragment. Such requirements r,trere necessary

for high copy, stable propagation of the plasmid, as the AIIZ2

strain has been rendered [ciro1 (Broach, i-g93; Futcher, ]_988).

It is thought that curing yeast strains of the endogenous 2¡rm

circle plasmid, and instead incorporating the essential
components of the 2pm plasrnid into the recombinant plasmid

will allow for higher copy numbers of the recombinant plasmid

within the organism (Broach, 1-983). Inclusion of the 2pm

circle portion when constructing the vector allowed a high

freguency of transformation and automonous replication within
the nucleus, Ieading to a high copy number of stable ptasmid

(Broach, l-983 ) .

Despite the number of plasnid copies present per ceIl,
production of recombinant protein was also dependent upon the

rate of transcription from the vector (Kingsnan et al, l-985).

As the promoter/terminator system used directed const,itutive
expression, hSOD transcription should be at a relatively
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steady state level during the course of the growth trial.
Human copper zinc SOD, when chromosornally expressed, is an

inducible enzyme (Bannister et âI, l-987) . Under rtnornalrt

conditions of oxygen and medium metal content, the enzyme is
constitutively expressed. Under periods of oxidative stress

SOD levels will increase by up to 1OO? (Hassan et al, L9B6).

Àt leve1s where both copper and oxygen are toxic to yeast

cells, total cellular mRNA decreases. Despite this decrease,

ySOD nRNA appears to increase, thus causing an increase in SOD

protein. Therefore the induction of hSOD occurs at the

transcriptional level (Greco et al, L99O), and such control
would not be exercised on the reconbinant hSOD directed by the

ENOI- promoter.

Regardless of the rate of transcription of the hSOD, the

high ptasmid copy number present caused over-expression of the

hSOD. In systems where a high ptasmid copy number exists,
often a reduction in growth rate occurs (Gopal et al, l-989).

A selective advantage is then conferred to those cells v¡ith a

reduced çtene dosage (Kingsrnan et a1, l-985). Results presented

here show that the growth rate of AII22 p37 HSOD was disrupted

slightly from wild type levels, most likely as a result of
high copy number of p37 HSOD. A high plasmid number causes

suppression of growth rate due to the added reproductive and

metabolic loads on those cells (Lee et aI, l-986). fn addi-

tion, the Zpm circle, a component of p37 HSOD, gives a LZ

disadvantage on its host, in terms of maximum growth rate when
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the organism is grown in a rich medium such as yEpD (Futcher,

r_e88 ) .

Cell densities of the recombinant yeast strain were

slightly depressed as compared to values for the wild type

yeast strain (Figure 8 and Figure 9), when both strains were

grown in YEPD medium for approximately six days. Non-seLec-

tive medium (YEPD) was used for growth comparisons of the two

strains, as growth of the recombinant strain was improved over

growth in selective medium, and p37 HSOD was found to remaín

stable over the course of 6 days under non-selective condi-
tions. Although YEPD medium rnay allow less plasnid stability
than selective medium, it is often given preference for
industrial scale-up procedures due to the higher growth rate
and cell densities achieved, and the low cost of medium

preparation (Lee et al, 1-986). Previous experiments carried
out in this laboratory confirmed that any plasmid minus

revertants would not have so great an advantage that they

would outgrow the recombinant yeast straín over a period of a

week. The slight repression of growth, as observed with the

absorbance, did not affect protein levels from the recombinant

yeast strain when compared to 4H22. When protein levels were

normalized as a function of the absorbance, the protein leve1s

s¡ere similar for the two yeast. strains. This may be a

reflection of a greater percentage of protein per AfI22 p37

HSOD cell due to the high level expression of hSOD.
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The guantity of recombinant hSOD in Aft22 p37 HSOD nas

typicat of expression levels observed with constitutively
expressed recombinant proteins (Table A). Reconbinant hsoD

comprised approximately 3.52 of the total extracted yeast

protein when cells T¡rere harvested in stationary phase of
growth (Figure 14). other investigators have used a consti-
tut,ive promoter to express hSoD in yeast, with guite different
results (HaIleweII et al, l-987). For this plasmid construct,

hSOD expression v¡as directed by the yeast cADpH promoter,

which directs constitutive expression. Recombinant hsoD was

extracted during stationary phase of growth as 3OZ-7OZ of the

total yeast protein. Hallewell quantified the hSOD protein by

densitometric scanning of SDS-PAGE ge1s, and so the wide

variation seen was most likely due to the assay system. Using

the same assay system to guantify hSOD from AÍIZZ p37 HSOD,

produced a value of 2OZ-45e" of total yeast protein present as

recombinant hSOD, in the stationary phase of growth. Upon

Hallewell's purification of the hSOD, tryptic peptide maps

were made of the purified material. Based on the differences
in tryptic fragments of human and yeast SOD, the purified
recombinant hSOD was found not to be contaminated with ySOD.

This result suggests that ySOD was still expressed by the

recombinant yeast strain and that the purification !üas

sufficient to separate the two proteins. These investigators
did not examine the possibility of a change in expression

Ievel of the ySOD due to the presence of hSOD.
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Significant increases in hSOD yield have been achieved

through extension of the stationary phase, and subsequent

harvest. cangiene corporation (unpublished observations,

1987 ), when analyzing extracts of Aft22 p37 HSOD, have obtained

greater than 2oZ of total cellurar protein of stationary phase

celrs as recombínant hsoD. This lever of hsoD is most, likery
due to the extended stationary phase growth of AH22 p3z HSOD

in a fermentor. The high rever may arso refrect the method of
guantitation; densitometer scanning of a Coomassie blue

stained SDS-PAGE gel of yeast cerr extracts. The observation

of high recoveries of hsoD during stat,ionary phase harvest of
yeast cells was due to the intracerrular stability and resis-
tance of SOD to proteolytic cleavage, during a time in the
growth cycle when most of the host proteins were being

degraded (cangene corporation unpubrished observation, L9g7) .

As measurement of hSoD in this investigation vJas carried out,

by quantit,ative ELISA, the value of 3.SZ is acceptable, and

werr within the expected linits for recombinant, protein
production.

Levels of ySOD within the recombinant system vrere

comparable to leveÌs observed with wild type Af\22 (Figure L7).

Through the use of a semi-quantitative method of measurement,

integrative densitometer scanning, ysoD was found to consti-
tute approxirnately o.22 of totar extracted Aftzz proteín during

the stationary phase of growth (Figure 16). Therefore

recombinant protein production hras approximatery L7-fold
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higher than native ysoD expressed frorn the chromosome. yeast

soD is constitutivery expressed at a relativery high revel
under normal growth conditions (Bermingham-McDonogh et al,
l-988), but ít is inducible when the yeast cell is under

oxidative stress (see Historicar). Expression levers derived

from literature val-ues of ysoD specific activity (Johansen et
â1, l-98L, united states Patenti Greco et ar, l-996i Hassan et
â1, 1-986; Lee et aI, L9B7) , contend that 0.2-0.62 of total
extracted protein is ysoD. Às these values refrect normal

growth conditions, i.e. 2oz oz, no additionar cu*2, a higher

rever of expression is possibre. oxidative stress was most

rikery not a factor during stationary growth of the yeast

cerls in batch curture, and so a value of o.2Z was expected.

This revel of native ysoD deterrnined semi-guantitatively was

welr within the boundaries of high rever constitutive
expression.

Yeast SOD has been noted for its unusual stability. The

purified enzyme is largely unaffected by heat and most

chemical treatments (Lingnert et ar, l-989). rntracel-Iurar soD

arso displays stability in its resistance to proteotytic
creavage. Therefore, residuar ysoD protein hras expected to be

observed during stationary phase, in the absence of ySOD

transcription.

observation of transcription of the ysoD gene was carried
out by Northern blotting of total RNA extracts from curture
samples taken at various times in the growth triat. Autora-
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diographs of nylon-membrane bound nucleic acid hybridized to
radioactivety labell-ed ySOD-specific DNA probes, gave evidence

of undisrupted transcription of the ySOD gene in the recombi-

nant orgianism (Figure 18). Transcript levels from both yeast

strains were alike in that they lrere both present during the

early stages of the growth trial, and the level or number of
transcripts also appeared comparable for both strains, âs

deterrnined visually. Transcription of ySOD messenger RNA

appeared to gradually decline until approximately 24-48 hours

of growth, at which tíme no transcript could be detected.

As the conditions for growth of the yeast did not involve

increases in oxygen or copper concentrations over the course

of the experiment, there should be a relatively st,eady

transcription of the ySOD gene through the growth trial. The

relatively high levels of ySOD transcript observed in the

early hours of growth may have been induced with the advent of
growth in batch cul-ture, due to the sudden increase in
aeration and nutrients. Both of these factors would have

added to the oxidative stress which allows for the induction

of ySOD transcription. As the cells became accustomed to
their environment, transcription l-evels fetl to a steady-

state. These steady-state leve1s may have been too low to
detect by the method used in this investigation. It is likety
that steady-state l-evels of ySOD protein observed in the last
hours of the growth trial are the result of stable, residual
protein. This is due to the cessation of growth in the
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stationary phase culture and so ysoD transcription decrines

over tine (Drebot et al, 1990).

A puzzling discrepancy was observed with recombinant hSOD

messenger RNA and protein leve1s; there was no nRNA detected

to account for the hígh level of recombinant protein produced.

Discrepancies in expected levers of nRNA as compared to
protein revels have been reported before by other investiga-
tors (Mellor et al-, l-983 ¡ ZareL et al, L9B4i Chen et aI, L9g7ì

Hass et â1, 1"987; Thigpen et â1, l_990). For most of the

heterorogous proteins examined by these investigators, the

nRNA level $/as far below the expected revel based on the

observed production of recombinant protein, but yet was stirr
detected. It was believed by these investigators that another

morecurar mechanism must be responsibre for the erevation in
protein synthesis. Although this possibirity has not been

investigated, there was much data to explain the discrepancies

observed. The following section wirr atternpt to explain the

observed contradiction in hsoD protein and nRNA levers using

this data from the literature.
Much has been learned in the past ten years regarding

construction of expression vectors for transformation of
yeasts. rt was found that, after substitution of a foreign
gene into an expression system, a gross change in the sequence

and the DNA often ]ed to severe nRNA structural changes (chen

et aI, l-984). The importance of transcription and termination
signars for expression of a heterorogous gene were underesti-
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mated. rnnis et al (1995), found that initiation or termina-
tion of transcription t oy proper spricing of the Íntervening
sequences of the Aspergillus awamori glucoamyrase gene did not

occur in s. cerevisiae. rn this expression system, the ENo1

structural gene was replaced with the Aspergirtus grucoamylase

gene, and the promoter and terminator joined to it by restric-
tion fragment linkers. Through this typicar construction,
often the t,ranscription and transration control regions are

lost. Loss occurs with the removar of the homorogous gene or
through the heterologous gene insertion disrupting proper

spacing or interaction of such regulatory erements (chen et
al, l-984 ) .

The 5 I flanking DNA, or promoter region, must have

certain quaritíes in order to functÍon property in transcrip-
tion initiation and allow efficient expression (Dobson et a1,

l-983; Thigpen et al, l-990). It is thought that the spatial
arrangement, of the cr block and the CAAG sequence may cont,ri-
bute to the efficiency of the promoter (Kingsrnan et al, t-985)

(Figure B). It has been shown that replacement, of a UAS with
the UAS of another gene leads to the rerease of the promoter

from the original control system, and the pracement of the
promoter under the control involving the nehr substitute UAS

(Hajine et al, 1"987, European Patent). The discovery of UASs,

and knowledge of the general cornplexity of yeast

transcriptional signals meant that construction of the vector
promoter fragment is crucial to efficient expression. Large
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promoter fragments, of at least 5OO base pairs, are reguired
for efficient heterologous gene expression (Kíngsnan et ar,
]_e85) .

The 3 I flanking terminator region can also affect
efficient expression. specific sequences are required for
termination of transcription of yeast genes in order to
maximize expression of heterologous gienes (Kingsman et â1,

l-985). Spacing of the signal proximal to the heterologous

gene is reguired for expression to occur (Hitzeman et â1,

L984b). Yeast transcripts have been tenninated due to signals
present within mamrnalian gene introns and so became poly-
adenylated at a premature position (Sentenac et aI, 1,982).

Failing the presence of a suitabre transcription terminat,ion

signal, yeast transcripts have extended into the 2¡.lm portion
of the vector, to be terminated there (Harris Cramer et al,
L987). The ultimate result of faurty transcription termina-

tion is a change in rnessenger RNA translation.
The changes effected by insertion of a heterol_ogtous gene

into an expression system may resurt in severe structurar
changes to the rnRNA, as previously discussed. Such changes

may affect nRNA stability at various cerrular rocations (chen

et al, l-984). In the cytoplasm, where translat,ion of the nRNA

occursr âDy change in the nRNA prírnary and secondary structure
or arterations j-n codon usage may affect ribosome binding,
translational initiation and elongation, ribosomar rerease, or
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nRNA turnover during these processes (chen et âr, L9g4¡

Kingsman et aI, 1-995).

Many researchers investigating the 3 r addit,ion of
polyadenylic acid to rnRNAs have shown no conclusive results as

to whether a pory A* transcript is more stabre than a pory A-

transcript (Holland et aI, Lg77; Herrick et al, r-990; Jackson

et ar, l-990). Apparently some pory A* and poly A- mRNAs decay

at the same rate. The accepted moder where nRNA degradation

occurs rapidly once the polyadenylic acid tail is cleaved from

the transcrípt (Herrick et ar, l-990), wourd predict, that pory

A- transcripts should decay much faster than pory A* trans-
cripts. vühether poly A is reguired or not at the 3 r end of
the messâgê, there is agreement that addition of sequences to
the 3 | end of a message may have an effect upon the stabirity
of the messag:e, causing lower steady st,ate levers of nRNA

(Zaret et â1, 1,982). This effect may be the result of a

change in nRNA length, as the large 3 | untranslated regions of
the run-on transcripts may lead to reduced nRNA stability.
Zaret et aI (1,984) found that yeast strains containing normal

3 I non-coding regions for cyci- mRNA disprayed a rinear
relationship between the levels of nRNA and iso-1--cyt,ochrome

c protein.

A model to exprain the observed decreases, or rower than

expected levels of heterologous nRNA in yeast, !ì¡as put, forth
by chen et ar (1987). rn this moder a domain, or domains,

exist within the protein structure of the yeast çtene used for

t-3 5



heterorogous gene expression. This domain t oy domains, wourd

normally interact directly with the yeast nRNA, or translation
machinery, to prevent degradation of the yeast nRNA during
transration. To compensate for the ross of this stabilizing
information, the heterorogrous cDNA is often synthesized with
a codon bias. rn native yeast mRNA, one primary determinant

of instability is a short segment in the coding sequence with
a high freguency of rare codons (Jackson et â1, L99O).

Possibly the yeast codon bias used when synthesizing the hsoD

cDNA may have produced a signar within the seguence which the
yeast recognizes as a translation stop. Although transration
st,irl proceeds, the mRNA harf-life is shortened (chen et ar,
L984). Messenger hal-f life is also found to be reduced with
an increase in the dosage of the heterologous gene copy

(Chinnappan Santiago et aI, LgB6; Moore et al_, j-990). Within
the context of this model by chen et aI (LgB7), the hsoD

protein stabirity domains which normarry interact with the
hsoD nRNA, fiây have been changed due to the yeast codon bias

used for synthesis of the recombinant hsoD gene. Levels of
stabre ysoD nRNA detected, may be a resurt of protection of
ysoD nRNA due to the presence of ysoD stabirity determinants

within the ySOD protein.

within the hsoD gene there may be unigue determinants

which arso contribute to the decreased nRNA observed. Human

copper zínc soD transcribed from the chromosome produces two

SODI- mRNAs which differ in length due to their 3 | unt,ranslated
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region (Touati, 1988). Both transcripts possess multipre 5t

ternini, and when the two are translated, they produce the
same polypeptide (sherrnan et ar, 1984). Apparently two groups

of processing/polyadenyration signars exist at the 3 | region
of the soDl- gene, and it is thought that this region nay pray

a rore in regulation of expression of the copper zinc soD gene

(Touati, l-988). upon transcription, a major o.zkb messenger

species is produced approximatery 4 times more abundant,ly than

a minor o.9kb nRNA (Danciger et al, l-986). During synthesis
of the hsoD cDNÀ and construction of the expression vector
these contror regions may have been lost. Although there does

not seem to be a difference in stabirity between the two

mRNAs, the fact that they are produced at different rates may

contribute to l-ow l-evels of messenger. As hsoD nRNA was not
detected by autoradiography, it was not possible to know the
size of messenger produced. rf the major messenger species

lr¡as no longer produced abundantry, due to ross of the control
regions, the minor o.9kb species may become the onry messenger

species available for translation into hSOD protein.
changes in transcriptional and transr-ationar control

cannot fully exp]-ain the discrepancy observed for the reveLs

of hsoD mRNA and protein. rn all other investigations where

discrepancies existed between the nRNA and protein, there was

always some level of transcription which could be measured.

rf the hsoD transcript degraded prior to RNA extract,ion, or
even during electrophoresis, the accumurated degradation
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intermediates would not be detected on Northern brots by

autoradiography (chinnappan santiago et ar, l-996). A differ-
ent rneans of detection, such as directly count,ing p decays in
each band, ilây have detected the hsoD nRNA. rf the hsoD nRNA

had a weak signal due to the row amount of messenger present,

the rinear response range of the x-ray film to É emissions may

have been exceeded (Herrick et al, L99o). The hsoD transcript
must be very efficiently translated despite its undetectable

rever in the cell-. Brown et ar (t-998), has found that there
is no general rel-ationship between nRNA translation and

stability. Therefore, despite the apparent instability of the
hsoD nRNA, j-t was quickry and efficiently transtated to give

stable hSOD protein.

fn conclusion, it appears that synthesis of endogenous

ysoD was not affected in the recombinant strain of yeast

producing high l-evels of hsoD. The ysoD gene appeared to be

transcribed and transrated with the same efficency as the wird
type ysoD. Apparentry intracelrular concentrations of the

most abundant yeast mRNAs are significantry higher than the
major mRNAs found in other eukaryotic cerls (Holtand et al,
L977). This may explain why a row lever of ysoD nRNA hras

readiry detected, âs compared to the recombinant hsoD mRNA.

Às there v/as no change in native ysoD revels in the
recombinant systern, there is the potentiar for comprications
in production and purification of the recombinant hsoD. rn
order to examine whether ysoD prays a part in the discrepancy
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observed between hSOD rnRNA and protein leve1s, more research

will be needed. Despite the low levels of hSOD nRNA, approxi-

mately 3.52 of the total yeast protein produced tras hSOD.

Therefore purification of the hSOD may be cornplicated by the

presence of ySOD. Ha1lewell et aI (L987), found that ySOD did

not significantly contaminate the recombinant hSOD based on

the identity of the erythrocyte and yeast hSOD tryptic
peptides, âs yeast copper zinc SoD has a very different size

distribution of tryptic fragments as compared to hSOD. The

same result v¡as found by Cangene Corporation (unpublished

observation, I9B7), when following purification, ySOD repre-

sented from less than IZ to approximately 8? of the purified

material, depending upon the assay used to detect the ySOD.

As to whether the degree of contamination by ySOD is signifi-
cant depends upon the use for the hSOD, and the regulatory
guidelines established for recombinant proteín purity.
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