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‘_ pLCld-47 or pLC 18-4. The results from these_ hybridization studies indicat/e’d'

AN 3 Abstfact

Comparatlve studles b“f on the :t;ucture of nboscmes and thei omponents: *

sunrested that there are three pnmary ingdoms: eub i haeb ia and

urkaryotes ~However, the validity of this hypothesxs is bemg quesnoned lu,order
to resolvegghe evolutionary. relationships among bacteria it is necessary to uompqre

‘the p;iwary structures of, mg (jecules other ‘than those -of - the " tmnslnnonnl *
apparatus, - The main objective of this project was to detepmine whsther or not
hybrid recombmunt pldsmids that contain sequences for. glycolyuc enzymes from
. Escherichia coli could be used Lo detect, : di in p

of genomic’ ‘DNA from dlstantly related orgenisms. Three plasmids [rom the -

Clarke-Carbon E. coli’genomic library were choseu {ar this study. :The plasmid '

bosnh £

pLC 16-4 contains the genes for tri and hofructo-
kinase, whereas it had been reported that pLC 10-47‘ and pLC11- 8 both contain

the gene for enolase Restriction endonuclease maps were constructed for these

plasmids,,and' the location of the clonmg vector was determmed in each case by
" Southern blotting and probing with Col E1. Compurlson of the restnctmn maps
of pLC 10-47 snd pLC 11-8 indicated that there were no sequences in commnn in'
the, genomic inserts of these plasmids. Subsequent studies at the the protein level
si:bw@d that only pLC 10-47 cantains a gene coding for eriolase. Genomic DNA"
was prepared from representntrfe species of the Enterobacteriacene, s other gram-

negative bacteria, gram-positi bacteria, and haeRacteria. The genomic DNA

was_ subjected to Southern blotting and . probed . with radloutlvely-lubelleq

that genes edcbding glycolytic enzymes in E. coli were not able to cross-react Vith
- DNA from specms that had diverged from E. coli more than 40 mllllon yeuu 8g0.
Theretore, the genes for: ‘glycolytic enzymes wm not be of use E lcyxg range

%)hmonnry probes.” . v . o

T ’ ‘. ' .' .' k
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Chapter 1
Intreduction o
ot . A e
1.1. Th& Orlgin of Life: . 5 ) [

The origin ol hfe has-long bee){\a matter of speculnt\on Itis lmfert\umte Sl

that one may never be able to ascertain the truth, Even 50, continuous reseurch

using & variety of appruach,es may provide vnl\mble information upon ‘which

inteHligent speculation may be based. . For instance, it hu'beenf‘well atablished -

that our solar system, including the Earth, originated as early as 4.8 billion years
ago and that the history of th‘e Earth n;ay be delineated by an orderly get;mnce of
fossils that is used to essign.geological efas and periods (Figure 1-I; Futuyma,
1983)‘.The first evidence of biochemical reactions qnd cellular activity occurs in

the Precambrian er The earliest Pre’cambria!z rocks are richsifi unoxidized iron

cqmppunds that could not haye formed in the presence of oxygen. This indicates

thgt the atmoéph'ere at that-time Iacked oxygen and ozone. Precambrian rocks )

’ 5 X
dated 3.7 billion years old are somewhat different in-that ¢ contain peculiar

layers of ’ironv which almost certainly evince the presence of life (Futuyma, 1083).
These rocks resemble deposm which are formed by iron-using bacteria. However,"

the cldast unqnestlonable tmces of life /nre fossils of butena-hke forms that wete

preserved in Swaznlnnd (South A!ricu) sedlmenu Radlounve dntmg ol ‘these

'fossxls mdlcues that they are between 32t035 bllhon ‘years old (Dayhol{ 1978; .
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Figyre 1-1:  Geological Era and the Fossil Record

—---Source: Futuyma, 1983




" debate. Schopf (1978) has listed, a séries of criterja based on size, shape and

morphological complexity that may be-used tovdifferentiate between eukaryoti

3
Doolittle. 1980).  These inhabitin!s”of the earth were simple microscopic
organisms. .\Ifxny of them were cm’npnmblek in size and complexity to modern
bacteria although the condition§ under \vhéch these organisms lived difl’urrm\l’
greatly from those prevaili‘ng today. Fossils formed one billion yem‘s later indicate
the presence of, blue-green algae (cyanobactéria) which were capable of -
pho!os){\lhesis and the production of oxygen. Rocks produced during this period

and sifice then reveal an oxygen-rich atmosphere. Therefore, it appears that

4 . e A .
" prokaryotic cells were the first life-forms on Earth and that they dominated most
. .

of the Precambrian era. : L - '

1.2. Implications of the Fossil Record
Defining the time of the appearance of the first eukaryotes from _the" fossil
. ) o B
récord is difficult. “This is because the criteria by which ‘the farliest eukaryotes

differred from their prokaryotic counterparts are few an‘d‘ in many cases open to

and prokaryotic fos;ils. Structural c!\aracteristics'of eukaryotes incluée branthed * ¢
fildments with internal cross walls, complex (e.g: flask-shaped) microfossils, ]nrge'.‘
algal cysts,qinternal denu'bodies.resembling the residues of eukaryotic organelles,
and tetrads of cells, possibly representing the products.of meiosis. The prescnce

of these traits. have been usgd tg mark the origin of eukaryotes. U‘nror!urnn.mly,
some of thése présumed egknryotic structures are dubious since in experiments

!

performed with ;ultures of living blue-green algae Knoll v;nd Barghoorn (1075) .
g 3 -

PP
= ”

showed that an organélle-like mass d in ing blue-green algal




4 ) s
cells. Oehler and co-workers (1976) have found that I;Iuegregn algae can form
non-meiotic tetrads. These results cast doubt on the different dates that have
been reported for the first ;ppearsnce of tﬁe e:karyotic cells. Re’ce‘n{ly Vidal
(1984) i‘ndicnced that the origin of enl‘mryotes begqn 1.8 billion years ago in a form
of green algae. It is reasonable then, wraccept tha\z a diversity of eukaryotic cells
was present before 0.0 billio‘lye'ars ago, but animal fossils do not appear in
profusion until the begining of the Cambrian period - 580 to 600 million years
ago.

. .

Based on compsmhve morphclogy, the fossll record seems to suggest .that .

Lhe prokaryotic “genealogies are far more -ancient than thelr eukaryotu:'
counterpm‘ts As a result. it is generally accepted without ather evidence, that

7 eukaryotu evolved {ram prokaryotes However, the quéstions of how and when
this_evolutionary event took place remain  unanswered. = The fossil evidence
accumulated 50 far suggests that life |s monophyl;tjc:‘ts:nat .is, ‘aﬂ li;ri.ug organisms'
are descended from an ancient anaerobic het;rozrophic prokaryote, similar to that
of a modern Clostridium (Fox et al., 1980). The first eukaryotié cell was"
probably s unicellular alg;;, derived‘from a brokaryotic biue-.green a!Ea, and it
- was from this sin;l;le eukaryotic cell thnt‘high‘;i plants arose. Algae that lost. their'
’ photosynthetic ability evolved to la}-m organ}sms such as -protists, ‘fungi and
,nnimul; (Figure 1-2; Doolmle.‘leso; 1982); ‘The blue-gréen _bacteria are viewed as

the intsrmedinte h'e'.weeﬁ the prokaryotes and *lower® photosynthetic eukaryotes

and thus rep! 8 steady evolutionary pi gre:
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- * Source: Doolittle, 1080




. 1.3. Morphological Evolution
. )
A tacit assumption of the fossil record is that morphological changes reflect
genomic changes.” It is generally accepted %t there is a relationship between

morphological and génomic evolution, but mor hological lexity may not in

fact be an accurate index of the extent of genomic evolution(Schopf et al., 1975). *
This is supported-by evidence (reviewed by Wilson et al., 1977) that some

vertebrates experience faster rates of phenotypic evolution than others. For

example, frogs have ined i h: d morphologically since ‘the

first. frogs appea’red whereas the prisent day mammals show a great variety of _
Siok PE .

' . shapes: compared with their' common incestor) Yot both frogs and rqa’mm;ls .

share the same rate of evolution at. the protein level. It is di[fiéull to assess’ the
4 . p

1

.of “organi from ipari of -

relative extent of ~ genomic

mor ',i ical ¢h istics. One h to i igate this conundmm has

been to compnre the sequences of speclﬁc gene products from ch(ferenc ergamsms
N

1.4. Molecular Evolution ol
B )

i * .Many protein sequences have been determined and collected into a very

useful, g.rowing compendium: The” Allas v f Protein Sequences ‘and Structures

(Dayhoff, 1978). " Amino aci;:l sequence ccmpan‘sons of homologous prnleins from
different upeeies revealed that the primary structures -of proteins differ ina .
phylogenemully conmtent .manner..- That is, the more closely related the spmes,
the more similar are the amino acid sequences of their hamologous proteins.
Dlvergence times ‘of orgamams can be obmned from the geologlcal record Thus,

the mtu of amino acid substitution can be calculnted for save:al prolems It was
\
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found that the rate of amino acid substitution is constant ‘within l‘pnrticular set
of homologoﬁs proteins, but the rates are not necessarily the sarfe for prdtelns
having different functions (Wils5n et all., 19‘77‘1 This is illustrated in Figure 1-3.
These o_bservations form the ‘basis for the concept: of‘the *Molecular Clock® ~

(Dickersqn and Geis, 1960).

" . The rate of ’pro!ein evolution is megsured in terms' of unit evolitionary
N

period (UEP), i.e. the time in million of years required for one per cent change in ’

amino acid sequence to ncc_umulate Vbetw;een two-divergent lineages. _T.be greater
the UEP: the slower the rate of change. . It has been observed that there is a good
correlation between~ the, rates: of ;'nolecnhr ey;;];xﬁon af proteins nnd‘gae'u-
bmlngml runchons For example, fibrinopeptides evolve !nster than eytcchrome

[ Fnbnnopepudes have httle known function after they are ,cu'. cnt of f bnnogen

_when it is co'nver@ed to’ fibrin in a"blood clot. Virtually ‘any amino gcid change

" that permif} the peptides to be removed may be acceptable. On the other hnnd

such- as ¢y oxxdase nnd

cytochrome ¢ interacts with
cytochrome ¢ reductase. Its function is more speclhc, nnd any chunge in the
structure that alters the function is detrimental. Therefore, cytochrome ¢ is more

conserved and its UEP is greater than that of fnbrmopepude Table 1-1 shows

the.UEPs for several p{otems , /

C; éhrome_¢ is!ound in ,‘
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Table 1-1: UEPs for Se‘rersl Proteins

. -
Protein U.E.P. (milllion years)
Fibrinopeptide 11 N
“ Albumin ' 3
Myoglobin 8 '
Cyctochrome ¢ ) 15
Triose-phosphate isomerase 19
GAPDH - - 20 -
- 400

Histone 4 .

.GAPDH denotes Glyceraldehyde-3-phosphate dehyd
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constructed (Dickerson‘, 1971).  This phylogenetic tree is consistent  with

1 i relationshi

r that have been derived from classical’

methods such as compuratlve anatomy, embryology and_paleontology. Tllus,

evoluhonnry dnla at the molecular level provide an mvalunble tool for

nmong anism ln particular, it is posslble to predict .

when orgamsms last shnred a common ancestor even in the absence of a fossil

record. Although some prokaryotes contain a protein with similar function to the ™

cytuﬁn;ome. ¢ from” euknryouc mltochondrm, it is noz kUwhether these

prolcins are homoll::goug, Thzrel’ore, cytochrome ¢ cannot be used to ‘determine

the cvolutionary relationships between pmkaryotes and eukaryotes. ' .
. '’

1.5. The Ev;ldehcq for Three Primary ‘Kingdéms

The ability to translate messenger RNA into protein is'a common feature of

all living organi Hence, rolecul i wi“h the 1 " 1 app
B Imve been used to mvesngaze the - evolutmnary origin of prokaryotes and
‘cukaryotes, Rlbnsomsl RNA (r_RNA) from the small ribosomial subunit was'one of
. the first components to be investiglned in detail (Woese n;d Fox, 1977).
Compnrnll\e nnnlyses of the structures- of the 16S and 185 rRNAs l'rom
proknryotes and eukaryoles involving an ohgonucleonde catalogmg appmach were
- used to examine the phylogelretxc relmanshlps_ ong ‘these organisms. Each

fadioactively labelled TRNA was digested with ribonuclease T, and"the resulting

lrlagmellts were resolved by two-dimensional paper el b is and then
‘sequenced, Thus a catalog: of oli leotid h istic of a specific
organlsnl was obtained, Associatio ffici were calculated for all the pair-

Lwisa 'combinuion.s of thest catalogs. Although the relationship between" thiesp/




j i
|

association coeficients and the actual number of .nncleo'.ide sequence differences is - ’

unknown, these values w\ere used to construct dendrograms The phylogeny that ~
.resulted l‘ram this snalysE indicated that living systems can be categorized mza
three pnmary lmenges Ths‘eubactena. the urkaryotes and the archaebacteria
(Woese nnd Fux, 1977; Fox et al.,, 1980). It appears that these hnenges are

equidistant lrom one nnother. and that they diverged mdependent\y from o

-
common ancestor (Figure lv“l). - i

« .
The eubacterial kmg‘dom contains all the typncal bacteria. It can be:

into_ the bacteria, the-gram-positive, xnd the gr ti

bdivided

_bacteria. The urkuryotts,-lhé predecessor of the eukaryott‘zs, are defined b)" the

in the 3 of thlefu_ ytopl ic 183 rRNAs. - Eubacteria and

vurkaryotés correspond. to p}okmote And‘enkaryole in the conventional sense.

The third kingdom, the hdeb ia, comprise meth thermoacidophil

and halobacteria (for revnew, see Doolittle, 1930) This hypothesis has received
support from independent studles on the three dlmenslonnl structures of ribosomal
small subunits (Lake etal, maz Lake, msa) . (

1:6. " How Good is the Ev\idence for Three Primary Kingdoms?

Sequence compamons oI‘ complete 185 or 165-like TRNAs (188) from

P ive. of the bacteria, urknryotts and archaebaclem .

* revealed that ;ho i)rimary structure of the archaebacterial 185 rRNA is more
similar to both its eubacterial md eukaryotic coﬂuterparu than these two are €6 X
one another (Gupn etal., 1983) These results suggest that the nte o evalutlan

in ‘the archaebacterial Imenge is slower than in the other twovlinuges, and that
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Figure 1-4: . Independent Evélution of Archaeb ia, Eubacteria and” _‘ oot
§ . Urkaryotes e .

Source: Doolittle, 1980




the structure o{. fhe 18S rRNA in irchnbuter.in is closer to that of lhl"c‘ommon
ancestor. One of t.he basic assymptions of phylogenetic studies at the molecu\u
level is that the rate of evolution is constant along each'lineage. Therefore, the
mpuison of the 165 rRNA seql’lenc‘s casts doubt on the dendrdgrams derived
ﬁth:’ rRNA cataloging experiments. “

Y

Other studies on rib namely i of the lmi}mL

% terminal sequences of ribosomal proteins (Yaguchi et al., 1982; Kimura add
4 : X

Langner, 1884), also _question the relationships among the three primnry‘

These i ‘indicated that archaebact ia are. more closely

reln‘qed to euka’ryom than to the eubacteria. Since the data accumulated from

comparative studies on the il of the lational 1 are

) insufficient to d i qui “,Vth'e phylogenetic origins of prokaryotes
and eukaryotes, molecules other those present in ribosomes should be examined. ’
. - \
These macromolecules must satisfy the following criteria: _

» the mol:cnlu must be ubiquitous in nature, lht is be p:aenl in all
dless of their i

.. '.héy must i:e conserved molecnla, with a slow but constant rate of
evolution, and

o they should contain sufficient inherent information, derived from a
common genetic locus, to allow a long nngnhylogeuetic study.

1.7. Can Glywlytic Enzymes and Their Genes Serve as
Evolutionary Probes? 5 . )
\Nycolyﬁc enzymes seem v.o'ntis!y the above criteria. The UEPs of the
7 2, % :

glycolytic. enzymes examined to date, are surpassed only by those of hill‘ones
i )

v
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‘(Wihan et al., 1977; Fothergill-Gilmore, 1086; Table 1-1). ;l‘h'm indicates that

glycolytic enzymes are highly conserved. In addition, glycolytic enzymes are
found in all organisms, and are easily isolated (Spring and Wold, 1971; Chin et al.,

1981a). Mnny of the enzymes involved in’this pathwny have been mvesugaled in

great dezall (Fothergill-Gilmore, 1988).

For. exumple, the amino acid 1ye of gl 3

dehydrogensse (GAPDH) have been determmed for a vanet,y of eukaryotes

,including, human, pig, rat, chicken, lobster and yéasl, and three prokgryotes

(Thermus i Baclllua hermophil and Escheri hi cvh) (Mxlner
et al 1983; Branlant et al 1983; Holland et al 1983; Hockmg and Hnrm, ).980)

These sequences are of si

ilar length approximately 333 amino acld residues, and
their ahgnmenc clearly demonstrates thut they are homologous proteins (Dayhoff
et al.,, 1978). -Sequence compansons of the pnmsry, structures oj‘ ‘GAPDHs from

the above organisms showed that there is approfimately fifty percent homology

between the enzymes of prokaryézies and eukaryotes. This indicatés that this’

glycolytic enzyme contains sufficient information to resolve the relationship

among prokaryotes and eukaryotes. Moreover, the similarity in‘length of

glycolytic enzymes among orgamsms provxd an addmonal advantage over
e‘ 1

rRNAs in whmh tha alignment of their sequences requnes msemons and/or

del,

to give .maxi hing  (Bri b 1984) Thus, glycolytic

enzymes and their’ genes !hollld provxde an e‘(cellenl means for studymg long P

range evoluuon




Chapter.2

Research Proposal

5 21 Purpose Ty

The mnm purpose &f this pro;ect was to investigate the ptmlblhzy of uslng )

cloned E, -coli genes encoding glycolyclc enzymes for long range evolutlonnry‘
. studies. Based on the available pr‘otem data, it was anticipated that _the atudy» of
these genes would provide some clues. to ‘jhe,phylogenetic ielntionsh?p;lwithin
prokaryotes,  and between px;okax'.}_';‘tes' N’ld eukaryotes. This project was A‘l!d
designéd to form the foundation for future studies concerniﬂg‘ the regulation and
exgressionv _of‘ glycolytic genes in prokar):om, and to deter.mine h:zw these

prokaryotic genes differ from their eukaryotic counterparts. s

2.2. Approach of Investigation .
The source of the cloned E. coli glycolytic genes was the Ql:l‘rke«’Carbon
" clone bank. " This clo’ne bank was cénstmcted by Clarke and Carbon in 1976; It
" is a genomit library which contains hybrid recombihant plasmids reéresenting the '
.entire E. coli genome. _The plasmids were ‘constructed by-shearing total E coli
krl“ (strain C3520: Hj'rC IrpAES metB, glyVauSB) genoﬁi& DNA inlo fragments
w1th an’average size of 84 X 10° daltons. Theu fragments wen treated with ), :

: 5‘-exonuclease and:then lnserted into lhe Eco Rl site of the Col El clonmg vecwr
N 2
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/ 2
using poly dT-dA extensions. The resultant hybrid plasmids were transformed
into another E. coli K-12 (strain JA200: F¥, AtrpES,recA,thr, leu, lacY) (Clarke
and Carbon, 1976). The hybrid plasmids pLC 16-4, pLC 10-47 and pLC 11-8
wereuwelected for this project. These plasmids were l'ixfst identified by Thomson et
al. (1970)( for their ability to complement E. coli mutations at the triose-
L
phosphkze isomerase (tpi) locus (pLC 16-4) or in the enolase gene (pLC 10-47 and

pLC 11-8). v =

This project was divided into two sections. In the first part (Chapters 4 and
' 5) these three plasmids were characterized. This involved con‘structii:g restriction -
‘endonuclease mapd, locating the position of the fector in each hybrid recombinant
plasmid,. and determining the approximate poaigion of the glycolytic genes. The
se"cond part (Chapter 8) fovolved using the the cloned E. coli glycciytic genes to

examine the extent of relatedness befween organisms. Genomic DNA from

i ive of the eub i haeb ia_and eukaryotes was digested
. |

with iction end: 1 and subji d to South blot analyses using the

plasmids pLC 16-£'82d pLC 10-47 as radioactively-labelled hybridization probes.




Chapter 3
Materials, and NI’ethods

3.1. Materials

Snlmon sperm DNA, . Micrococcus lysodeikticus D'\IA Cloalndmm

per[ringens DNA, rib 1 i K and hemicals unless utherwise

stated were purchased from Slgma Chemical Cc, St Louls, MO., USA.

Acrylamide, bisacrylamide, TEMED, and ‘ammonium persulphate were BioRad

products (onRn,d Canada Ltd., Missi: Ont.). 'DEAE-Sephad wﬁbought
from Pharmacxa (Canada) le Dorval Que Restriction enzymes were obtained
from Bethesdz Research Labnratones (BRL) Ime., Galthersburg, MD., USA.
32P-dCTP and reagents for nick ‘translation were -bought from Amer‘sham,

Oakville, Ont.

3.2. Strains and Plasmids

Cultures of Escherichia coli (JA200) and E. coli containing either pLC

10-47, pLd 11-8 or pLC 16-4 were obtained from Dr. Barbara J. Bachmann at the ’

: » oy 4 g .
E. coli Genetic. Stock Center, New Haven, CT,*USA. E. coli (WAS02y

harbouring Col E1 was a gift from Dr. L. Visentin, NR.C, Ottawa, Ont. The

names and sources of other organisms used in these studies are given in Table 3-1.

\
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Table 3-1: Sources of Backdria

n g

Source

%3

l

"ATCC

Salmone€ta chotehaesuis

, Satmonella typhimurium

Citrobacter freundii
Shigetla sonnei

.Proteus mirabitis’

Enterobacter aerogenes’
Envinia carotovora
Sematia mancescens
Ktabgl;dla pneumoniae
Edwd:\lleud tanda
Yensinia enterocolitica
PAme’anM'p'Ltl:dﬂ
Bacillus subliilis
Lactobacillus éased
HaLobgetenium hakobium
HaZobacterium voleanii

Biology Dept.,
Biology Dept.,
Biology Dept.,

Biology Dept.,
. Dr. J. Wright,
| Dr..J. Wright,
Dr. J. Wright,
Biology Dept.,
Dr..J. Wright,
Dr. J. Wright,

Biology Dept.,

Memorial University

Memorial University

Memorial University.

Memorial University
Memorial University
Memorial University
Memorial University
Memorial University,
Menorial University
Memorial University

Memorial University

Dr. E. Barnsley, Memorial University
Dr. E. Barnsley, Memorial Upiversity
Biology Dept., Memorial University
Dr..W.F. Doolittle, Dalhcusxe Unlve‘(sley
Dr. W.F. Doolittle, Dalhousie Unlyerslt}

12011
N/A
8090

25931
9240

E13048

E Lés

E13880

13883

E23856
7555\‘ .
N/A

N/A

ATCC denotes American Type Culture Cnllecnon

N/A denotes Not Available
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3.3. Growth Media and Buffers

. Yeast extract, bacto-tryptone and bacto-agar were' purchased from British

Drug House (Canada) Ltd:, .Halifax The recipes for LB, M9 and other media are

given in Appendix 1. -The i of the monly used buffers fe.g. 10 mM

‘TE, SSC, TBE, Denhardt's solution) are described in Appendix 1. *

3.4. Isolation of Plasmid DNA
A culture of E coli containing the pln&mid’:)f interest was grown. overnight
at 37°C without shaking,in 10 ml .LB. 1 ml of the C\.Illu;'e w;s used to inoculate
250 ml LB and the E. coli were grown with vigourous shaking at 37°C. When the
Ae.w reached 0.5, chlornmphenicol was added to a final concentration of 170
ug/ml and ‘the culture was all(_:w;d to shake for another 12 to 15 hours. The cells
were harvested b; centrifugation and plasmid DNA was prepnn‘ad ac.?or‘divng to the
procedure of Maniatis et gl. - (1982), nsiig the nlknli/SDS lysis me‘th")d,_
| Covalently_ closed cireular plasmid DNA was purified from cnl:ie extracts by
equilibriu;n centrifugation in cesium chl‘ari‘de containing ,Aethidinm bromide.

Plasmid DNA was d from the ull ifuge tube by ing the side’

with ‘a 21 gauge needle, and drawing.the solution into a syringe, Ethidium
Sroﬁe was removed ln‘)m‘ the DNA by isoamyl alcohol extraction and the
gesium -chlorvide was. removgd by extensive dialysis against 10 mM TE ‘The"
.purified plasmid DNA was recoveréd.bs' ethanol precipitation at -'20_°C(lollowed
by centrifugation. The plasmid DNA was dissolved in 10 mM TE. The integriiy
of DNA prepars‘;iong was éhecked by agarose gel electrophoresis.




"Table 3-2 shows the of the

used in this project. Smple- of DNA were dxguud overnight at 37°€ in 30 ul
reaction mixtures. Core buffer (snpphed by the manufacturer) was used in all
restriction endonuclease reactions except for Sma I when 20 mM KCl, 10 mM

Tris/HCI, pH 8.0, 10 mM MgCl, and 1 mM dithiothreitol was used.

6. Agarose Gel Electrophoresis
DNA fragments generated by restriction endonucledse digestion were
l_epllnt;ed by electrophoresis l'n 0.8 or 1.0% agarose gels. The buffer system used
was TBE. After electrophoresis the gels were stained in 0.5 ug/ml ethidium
bromide for ‘half an hour sod the DNA was visualized by ulira-violét
truuil.lumwntmn (Uuwv.alec Products, Inc.,San Glbnel. Califoraia, US.A.).
T’he resu.lls were recorded'by photographing the gels lumg a Polaroid -I:IP -4

umern
3.7. Growth of Prokaryotes

Bacterial cultures. were started from single colonies from agar plates.
Enteric bacteria and Bacillus sublilis were giown in LB at 37°C. Pseudomonas
putida was grown in l.B at 30%C. Species of Halobacteria were cultured at :n"c

in broth conumlng a hllh mneenlrmon of salt [See Appendix - l)

e d gt
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1 1 ¥ »

| Table 3-2: Restriction E: and their R

{k Restriction Endonuclease Recognition Site Y
i Bam I G'GATCC ~ . 1
i Bgll GCCNNNN'NGGC - .

| Bgll  A"GATCT

| Eco RI ) ; GIAATTC 2

: Hae I Qe

] Hind IT : A’AGCTT

i Hinf [ G"ANTG

] Kpn 1 GGTAC'C

| Msp I C*CGG

- Pst1 CTCGA'G

; Pwl x CAG*CTE&

| Sacl . GAGCT'C

i © Sall = G'TCGAC

i *Sma 1 . cccrgae ¢

{ Taql - . T°CGA

i Xba I T'CTAGA

* denotes the site at which the endonuclease cleaves
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3.8. Isolation of Bacterial DNA . ) .

Bacterial cultures’from the organisms listed in Table 3-1 were allowed to

- _— . =,
grow until stationary phase. The cells were harvested, lyzed and genomic DNA
was isolated by the procedure of Marmur (1961). These crude preparations of
DNA and Micrococcus lysodeikticus DNA and Clostridium per/ri;lgms_DNA

purchased from Sigma were dissolved in 10 mM TE and RNA was removed by

> 7 the addition 8 heat-treated ribonuclease at a final cop tion of 100 ug/ml. -
After incubating.for 1 hour at 37 0c, the solutlon was adju‘sted to 0.5% SDS and
100-ug/ml prolema.se K'was added The mnxmre was further’ incubated at 50°C
for 2 hours and then’ depmtemued by extraction wnth an equal vohlme of phenol
saturated with 50 mM Tris/HCl; 1 mM EDTA, 0.5% SDS (pH 7.5). The aqueoux
and Phen?l p.hé‘ses we'r.e. separated ,by‘ centrifugntion at 4,000x g for 15 minutes at
49C. ‘The aqueous layer was u:‘ijusted‘ to 0.2 M‘so‘dil;.l.n acetate (pH 5.1), and the
nuclelc acids were preclpltaled I)y the addition of two volumes of ethnnol The ~

- purified DNA was dlssolved in 10 mM TE and dialyzed extenswely agamst the

same buffer before Jse, “This procedure ylelds hlgh molecular welght DNA wnh

an A'leo/A’vso rano of 1. 8 te2. 0

3.9. So_ugher:; ‘Blotting ' . o
B o Py
-After agarose gel electrophoresis, DNA. were denatured in situ by

. ‘sunking ihe é;\i‘xr\e gel 'in’ 300 ml of 0:5 M NaOH/1.5 M NaCl, w.ith constnnt
ngltmcn at room tempernture. The gels were incubated twice for 45 mmllles
“The gels were' then nentmlued in the presence of 0.5 M 'l'ns/HCl 3 M NaCl, pH

. 7.5 wntb agitation. - This step was repe:ted twice for 30 minutes each time. AIter.\

: . : s



the DNA i from pl.umids were transfered to Genescreeri
_(Ngle;:glA'nd Nuclear, Boston, MASS., U§A) using lbx ssc, according to the
manufacturer’s instructions (Method 1, Cgtalog No' NEF-972). For Soulharn
blotting of genonuc DNA, Bnodyne A nyhn membnn= (Pall Ultrafine Filtration

Corpentlon, Glen Cove, NY) were used. Dhr\ fragments were fixed on to the ‘_

filters by bnkmg the membhnu Tor 2-4 hours at 80°C under vacuum.

3.10. Nick Trmlatlonu .

Plasmid DNA was radioactively-labelled with a"P-dCTP _using a nlck

lation kit purchased from Amersh The reaction mixture was incubated

at 10°G for 90 minutes And the renmon was stopped by the addition of EDTA to
a final concenir‘uon of 100 uM Plasmid Dl‘rA was . seyunad from
unincorporated a®?P- dCT P by chromatography . in §aphadex G-50 in 10 mM TE

containing 0.1% SDS. The DNA labelled using this method mutmely bhad a

* specific activity of 10® cpm per ug DNA. A

3.11. Hybridjzation and Washing Conditions _

The Genescreen filters were yrehybndmd ina solntwn containing w%
Iormlmlde, 5X SS8C, 5X Denlnrdt’s solution, 50 mM sodium phosphate (pH 8.8),
" 500" ug/ml salmon sperm DNA (sonicated, depurinated single-st ded) and 1%

glycine. Apprnxlmltely 50 ul of the prehybndlutmn solution per cm? 8f filter
area was sdded to. .a sealable plastic pouch containing the GeneScreen. The pnuch
was. heated sealed and incubated at 37 °C with bonlunt agitation !or 24-36
hmm Hybrldlnmn was carried out in 25 ul of hylindiutwn buﬂer per em? of

filter plus the radioactive probe (2500 cpm per unit cm srea of the fll!u) n 42 °C
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for 3'0 ho‘ﬁrs. The hybriqization buffer consisted of 50% formamide, 5X $SC, 1X ""\ vl
Denhatt's solution, 20 mM sodium phosphate (p;H 6.8) aqd 100 ug/ml salmon ’
_sperm'DNA.l After hy/ln'idization the filters we;e w{;_shed_twice in 2X §SC, 0.1%
DS m,momswfmure for 30 minutes and then twice in 1X SSC, 0.1% SDS at
50 °C for the same penod of time. The filters we;e dried a; room temperature
and sub]ected to" autqradxography usmg Kodak X-Omat RP X- ray film (Kodak -

Canada, Inc., Toronto, Canada) for two to seven days, at -70 °C. A cassette with ¢

an intensifying screen (Dupont Cronex) was used to enhance the autoradiographic
process. . « Lo .
3% - 3 g - .

3.12. Preparation of Extracts 2 ]

E. coli Was grown'in M9 media, in the presence or absence of glucase In-

= the former case, glucose was ndded at a r nal concentranon of 0.4%. Crude
extracts we:e prepared from E. coli @AQDO) alone and from E. coli. (JA200)
_ containing pLC 10-47, pLC 11-8 or pLC 16-4. Cell density’ was monitored By .

measuring the absorbance at 600 nm." The cells were harvested in the midlog
. phase of - growth by centn[\lganon, and the cells were resuspended in 50 mM

lmldazole/HCI pH 6.8 containing 10 mM MgCI Toluene was added to the

suspension to a final concentration of 1 % to aid in lysing the cells. Further lysis

was completed by two mmules of sonication at 40 watts, using a Sonificer ceIl

duruptc_»r (Heat Systems, Ulltn;son{cs Inc., Plainview, N.Y). The. cells were

sonicated l‘or'30 seconils, followed Ey cdoling on-ice ‘water, for one minute. The

" somclhon and coolmg steps wera repented four times. After sonication the cell

"extracl was eentnl‘uked for 10 minutes at 12,000x g at 4 °C nnd the clear

1
xupemahnt was used for enolase '0ssaYys.



3.13; Enolqc Assay

Enol_ase activity was measured by following the inéreu; in the absorbance
at 240 om using a PYE UNICAM 5P8-100 UV/Vis spectrophotometer. The dssay
mixture consisted of 50 mM imiziazole/}‘_lCl,‘pi!»BAa, 10 mM MgCl, and 2 mM ‘of
2-phosph'oglyceric acid,, The protein concentration of an extract was estimated

from its absorbance at 280 nm. Specific activities are given in terms of the

. - i . .
change in absorbance at 240 nm per minute per ml of extract with an absorbance

at 280 nmof 1. . +

"3.14. SDE Polyac la}nide Gel Elec!:rgphore‘uis e s

Crude extracts' of - cultures, prépq;ed as described in Section 3.12, we're‘-

bjected to elects ph esis under denaturi ditions in 10% polyncrylurhida

gels using the procedure of Laemlli (1970). Bovine seriln albumin, rabbit enuh;u,
chicken lactate dehydmgenue and chymotrypsinogen were used as standards.
Gels were sf ned with 0.1% Coomassie Brilliant Blue G250 in 1.75 % perchloric

acid for two hbnrsxnd then datuined in 7% acetic acid.
‘ C

3.15. DEAE-Sephadex .Qhromatoguphy

Crude extracts ptep‘ued as described above were dialysed nvenﬁght at 4°C

_against 2000 volumes of IU‘TnM Tris/HCI, pH 8.5.. The dialyzed extract was

applied to a colump (1 5 ¢m x 20.cm) of DEAE-Sephadex equilibrated with 10

. 'mM Tris/HCl, pH 8.5. The column was washed with 50 ml of this buffer and.

then a linear gradignt (0 to'500 mM) (5 mM per ml) of NaCl in 10-mM Tris/HCI,

pH 8.5 w: f“ applied. After the gnchent was completed, 1 M NaCl in Txls/HCl,

pH 8.5 was applied_to the column. 'Frncnons were tested for enolase ncuvny

-




. using. the standard assay and protein was itored by following the absorb

at 280 nm. . « . .
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At .
Chapter 4
Characterization of pLC 16-4

4.1. Background

Triose-phosphate  isomerase  (TRI) _[EC. 58.11] catalyzes the 5, F

ot dihydroxy hosphate and gly Idehvde-3-shosoh

This protein is one of the best characterized ‘glycoly!ic~mifme§. The amino acid’

. sequence of this -pro?ein has been determined ‘[l'OI'!.‘l eukn‘ryotes such’ as h\;muﬂ, ,7
rabbit, chicken, _eoelaéan‘th, and yeast, (Dayhéf!,’ 1978; Lu et al., 1984).and from a

’ prokaryote, Bacillus stearothermophilus (Ar:mianis-’[“sakonas and Harris, mso;.
Kolb, l§80), Comparisons of the amino acid sequences showed that TPI is a
highly conserved protein, suggesting that all TPI genes ‘are descendents of a single

2 primordial gene (Straus and Gilbekt, 1085). .

From genezic‘mapping of th8 E. coli chromosome, it is known that the gene\
encoding TPI and phosphofructo-kinase (PFK) are tightly linked to one another.
The chromosomal l.oc\tion of the tpi locus is 87.8 min and the pfk A gene maps at

the 87.7-mi region of the chromosome (Bachmann,1980). Thomson et al. (1979)

.have shown that the hybrid recombinant plagmid pLC 16-4 from the Clarke-
Carbon clone bank-(Clarke and Carbon, 1676) complements both TPI ‘and PFK*

phenotypes. Therefore, it was. decided to use' pLC 16-4 as 2 source of the gene
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encoding TPI and PFK from E. coli to examine the extent of sequence homology

at this -locus ‘among prokaryotes and eukaryotes. ' It was hoped that the

= information derived from these studies would also indicate whether or not it %

would be !,_euible‘ in the future to use hybrid pln.;:mids cunt‘sining E. coli glycolytic
genes as probes to isolate the genes for glycolytic enz‘ymes from archaebacteria.
3 = Before the recombi:;m plasmid pLCe6-4 could be used_ for this evolutionary

T study it was necessary to characterize the plasmid. A rest;iction endonycleas;e -

map was constructed using six base recognition enzymes. The location -of the

efuning vector Col El in pLC 18-4 was d ined by ing the r
maps of pL.C 18-4 and Col E1, and by probing the recombinant plasmid pLC 16-4
with Fadioactively-labelled Col E1, o Y ' z
' i
4.2. Results . -
4.2.1. Restriction Map of pLC 16-4° ) .
N The restriction e}:donnclease map for pLC 16-4 was constructed from an

- analysjs of the fragment sizes produced by single, double, and triple digests of

pLC 16-4v The number of I duced by a restriction enzyme depends‘

on the number of reumenon sites it recognlzes For  circular DNA, the number
of fragments genernud by a single enzyme is the same as the number of cleavage
sites made” by the enz\r{ne whereas i in'a double dxgesllon, the total numbet of

.mgments obtained equals the number or fragments genernted by the first enzyme

plus the number of h'ng-me;nts produced by. the second enzyme.
: - _-"

DNA fragments trav:l through agarose gel mntmes at rates that are
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inversely proportional to the logyy of their sizes (Helling et al., 1074). Thus, a

larger fragment migrates at' a slower rate than a smaller fragment. A plot'of
.

log, size in base pairs) versys distance migrated by standard markers enables the S
approximate size of the unknown fragments to be estimated (Table 41; Figure .

4-1). Knowing the distance travelled by the DNA fr’ngment of interest, then its

size can be determined from the standard plot. o .

‘The strategy used for consyrucbing'a restrittion map Wys as I‘olfows'(Reier to
Figure 4-2 'and Table 4-2): Bgl I (lme 2) cuts the plasmid pLC 16-4 at two sites.

to generate fragments that m:grated 46 mm and 109 mm from the' poiat u(

lication. * These distan: pond to “sizes of 115 kbp and 2 kbp 4
frespectively. When a doubie digest using __Eco RI and Bgl ll was cnrned out (lnnek N ‘.‘\,

3), three fragments with sizes 11.5, 1.4 and 0.8 kbp were produced (the 0.8 kbp

fraghent was too small to be seen on this gel, Figure' 4 2). Table 4-2 summurlzes
x\

the sizes of the vesmcuon !ragments of the digest in Figure 4-2.
s

This showed that Eco RI cleaves the 3 kbp (Bgl I - Bgl II) to give the two -
« smaller I‘rag(\enu (Figure 4-3[1:)]. A triple digest using Bgl‘ 0, Eco RI and Hix;d )
IIF (laze 4) ated- four indicating that Hind I cuts the 115 kbp

(Bgl 1 - Bgl ) into 7:5°and 4. 0°kbp. The two posmble permutatipns of this digest *
are a5 shown in Figure 4-3(c) and (d). The relauve orientation.of the r“mcﬁon .
sites was achieved by exammmg the 'Hind II/Eco RI double digest. This
produced lwo fﬂgments ol‘ size 8.0 2nd 5.4 kbp (Figure 4-J(e)] Tixere!ore, as
_illustrated in Fggure 4-3, the 5.4 kbp _Ecc‘ RI-.\ Hmd I!I tngment must conta_m )
Bel I site : 1.4 kbp from the Eco RI snd 4.0 kbp from the Hind I site i.g. Figure
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‘Table 4-1: Molecular Sizes and Distances Migrated by »DNA :
. - Digested with Hind II or Eco RI = &

distance (mm) L size (kbp)
~-\’ X DNA/Hind I
37 23.7
¢ 48 9.5
57 6.7
69 43
. 101 2.3
109 2.0
» DNA/Eco RI
- : 37 - ‘218 -
: 53 " 7.8
60 5.9
% 64 5.2
g 8 34
The distance migrated by the DNA fients was din

(mm) from:the point of crigin i.e: whare the DNAS were first loaded in

* * the wells.
‘ P P

T
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5\ Ls :
Figure 4-1: A Semi-logarithmic Plot of Molecular Weight Marker versus

Distance Migrated on an Agarose Gel
The markers \m were generated by digesting A DNA with Hind Il

or Eco RI, and their sizes and the corrésponding distances travelled

‘are listed in Table 4-1.




3la

Distance (mm)
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Figure 4-2: Restriction Er
The gel was electrophoresed at 100 V, in TBE buffer. Lanes 2-10

d with : (2) Bgl 11, (3) Bgl I/Eco RI

ond to pLC 16-4 diges

(4) Bzl [I/Eco RI/Hind I, (5) Hind I Eco RI. (6) Bgl [I/Hind I

(7) Bgl T/Sac L. (3) Bgl I/Sac I/Hind III, (9) Sac I/Hind I,

nd to A DNA, m

10) Hind [I. Lanes 1 and 11 co

x» DNA/Eco RI markers respectively

10

se Analysis of pLC 16-4

1l
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Table 4-2: A Summary of the Fragment Sizes Generated by Restriction ; i

§ Digests of pLC 18-4
- / F

Restriction Enzymes Size (Distance)

kbp:  @m
J BglIl 11.6 (48), 2.0' (109) . 45
Bgl II/Eco RI 11.5 (46), 1.4 (128), 0.8
Bgl II/Eco RI/Hind 11 7.6%(62), 4.0 (71), 1.4 (128), 0.6~
Hind III/Eco RI 2.0 (73), 6.5 (60) -
Bgl.II/Hind IIT . 1.5(82), 4.0 (71), 2.0 (109)
"Bgl II/Sac I 9.0 (48), 3.0 (83), 2.0 (109)
Bgl II/Sac I/Hind III 8.3 (51), 3.0 (83), 2.0 (109)
Sac I/Hind IIT 12.5 (44), 1.0 s
Hind III 13,5 (43) o

See Figure 42 !t;i the gel corresponding to these data
. [ L

:
§
¢
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4-3(d) has the correct [ragment size and orientation. In a similar manner, other

endon\ﬂlenes were mapped on pLC 16-4 (Figure 4-4). * .

4.2.2. Locatidn of the Clening Vector on pLC 18-4

The hybrid pla;mid pLC 16-4 contains a piece of E. coli DNA insert, ligated
into the cloning vector Col ‘E1 by poly dA - dT tailing. The location of the

cloning vector in pLC 16-4 was d ined by a bination of r

maﬁging' and Southern blotting using radioactively-labelled Col E1 as the

bybridization probe.

Dr. L. Vmentm, N.R.C., Ottawa very kindly provided a restnct\on map for
Col E1 (Flg\n—e 4-5). Col El has a umqlle site for Sma L. As pLC 15—4 was ronnd-
to have only one Sma I site, this suggested that che uniqie Sma | restncnon site is
located in the region containing the vector, Col E1. Using: this recoguition site as *
a reference position, together' with three Pst I and’ l?vulﬂ recognition sites ’
obtained from the éol El restriction map constructed by™Dr. Visentin, the map

for pLC 16-4 was-established (Figure 4-4). «

To locate the position of the cloning vector, Col El, Southern transfer inr '
comuh‘:hon with DNA-DNA hybridization' was used. The Col EL plasmld was |
used as a 32P-labelled pmbe to 1denhfy the location of .the clomng vecbor on the

restriction map. The plasmid pLC-lﬂ-ﬁ was first digested with various restrlcnop

enzymes, as seen in Figure 4/8(a). ‘The f g d were then fered
¥ . e .
to- G and hybridized witht radioactively-labelled K30 (cl}inﬁécwr)

probe. The probe being hon‘mlogous to the cloning vector annealed to lmgment;




" 4 e Flgun 4-3: ‘Four?'me an of pLC'16-4.

B,E nnd H dunbto mtriction ntes of Bgl 1, Eco RI and Hmd m

respectively
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CoL E1 - K30 Eco RV - -
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Figure 4-6: A Restriction Map of Col E1 : :

i " . Source: Dr. L. Visentin &
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of pLC 16-4 DN_A;ntmhg the vector.” These f{ragments were visual{zsd by
sutoradiography (Figure 4-6(b)). For instance, the 1.4 kbp fragmeit of the pLC
'16-; digeésted with Pvu II (lane 4) or with Pvu [I/Hind III (lane 13) is derived from
‘e cloning vector. A fragment of the same size was seen when the cloning Vestor

K30 was digested with Pvu I (lage 2).

4.3. Discussion

4.3.1. Restriction map of pLC 16-4

The size of pLC 164 is spproximately 13.5 kbp, with the E. cali geomic
DNA insert being 6.5 kbp. The restriction enzymes Hind T Sac 1 snd Kpa T
each has & unique site on the gengn{ic fragment, and Sma I cuts the cloning vectdr
once. During the course of this project three other laboratories independently
worked on and published data on this plasmid. The restriction map for pLC 16-4

shown in Figure 4-4 is i with those by Shi et'al.

'(1982), Pichersky ef al. (1984), and Hellinga and Evans (1985).

4.3.2. The E. coli Genes on pLC 16-4
The approximate positions of the tpi ond pfk A genes on pLC 16-4 were
detérmined by loni into pBR322 (Shimosaka et al., 1082).

Shimosaka and co-workers (1982) showed that ¢pi and pfk A genes can be

transcribed independently, in spite of the fact that they are closely linked to one
3 -

anoth‘er, Their results also indicated that an Eco RI site is located in the pfk A '

gene region since t!zi! endonucleuq abolished the PFK activity. The fpi gene is

located in the 0.9 kb Pst'I !rngm‘ent,‘ and iu‘ nuel‘éoﬁde sgquence has lho been

\
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Figure 4-8: Analysis of pLC 16-4 using ] Res riction E"’KY"“’ and Southern
" Blotting with the Clonmg Veo?)n 30 as Raﬂwsctxvely-Lahelled ‘ ‘i

e
(s) Lane 1 and 2 correspond to K30 dxguled with Pst I and Pvu i
. vespectively. - Lane 3-13 aré restrition. dgest of pLC 16-4 with \
o i \
(8) Pst 1, (4) Pvu T, (5) Bgl 1, (8) Bgl I/Bgl I, (7)Bgl I/Bgl - | A

I/Hind I, (8) Bl I/Hiad I, (9) Bgl T1/Hind I, (10) Bl I, |

(1) Hind I, (13) Pst I/Hind I, (13) Pvi H/Hmd M. Laie 14
cormponds to X DNA-Hind I )mrker

(b) Autoradiograph of Southern Blot of (a) Probed with *?P-lab, lled
‘Col EL.
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F determ‘meé (Pichersky et al, 1984). The enfire region between the genes
encoding TPI-and PFK has now been sequencetl (Hellinga and Evafis, 1985). Two
» W

other genes have been identified between the glycolytic genes; they are (i) sbp, a

- gene for a periplasmic sulphate-binding protein, and (ii) cdh, a gene for the
.
= membrane-bound enzyme, CDP-diglyceride hydrolase. .
. ‘ < E
¢
N B
b £ -, ) : M.
Spo . )
5 .
[\ e 7
5, ) .
. . . . . i
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Chapter 5

Characterization of pLC 10-47
and pLC 11-8

5.1. Background

5.1.1. Properties of enolase

2.Ph dehydrase, more kiown as enolase; [E.C.

4.2.1.11]; catalyzes the ydrati of  D-2-phosphogl 5 B
phisphostolayritvats. . As’oie.of ke Qlycolycie enzymes acting on three carbdn
cniipoind, holas s f6aHA A the watlre spectrum of bidlogical forms (Spring
anti Wold, 1971). This enzyme has been isolated from more than 20 different
sources: mammals (Wold, 1971); fish (PietKiewicz et al., 1983); plants (Miernyk
and Dennis, 1984); yesst (Chin et al., 1981a) and bacteria (Spring and Wold,”

" . 1971) including an extreme i et al., 1973). Because of its

'requirement for metal ions for proper catalytic function, enolase is often referred
to_as a metal-activated manllopr'o’tein. .Enolnu isolated from different sources
exh‘ibit remarkably similar metal binding, metal activation and substrate
s‘peciri‘city'. Tn addition, it appears to have been pruerved‘ through evolution as a
dimer (with the exception of certain zhermn@ﬁ bacteria). ‘Therefore, enolase

should be ideal for studying evolutionary relationships between species. '
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5.1.2. Ex;olm in E. coli ' i
The nuclgotide sequences of the two yeass ;nolsse genes have been
determined (Helmi_d et al,, 1981). The predicted amino acid sequences of the
enolases enco;ied by t{le;e genes differ at only 20 of the 436 amino acid residues
suggesting that these gemes are the r*.ll! of a recent duplication event. In
addition, these genes are expressed differentially depending upon the carbon
:source in tk; media (McAlister and Holland, 1982). In contrast, only one form of
enolase has been found in E. coli (Pfleiderer et al., 1966; Spr;ng and Wold, 1071).
This is consistent with the E. coli chromosome containing a sin
(eno) for eﬁolue (Irani and Maitra, 1974; 1076), which. appears to be

p s
constitutively expressed (Fraenkel and Vinopal, 1973; Thomson et al., 1979).

' Two hybrid recombinant plasmids. (pLC 10-47 and ‘pLC 11-8) isolated from
the Clarke-Carbon E. coli genomic clone bank (Clarke. and Carbon, 1976) have
been found to cbmplement a strain‘ of E. coli with a point mutation ‘in its enolase
gene (Thomson et al., 1979). As astart to comparing the structure and regulation

of the E. coli’ enolase gene with its yeast ‘ccﬁnterpurts, restriction endonuclease

maf)s for pLC 10-47 and pLC 11-8 were constructed.
i




5.2. Results

5.2.1. Restriction Endonuclease Ann‘lysls of pLC 10-47 and pLC 11-8
Since only one vloeus has been identified for enmolase on the E. coli
chromosome, the working hypothesis was that ‘t}e hybrid phsmid; pLC 10-47 and
pLC 11-8 both contain the E. coli enolase gene. If this were the case, these
hybrid plasmids would represent overlapping-clonu of the eno locus. Therefore,
there should be a régi:;n in the genomic DNA “inserts which is common to both

plasmids and this region should contain the_enolase gene. In order to locate this

region of homology, pLC 10-47 and pLC 11-8 were digested with reitiiction‘

endonucleases that have six "base pair recognition sequences and the lrugm%nt

v . “
patterns were, pared after jon by -el b on agarose gels,

Ta'ble 5-1 shows the results. of these digests. 'i‘he only f;'agmenls from pLC 10-47

and pLC 11-8 that comigrated were pieces of DNA that came from the élon'mg 2

vector Col E1 (Tabje §-1; Figure 5-1)._For insta;u:e, the 1.2 kbp and 1.4 kbp
fragments genern!ed‘ from Pst I #d Pvu II digests respectively were seen in all the

plasmids, pLC 10-47, pLC 114‘ and the K30 vector.

Since it was possible that pLC 10-47 and pLC 11-8 overlapped by only a
very small regwn, a series of double nnd'mple digests were carried out. These

. data were used to construct restriction endonucleue maps lor both plasmids (see

Section 4.2.1 for an explanation of’the methodo]ggy employed). The maps are .

shown in Figure 5-2.
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Figure 5-1: Restriction Endonuclease Analysis of pLC 11-8 and pLC 10-47

Bg, Bl, Ps and Pv denote Bgl I, Bgl 11, Pst I and Pvu I respectively.
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Table 5-1: Summary of Restiction Digests of pL.C 11-8 and pLC 10-47

Reatriction
enzymes pLC 10-47 pLC 11-8
Bam HI 19.3, 1.7 D) 4
Bgl I 12.0, 5.8, 2.8, 0.8 18
Bgl II 21.0 Q 16.0, 2.3, 1.35
Eco RT 21.0 NG
" Hind IIT 21.0 o, NG \
Kpn I 21.0 e
« Pat I 12.0, 4.8, 1.9, 1.2; 0.6, 8.1, 6.3, 2.6, 1.2, 0.95
. 0. B
Pvu Il 6.7, 6.2, 2.6, 1.4, 1.1, 4.7, 3.8; 3.1, 2.0, 1.8,
.- 0.8 4, 0.36,
-’ sal I 14.5, 3.8, 1.8, 1.0 N
@ " Sma I 11.8, 9.7 . 18.§, 2.5
XbaI 210 ) NC -

NC denotes no restriction site

‘The numbers denote the fragment sizes, measured in kilobase pairs (kbp)

\ g
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TEEI] NS BIR
Lul thorrme

T -
Figure 5-2: Ru‘trietlon Endonuclease Maps for pLC 10-17‘md pLC 11-8
The boxed regions mxrgpond to the _cloning veclo!', and the thin line
represents the E. coli geqomic D_NA insert. The symbols used are :
Bam HI (), Bgl I'(}), Bgl I (§), Eco RI (T); Hind I (), Kpn I f),
Pstlm,Pvul]_m,Smlm. .
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5.2.2. Locations of the Cloning Vector Col E1 on PLC 10-47 and pLC
ll;ﬂ
The location of the cloning vector in each plasmid was determined by
Southern blot analyses using Col E1 as the radioactively labelled probe. The Sma
I, Pst I, and Pvu II sites on Col E1 were known (see Figure 4-5) and they were

used in the final construction of the restriction maps of pLC 10-47 and pLC 11-8.

Ce i of the icti maps of pLC 10-47 and pLC 11-8

revealed no regions of homology apart from the cloning vector.
A 5 A

- 6.2.3. Further S hes for H 1 S w, \\

The :plaamid pLC ll-ﬂku digested with with several restriciian_ enzymes
and analyzed by Southern_ blotting using pLC 10-47 as the probe. The patterns
(Figure 5-3) were identical to those produced by probing with Cnl’El“ slone. ' In
addition, when pLC 1(‘H7, PLC 11-8, and Col E1 we;e digested with Hab II, Hinf

I, Msp I, or Taq I (enzymes that recogni‘u four base pairs) the only-fragments in

common to pLC 10-47 and pLC 11-8 were also present in the Col El.digest -

(Figure 5-4). These results confirmed that, although it has been reported that

pLC 10-47 and pLC 11-8 both complement the same enolase mutant, these

A
plasmids do not share any sequences of E. coli DNA.

.




Figure 5-3: Search for Sequence Homology between pLC 10-47 and pLC 11-8
The restriction fragments of pLC 11-8 were separated on 0.8 agarose
gel, transfered to Genescreen and then hybridized with
radioactively-labelled pLC 10-47.
Lanes 1-11 correspond to restriction digest of
pLC 11-8 using the following enzymes : (1) Pst I, (2) Pst I/Bgl I,
(3) Pst I/Bgl I/Bam HI, (4) Pst I/Bam HI, (5) Bgl I/Bam HI, (6) Bgl I,
7) Bam HI, (8) Bam HI/Pvu II, (9) Bam HI/Pvu [I/Bgl I, (10) Pvu II/Bg! [

(11) Pvu II. Lane 12 corresponds to pLC 10-47 digested with Pvu IL.
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Figure 5-4: Rest

tion Digest Analysis of pLC 10-47, pLC 11-8 and
30 using Four Base Recognition Erdo
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5.2.4. Possible Explanations for Results Obtained using Restriction

Endonucleases

It was obvious from thé above results thiat pLC 1047 and pLC 11-8 do not

share any, common insert from the E. coli genolpic DNA. This seemed to suggest
two possibilities

1. Like eukaryotes, E. coli harbors more than one enolase gene, and pLC
10-47 and PLC 11-8 plasmids carry different enolase genes,

2, There. is only one enolase gene in E. coli. In this case, either the
s, plasmid pLC 10-47 or pLC 11-8 contains this gene. - -

|,
s

5.2.5. Search for Mu!tlple Forl:;u of Enolase in E. coli gro=

. In order to deéermine if there.is more than one e_nolase gene in E. coli, the = - »
enolase’ geng/product was examineéd. E. coli JA200 grown in the presence or
£ absenee:ofglucose were used to investigate if the enolase. gene was differentially
expressed as is observed in yeast. Sonicated crude extracts froim (;xponentinl]y
%rpwing cells were dialyzed and then chromatographed on DEAE-Sephadex. The
enzymes were eluted using a linear salt gradient. Figure 5-4 shows that the elution

profiles of enolase activity were identical for E. coli gfown in the presence or

absence of glucose. The presence of only one peak of enzyme activity in each case
TR, >
: is consistent with there being only one enolase gene in E. coli and this gene not

being differentially expressed.

“The presence of a single péak. of enzyme activity indicates that onlgyone

plasmid, either pLC 10-47 or plté 11-8 contains the gene. The ability of one of

the plasmids to complement the eno mutation could be via another genetic locus :

. and there is a precedent for this phenomerion (Clarke and Carbon, 1978). 4
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Flg\i/ra §-6: Chromatography of E. coli JA200 in DEAE-Sephadex

Crude extracts of E. coli were chromatographed on

DEAE-Sphadex. The protein was eluted using a salt gn‘dienL
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5.2.6. Enolase Activity in Extracts of E. coli contalning pLC 10-47,

*  pLC 11-8 or pLC 16-4

" In order to find out which plasmid carries the énolase gene, enolase activity
in & coli strains carrying the plasmids pLC 16-4, pLC 10-47 and pLC 11-8, and
those wi’thout plasmid were assayed. ‘The relative specilic .enolase activity for

strains harboring pLC 16-4 or pLC 11-8 were similar to that of the host strain

alone (Table 5-2). Howsver, E. coli carrying pLC 10-47 contained 26 fold more

enzyme activity than the rest of the strains. The increase in ehzyme activity in

cells containing pLC- 10-47- was attributed to the presence of the enolase gene on

the plasmid, “and this is equivalent to a gene dosage effect. - This result strongly

suggests that the hybrid plasmid pLC 10-47 contains the enolase gene.

5.2.7. SDS Polyacrylamide Gel E (PAGE) of E of*
E. Eﬁ;onmnxng pLC 10-47, pLC 11-8 or pLC 16-4

,SDS PAGE analysis of crude protein extracts from E. cc)i JA200 cells .

carrying pLC' 10-47, pLC 118, pLC 16-4 or without plasmid showed that the

~former cells but not the Ijtter three, synthesized large amounts of a protein with ~
ey

an apparent molecular wdight of approximately 45,000 daltons, which comigrated
Wwith the rabbit enolase (Figure 5- 5) As enolase in E. coli consists of two identical
subunits with a molecular welght of 45,000, this further supports the hypothesis

. that only pLC 10-47 contains che E. coli enolase gene.
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Table 5-2: Enolase Activity of E. coli Containing Plasmids

JA200 pLC 10-47 ¥

. E. coli Plasmid  * Glucose Enolase Activity
JA200 none s 0.48
_JA200 none + 1.0
© JA200 pLC 16+ # + 12
JA200 pLC'11-8 + 0.9
+ 26.0

The values of the enolase activity are relative to the act;

coli JA200 which did not carry any plasmid. .




Figure 5-8: SDS PAGE Analysis of Extracts of E. coli
Carrying pLC 10-47, pLC 11-8 or pLC 16-4

Extracts of E. coli containing pLC 10-47, pLC 11-8 and pLC 16-4,

and those without plasmids lane C were subjected to electrophoresis

in a 10% polyacrylamide-SDS gel and stained for protein. The molecular
weight markers used were: lane A, bovine serum albumin (68,000) and
chicken lactate dehydrogenase (35,000); lane B, rabbit enolase (45,000)

and chymotrypsinogen (25,000).
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. 5.3. Discussion

6.3.1. Enolase Genes

Eukaryotic organisms possess at least two genes for enolase. In mammals
these genes are es;pressed in different tissues (Wold, 1071) and in plants the
enolases may be compartmentalized in different organe‘lles (Miernyk and Dennis,
1984). In }east there are two enolase genes which arose by .a recent gene .
duplication and they are known to be differentially expressed sepending on the
carbon source (McAlister and Holland.’ 1082). Since so much is now known about
yeast ;nolase genes, comparisons of these genes with the corresponding gene in E.
coli may yield insights into some of the differences in the regulation of

“housekeeping® genes in prokaryotes and eukaryotes.

5.3.2. How Many Enolase Genes in E. coli?

Thomson et al. (1979) isolated several hybrid recombinant plasmids. that
complemént E. coli glycolytic mutants. Among these are pLC 10-47 and pLC
11-8 which co‘mpbment a point m’uhtion at the eno-2 locus. * Classical genetic
studies (Irani and Maitra, 1974; 1916)‘indicale that ther;a is only one enolase locus
in E. coli and there is no evidence for more, than one active form of tl’le enzyme
(Plleiderer et al.r. 1966).. These results indicate that both pLC 10-47 and pLC 11-8
should contain the single E. coli enolase gane. However, when the extent 6f DNA
sequence homology in the E. “coli genomic inserts of these two plasmids was

\
compared, none wnﬁound.

Protein separation on DEAE-Sephadex using crude extracts from E. coli
‘ .

©
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and the subseqent enolase assay of each fraction showed one sharp peak of
enzyme activity. The presence or absence of glucose in the growth media does
not seem to effect the expression of enolase in E. coli. The enolase was eluted at
approximately the same fraction, and the specific enzyme activity was the same
for both cases. This suggests that enolase gene in E. coli is not differentially -
expressed as has been observed in-yeast, and confirms the conclusion of Fraenkel
and Vino‘pnl (1973) that glycolytic genes in E. coli are not inducible. These
results suggest that there is only one enolase gene and one enolase gene product in

E. coli.

When enolase nclivigy was measured in cells carrying pr 10-47, pLC 11»8/'
and pLC 16-4, only pLC 10-47 exhibited an increase in enzyme activity over cells
without any plasmids, This result suggﬁ;s a gene dosage phemonenon, i.e. the
difference in activity is due to :he pres.e'nce of ‘an enolase gene on”the plasmid

- which is translated to enzyme. This/évni further confirmed by SDS PAG}:.‘ A

major band corresponding to the molecular weight of rabbit enolase was seen only

in extracts of cplls containing pLC 10-47. The results shown in this chapter are’
« .

consistent with the hypothesis that there is only enolase gene in E. coh‘,‘and that

pLC 10-47 but not pLC 11-8 carries this gene.

Tt is conceivable that pLC 11-8 complements the eno-2 mutation with a gene N

product other than enolase. A possibility would be.that a suppressor tRNA is
i carried by pLC 11-8, ‘and examples of this phenorienon have been reported
(Ratzkin and Carbon, 1977; Clarke-and Carbon, 1978) Hx)wever, this would not

explain the enhanced enolase activity reported by Thomson et al.~(1079) in wild

“ . “a ” 3
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type E. coli carrying pLC 11-8. It is probable the pLC 11-8 which was obtained
from the E. coli Genetic Stock Center is not the same pLC 11-8 that was '

described by Thomson et al. (1979). The Clarke-Carbon library is san‘led on

titre plates, and ination of wells or incorrect sampling is often a
i problem (unidentified reviewer for *Gene®). Attempts are now being made by Dr.
W.S. Davidson to resolve this point. It was decided not to use pLC 11-8 for the

evolutionary studies.
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. Chapter 6

Evolutionary Studies using pLC 16-4
' and pLC 10-47 as Hybridization Probes

(

T 3t » have been i into prokaryotes and

~ 6.1. Background

eukaryotes. The' question of the evolutionary origins of ‘these two groups of .

organisms has been a mftter

ever since the f

) - “between prokayotic’afd eukaryotic c¢lls. became evident. Various methods have

@,

0 itative i logi i of proteins (Howe and Hershey, 1084),

been used to study the tic relationships among these organisms.

protein electrophoresis (Kersters and De Ley, 1975)° and 'comparisou of the

sequences of conserved molecules are some of the commonest methods used

i (Wilson et al., 1977). The macromolecules of interest should contain a *record

of their past evolutionary ancestry in order to allow construction of molecular

phylogenetic trees. These trees provide a useful lrahework for anﬂysis of rates of

and

y between organi Until mcently,(the

study of' ‘was usually icted to proteins. Now 't?e emphasis

~has shifted to nucleic acids. This is because recombinant DNA techniques

available today make. sequencing of nucleic acid a relatively easy task.
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Before the advent of binant DNA , evolutionary studies at
the nucleic acid level were confined to the entire genome. For instance,

on 1 sequence

among enteric bacteria has been
derived ftom studies on hybridization of total bacterial DNAs (Brenner et al.,
1971). .In this technique genomic DNA from a pdir of different organisms was
denatured, mixed and allowed to anneal. If there were sufficient conserved
regions, the complementary bases will pair forming hybrid double-stranded DNAs.
Thermﬂl’ stabilities of the hybrid DNAs have been used as a measure of the extent
_of nucleotide sequence divergence among the bacteria, since mismatched bases

lower the overall stability of the hybrid. The resistance of heteroduplexes (hybrid
.

DNAs) to thermal d jon was d with ’ and the
difference in thermostability, between the two duplexgs provided an approximate
per cent base substitution. However, studies using the entire genome were found

to vary widely, even for closely related species (Brenner et gf, 1972).

Later, major advances in evolutionary studies came v;itn detailed analyses of
repetitive DNA and coding regions, such as histone genes. ° However, the
molecules under investigation are unique to eukaryotes. For instance, there are
no histone genes and very little repetitive DNA in prokaryotes. This posed a
pr?blem for studying evolutionary relationships bevyeen prokaryotes and
eukaryotes. Hence, evolutionary studies were extended to molecules that are
common to both prokaryote and 'eukuryoles, e.g. ribosomal RNA (De Smedt snd‘
‘De Ley, 1977). ‘It was the studies on partial sequence analysis ;)f 18S-or 16S-like
'tRNAs (eukaryotic 185 rRNA) which first led Woese and Fox (1.977) to propose

(o
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the novel concept of three primary kingdoms, i.e. the eubacteria, urkaryotes and

archaebacteria. This tripartite division of extant life is incompatible with the

“ conventionally acdepted view, and has ionalized the basic dich
et

classification of prdkaryotes and eukaryotes.

However, one shoild be cautious because the observ‘it‘mns which led to the
proposal of the three primary kingdoms hwere derived only from studies on
ribosomes and their components. Although Lake and his co-\worke‘ré (1982; 1983)
;:riginally provided evidence in favor of the three-way split, the): have recently
chollenged this schen{é and proposed that eubacteria and halobnct‘eria are more
closely’ related to each otl\er than they are to any other group of orgamsms (Lake
et al, 1085 Lake, 1988) Furthermore, it was suggested thst eubacteria and
}mlobadterm (which were originally grouped under archaebacterial kiugdom)
compose ‘'a monophyletic group known as the 'phowcytes' (Lake, 1986) The

uhole cancept of photocytes and this novel clnssn[lcnuan ha¥ been opposed by

other laBoratories (Zilljg, 1986; Lederer, 1986; Woese et al., 1986). Since a study

.ol t .he xmolecul iated with ion has not clarified unequivocally

#  the phylogenetic origins of prokaryotes nndv eukaryotes, molecules othet’ than
lhoge which are part of the ribomx}\e should be examined in order to clarify the’

. vnlidity of the 'three-way split". Glycolytic enzymes seem to iwe suitable far such

an evolutionary study, as the)\:e highly conserved molecnles (Fotherg‘nll Gllmore,
,1988) and are universally distributed in nnture (Van Valen and Maiorana, mso)

(Criteria to whlch molecules must conl‘orm for these evolutionary studies have

s

been listed in Chapter 1.) ‘Since glycolytic enzymes are ubiquitous and are highly
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conserved, one could imagine that thei‘r genes wauld) be sufficiently homologous to
permit. :ross-hybtidizatinn‘ between species that are distantly related. This
Chapter describes the results of testing this hypothesis. The genes encoding E.
coli glycolytic enzymes, specificly eno, tpi and pfk A, were used in thi; project to
estimate how far in an evolutionary sense it is possible to use glycolytic genes as

evolutionary probes.

6.2. S Comparisons of Glycolytic Enzymes and Genes
In order to examine the potential of genes encoding E. coli glycolytic
enzymes as long range evolutionary probes, the amino acid and nucleotide

sequences-of TPI, PFK A and enolase from various organisms were compared.

»8.2.]:. Comparison of TPI-Sequences

) The amino.acid sequence. for {I’Pl has’ been determined from E. coli
(Pi’chersk’y et al, 1984).; B. stearothermophilus (Artavnnis—Tsakox;u and Harris,
1980); yeast (Alber and Kawasaki, 1082); coelacanth, ch;cken, rabbit and human

(Lu et al., 1984) (see Figure 8-1).

The corresponding comparisons can also be made at the nucleic acid level
Jor tpi from E. coli (Pichersky et al., 1984) and yeast (Alber and Kawasaki, 1082),
and the messenger RNA' for the TPI from chicken muscle (Straus and Gilbert,

19.85)‘ These are shown in Figure 6-2.

Comparisons of these sequences (Figure 6-1; Figure 8-2) indicate thit there
is at least 40 to 50 per cent homology between the prokaryotic and eukaryotic

TPIs (Table 6-1).

v




E. coli

B. stearo.
Yeast
Coelacanth
Chicken
Rabbit
Human

E. coli
B. stearo.
Yeast .
Coelacanth
Chicken
Rabbit
Human

E. coli

B, stearo.
Yeast
Coslacanth
Chicken
Rabbit
Human

E. coli
B

Yeast
Coelacanth
Chicken
Rabbit

" Human

* APS KFF G

/

82

\

50

—~MRHPLVMGNWKL JVSNLRKEL TAPPEMYID -

-~ KIIA MHKTLAEAVQF EDVKGVPP- DEVDSVV ~ FLFRL

-MA TFF- G F LQSIK I ER/NTASIP-ENVE V C AT L

AP- KFF @ M DKKSLG IQT NAAKVP-FTGEIVC AL
AP- KFF G © 'M RKKSLG IHT EGAKLS- DTE VCGA SI L
APS KFF G M RKKNLG ITT NAAKVP- DTE VC TA
M

61 . 99
MAKREAEGSHIMLGAQNVNLNLSGAFTGETSAAMLKDIGAQYITIGHSE
VQAADGT-DLQKI TMHFABZ T VPV L VT VL

TSVSLVKKPQVTV ~ . AY KA NVDQI C KWV L
F RLKVD-PKFGVA  CYKVSK IP I CVIWL
F RLKLD-AK GVA  CYKVPK IP I AWV L
F RQKLD-PK AVA  CYKVIN IPGI C TWVL
F RQKLD-EK AA CYKVTN. IPGI C TWWL

100 ' . 149
RRT\’HKESDH.IAKKFAVLKEHGL‘I‘PVLCIGEYEAENEAGMVCARQ ¢
HFAT TVB VLAFTR IIIC SLE RQ E DA VsQV

8 FH GQ VKHALG VGVI' 'LEKK ~ LEVE
HVFG GQ VSHALSE 'GVA  KIDR 'I G VFEV
HVFG GQ V'HALAE GVIA KLDR T K VFQE
HVFG GQ V HALSE GVIA KLDR I K VFE
HVFG GQ VHALNE GVIA. KIDR I K VFE
160 - 199
IDAVLKTQGAAAFEGAVIAYEPVWAIGTGKSATPAQAQAVHKFIRDHIA
EK LAGLTPQ--EVKIIL L § 2B BS CGH . SVVS
LA 'ED DI AS KFL
7 T § Q § EL GKL KWLK
TK TADNVKD--WSKV L - T Q E EKL @WLK
TKVIADNVKD--WSKV L T -Q E EKL GWLK °
TKVIADDVKD--WSKV L . N T Q EE EKL GWLK

04
Flgure 6-1: The Compsmon of Ammo Acid Sequen«:es of TPI from E. coli,

Yeast, C¢ h, Chicken,
Rabbit and Human

RLLNLG I T QGAKVE- DTE VCIG TA L




Figure 6-1, continued

200 . 249
E. coli ~KVDANIAEQVIIQYGGSVNASNAAELFAQPDIDGALVGGASLKADAF:
B. stearo. RLFGPEA .AIR KPD IRDFL 22 EPAS L
Yeast SLGDKA SELRL A G’  VIFKDKAV F PE- V
Coelacanth EN SETV DS I TGATCK ASE V F P-v
Chicken  TH SDAV VQSR I TGGDCK AS HV F PE- V
Rabbit SN SDAV-QSTR I TGATCK AS V F PE- V
Human SN SJAVQ TR I TGATCK § V F PE- V

250/
E. coli VIVKAAEAAKQA
B. stearo QL Q -=-GRHE
Yeast D INS
Coelacanth EYKDV:
Chicken DIN
Rabbit D IN -
Human DLIN ---= -

*The E. coli TPI amino acid sequence ig given in full in capital

letters. Only differences in th& sequences of other TPIs are indicated.

Tvicad

. . T ..
Deletions to v the b logy of sequence comparisons-

are indicated by -—. B. stearo. is an abbreviation for Bacillus
stearothermophilus. The reference for each TPI sequence is given in

the text.

/
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E. coli
Yeast
Chicken

E. coli
Yeast
Chicken

E. coli
= Yeast
Chicken

& E. coli
7 Yeast
Chicken

Yeast
Chicken

E. coli
Yeast
Chicken

E. coli
Yeast
Chicken

E. coli
Yeast
Chicken

E. coli’

64

: ; e
ATG === -—- CGA CAT CCT TTA GTG ATG GGT AAC TTG
GT === A AC TIC T CGGT
=== GCT CCCAGAGTIC C GGT C G G
14 26

CTG AAC GGC AGC CGC CAC ATG GGT CAC GAG CTG GTT TCT
TA . TTC AAMA A TCCAT AG AAT GAA

A GAG AAG A G GC™TTG GG CACCAC CG
27 . 39
AAC CTG CGT AAA GAG CTG GCA GGT GTT GCT GGC TGT GCG
AT AAC CT CT TCT ATC CCA --- AA AAT GTC AA
ca AA GGC CC AL CTCTCG--~ C A ACC A
40 52

GGT GCA ATC GCA CCA CCG GAA ATG TAT ATC GAT ATG GCG
T TT TeT T A CT CC CTA CTACTT
T¢ TTT¢ G GC TTC c ¢cCT .TT C

53 &5 [}
MG CGC GAA'GCT GAA GGC AGC CAC ATC ATG CTG GGT GCG
GICTCT TIG T AGAKGCCA AG CTGC T
CGC AGAGCT T---GAAG TGEAGT CA A
66 C 78
CAA AAC GTG AAC CTG AAC CTG TCC GGC GCA TTC ACG GGT
ccT T GGT T T T ¢
€ TETT AG GTA C MG T 'T A A
79 91

"GA ACC TCT GCT GCT ATG CTG AAA GAC ATC GGC GCA CAG

C-T ACCAMAC G TGT T TA

G T AGCCA A AC T T A TGCA
@2 : BT
TAC ATC ATC ATC GGT CAC TCT GAA CGT CGT ACT TAC CAC
66T TT € AAAAT ™
6@eG - CG C A G GAGCA o'rrrrrt\

Flgure 6-2: -Nucleotide Sequences Compatison of TPI from E. coli,

Yeast and Chicken




E. coli
Yeast
Chicken

E. coli
Yeast
Chicken

E. coli
Yeast
Chicken

E. coli
Yeast
Chicken

E. coli
Yeast
Chicken

E. coli
Yeast
Chicken

E. coli

Yeast
Chicken

E.coli
Yeast
Chicken

P
Figure 6-2, continued

105 ¢ 117

AAA GAA TCT GAC GAA CTG ATC GCG AAA AMA TTC GCG GTG
CC G AGTC T TGC GAC MATC
@ ¢ T oGT T CG GGG TCAT
118 130
CTG AAA GAG CAG GGC CTG ACT CCG GTT CTG TGC ATC GGT
GCT TT GT TGCG GICACT T
GCT CTT CT & CGG GICACGE C T G
131 143
GAA ACC GAA GCT GAA AAT GAA GCG GGC AAA ACT GAA GAA
TG AA GAG C T G TG T
"6 JQCTe A GGA T T G GAG
w  ° - 156

GTT TGC GCA CGT CAG ATC GAC GCG GTA CTG AAA ACT CAG
GIT MAA ATGA T CT G GAAGIT
G TT A AGACC C.AA TATGTGT ACGT

157 . 169
GGT GCT GCG GCA TTC GAA GGT GCG GTT ATC GCT TAC GAA

AAG AC GG ACT AAC TC G
AAG AC GG AGT AAG T cT C T G
170 182
CCT GTA TGG GCA ATC GGT ACT GGC AAA TCT GCA ACT CCG
A C c T cC. TTIGG T A
AT T A T A T [
183 196
GCT CAG GCA CAG GCT .GTT CAC AAA TTC ATC CGT GAC CAC
MGT T A A A GCT C AAAGTT
CAA T AG TGGAMGCGAA G TGG
198 ‘ 208

ATC GCT =-- AAA GTT GAC, GCT AAC ATC GCT GAA CAA GTG
TG TCC GTG G‘F-AC,'GGGI' CAGCG T
C MAAGC.CC GTCT A GCTGT € G TC ACT




‘4

. 86

Figure 6—"1, continued

209 / 221
E. co ATC ATT CAG TAC GEC GGC TCC GTA AAC GCG TCT AAC GCT
Yeast GA CTTA T T cT GT AGC c
Chicken G CACT T A T A C CT GTGGC TG
- 222 234
E. coli GCA GAA CTG TTT GCT CAG CCG GAT ATC GAC GGC GCG CTG
: Yeast TTACC TCAAG ACA GT -G T TTICT
\ Chicken AAG ~ GCTC AT GG T TIC T
~ 236 247
E. coli GTT'GGT GGT GCT TCT CTG AAA GCT GAC &CC TTC GCA GTA 2 "
Yeast c T- GCA A--- T & CT
Chicken G C GCA G--- T TG AT
248
o E. coli - ATC GTT AAA GCT GCA GAA GCG GCT AAA CAG GCT .
Yeast T AT BT emmomen: chmmwe G A Qi
Chicken TAC r (e dames Limmen:

The E. coli sequence for TPI is given in full. Only differences

in the corresponding sequences of the TPI: of yeast and chicken are

indicated. The numbers refeTmhe corresponding amino acid
Jeauences. Deletfons () have been introduced where necessary to

b I The ref: for each saquelice is given in the

text.
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~

Table 8-1: Per cent Amino Acid and Nucleotide Sequence Differences
of TPIs from E. coli (EC), B. stearothormophilus (BS), .
Yeast; Coelacanth (Coel), Chick, Rabbit and Human

EC BS Yeast Coel Chick  Rabbit Human
EC - 62 65
BS 63 -
Yeast 56 66 - 59
. Coel 59 63 52 -
Chick * 57 64 19 24, -
Rabbit 56 63 49 19 L .
Human 57 61 22 18 8 -

51

The values in the upper half of the matrix are per cent nucleotide

| sequence differences and those in the lower half are per cent amino

\ncid sequence différences.

The above sequences were compiled using a Los ‘Alamos §equence Analysis

computer program

|
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- The amino acids at position 98 to 102 are invariant in all the species
examinéd to date. Other regions that show homology at the amino acid level
include the sequences from positions’73 to 80, 167 to 179, 211}0 218 and 233 to
242. ‘However, the corresponding regions at' the nucleotide level are not quite as
conserved. This is due to the degeneracy of the genetic code and in particular to

base substitutions at the third position of codons that do not alter tie amino acid

Phosphofructo-kinase (PFK) [EC 2.7.1.11] ‘is* one of the key enzymes

sequence.

6.2.2. Comparison of PFK Sequences

involved in the glycolytic pathway. It catalyzes the conversion of fructose-6-

hosphate to fructose-1,6-diphosph using ATP as the phosphorylation source.

This enzyme is is subj ’Ateric ivation” and inhibition by various

metabolites: II‘I E. coli, PFK is encoded by two genes: pfk A and pfk B. These

genetic. loci map at 88 min and 38 min in the E. coli chrdir;osome respectively.
Eukaryotic PFKs are twice the size of hhe‘ corresponding prokaryotic enzymes. It
hes been proposed that mammalian PFKs have .evolved by duplication of a
prokaryotic p/fk (Poorman et al., 1984). The amino acid sequences for PFK from -
E. coli (Daldal, 1984), B. afearothzr;naphilus- (Kolb, et al., 1980) and rabbit
(Poorman et al., 1984) bovg been determined and their alignment is shown in

(Figure 6-3). « 4

~ Comparison of the PFK amino Acid sequences indicates npproximn;.ely 30 to
? 40 per cent homology between the nquenm, except for E. coli PFK B (Table -

M) Certain regions or PFK are hlzhly conserved nnmely amino acid residues 4




89
to 11; 111 to 120; 151 T 17‘1; and 281 to 207. However, PFK A and PFK B from
E. coli showed less than 20 per cent homology. This is con;istent with results
that indicate that there is no immunological cross-renctgyi!y between these two
proteins (Daldal, 1084). There is no obvious homology betwee_n PFK B of E. coli

and the PFKs of rabbit or B. stearothermophilus.

8.2.3. Comparison of Enolase S

The amino acid sequence for enolase has been determined for yeast (Holland.

_ ¢t al, 1981; Chinfet al., 198la; 1981b) and rat (neuronal and pon-neuronal)

it et al., 1085). of these s (Figure 6-4) indicates that
there is at least 60 per cent homology)between yeast and rat, and‘more than 80
per cent matches between neuronal and non-neuronal enolase sequences of rat

(See Table 8-3). The corresponding comparisons were also'made at the nucleotide

level (Figure 68-5).

The amino acid sequences of enolase are more conserved than' their

The amino acid sequence homology between
the neuronal-specific and.non-neuronal enolase of rat is grenter thnn 80 per cent,
whereas at the .nucleotide level the match-is nppmx:rﬁntely 75 per cent (Table

6-3). The enolase¢ sequence comparisons between y‘enst .nnd rat exhibit less
P

homology. The nrpino acid and nucleotide sequences between the two species

show i ly 80 per ‘cent homol

It is of interest to note that the

enolases within a ape‘es are more similar to one another than they ﬂ‘re to the
enoluses in soother species. This gives the impression that there has been
independent duplications of the enolase genes in rat and yeast. This phenomenon

. t 1 ¥
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- 1 : 50
// E. coli A IKKIGVLTSGGDAPGMNN-IRGVVRSALTEGLEVMGIYDGYLGLYEDRMV
B. stearo. - R - N8 M S KIWHY YVH A IA-G--
Rab m-N GAA » Q MV A VGIFT AR FFVHE Q VDGGD-

Rab m-C w~~==A MNV AP A AAVRST IG IQ NR LVVH FE AKG---
E. édli B ~-VR YT L-APSLDS-AT TPQ---+IYPEENCAVPHRCSNPGGGINVA

51 f 100
E. coli A QLDRYSVSDM---INRGG-TFLGCARCPEFRDENIRAVAIENLKN-GIDA
B. stearo, NIKKLEVGDVGDI H - I.YT KT EGEKKG Q@ KH QG

Rab m-N HIREATWESVSMMIQL - VI 8 KD EREG LR AH VKR TN
, Rab m-C  QIEEAGWSYVGGWTGR ~-5K BK TLPKKSFE=-==-=====mem=mm

E. coli B_._RAIAHLGGSATAIFPAGGA GEHLV! -~ VP- TVEAKDWTRQN
. e
co1 ¢

E. coli A LVVIGDDGSYMGAMRLTEN

B. stearo. G Q KK K=o~ -

Rabm-N . C 'G LT DTF SEWSDLLSDLQKAGKITAEEATRSSYLNIV V

Rab m-C E RKQFDELS 1 FWI1

Efcoli B H MPGAA- LNEDEFR
. 161 . ¥ 200

E. coli A GTIDNDIKGTDYTIGFFTALSTVVEAIDRLRDTSSSHHAISVVEVMGRYC

B. stearo. " P F D N'ID KI AT/ERTY I HA

Rabm-N . § FC M TDS HRITGIV AITT AQ QRTF L H
Rabm=C A VS: VP 5 FSV AD N ICTTC RIKQIAAGTKRVFII T G
E. coli B QLEEQVLEIESGA LVISGSLPPGVKLEKLTQLI LRKNKGSAASSTVLG

211 . ) . 250
E. coli A’ GDLTLAAAIAGGCEFVVVP VNEIKAGIAKGKKH---AIVA
B. stearo.  JA'WSGL A TILI ADYDMN VIARL.R HER * =---§ II
Rab m-N Y A VISLSC ADW FI CPPDDNWAHLCRRLSETRTRGSRLN II
Rab m-C Y ATM GL A ADAAYIF EP TIR 'QANVEHLVQ M TTVKRGLVL

E.cold B QG SAL - NIL KPNQK L A--  RELTQPDDVRKA--- QI

% ‘ S
Figure D-/ax..Amino acid sequence comparison of PFK from E.coli,
Bacillus atearothermophilus and rabbit
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Figure 6-3, continued : v .
. 5 300
E.ccoli A ~~MCDVDELAHF IEKETG--RETRATVLGHIQRGASPVPY
B. stearo. ~-GSG -FGRQ QEA --F " V v TAF

Rab m-N VA OAIDSNGKPITSEGVKDLVMRRL --TD, V.V T BAF-
Rab m-C RN KCNENYT---TDFIFNLYS EGK I-FDS KN GHMQ TF
E. coli B - VNSG-------KAKRVVVSLGPQEAL VDSENCIQ VPFALKSQ T GA

To301 p
E. coli A DRILASRMGAYAIDLLLAGYGG
B. ‘stearo. VBAL RVE

Rab m-N Ie VE VA
Rab m-C - NF TK K-AMNWMA KIKESYRNGRIFANTPDSG- LGMRKRA
E;. coli B GDR VGA TLKLAENASLEEMVRFGVAAGSAATLNQGTR

3651 * 400 .
E. coli A  VHHDIIDAT .DCAEKTVLM P! B
B. Stearo. D : AE LA KHTIDQRMYALSK LSI-: -
Rab m-N RLPLMECVQVT DV

Rab m-C FQPVTE-LQNQTDFEHRIPKEQWWLKLRP ILKILAKYEIDLDTSEHAR
E. coli B CSH DTQL YAYLSR N -

E. colt A
B. stearo.
Rab m-N
Rab m-C

E. coli B

The E. coli PFK A amino acid sequence is given in full in capital
¢ . °
letters. Ouly differences in the sequences of other PKF's are indicated. L

Deletions i

to imize the h logy of sequence cpmpnriwns are
indicated by.-. B. stearo, is an abbreviation for Bacillus
* atearothermophilus, Rab m-N and Rab m-C correspond to N- and C-halves of

‘PFK from&‘?bh muscle, The reference for each PFK sequence is given in T o

the text.
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Table 8-2: Per Cent Amino Acid Sequence Differences between E. coli,
— Bacillus stearothermophilus and Rabbit PFKs -

E.coliA  B.stearo. Rabbitm:N Rabbit m-C E.coliB

41
Elcoli A - : . |
B. stearo. 59 .

Rabbit m-N 62 56 ; -

Rabbit m-C 88 63 72 - .

E.coliB 84 NH NH NH -

I} 3 . ¥ B v
| NH denotes no obvious homology between the two sequences compared.
The abbreviations are as in Figure 6-3. ¥ s

« .

The above sequences were compiled using a Los Alamos Sequence Analysis .

computer pm;ram/ ® S

e ki




YEAST p46
YEAST p8
RAT NNE
RAT NSE

YEAST p48
YEAST p8
RAT NNE
RAT NSE

YEAST p4s
YEAST p8
RAT NNE
RAT NSE

YEAST pd6
YEAST p8
RAT NNE

RAT NSE -

YEAST p46
YEAST p8

RAT NNE-_

RAT NSE

. YEAST p46
YEAST p8
RAT NNE
RAT NSE

i

73

1 50
AVSKVYARSVYDSRGTPTVEVELTTEXGVFRSIVPSOASTOVHEALEURD
SILIN EIF , N 'DYA L M oL
SIQW EIL N, AL M oL
51 ’ 100
TAPAFVKANT ISLDGTA
WON N AL L

N TRF.'. SK EHI KT L SKKLN VE EKI QLM EMN E
| @R K DHI ST LIS>GLS g EKL NLMLE = E

101 s 160
NKSKLGANAILGVSLAASRAAPAEKNVPLYKHLADLSKSKTSPYVLPVPF
p E ‘

F VCK GAVG G R I A-GNPEV-T A
F VOK GA DL IQA-GNSD-LI A
161 - . . .200
LNVLNGGSHAGGALALQEFMIAPTGAKTFAEALRIGSEVYHNLKSLTKKR
F I NK M LV SSR M A VI EK
F I NK M LV ESRDMLA T GVIDK
-
201 i 4 260
IQTAEEALDLIVDAIKA IGLDCASS
< B
KDT , F; LENK ELPS AK YIDQV MVA
KD T F/ LENS EVKE DK YIEMV MVA
% 300
E-'FKDOKYDLDFKHPHSDKSKILTQ%:LADLYMSMBYPIVBIEDPFAE
E . ¥
YRA 5 D= A RYI PD KFI D D

YR, B APRCI D GA™ QDFVRN D

Flgure 8-4:  Amino Acid Seq{unce Csmparlgon of Yeast and Rat Enolases

7

N




RAT NSE

74

Figure 8-4, continue;l

301 . : 350
YEAST pd6 DDWEAWSHFFKTAGIQIVADDLTVTNPKRIATAIEKKAADALLLKVNQIG
YEAST. p8 K- :
RATNNE- Q@ D QK TA ve K_AGE'SCNC
RATNSE Q@ A KTANW ¢ ERVE CNC
- 361 ; © 400

| -YEAST p46 TLSESTKAAGDSFAAGWGVMVSHRSCETEDTFNADLVVGLRTGUIKTGAP
YEAST p8 N % .
RAT NNE  SVT LQ CKLAQSN T LE I c.

RAT NSE  SVT A Q CKLAQEN I ¢’
» 401 . %
YEAST p48 . ARSERLAKLNQLLRIEEEL
YEAST p8 K Y
RATNNE € Y I SK K RS RNPLAK
c Y M EER H RNPSV

The amino acid sequence of the p46 yeast enolase if given in full.
Differences in,the sequences of the other enolases are indicated

and identical dmino acid residues are left u‘blnnka. Deletions,
C A

introduced

- .
to imize the h logy of the sequence comparisons, are

indicated by ---. RAT NSE and RAT NNE correspond to neu;onnl—speciﬁc

and 1 enolase 3 of rat respectively. The

for each englase :equeﬁe: is given in the text.

Sy
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: ‘1 13
YEAST pd6  GCT GTC TCT AAA GTT TAC GCT AGA TCC GTC TAC GAC TCC
YEAST p8 .

RAT NNE TCATCIC GACCT C GAGA TT
RAT NSE T AACAG /G-AC G& CC GAOA Ta

i e :

414 268
YEAST pd6....CGT GGT ACC CCA ACC GTC GAA GTC GAA TTA ACC ACC GAA
YEAST p8 . :
RAT NNE C G AT C T G G TCICTA c
RAT NSE | G AT C @ G O TCICCAT T cC

31 39

YEAST pd8  AAG GGT GTT TTC AGA TCC ATT GTC CCA TCT GGT GCT TCT
YEAST p8, . T c
RAT NNE A cc CTGTGG G CAC : G C
RAT NSE A c T c

GCA C AG e c
40 . ‘52
YEAST pd6  ACC'GGT GTC CAC GAA GCT TTG GAA ATG AGA GAT GGT GAC
YEASR p8 g o ve
RAT NNE T CA T a4 CCA cc cm T
RAT NSE T CA TT a cc GCA @ a
53 - i ; &6
YEAST p4é AAA TCC AAG TGG ATG GGT AAG GGT GTT TTG CAC GCT GTT

YEAST p8 ’ c
RATNNE © GA CGC TC . [ c caAaa "
RAT NSE CAG.CGT ACTA C A CC AG [
66 . : 78
YEAST pd8  AAG AAC GTC AAC GAT GTC ATT GCT CCA GCT TTC GTT AAG
YEAST p8 c s . GT c
RAT NNE G C A T A AACT AT ca ac
RATNSE GCC A . AGCAC C A G CC AC gC
-

Flgure 8-5: Nucleotide Sequences of Enolase from Yeast and Rat
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Figure 6-5, continued - .
79 ’ 91
YEAST p48  GCT AAC ATT GAT a1T AG_GAC CAA AAG GCC GTC GAT GAC
'YEAST p8 | TA .
RAT NNE.~ AAG ACGA 6T G GG MGAT CCG
RAT NSE TCAGE CCTC. GGT GG MGCG CA
92 104
YEAST p48  TTC TTG ATT TCT TTG GAC GGT ACT ace e m TCC: AAG
YEAST p8 ' TG T
RAT NNE CaA C GAGA c A AT T
RATNSE ~CGA CGGAG T-G AG
mg 117
YEAST p48  TTG QGT GCT AAC GCT ATC TTG GGT GTT TCT TTG GCT GCT
YEAST p8 cC CcA c*
RAT NNE T AT C c A G ccC c
RAT NSE T 6 Cc T ¢C c G cc ]
e
118 i 130
YEAST pd6  TCC AGA GCT GCC GCT GCT GAA AAG MT GTC CCA TTA TAC
O YEASTPB . GT . C T .G
RAT NNE G AG 6T C TG GG aao G GcCcT
RAT NSE G AG 6 A C G, GCTG £CC T
131 : 143
YEAST pd6 MG CAC TTG GCT GAC TTG. TCT AAG TCC AAG ACC TCT CCA
. YEASTPS CA
RAT NNE T . AT C G CGGC AL CCT GAG GTC A T
RAT NSE cac AT CAC G GG AL 'TCCGA CICAT
. 144 168
YEAST p48  TAC OTT TTG CCA GTT CeA TIC TG MC GTT TTG MG GeT
YEAST p8
RAT NNE CTG CCa G C C TICMTG T - c
RAT NSE CTG CCC GT G -CC TTTAATG T -




i

* Figure 6-5, continued

YEAST p48
YEAST p8
RAT NNE
RAT NSE

* YEAST p46
YEAST p8
RAT NNE
RAT NSE

YEAST p46
YEAST p8
RAT NNE
RAT NSE

YEAST pas
YEAST p8
RAT NNE

* RAT NSE

ST pd8

ST p8
RAT NNE
RAT NSE

YEAST p
YEAST pé"
RAT NNE

RAT NSE

187 ’ 160
GGT TCC CAC GCT GGT GGT GCT TTG GCT TTG CAA GAA TIT
: : c
Tt C AAC MG cA 6 c
¢t T GAMCME CA @ @ C
170 i ’ 182
ATG ATT GCT'CCA ACT GGT GCT AAG ACC TTC GCT GAA GCT
c
CCT6 TG G ATCTT GG c
Lco . 6o ¢ ¢ TeG T C
183 N 195
TTG AGA ATT GGT TCC GAA GTT TAC CAC AAC TTG AAG TCT
A . ) . .
A cc AGA @ ) c ' M
A Cc G ¢ q. CACC GG
198 : 208
TTG ACC AAG AAG AGA TAC.GGT GCT TCT GCC GGT AAC GTC
: :
cT Ao Ae GAMGAC - ACC- T @
GC T GC AG CMGGA | AC a
209 221
GGT GAC GAA GGT GGT GTT GCT CCA'AAC ATT CAA ACT ‘GCT
[
T. 6 ATC A T G TG GAG AAC
e T c cT ; C ¢ T C TG GAG MAC
222 © 234
GAA GAA GCT TTG GAC TTG ATT GTT GAC GCT ATC AAG GCC
e o ¢ aea
A . AC GC CACGTCT C T.OCA AAG
AGC GC GGAMI A C. TGCAAG
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Figure 8-5, continued
247

- 238 ' .
YEAST pd6  GCT GGT CAC GAC GGT AAG GTC AAG ATC GGT TTG GAC TGT
YEAST p8

RAT NNE C CT AT ACC . T GTg cA  Tare
RAT NSE C CT AG M AGOT T A6 TG
248 !

‘YEAST pd8  GCT TCC TCT GAA TIC TIC (Aa GAC.GGT AAG TAC GAC TTG
YEAST p8 )

RAT NNE G c ¢ A G CT ¢ T [4
RAT NSE 4 G T ACCE T C A
261 273
YEAST p48  GAC TTC AAG AAT CCA AAC TCT GAC AAA TC6 MG TGG TTG
YEAST p8
RAT NNE ¢ GT-—- TGCAG CG ACAC
. RAT NSE T T¢ ° T GCT -—- CCT ~ CGA CAC
274 T 288
YEAST p48  ACT GGT CCT CAA 6 6CT GAC nc. TAC CAC TCC TTG ATG
YEAST p8 6TC G
RAT NNE CACCCOAC G C c c_ AG, c ¢
RAT NSE GGG GAC .GCT G6 CACC - GGA TGC
299
YEAST p46  AAG AGA TAC CCA ATT GTC TCC ATC GAA GAT CCA TTT GCT °
YEAST p8 .. :
RAT NNE GAC GG G 4 c Ac
RAT NSE CCAC T TGG T c c A
300 313
YEAST p48  GAA GAT QAC TGGGAA GCT TGG TCT CAC TTC TIC AAG ACC
YEAST p8
RAT NNE ce. ¢ T . CAG A G ACAGCT T

&TNSE ga’ c - CAG ACA GCC AT




Figure 6-5, continued

YEAST p46
YEAST p8
RAT NNE
RAT NSE

YEAST p4é
YEAST p8
RAT NNE
RAT NSE
.
YEAST pa6
YEAST p8
RAT NNE
RAT NSE

YEAST pd6
YEAST p8
RAT NNE
RAT NSE

YEAST p46
YEAST p8
RAT NNE
RAT NSE

YEAST pd6
YEAST p8
RAT NNE
RAT NSE

au 328
GCT GGT AT}, CAA ATT GTT GCT GAT. GAC TTG ACT GTC ACC
e : - T
A C C. GGG G G cc A @
'IC € C 6 A GG c 6 a
327 : ' 339
AAC CCA AAG AGA ATT GCT ACC GCT ATC GAA AAG AAG GCT
6T :
T CG C C A GAGGA K TC
c cc cAGce6 Ace 66 (L C -
- 352
GCC GAC GCT TTG TTG.TTG AAG GTC AAC CAA ATC GGT ACC
T T .
6 A TCCCC CC A G 6 T CT
TG A TG ¢ ¢o¢ ¢ cTA
363 “ 366

TTG TCT GAA TCC ATC AAA GCT GCT CAA GAC TCT TTC GCT
G

G AC G TCGCG GTG AGCTGGCCAGTC

GCAA G c G TGC A G CTG G C CAG AG
366 ¥, 78
GCC GGT TGG GGT GTT ATG GTT TCC CAC AGA TCT GGT GAA
AAC c -
TMT ¢ c (4 TC AG G .

AA c & G G AQT‘ TCC A

~\ .
a9 hid 391

ACT GAA GAC ACT TTC AAT GCT GAC TTG GTC GTC GGT TTG
T

[ T €C € G G GGCC
c ¢ G T A CC A.G AC
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Flgure 6-5, continued

392 404
VEAST p4s  AGA ACT GGT CAA ATC AAG ACT GGT GCT CCA GCT AGA TCC
YEAST p8
NNE TG ¢ ¢ c cmcc, T
NSE TT ‘A G, \ ¢ mc T
406 . . 3 417
YEAST p46  GAA AGA TTG GCT AAA TTG AAC CAA TTG TTG AGA ATC GAA *
YEAST p8 G )
& . RATNNE ~ GCCC C G AC T GACCT 4
RAT- NSE CTC G G AC GCCA G T
418 430
YEAST p46  GAA GAA TTG GGT GAC AAC GCT GTT TIC GCT GGT GAA MG
YEAST pB .6 c A
RATNNE = G C CAG . A CAMG T C CAGGTC
RAT NSE ¢ ¢ ¢ eeo coc G A
: 431 : s
YEAST p48  TIC CAC CAC GGT GAC AAA TTA
YEAST p8 ¢.a ™
RAT*NNE AGG A CCC CTG GCC AAG
RAT NSE . €6
~ ’ .

The nucleotide sequence of the yeast p46 enolase gene is given in full.

Only differences in the corresponding sequences of the i'easl p8 enolase

and rat l-specific (NSE) and | (NNE) are indicated. The

numbers refer to the

amino acid . Deletions

(-~-) have been introduced where necessary tQ maximize homology. |
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Table 6-3: Per Cent Amino Ac|d Sequence 4nd Nucleotide Sequence
Differences between Yeast and Rat Enolases

Yeast p46 Yeast p8 Rat NNE _ Rat NSE

Yeast p46 - 5 . a4 .- 40
Yeast p8 - - 4 L™ 2" 10
Rat NNE i 39 39 - .25 "
Rat'NSE .39 ‘ 39 * 17 ¥

~

‘The values in the upper half of thé matrix are per cent
nucleotide sequence differences and those in the lower
half are per. cent amino acid sequence difference.

The above sequences were compiled using a Los Alamos Sequence
Analysis computer progrnm




could also be

‘et al,, 1080)~_

The per cent amino~ uud sequenca difference of TFL§etwsen Yyeast, nnd

mammals is 49-51, wherens the yesst and rat esolases differ by nppmxnmutel;j 40

/s

per “cent. It cambe concluded from 't »&mpumun that/ enolase evolves ev;n \

E o d more slowly than TPL ' . " - . ) '\
6.3. Potential of pLC 1u-4 nnd gLC 10-47 as Evoluﬁnnury i
- . Probes

The amount of sequence divergence at the nucleic acid level parallels the per

cent amino acid sequence-difference very well (Figure 66). This is somewhat

“'surprising as it is possible to bave a sizuntion"gvhere there are mo amino acid
5 4 .. X ; :

sequende™ differences yet ‘greater tha}:gso' per cent difference in the nucleotide -
sequences bec:anse'of‘ the Jd’égene_mcy of the genetic code. - However, for "
hybridization purposes it iswhe ov“erall amount of sequence; homology that is”

bimpor'tant but rather the {'l'f homology in sufficiently long stretch ‘of/

DNA As an exampla, the amino acld sequences ol yeast and E. coli TPIs are

e« 1dennca.l az xesldues 234 to 241 bul in zhxs region at the nucleic acid level there is

a stmtch o( 22 nucleohdes in whm}i there afe 2 substitutions. The theoretical i' -

temperature nt whlch these sequences "would hybndlze in 6X SSC is 45°C S(e\ .
.

"Meinkoth - and Wahl (1984) for a review o! the. parameters tlm lnﬂnence . -
hybndlzaﬁon of nucleic acid probes and.their detect\unlof sequenczw! "DNA fixed

to solid supports.)




i_‘lgnu a;a: Comparison of ‘the Amount of chuuncn Differences at the
: “° “Amino Acld and Nnclah Acld Level ”

: closed circles’ repment dm obmned rom cnolua :equenca
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It is most unusual “to be -able" to prédict "the optimum conditions for

hybndlzmon nnd wuhmg when Ilsmg a piece of DNA as'a heterologous probe

e lnd these p are ¢ nl hiermized by trial and error. Cluned genes

for a vaﬂety of protem'is have been used as heteralagous probes w 1dentlfy nnd
isolate the’corresponding genes:from dl!(erent orgamsms' eg a Drasuphtlu, detin

gene for sea urchin actin genes (Schuler and Keller, 1981; Dunca zI al., 1980);

yeast cytochrom: ane for rat cytoch ¢ genes (Scarpulla et al 1981), asea

urchid histone gene for chicken histone genes (Engel nnd Dodgwn, 1981), the -

“chiéken glyceraldehyde-3-phosphat dehyd; ¢ _gene | for the correspondmg
phospl ydra

yessi genes (Must\ etal, 1083)| human globin cDNA clonea\ for old world mcnkey

) globm geuu (Mumn etal, 1083), the calmadulu: gene rrom the elecmc eel Ior a
chlcken cnlm_a_d)dm gene (Putkey et al.,. 1983), a rat cDNA Ior prepromsulm for
the chicken insulin. gene (] Pe‘ﬁer et dl, 1980),7tl3e_Klzbmella; nif g?nes for nif-
genes from a bllx‘rgretfn alga (Mazur et jal.,_lﬁao); aud a Drnab:phila gene for the 4
mnjéx !:_ga@-sh}ck protein was used to detect related se‘quenéesj'i#n “mouse and yeast

+ . ) \
genomic DNA .(Moran et al.,, 1083). Based on the observp.tion\g of Moran et al.

'[XQES) it was decided to use two sets of Bybridization conaition's in this study: the

first wnsf.cons'\deret.i “high* stringency (40°C, 50’ per cent’formamide, 5X SSC)

-and the other was "low® stringencf (37%‘ 30 per cent formdn'ﬁde, X SSC).

Under less :tnngent condmons than the latter Monn et al. (1983) found that

there ‘was too- mueh non-speclﬁc hybr?dlntmn L=
. g
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" ! 8.4: Results - ; P L
K - v, <
* 64.1. Characterization of Genomic DNAs i
o, [
_ Genomic DNAs were isolhted from_organi P entati of eub i
archaebactena ‘and eukaryote: Electr is of thesé DNA‘ tions' in

agarose gels indicated that the svemge sizes of the gznomlc DNAs wers g‘rente}
* - than, 25 kilobasepairs. The DNA prepnnhons from  Shigela Fonnei a.nd
Halabnctnum voleanii gnve bmds on t.he gel tﬁat had the’ u?penranca

of
: plnsmlds (F:g\lre 6-7). Therewas fhe suggeshon I:hat the DNA pre}nred fnln

.Serraha ’ and Klebsiclla ‘._ ae also ; 1t ir p[umxdg. .
“6.4.2. Hy tudiest aétérlaceae DNAs -
B The genoimic DNAs nbtamed from bers of the E: ',‘. were

dxgested with Eco RI or Hind II The frngmencs thut were genemted were

separnced by gel eleczrnphoresls (Flg\lre 6-8), denswred in ity trnnsfered to

Biodyne-A-nylom mgn_xbmne and hybridized with radioactively-labelled Ko, pLC, pLC,

10-47-or pI;C 16-4 under two differenvt deitions ( 'high" or"'lm)v' st}ingency). ‘

6,4.2.1. Bybrldiz:tlon luhlg K3o clon\pg vector as probe . i

K30 is the Col E1 plasitid zhut was used as Ihe cloding Vector for* the E
coli genomlc hbrary (Clatke and Carbon, 1976) lrom which pLC 10-47 nnd pLC

16-4 were denved The reason for using K30 = a probe was to deurnﬂne xf there

that would

- were sequences in the genomic DNA /" wllh the

clohing vector in addition to the E. coli inserts of pLC 16-47 and: pLC {64,
&

%

o ey




2 ug of euh genomu: DNA wu lonaed ona 0 8% uprosa gel and

. eltctrophnresls was cnrmd out (t 100 V.

) Ean:llemhm»:nh (2) Shiﬁella umnei (3) Serratia

maruu:nr (4) Klebn:lln pnaummme, (5) Paeudamnnu g

gullfin,_ (8) Bacillus lublau, (7) Clostridium pzr/n‘rwehs‘

. . (8) afin St deikti 2 (0) Halobi i ‘uol_cunix‘;'(lo)
""" . Halobacterium halobi (u)ﬂ fum marior rtui; (12)

= Hal

(m; weuy with uum m; uq and

St 18) Eullmc ia; (lﬂ) Shlyella, (1) Salman:lla lyph:munum,

(18), Citrobacter freundii; (19) Serratia. mazuaum, X

i 1 & (20) Enterobncler 6erogenit; (21) Kiebsiella pneumoniae; .
) Eﬁogn__maln tarda; (23) Proteus mirabili ' =

" (24) Erwinia carolovora. .-



1.2 3. 458 7 8 9.1).1.12 13 14 15 16 17 18 19 2p 21 22 23 24




{igure 6-8: Electrophoretxc Putbern of Genomxc DNAs from
K Enterobnctemceu Digested with Hind [l

f were s : dona 0.8% agarose gel at 100 V. .

(1) Escherichia coli, (2):Shigella sonnei, (3) Salmonella -

choleraesuis, (4) Sal
freundii, (6) S:rrnlm marcesuna (7) Enterobacter aeragcnaa,

E (8) Klebuella pneumomu, 9) Edwardanella larda‘(ll)) Yersinia

t litica ‘ll\ h'alzm i (12) Erwinia carotovora.
ng 13 eontunsd no DNA and lane 14 corresponds to-x DNA cut with

. HlndII[ - b




“Hm'*ﬂ'mm.1 :




Serratia-(Figure 6-9 and Flg\lre 8-10). S\mnlar patterns were seen\-u-rspemve of -

hybndlmlon smngeney excem tha& the bands were more mtense at’ low
stringency. Tle interaction\ with the Slugella DN’A ‘was ‘strongest whereas the *
slgnnls with Serratic and Kchm}Ia were less, ‘but of equal intensity. , The -
hybhdlzanan of K.’io with Shigella, (Khbaxella and Szrruﬁu geuomlc preparmons'
corresponds to mcenctxu.u thb pasrmds in these strmns Plasmn‘ls have been
uohted dnd partially chaructemed l:om these strmns (Ws. Dnv:dson,
unpublished obaervntwns) [’ C ’
. 842, z.ﬂybrldlntlon wlt}x pLC 16-4 as, Probe | o -

Hybndlzauon of tke genomic ', DNA from Eucerobactenacaae at -low

with t’hg dioactively-labelled p)asmld pLC 18-4 showed a wide range
< of eross-;eumcns'(ﬂgure 6-11 B and C). The following order of hybndxzanon
was observed: S‘ﬁx'gelia > Escherichia > br = Sulmqnella = C:Ilrobae‘ﬁar >
Serratia = Klebvn.«'élla.v'Sol_ne’ hyb:ridizglion was occn.ssionally ob;erved with
! ]’zru"nia, Proteus Iand Enterobacter. However, no hyl;re'dimtion (or occassionally -

e . - N
non-specifte hybridization) was seen witkBdwardsiella or Erwinia.
kd

The extent o! erosHuchon seeni with Sluge"a was probably due to the

Presence ‘ot a plnsnud wnh sequences related to “Col El. - Some of ,the " cm

byhnduahon seen “with— Serraha aiid - Klebaiella wa.s also atmbuted to—the—
presénce of Col El ssquancﬂelnted plﬁsn-uds.

gy .
Hybridization. at high stringency showed ‘an overall reduction in- cross

, Teactivity of most DNAs (Fikure 611 A). The ‘bnnds in the»Shigzl,la‘ lane were




Figure 6-9: Southern Blot of E: iaceae DNA probed with K30

_at High Stringency
Ra‘lrict'wn fragments geneuudl by Eco RI(A) or Hind Il (B)
4 were sepantedﬁon 208% ngu-ou ;cl,:t' 100 V. -
o (1) Escherichia :0“,’(2) Shigella sonnei, (3) Salmonella g
choleraesuis, (4) Salmonella typhimurium, (5) Citrob
Jreundi, (8) Serratia scens, (7)-Enterob

(8) Klebsiella pneumonia, (9) Edwardsiella la‘rda,-(ll)) Yersinia
enterocolitica, (11) Proteus mirabilis, (12) Eru;in carotovora.

. Lane 13 contained no DNA and, lane 14 corresponds to A DNA cut ;ﬂilh

Hind I
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e
Figure 6-10: hetn Blot of Enterobacteriaceae DNA probed with K30
at Low Stringency "
Restriction fragments generated by Eco RI (A) or Hind T (B) .

« were separated on a 0.8% agarose gel at 100 V.

(1) é‘schcﬁchin, (2) Shigella, (3) Salmonglla choleraesyis, .

(4) Satmonella typhimurium, (5) Citrobocter, ,
(6) .S;e\ﬁa!ia,g) Enterobacter, (8) chb_aizlla,b(ﬂ) | o - '
_Ea'wardai:"b, (10) Yersinia, (11) Proteus, (12) Erwinia. * . - .
Lane 13 cvonmued no DNA and 14 cor‘r’espbnds to ) Dl\;A cut with *
HndmL - . h s o ) -
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Serratia and ‘Klgbsiella. but-these’ bands were less ihtense than those obtsined

when hybridization was carried out at low stringency. There was very faint or' no
Py .

hybridization seen, with* vl;n'ﬂ'n‘l'a, ﬁol;ua; Enteérobacter, Edwardsiells or.

Erwinia. Hybridizutio;: ‘at high stringency with pLC 16-4 prov‘ed unsuccessful'in
. 0

detecting related  sequences in all members of the Enzerobncte'rincene Therefore,

it was declded that only low stringency hybndlzanon conditiops would be used in

zhe followmg stud:es . .
. ) -
6.42.3. Hybrld'iletion with pLC 10-47 as Probe
’

Low hybridizati iti were used” to' attempt to detect

. sequences related ,ta pLC . 10-47 in members of the: Enterobacteriacesce, The

results were similar co those seen when pLC’ l6-4 was used us the probe Various

amonnu of hybridization were .seen with DNA from Esch‘erxch-a, Sluaellu,

* Salmonella, Gitrobacter, Serratia and Kiebsiella (Figure 6-12) but there was little __

or mo cross-reaction with Yersinia, Pmteua—Enm.:bamr, E’dwardnella or

Erwinia DNA: T & \
G .
6.4.3. Hybrid  Studles: F and y DNAs

Genomic DNA from Fepresentative members of the Enteroblcteriaceae;

Bacillus aublilis, putida, Cl

lysodeikticus, Halabfxcl;ﬁum 8p., chicken and human were uéed il’: a corripnrng':ve
" bybridisation stuy. These DNAS were sut with the resricton gnaymés Eeo Rl
or Hind 111 and then subjected to Southern blot analysis with K30,.pLC 10-47 or
pLC 16;4 n!.pl:obe!. Hybridization was carried out at lovv(v‘s!ringeucy‘/Th re was

no hybridization of any of these genomic DNA prapn“nllons with K30.
3 : B o

perfringens, Micrococcus”




: iiflgura 6-11: Southern Blot of Enterobacteriaceae DNA Probed with
v pLC 16-4

erfction frag:rnents generated"by Ecn RI (A-and B) or Hind I]I C)

were separated on a 0.8% agarose gel at 100 V -

]

(1) Escherichia, (2) Shlgcllu (3) Salmonella chal:ﬂuaula. 5 B h .

(4) Salmonella typhimurium, (5) Citrobacter,

(8) Se;vnh'a, (W] En}swbncler, (8) Klebsiella, (9)

% Edwardnzllu, (10) Yerainia, (11) Proteus, (12) Bruinia.

Lane 13. contmned no DNA und lue 14 corresponds to ), DNA cut w:th .

Hind I =, ) v BT i
Blot A Was probed at high stringency whereas B and C were probed at

low strl;lgéncy. sy






Flgm'e 6-12: South Blot of Enterob. i DNA Probed with
: ch 10-41 . .

_Restriction fng'ments gemmed by Eco R.l (A) or Hmd I (B)

" were npu.ruted on a 0.8% lgnrose gel at 100 V.

'(1) Ea_chm'thl'n. (Z)Shl‘ys'"n, (3) Salmonella A

4 hol ;',(5“' lla iyphiinurisi (5)‘0"‘?;“!:’21’, . g
** (8) Serratia, (7) Enterobacter, (8) Klebsiella, '
. (9) Edwardsiella, (10) Yersinia, (11) Pmteua,

. (12) Erwinia. Lane 13 conmned no DNA and Imo 14

X i cormpondl to ) DNA cut vnth Hmd .
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| 8.4.3.1. Hybrldization with pLC 18-4 as Probe : _

\' The recombinfnt plasmxd pLC 16-4 was’ used in an anempt to_detect \v.'

\ sequences in genomic DNAs from bssteria and eukaryotes that correspond to the
‘\ tpi or pfk genes from E." coli. ~ There was jno 'oAbv‘ious cross-reaction with,\
eukaryonc DNA. Hybndlzatmn was strong with Escherichia, Salmonella and
“Citrobacter Dl\hul mther weak with Yersinia and Paeudamanaa (Figure 6-13)
v i . ' 8.4.3. 2 Hybrldlutlan wnth pLC 10-47° ns Probe .
7 Only DNA from Eacllerxchm, Salmanzlla, Gx!rabnc!zr, Ymnma and
Paaudomanna showed any hybridization with pLC 10-47 (Figure 6-14). The bsnds

nppemng on the Yemmu and Pseudorionas samples were rather faint cornpared

wnh those of Esch richia, Salmonella and Cilrobacter. There Was ‘no_cross-
reactmty wnth the other DNAs, ‘except for ‘the non-specific smear seen w:tlx
K

chlcken DNA. ’ : g

8.5. ‘Diuc_ussiqh
" Bacterial genomes “are presumed to have descénded from a common|

. ancestor, diverging from one atiother as each genome underwent 'a successioniof]

changes such as base’

and r (Riley and
A.nillonisﬁﬁs; 1980; Anilionis and Riley, 19‘80).‘ ‘l‘-loweve'r, the dates at which |

|
bacteria diverged from their common ancestors are at present open to debate. It |
. i

. " has been suggested that prokaryotes can be divided into two. primary kingdoms ‘, .

based on ari of the three-di fonal structures of thelr ribosomes and ‘

0 partial nucleohdo sequences of rR‘JA [ As only molecules involved in the

translational appnralus were used to make this predxcnon, it is lmportant to



.
B .
K
- .
* Figure 8-18: . Southern Blot of Geiomic DNAs Probed with PLO 164 e
Restriction fragments génerated by Eco RI (A) or Hind Il (B) « '
.. _were sebAr?led,(;r; 20.8% agarose gel at‘ 00V, L
"(}l‘) Escherichia coli; (2) Salmonella choleraesuis; o i « .

(3) Citrobacter; (43 Yersinia; (5) Pseudomonas;

“(6) Baullus, (7)- Closlndnum (8) Mttruca::cus,

(D] Lauobac:llua-(lo) Halobacterium. valcnn 1 (ll)

Halabaclcnum hnlobmm (12) Hnmnn (13) Chicken. Lane

14 contained » DNA eut with Hmd lll
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Figdre 6:14; Southern Blot of Geidmic DNAs Probed with pLC 10-47

Restriction fn_xgmints generated b.y Eco RI (A) or Hind If (B)
were _sepura.te;i on\n O.B%‘ngar‘os'e gel at 100.V.
) E;ehzrichsa oli; (2) Satmonella thol;rnzguia; .

| (3) C'llrobatler' (4)\Yeramm, (5) Paaudumnnua,
(6) Baullua, (] Clralﬂdmm i (8) M'lcrocaccua,

i 9) Laclabac:llua, (io) Halobacterium volcanii; (11)
Hnlobaclmum halnbmm, (12): Human; (I3) Chicken. Lnne

‘14 contained X DNA cut with Hmd .
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examine other molecules to determineif they comply with the current h};pbthesis.
In an atteinptf to gain a greater understanding of prokaryotic evolution the hybrid i
plasmids pLC 10-47 and pLC 16:4 were used as ruaioactively-lnbelled pmbes to

Teotid i

'
search for

to the glycolytic genes tpi, pr A .

and eno among orgamsms repmentatwe of the three primary kingdoms.

< s

A
. - - The results from Southern blot studies indicated that there was significant

Vhybridizatiovn‘bef.ween the plasmiélg pLC 16-4 amli pL(j 10-47 and Escherichia - . .:
DNA. ‘As these hybrid recombinant pI:‘umids ct;ntai; inserts of ti:e Escherichia g
genome the intensity of the signal in sich.a hybridization served s spositive G
. control and indicated 100 per cent homu]cgy The, interpretation of results was *

. made difficult when it was found that the :lomng vector for pLC 18-4 and’ pLC e

10-47 (K30) gave‘ posmve results with the preparanom of DNA {rom Slllyella,

° 5’crmh'a, and Kilebgiella. It hassince been established that thi‘s cross-’reuction was

due to these strains of bnczm;tui'ning plasmids that contain sequences related
to Col E1 (K30) (W.S. Davidson, personal communication). '

“The’ only members of the family Enterobacteriaceae, other than

— Escherichia, to.show strong hybridization signals witﬁ pLC 18-4 and pLC '10-47 . :

v‘vere Shigella, ASdlmonc‘Ila sia, Serrah'a, Cilrobactar and Klebsiella. In the cq‘e
of Yersinia, Praleua nnd Enterobacter the bnnds were much less intense and

d ble. * No er ybridization was. seen with “DNA from"

.. ' .“Edwardsiella ‘or Erwinia. Pseudorionas. was the only non-member. of the

terobacteriaceas to show any eross-hybridization vg'_itlx PLC 10-47 or pLC 164,
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Several labératories have used Southern blot analysis and/or. hybridization

studies in order to examine the evolutionary relationships among bacteria. For
example ‘the genes from Klebsiells pneumoniae that encode nitrogenase

@ by

ized to the nitrogenase genes from a'fiverse array of other organisms that

are n!;le to fix pitrogen- (Ruvkun and Ausubel, 1980). These organisms included
¥ /

o gative bacteria, gram-positi bactpria and cyanobacteria. However, the

ni / genes did_not detect homologo\ls sequences in closely Telated specxa that do

not hx mtrugen. Another bacterial gene that has been used successfully to detect

in' phyloge _‘ lly distant, organisms is the tuf gene from E.

" coli. This gene, whick gucodes ‘the elongation factor (Tu) that functions %

Almnlnr

5 \
protein synthesis, is able to detect i s in Ch

. s )
vinosum, a purple sulphir photosynthetic bacterium, (Filer and Furano, 1980) -

and in the chloroplast genome of Chlnmydomon;l’s reinhardtii (Wa!:sun “and

Surzycki, 1ﬁé2), The following order’of extent’sequence homology between the E. !

coli tuf gene and DNA from other .tiembers of the Enterobacteriaceae was

obtained: Salmonella = Shigella > Enterobacter = Serratia > Pmteua.—>

Erwinia_ > Yersinia. ‘The extent of ¢ ioss.mczion between E. coli tuf and
N Pseudcmanaa DNA was gl-eater than tigt belween E. coli tuf and Yersmm DNA

(Filer et al., 1981)

Riley and Amhoms (1980) nssessed _the extent of relatednéss of several
portions ol the E’ coli*genome “with those of other enteric bacterm Theu resulu \ -

with tna, trp, nnd thy indicated that- Escherichia is most closely related to’

" Shigella followed by Salmonella, Erwinia, Ci E , Klebsiella




and then Sgrru ja. Similar results were obmned when lac was used as the probe

except that no-homologous sequeneu were found in Snlmonellu lyphlmurlwm

‘This is consistent with a-lack of an mv:l\mbh }-galactosldue in this :peclus Thu E

3peC' gene of E. coli only detected sxmllnr q in Sals la, Ci

Klebsiella and Enlerabac!zr although  bi hetic ornithine Yy

activity was detected in Edwardsiells, Proteus, Yersinia and Serratia (Wright

and'Boyle, 1084). ({Shigella was not included in. this study.) The results from

Southern. biot analysis and hybridization studies using specific probes are. id~ '

-agreement with reassociation studies that have used.éntire genomes (Brenner and

Falkow, 1071). These earlier studies coricluded that Escherichia and Shigella-ars
very closly related, "Gitrobacter snd Salmonella are thought to be the pext
pearest, with Klebaxe!la aud Enterobacter more distntly, related. Serratia,
Erwinia and Edwardsiclla appesi 1 be, even more distantly related and the

mz;ua group bears little ‘sequence similarity.

Dir'sct nucleotide sequencing of -the trpG regions of Escherichia, Shigells,
Salmonella sad Serratia revealed that Eacherichia is most clostly related to ™
Shigella. There are about three times as many nucleotide substitutions Rgtween
Salmonella sad Eackeﬁchéu or Shigella than thereare between Eacherichta and

Shigella. Serratia is a very distant relative of the other three and it appears as if

- a fusion of ‘the ¢rpG and irpD genes occurred in the common ancéstor of

.Eschzrx'chia, Shigella and Salmonella after it branched off from the line 'len;iing .

to Serratia (Nichols et al., 1980). ¢ .
5 .
Bearing in mind that some of the cross-reactions seen with Shigella,




Serratia and ' Klebsiella were due to.the presence of Col El plasmid-related .

sequences, the results that were obtained usmg pLC 16-4 and pLC 10-47 as probes

are conslslent w:th prekus studies and h ing the phylog

.- relationships “smong ' the Enterobacteriaceae. © The limited homology among

A 2
Y . " members of tl;e Ei b i that was observed using plasmids harboring

glycolytic genes as evolutionary probes sugg}gu that the selective ‘pressures on the

DNA sequences of eno, tpi and pfk A hav{e been less stringent than for other
genes such as tuf, ru'[, tna, trp nnci thy. lt has been assumed throughout this
work that’ any hybndxzatmn observed between pLC 10-47 or pLC16-4 and
bactenal genomic DNA! would likely be dlle to the genes for glycolync enzymes
‘This of course ne:d not be the case. The lack of hybrldlzaemn mdlcates that the
glycalytlc genes, are not part:cxpatmg, but’ posmve results could be due to non-

, - ~ glycolync genes cuued on‘thea*lasmxds " ) .

8.6. Conclumon e % . ’ . e

The polat ‘of this thes!s was to test the possibility thnt genes for glycolytlc

enzymd s%could be used to detect similar seque_nces in the genomes of organisms

dns!antly related - to Escherichia. The results that were obtained with two

v mdependem plasmids cnrrylng E. coli glycolytic genes indicate thaz this is noz

possible \lnder ‘the hybndlzahon condlhons tested. lt has been estimated that X

Eccllmclna and Erumun last shared’s common nncastor about 40 mllhon years

ago whereu ‘the diverge times ‘ for Escherichia and Enterobacter " and "

= Eachznchm md Protelu are 20 and 30-million years ago respectlvely (Fller etal,

1081).. Il‘ these mlmntes are relhble, then it is probnble that the genes for
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__glycolytic enzymes will m;ly ba useful for detect‘ing the corresponding g;nn in

specm that have been separated ior less than 30 million years. Thl! does not

imply that comparison of the amino acid sequences of glycolytic enzymes woulL

not be useful for long range evoluhounry studies, but rnher lhnt thu information

must be obtamed bznore conventional methods.
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Appendix 1
o L m—
B 1. I:_B1Luria-Bextnni).Medinm‘Per litre: ) <

"~ -Bacto-tryptone’ . 10g 'y :
Bacto-yeast extract 5g i

i NaCl 3 10g

. Ad;nst pH to 7.5 with sodium hydruxxde :

" 2. M9 Medmm Per litre: . . ) ..

NaHPO, ' 8g . o
Yo " KHPO, . 38 ‘ T

\ ) NaCl * T o0s5g

: N NHCI . - lg

Adjust pHto 7.4, auwclnve, cool, and then add:

1M MgSO, ot 8 2ml
i 20% glucose b 10 ml ,
1.MCaCl, - ©0lml .
The above solutioqs should . be stenhzed separately by ﬁltrmb\
(glucose) or autoclaving. -,

3. Growth Medium for Halobacteria Per litre: 5
Tryptone 25¢g

: Yeast extract P - P 5
*NaCl' | 25%
MgS0,.7H,0 15g .
‘KCl . - 5g *

- CaCl,6H,0 { 02g
) N :
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4. 30 X Denhardt's solution Per litre:
Ficol ’

Sg

Polyvinyl-pyrroiidone Sg B \
Bovine serum albumin (BSA) 5g
5. 20X SSC Per litre: R
NaCl : 1753 g “
- Trisodium citrate - 88.2g
Adjust pH to 7.0 using NaOH
6. 50X TAE (Tris-Acetate) Per litre:
Tijs base . 2g
Glacial acetic acid o 57.1 ml
0.5 M EDTA (pH 8.0) : 100 ml
7. 5X TBE (Tris-Borate) Per litre: ; . v
"i‘rix base i : 54 g A
Boric acid = 27.5ml  ©
- 0.005 M EDTA (pH 8.0) 20 ml
— /j

_ 10 mM Tris/HCI (pH 8.0)
1 mM EDTA (pH 8.0)
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