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+ The putrescine biosynthetic enzyme, orpithine
-decarboxylage (E.C. 4.1.1.17)., is neqatively regulated by

cAMP in Escherichia coli. The specific activity of

.ornithine decarbaxylase was determined in crude extracts: .

pnpared fro wxxd-type strains of E‘ coli and from strams
carrying a mutation im the,adenylate cyclase (E.C. 4.6.1. 1)
structural gene (gya). ‘Thége strains were grown with :
various carbon sources in me'pzesence and abence of cAMP...
In wild-type strains ornithine decarboxylase activlty s
was 1ess°aftez growth on quce:ol than; after gzowm -on
glucose. When gya strains were grown on glucuse ot P
glycs&o), ornithine deca:bex;l\aae actiyity was t;he same. ’
Addition of 1 mh GAWP to a glucose-based medium represéed
ornithine decarboxylase activity by approximately 50% ‘in
b'}::h‘wua—type and cya:strains. Puthermore, caMp exerts/its
negatw contrd“l rough .the cAMP recepto: protein (CRP),
because a strain carrying a lesmn in‘the crp stxuctural ¥
gene faxled to exhib;t zepressed o:nithlne decuzhaxylase
act)vn:y in response to elevated cAMP. These results i
suggested that negative xegulation of ornithine
decarboxylase is exerted at the level of transcr’ipt‘ion.

Negative control was shown not' to be mediated by a °

cAMp-indiced repressor becaise sgnthdsis of ornitﬂine i

decarboxylase in E. ;9]..1. milucells. and in & cell—f:ee &

) protein synthes:zxng system, was repressed by t;M‘IP,

Reptession of omithine decarboxylase synthesis by cAMP in’




3 i : . iif
e, ' '
LU m:_q required furctional CRP. as evxdenced by the B
xepression in.a CRP deficient reaction system. The, 5
LIS tetracyql:me resxatance of E. goli ulld type and‘m strains
) harbounng a- tetmcycline resutance gene (m:) under/ ' s :1
. control of the speC promoter was repressed by chip. ‘yelic

. AMP"'had no effect, on the tetzacycline resistance_ of ‘crp

strains bea:mg the ap_ec tet gene fusion, nor. on wxld type

A rstraxns beaxing a’' normal fet géne. l'hese results 1nd1cate ]
that cANP and’ its receptcr ptotexn interact with the _5peC -
st pmnotex tegion to facilitate negative transczxptwnal ’ s B
s

» -control of the speC gene. Neqatwe control of speC

. +trahscription by cAMP was confirned by analysis of
il ‘. steady-state levels of ornithine decarboxylase nmm m_c)z_a oo gt
' “and crp strams of K. 5:_011 Orrithine decarboxylase mRNA

lew)els were reptessed approximately BM hen cya strains ;

¥ were‘ gruwn m the’ presence uf 2 mM CAMP. No\zep(essxon of i
" ornithine decarboxylase "mRNA  levels was seen. in a ¢crp strain

‘cultured in ‘the pregence of cMP. g
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.potem:xally useful markers of human health and disease"

- Chapter 1 b
INTRODOCTION-A REVIEW 4 S, %

1.1 Scope ‘of reveiw ',

Polya.mines have been vxewed successively Mas fnul

smeuing indicators of male repzoducc;ve function; then as

promoters and regulatorsof. “eell growth and more recently as,

EE

: (mves, 1978) . Polyanunes have beer called "a growth

indistry” (Cohen; 1983) and "molecules in'search of a ml‘

(nopki:ﬁ and Manchestef; 1982). Their history goes back

g some 3DD yeazs with the dxscovery by’ Anton van Leeuwenhoek

(1678) of the cryscauuatmn of spermine phosphate ‘from

human semen. Its st:uctute was charactenzed by’ Rosenhem

= » .
1’50 years ago (Rosénheir; 1924).. This: slow development
/Sﬁhe field has chz;ngea ‘dramaticaily during the last 25

year's, and numerous articlés, reviews and bocks on they

medxcine and bmlogy of polyanunes have béen publlshed. .

We' now know the bicsynthetlc pathgays for theee
polycations in procaryotic and eucaryotxc cells, and

_studxes mdicate that “their bxosynthetic enzymes .are highly

) :eguntea. ‘It seems that the polyaminés are p‘iys.\ologxcally

mpoxl:ant because t;hey are’ absolute :equirements for the




)
growth of . several mlcroorgamsms, and nnrmal growth and

differentiation are dependent on these compounds. _ Moreoveér,

" they are ﬂblqultons in llving cells.

‘" The major question st:ll:to be answered in the field
is, "what are their biological functions"? The polyamines

appear. to have many';oles in cell metabolism. &As

polycations they bind tightly to nucleic acids and have

BS
diverse effects on RNA and DNA blosynthESJE and metabolism.

They are assacxated »u.th ribosomes and tRNA, and Jinfluence
the. synthe51s of certam factors’réquired for p:otexn Wy
synthesis: The poxxqunes play ‘a role in membrane inte_gx_:ity
and probably modalate ch‘e'laccivit} of membrane-bound

enzymes. | i
This review is des;,gned to intréduce the reuadex to that
'area of the field of polyamines and gene regulation which
may. be relevant to the work reported here. Theréﬁnzé, it is
not my ‘intentiep to comprehemsively review the vast
literature on the polyamines, nor will I.attempt to answer
the question of their physiological role. Instead I have
.limiteéd myself to discussion of sélective topics that
_outline our current understanding of the polyamines in . ,

procaryotic physiology, with particular emphasis on the

- regulation of their biosynthetic enzymes in Escherichia

coli. Similarly,.a restricted number of specific systems
have been chosen to’ illustrate, thé role of ‘cyclic AMP in

procaryotic gené regulation.




. 1.2 Biosynthesis of ‘simple polyamines

‘The structural relationship of spermidine and: spermine’
to putrescine immediately suggests the possi.me' origin and
metabulism of these bases (Table i). Putzescxne ’
—(1 4-diaminobutane) and cadaverine (1,4~ dxaminopentane) are
simple axa_mines;‘spemidine and’ spermine ake aminopropyl

derivatives of putrescine. .Putrescine and spermidine are

.-found in millimolar concentfations in.E. coli (Bachrach,

R .
*1973; Cohen, 1971). In general, the putrescine content ‘of .

procaryotic cgils is several fold higher than that of
spermidine, whereas eucaryotic cells have high levels of
sgermidine and little pu:zescsné.v Spermine. has only. been
found in eu'ca"‘iyotic cells. Several acetylated and oxidized
derivatives of ‘the polyamines are imhibitory" o many .
“functions in bactena and mammalian ceélls, e.g. oxidized
spermine’ inhibits protein and nuleit aéid synthesis in
cells in tissue culture; inhibits DNA, RNA and protein
synthesis in E. coll; and inactivates many RNA and DNA
viruses (Bachrach, 1973, Cohen, 1971). The oxidation of 1 '
polyamines may: therefore, have a physiological role in the
Dandbifior afoniTuter procestass dino; oxidized polyinines
‘may_supply the cell-with carbon. and nitrogen sources; some
bacteria are capable of using polyamines as the sole, carbon
and, mtzogen source. The enzymatic deqradatwn of the
polyamines may regulate, in part; the cellular levels of l:het

polyamines, and hence cell physiglogy. Despite their

potential importance these polyamine derivatives will not be’

diécussed here. . | »




F < . —_ -
Table 1, Structure of simple polyamines -
STRUCTURE . . - ‘ F _NAME | .
HN- (CH,) 4-Ni) .+ 1,3-DIAMINOPROPANE e
qu—’(cnjlq-mz L .. 1,4-DIAMINOBUTANE (PUTRESCINE)
“z“;(CHz)s}'“HE ' 1,5-DIAMINOPENTANE . (CADAVERINE) . -
- (CH,) 5 ~NH- (CH,) ,~NH,, SPERMIDINE .
- (Cly) 3N~ (CHy) 4 = —_—
- -NH— (CHZ) 3—“2 SPERMINE . -
g T z
S
b4 -
- . .
< e
N "4 ¥ N




The pathways for the biosynthesis of putresgine and
spermidine. are similar in microorganisms qnd in animal
cells, but have certain striking differences (Morris, 1978a;
-rabéz andjr_ab'or, '1975; 1984) (Figure 1), = . . . B
In E coli cheré are two biosynthe(;jc pathways for ¢
putrescine. The first pathway is the decarboxylation:of
ornithine, an intermediate in the &drginine biosy}nth‘etic
-pathvay (Morris and Pardee, 1965; 1966). This reaction is

catalyzed by ornithine decarboxylase. The second pathway is

“the decarboxylation of arginine and -subsequent _hy'dr.olysis of -

agmatine to form é‘utrescine and urea (Morris and Koffron,
1969; Morris et al., 1970). . These reactions ate catalyzed

by arginine decarbox.ylaae .and agm;atiné ureohydrolase,
respectively. In some bacteria and plants agmatine is
converted to N-carbamylputrescine which is hydrolyzed by jan.
iminohydrolase to putrescine (reviewed in Cohen, “1971; mavor -
and Tabor, 1984). The putrescine biosynthetic ‘enzymes of E.
coli are found in ce;le'gu{wing in inimal wedimm-at low

substrate concentrations and the enzymes are considered to

be produced constitutively (Morris and Koffron, 1969). . In

certain -strains of E. goli, biodegradative forms of
ornithine decarboxylase and arginine decarboxylase are
i_nduceﬂ by low‘ PH th ‘high substrate qoncentrations (Gale,
‘1948,- Morris ‘and Fill’ningame, 1974) . ' No biodegradative form
of agmatine ureohydrolase has-been detected so far
(sJatishchandran ar;d Boyle, 1984). The biosynthetic and
biodegradative ornithine and arginine decurb‘oxylases‘!;ave

N
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been purified to near homogeneity and possess many —
characteristics in common (Wu and Morris, 1973; Applebaum et ~
L " al., 1977). Singé only ome in ten strains of E: coli- .

possesses the biodegradative enzymes whereas all E. coli . o

strains possess the biosynthetic enzymes; it has been

. & s §
suggested that the biodegradative enzymes may have arisen by
‘divergence. from their respective biosynthetic’ forms'

(Applebaum et al., '1977; Gale, 1946) . The -function of™'the

biodegradative enzymes may.be a humeoﬁatic,mechanisp'of

proton elimination to neutralize the acidity’ of the
surrounding medium (Morris and Fillingame, 1974).

' In mammalian cells, putrescine .is formed by the
decarbbx‘gaﬁion of. ornithine. No otheF route is known. The
enzyme, :ir;jthine decarboxylase, that.catalyzes this
reaction is' cons;dered ‘to be the rate-limiting step in-
polyamine sym:hesls m these cells (Tabor and Tabor, 1976).

| The mammalian a;mcmne decarboxylase,’ like, the procaryotic’
land lower eucaryotic enzyme, -requires pyridoxal phosphate as
a cofactor. : )
In both bacterial and mammalian cells, ‘an aninGpropyl )
aw ‘group of decarboxylated adenosylmethionine is transferred.to
putrescine by aminopropyl transferase to form spermidine N
(Tabor, 1958; Hannonen et al., 1972; Raina and Hannoren,
5, F 1971) . A second aminopropyl tranéferase has been purified )
' fram animal tissue that catalyses the transfer of an
aminnp:npyl group of decarboxylated adenosylmethionine to

spermidine to form spermine -(Hannonen ‘gt al., 1972; Raina
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and Hannonen, 1971). No known cofactors are reguired for' @ .

aminopraopyl transferase activity.. . s

Tabor (1962) and Tabor et'al. (1958) studied the

~~—.formation of decarhoxylated adenosylmethionine from L-

By s W - {34 "
methionine-in E. coli. Thg conversion of L-methionine to
S-adenosylmethionife—is catalyzed by the enzyme, methionine
adenosyltransferase, and mﬁen@ group is derived from

B « . e
_ATP. Magnesium is required as'a cofacto‘:\inghis reaction.
_S-Adenosylmethionine decarboxylase catalyzes ‘the convex:gxon

Tof s—adenosylmechmnme to decaxboxylated N - S

adenosylmethionine. Wickner et al. (1970, 1971) _Found-that—
this énzyme contained pyruvate as a cofactor. A similar

pathway to decarboxylated adenosylmethionine is found in

.. eucaryotic cells. » § : e

The amine cadaverine and its aminopropyl d.eriv‘ative»aze
found in both bacteria and animal tissue. ‘In E- goli,’a
biodegradative lysine decarboxylase is” induced by high ’
substrate concentration and catalyzes .the conversion of
lysine to cadaverine: This inducible enzyme has been known
for many'years and has been well charactegized (Sabo et al.,

1974a,b). The existence of the'biodegiadative lysine . b ok

=

decarboxylase did not explain the appearance oE cadave:ine

and its ammop:opyl dérivative in putrescine-starved cells

growing in minimal medium (Cunning‘ham—k\mgiles and Maas, .

. 1975; Dion and Cohen, 1972a,b; Srinivasan et.. al., 1973).

Recently, a biosxvmthef:ic lysine deca’rbaxylase has béen found

. in .E. <oli ‘(Wertheimer and Leifer, 1983). .It has been




" 1.3 Functions of polyamines = !

suggééted that ,cadaverine may substitute for putresciné

ur(der these conditions (Cunmnghum—Rundles and Maas, 1975;

Dion and Cohen, 1972a,b; Hafper:et Bl-: 1775; Srinivasan g_:

ale, 1973y, 1 ; \] ; .

1.3:1 Are polyamines essential for giowth? . -

. * The first evidence that polyamines might be essential
- £Or growth'was obtained b and Snell (1948)° studying - !

Haemophilus parainfluenzae. This bacterium.gréw only when - ° ., ;
putrescine, spermidine or spermine was added to the .
synthetic medium. More recently; March and Boyle (1981)

reported that this strain of Wis unable t‘o:

synthesize putrescine due, to the absence of the putrescine ..~

biosynthetic: enzymes, ornithine decarboxylase, arginine :

decarboxylase, and ggmatihe 'ureohyﬁzolase. Naturally

occuring’ fungal mutants of Aspérgillus nidulans (Sneath. -

v o "

1955)- and Neurospora crassa (Deters et ++°1974) have been

shown'to have an gﬁsoluée requirement for putrescine.
‘Growth of some microorganisms is stimulated by the

! Hawever 1 th;s

addxtmn of polyamines to_the growth medium.
effect was not speclilc as it could be “be obtained by athep
diamnes, 0.1M Nacl and KC1, or sucrose (Mager, 1955, 1959-,
Ha:tin _e_: ak., 1962). Growth stm\ulatmn by polyamlnes and
salts may be :elated, in these 1nstances, to the
stabilization of the bacterial membrane. Rozansky'et al.
(1954) examined the antimicrobial action of spermidine and

o . ! ~
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spermine and fouqa that Gram’posj.tivé' cocgi were more’
sensitive. to. the inhib’itozy_ action of. the polyamines than
Gram negative bacilli. ' s
In recent studies two aproaches have been taken to .
deternine the effect of pdlyamine starvation of cells and
_ resultant changes in cell growth. One is a geneticvapproach
. in which E. goli strains have been. constructed cartymg
wm the genes f for the polyamine biosynthetic
T . enzymes. The other approach is biochenical where cells were
treated with specific inhibitors of pulyam).ne binsynthen_s.
i Hafner et al. (1979) have| constructed an E. goli strain
carrying deletions in’ the speh, speB, SpeC, and SpeD, the
: gen‘es for arginine deca:béx{las’e, agmatine ureohydrolase,

ornithine decar})oxylase and’ s—aAenosymethmmm

B decﬂb‘oxylase, tespectively. Thxs strain which lacked
.putrescine and spermidine, .grew :.ndeflmtely in the: absence
of polyamines with a growth rate one third of thht £ound. in
the presence of -}:)olyamines. since small amounts of -
c_adavexi;e and its aminopropyl“ﬂedvative are present in\
this strain, it was suggested that these amines may =
substitute for the polyamines and can, at leash} partialiy

o xeplace their growth—pxomot:mq'propertxes. However, a

strain carrying a mutat:.on in the cadA (biodegradative

'lysine decarboxylase) gene, in addition to the deletions in

the gpea, mﬁ speC and speD genes, still grew lndeflnitely
at a reduced gxowth rate (Tabor ek al.s 1980).

Supplementing cultures of this polyam‘ine-staxved strain with
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cadaverine did not change hhé growth rate. It was concluded

from ‘these results that the polyamines are not absolute’

'-requirenents for growth. It would also appear that

cadaverine can not substitute for putrescine and spermidine
tn promote g'r.awf.h. However, evidence for a cunstitutive .

lysme decarboxylase has been reported (Wertheimer a.na

b Leifez, 1983). This enzyme nay supply the cell with trace

amounts of cadnvetiné, suffiuent for growth in the -absence
of the @the: polyamines. Thezefore, to unequivocally rule

ous: that cadlvexine might paztiiuy replace putxesc:me and

3 allow :estticted growth, a straih must be cunstxucted

" carrying mutation® in the const:.tutive 1ysme decarboxylase

as well as the biodegzadatwe 1 ine decuﬁoxylase and the

polyamine biosynthetic enzymes.

An interesting observation was that the transduction of

‘certain strA , streptomycin /}esiatance) genes into a
strain of E. h Geletions in the Spea, speB, and speC

genes produced an absolute requirement for polyamines (Tabor -
gt. al., ;981). Tabor (1981), and '!lbo‘r and:’l'a.bor (1984)
suggest th_et since .t.he IpsL jllutation is 1:1 §12 ribosomal
prnte/ﬁln, a change in ribosomal structuré or conformation is
xesponsihle for the polyamine reguirement. Anothe: possxble
explnnatmn for the polyamine requirement il based on the
fact that'gkm mutations are known to depxenae ambxguity in
téanalatlon (Gorni, 1969). 9wlym£ne deficiency
increases this effect, growth would be inhibitied due to % .
loss of essential proteins that require ambiguity for thétr
synthesis (Tabor and Tabor, 1984).
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Using.E. coli mutants defective in certain polyamine
biosynthetic enzymes, several invéstigators have attenpted
° to answer two inpott:ant questions. 1) Are the roles oE -1

putre i d spermidine unigue or can they suhstxtute for

one anot¥er? 2) If ine and 1dine are sary
for normal growth, .as is sygqesééd by bpnviouu work, ‘wh‘at»
Structural constraints are there for the amine requirement?
Under conditions which led to the depletion of putrescine
and a slightly elevated level of spermidine, cells gréw at

the normal vild-type rate (Hor:is and Jorstad, 1910) .

contrast, cells deple:ed of spe:midine due to a mntation in
the speD gene have two times the wild- type cbnten_t of
" putrescine, yet grew at xrg:éeequ:;exs the rate of the . ~
.wilﬂ—type strain (Tabor et al., 1978). This is
approximately two times faster than a utr‘ain totally-
depleted of polyamines. These results ilply that” put:(escine
can snbéth:ute for the growth pmmoting effect of spermidine
although less efﬁciently and, further, t.hnt cells with :‘
wild-type’ spemidine Ievels, but no putrescine, are

: physiologi.cally no:mal; dce. putzescme is not required for
normal growth. - y ' ¥
It is important to note that aberrant spermidine to

putrescine ratios xesult in physivlog‘cal abnornalities.

" For example, the cell aiza of strains with a high spe:midlne‘

to putrescine ratio we’xe 50% larger than ceus with'zedi}ced
spermidine to putrescine ratio, i.e. wild-type sfrains -
(Jorstad et al:, 1980). .

1
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3 To answer the second guestion of structuzai constraint
on the amine xequiruent, Jorstad et al. (1980) emine’d the
effect of a holologolln series of spermidine mlognes on the
growth of an E. goli strain depleted of putrescine and
Aspe(nidine . The structure of ‘these annlogueu“ was
-(CH ) -NH(CH ¥ -nn » where X varied from 3 to 8 (X=4 is
spermidine) . where = 3, the growth rate of the speA mutant,
.was stimulated to the. same extent as for spemidine

supplemented cultures. Inc:easing the 1engt_h of l:he four

, methylene chain of spermiqxne reduced the ability of the

“spermidine analogue to stimulate growth, such that the

analogue,with X=8 had no- effect on the growth of the
polyamine—sta:'yed strain. Clearly-, there are structural
‘j:onstxai.nts on the gmvth—st;imulannq activity of this
“triamine. The'nature of this structural constraint and its
potential interaction with DNA remain elusive.

Inhibitors of polyamine biosynthesis have been
effective in 1h£tin§ the A:apid pxo]_.i{enuon of mammalian

éeils and of parasitic protozoa (reviewed in Morris, 1978b;

7 P'qu and l(ccann", 1982 El'"abor and i‘abor, 1984). Initial

studies with bacte:i;.lh which irreversible inhibi!;’o:s of
ornithine dec'a:bax’ylnse‘ and arginine decl‘lrboxyla’s‘e were uiaed
show little or no effect on growth rate (Kallio et al.,
».1982) . This may have been due to. not. sufficiently depleting
cell-'s of polyamines. . Put:escina levels must'become
undetectable and spenxdine levels must be reduced to 25% of
Huﬂ—type levels before an effect on growth xate is seen

(Morris, 1931) .



In a later atudy, E. r_q.u and muﬂmna; were r_reated
w-lf.h a combination of inhibitors which included DL-a
-monof).,uoxomethylornxthine and .Dl.-u-diflnoxomer.hylarginine,
'i'rxever/sible inhibitou of otni}_hine decarboxylase and
a:qimne deca:boxylase, respectxvely, and with =
_dxcyclohexylmnmonium sulphate, a competitive inhibitor of
spernidine synthetaae (Betmlti etal., 1982) . Incubation of
cells ;n the p:esence of -these 1nh1bitou caused: a»marked g
decnase in the intracellular puttescine and spermiﬂine
levels as vell'as a reduction ir} growth rate.” Addition, of .
. putxescine‘\and spé;midine to (;u‘lr.ures of 1hh1hitor-treated

cells increased the intracelluar level of putiescine by .508"

and spermidine to 100% of the control value and restored the |

qrcvth rate ‘to normal. > \

" Despite subtle physiological. changes brought abou!: by
aberrant spemidine to putrescine ratios (see above),
polyamine-starved cells.have been shown to be normal with
respect to relative levels of stable RNA, the degree of
methylation of RNA, the stability of stable RNA, and the
control of RNA’synthesis. dufing amino acid starvation:
Futhermore, the stability of p-galactosidase mRNA i -
slightly incréased, And_ﬁe:e is no change in the.rate of
protein” tu:nover (Morris, 1973; Morris ﬁnQ Jorstad, 1973;
Srinivasan et al.; 1973) .

Several conclusions can be drawn t:om the ‘studies of
polyamine starved celln. ‘Fiuvt, it seems that putz_eaclne

‘and spermidine are not absolute requiteﬁentu for growth of"

PRIER
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., E. coli, but ‘are required for normal growth. - This suggests

that the action of the polyamines at’ their cellular'site(s) '
is probably stimulatory. Quite likely other aanes and =~
cations substltute for the polyanunes in polyamme-—starved

cells. Second,/spe:midlne can replace put(escine, although

: cettain subtle changes are appatent, i.e. cell size; and

optimal grawth is maxntained by spezmidme and not any

analogue of spern_udlne. . L . *
1.3.2 Polyanines-and. nucleic acids

Numerous studies‘have shown thét pu{yaminea bi:;@
tightly to nucleic acids (revi‘ewed in Bachrach, 1973; Cohen,
1971; Tabor and Tabor, 1976). association of spermidine
and DNA was characterized as a strong non-covalent

interaction between the positively charged base and the

.megatively charged phosphate of the nucleic acid. The

binding of the polyamines to nuCleic acids may explain the
aEilityl of ‘these cations .to.protect nucleic acids against
enzymatic‘degradation and thermal denaturation. -Also, -early
studies described the precipitation of DNA by polyamines
from a variety of sources.

The packaging ‘of DNA in vari:ous baéteri:'dpha’gev particles
seems to be dependent on. the polyamines. " For exam;'zl‘e,v :
spermidine is required for pack;ging bacteriophagg iambda‘
DNA in vitre {Kaiser et'al., 1975). Circmstantial evidence '
suggests that spermidine may be :e‘quir‘éd for packag_iné )

bacteriophage T7 DNA as the DNA exists in a ‘compact form in
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the presénge of this polyamine (Gosule and Schellman, 1976) .
Purthemore, apprnxxntely 40% of the cations associated
with the DNA orbactenophaqe T3 are polyamines f(Ames and
Dubin, 1960). - Since the bacteriophage ‘particle is
. impermeable to uternu polymines, the polyamines
.associntgd with the DNA of the virion could not have been
taken up following packaging. This is an important point as
. most studies that attempted to detegine the intracellular
.ocation of the polyamines ‘have been plagued by ] :
xedxstxxhutian of thege pclycaticmu among polyacxd v
components of a}xbcellula: fractions following cell .
éiéxqp:ioh‘ Therefore, the finding of polyamines associated
with bacteric;phage DNA has led to the idea that the .
polymh_\es, and apermidi_ng in paxti_t;:urax, are necessary for..
conidensation of the DNA t‘u permit proper packaging.
However, polyamine-starved strains of E. coli serve as
suitable hosts E‘nx a nulb,ei of bacteriophage, including T4
and 77, albeit at a slower rate of prodpetion and with a
smaller burst size (Hafner et al., 1979; Tabor, 1981; Tabor -
and Tabor, 1984). . These Qactexi;pnnge contain no amines,

indicating that somé other cation is able to substitute for

the polyamines (Hufner g_: al., 1979) Tabor and Tabor;, 1980-.

,Cells depleted of polynnunes do not serve’ u hosts for
bacheriophage 1M\hdu (Tabot, 1991). The moleculax baEiE for
thi.s defect 15 not knavn. Nash (1975) reported an absolute

requirement for spermidine during lntaqnuon of‘ B

bacteriophage lambda in -vitro, suggesting a role for this o




cation in this recombination event. Excision of lambda is
stinulated by -pe:n;idine (cottesman and Gottesman, 1975).
Several lines of evidence indicatée th’u‘t spermine -and
spemidine influence DNA stability and tertiary strnctt;:e.
The transforming ahmty of Bacillus subtilis DNA is lost
following heating; at 75 c, whexeas, 1n the ptesence “of 10
_spermine the DNA can be heated to %0 C without loss of
transforming apihty (rabor, 1961). Spermidine and diamines

a’t’higher concentrations also ‘stabilize transforming DNA.

The DNA ‘of bacteriophage 1lambda is pr‘utecteq from shearing | .

by spermi};e, suggesting a stabilization and possible
condensation of ‘the nucleic acid (Kaiser et al.,-1963).
Also of significance is the finding that spermidine
maintains isolated nucleoids of E. coli in a folded
configuration (Flink and Pettijmn. 1975) . .
:Recéntly, Qpe:z et al. (1980) and Liu and Wang (1978)

* reported that the activity in vitro of H.czn;m: luteus

3 and E. r.m_bm topoisomerases -are modula‘ted by polyamines.
DNA ayrase, ‘which introdgkes negative supercoils into
circular DA, is stirulated by spermidine (Liu and Wang,

L 1978). ' The DNA topoisomerse 1; which relaxes supexc;ued
DNA, is ‘inhibh‘.ed.by spermidine (Lipetz et al., 1980) .

"' Therefore; afermidine has the poteritial to increase the
.négatlve helical twist of the DNA in vivo. This'i‘é'a .

‘ provocative f£inding in that the degree of auperhélié%ty of
bacterial and viral ‘DNAs influences gene expression as

méal\;red by patterns of ‘protein and RNA synthesis (Botchan,




1976; ‘Botchax.l et al., 1973; DeWyngaert and Bil;kle, 1979;
Gomez—Eichelman, 1981; Kano et al., 1981; ‘Menzel and ~ .
“Gellert, 1983; Smith et al., 1978; Yang et al., 1979) , a:nd

RNA polymerase binding to DNA (Richardson, 1975; Wang,

1974)... Increased superhelicity may induce melting at _the
Ppromoter region of genes, thereby stifiulating formation of
“‘initiation complexes betwéen RNA polymerase and .the DNA .
(Botchan, 1976; Benham, 1979; Hsieh and Wang, 1975; ° T
'-Vuuenuehaez etal., 1979 . - W J

~ Recently, Rusaell et al. (1933) rllgzmé the conversiQn

of B-DNA to 2-DNA in the presence of low concentxations of

polyamines. This eifect: is not u'pecific as polyaninoac:ds,

: histones, and divalent i at- higher ions
éouﬂ elicit this effect. However, this my prove to be a
sigxuficant observation because of the increasihg mpoztance -
that’ Z-DNA is thought to play in biological systems
(reviewed in Rich et al., 184)% Polyamines also interact
with RNA. This was first deduced from studies in vhich RNA ¢
virises, total RNA and synthetic p‘olydbonucleotidﬂv were
precipitated by the polyamines (reviewed in Bachrach, .1973). i
Cohen et al. (1971, 1978) were the first to show that wder |

" appropriate  isolation conditions, spermidine is bound to

tRNA.  Crystallographic studies have shown that there aré- ', .

two classes of spermidine binding sites on various tRNAs.

' Approximately two spermidiné molecules bind very strongly

and in a caoperﬁtive manner to a tRNA molecule. One

~.molecule binds in the major groove near the anticodon stem




. . ‘studies men:ioded above; Gohen (1971, 1978) has proposed

and ‘the other near the variable 10?)9. The cboperatﬁity' oé
binding is lost if the tRNA molecule is cleaved,into large
fragments. The other ‘class of binding sites is less vell
defined with approximately, is molecules’ of spe:liqine
binding weakly per tRNA lnleclll.e. Cohen (1978)‘groponé
';:hat spennidine might serve to stabilize the }zelical regions
of ‘the tRNA molecule.

Little nttenuon has been paid to the role of ) by
p‘olyamines in the organizatior and utabiuty of the RNA in . ' s

bacterial viruses. It is known' that approximately 1000
spermidine noleculee are complexed" wu:h one viral genme of y
bacteriophadf R17 (Fukun and Conen, 1975). The viral RNA .. .
from a variety of wuzce! is condensed by spexnidine (Cohen,

1978)1 Also, infection of E. goli by RNA bacteriophage MS2

is greatly ntimuhted by this polyamine. Based on the

that the vhu RNA and mRNA may exist in alternating linear
and loocped forms with the former structure required for
replication und translation, and the 1atter :eqni:ed for
storage and transport. The association nnd dissociation of

spermidine would mediate these structural modulations.
‘1.3.3 Polyanines ‘and macromolecular synthesis k i, )

The major thrust of polyamine research inrecent years
has Sgen towards under standing the- function of these i
3 compounds in the regulation of macromolecular gynthesis‘.

_Two experimental approachies have generally been applied to




. purified, and’purified systems. As Morris~(1981) has roted, °
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this questioh. One approach as been to comparé' changes -in -

polyamine accumulation and t-.é activities of their
biosynthetic enzymes with changes in the rate of DNA, RNA..
and protein synthesis under various conditions. The other
approach has beén the study oé polyamine effects on

macromolecular synthesis in vitro using crude, partially

boti’;‘ -approaches: have definite limitations. ‘The. qbrxeiative.
appioach suffers from the ‘difficultf of dxatinguisining
hetween a cause-effect and a coincidental relationship.
Oftgn ovexlooked inthese types of studied is the' inherent

problem: of RNA, DNA and protein synthedis being physically

,and temporally linked inE. coll. The' problem with the in

vitro app:oach is that e‘m‘apoheion of results in vitro to

the sunanon in' situ is often meaningless. Polyamines
-exmblt many non—specifh: Lntetaeticns j.n y.u:m that become

1nsxgnincant at physlolugmal salt: concentrations (see

Morris, 1981, for eiamples). Also, other cations,. such as

magnesiun, can mimic the effects of polyamines in vitro,
although :!vligh‘efi‘ concentrations may be needed. ¢ With these
_ Points in mind‘, the discussion w}uch follows examines some
~of the data gamed fxom these types of experiments.
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1.3.4'DNA synthesis in vitro o=

O'Brien et al. (1966) reported that .spermine inhibited
the activity of p'a:-tially purified DNA-dependent DNA
polymerase in the presence of native DNA primer. “pNa
polymerase from KB cells was likewise inibited by spermine
(Bach, 1964). In contrast, Brewer and Rusch (1966) observed
stimulation by spermine of DNA polymerase activxty in nucle1
}solated from Physarum ngmmhalum suppned with an

exogenous source of DNA and ynucleotide tri

The discrepency in these reports was paxtxally explalned by
Schwimmer (1968) who found that putrescine and cadaverine
ir;hibited DNA-dependent ;);ﬁthesis by E. coli polymerase
using DNA f;:nm var_i'oua sources. By contrast, these

polyanines stimuiated DNA polymerase activity with

nuclechistone or chromatin for template. Schwimmer proposed
that the diamines displaced the histones, and further, that “‘
the kistones exert a greater inhibitory effeqt than do the
amines on .D&m pol)(mezase activity.‘ However, this cencepE of
simple competition between diamines and histones for the DNA

is not supported by. the data. At sufficiently high
concerftrations of polyamines a reversal of the stimulatory
effect on the nucleohistone-supported reaz;tion would be
p::dfcteﬂ. No such :evetsal was observed at concentrations
that caused 70-80% inhibition of polymerase’ activlty in- the

f:ee DNA-prmed reaction.

Polyamines stimulate. partially purified DNA polymerase;

7
B, but not DNA polymerase A, from rat brain' (Chui and Sung,
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1972); the order of effectiveness for stinulating DNA
p?lymerase activity was spe:mine)_spermidine)put:eséine. &
Spernidine stimilated polymerase:activity only in the.
presence of magnesium. Since the tempiate used in these

studies was native DNA, not‘hucleohistone or chromatin,

“these workers explain the difference betweentheir results

and those of others (O'Brien et al., 1966; Bach, 1964;
Schywimmer, 1968) as due to species spec:.ﬁch:ry or the
preparation of the DNA polymerase. .

In a seues of experiments, Koxnherq and cnworkers (see
Schekman et _a.'L., 1974) shawed that eithe: spermidine ol E.
coli mm—bindmg protein stimulates DNA synthesis of primed

sxngle-sttanded template m mm A complete’ replxcatlve

form of ¢x174 was synthesized in-the pLsgnce of DNA—binding

protein, whereas only small. fragments were made if |

. spermidine was substituted (Geider and.Kornberg, 1974;

Tomizawa et al. 1974). DN syni'hesia of inprimed’ $x174
template seemed to zequxte both DNA—binding protein and

spermidine.

1.3.5 RNA ayntheaié‘m mm

A vanety of expenmental work has shown that
polyamines promote RNA synthens in mm E. goli RNA
polymerase activity was more efficie_ntly stimulated by
séemidine, than putrescine and ca'aavez'xne (Fuchs et al.,
1967). Polyanines pronoted RNA syntheais at low ionic
strengths (between 0. 02 and 0 12); at high ionic strengths

J
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purified E. m; RNA polymerase dissociates into, smaller
subunits. Magnesium.was also effective- in stimulating RNA'
polymerase activity, howev’er, higher concentrations were
tequired than of polyamines (Fuchs et al., 1967). Even in
the presence of polyamines, RNA polymerase activity xequxred
small amounts of magnesium. Treadwell et al. (1976)
obsezvgd that the magnesium requirement for optimal
synthesis <‘>f P~galuctos_idase. in'a DNA~dize_cted:1n vitro
system.could be reduced from 16 to A9 mM by the addition of
spetmid;ne. Using the antibiotic rifampicin‘ to iuncouple
transcription from translation, the primary )effect of
-'&permidi_ne was shown to be at the level of ttanscriptla;i._ -
High' concentrations of polyamines inhibit RVA synthesis in
yvitro possibly by bausing aggr'egation,“ precipitation, or a

change in the conformation of the DNA template -(raviewed in

* ‘Bachrach, 1973). The mechanism of . polyamine-promoted RNA

synthesis is not -understood. However, it is ééssible that
polyamines ‘bind to RNA to counteract the inhibitory effect
of RNA ptruduced or to protect the RNA :"r‘om nuclease .
activity. Many studies have shown that polyamines protect
nucleic acids from thermal denaturation and enzymatic
degradation (see section 1.3.2). :

. Polyamines may also influence RNA synthesis in a.
q’u‘alitative a8 well a8 a quantitative sanner Gimport and
Weiss- (1969) observed that RNA polymerase from ﬂmmmua
lmu.d.eiku.gua trangeribed both strdnds of double-atranded RE
0x17 4 mm. whereas the hamologuus E. coli pulymerase .

i
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transcribed only one strand. ‘In the presence of spermidine ,

the Micrococcal enzyme copleﬂ the. RF DNA asxmmetncally
(Gumport,~1970; Gumport and Weiss, 1969). Spermidine may
,also determine selective ‘transcription of ‘specific regions

. (i.e, promoter) of the DNA probably by reducing .or -

@ ¢ eliminating, initiation £rom non-specific regioms (Ascoll,
- 1968). =
*1.3.6 Protein synthesis in'vitro . of Y Bl R
Although polyamines stimulate tfanscription of DNA and E

thus enhance protein synthesis, they haufer mn:e'spe‘clfié\h g

effects on protein synthesis than just: ¥ reasing the

available mRNA for. translation. Results clearly show that
= " polyamines can stimulate the synthesis of individual i

polypeptides to different degrees in bacterial and -

¥

. eucaryotic' cell- free systems. In.aT7 DNA-directed groteln
synthesis system, spemidine stimulated the synthesxs of E

po].ypetides of 105, 000 daXtons and 42 000 daltons about. 10-

and 3.5-fold, respectively. The syntheais of a polypeptlde

" of 13,500 daltons was not promoted significantly by Lo i
spermidine (Watanabe et al:, 1983)., SPefm'idiﬂe stinulated

the synthesis of the two highér molecular. weight i .

polypeptides at the level of both transc:iptwn nd =

’tganalanon, but the effect wds most pzonounced at u\e level
of translation. Putrescine caused dif ferential stimulation

but to a smallez :degree. A sinilar ﬁi ] erentlal stunulat;m

by polyamnea ef phage RNA- ﬂirected sym:heau of po]ypetir]e
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has also been obse:ved (watanabe et al.; 1981). Spermine,
Bpermidine, and putrescme stmulate the translation m~
JLLtLQ of adenovirus MRNA, glublh 9s mRNA, RNA from the
bactgriophage R17, QB and MS2 (Atkins gt al., 1975).
Significantly, the addition.of polyamines to the system
alte:’ed the .relative-amounts of ten adenovirus polypeptides’

synthes:.zed to_relative alnounts similgr to those syntheslzed

i -vivo. -This was mainly due to the preferential increased .

" synthesis of the higher molecular weight proteins.

Therefore, these studies suggeést that polyamihes aré
necessary ‘for ‘the completion of larger polypeptides in
¥itro, if not'in xivo.. This‘effect.may be related to
; protection of RNA by é&iyahines to nuclease digestion.
Studles in vitro show that polyamines stimulate many of
the intermediate steéps in protein synthesis.  The
observations of ‘some of these studies are summarized below:
a) Aminoacyl-tRNA synthesis. Magnesium is required for
both the pyrophosphate exchange (the first step in the
';eaccion) and for the overall aminoacylation. Spermidine
. can completely substxtute for magnesiuln in the nvexall

reaction, but: not in the’ fust reaction. step. (Chnuratermhn

and Chapeville, $973; Kayne and Cohn, 1972; Igarashi et

d

1972; Takeda and’ Igarashi, 1969). Some studies have

suggested that these results are artifactual due to addition’

“of magnesium as a contaminént,in the tRNA added aftér _the
£irst ‘reaction btep (Chakraburtty et al.,-1975; Santi and
. Webster, 1975). . )
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b) Ribosome aggregation, _Polyamines can replace much

‘of the ribosomal magnesium and, like ugneshm; cause 308

'and 505 subunit unociatmn).n yitro-(Cohen, 1971, p 179ff;

htone: and Flaks, 1972) ~ _ T .7 e

7 Peptide initiatich. Polyamines reduce the
requirement for magnesium dufing initiation complex
_fctnatmn between aminoacyl-tRNA, mmm and xibosomes
(Iqaxashi et A].., 1972, 1974; Konzcki ‘et al., 1975, Teruoko
and Tnnaka, lB?:a}.

d) Peptide elongation. Sperminé,' in the.pxesence)of

low mgneaium» n ons :peptidyl
activity lof ribosomes .(;re:aoko ;nd Tanaka, 1973b).

e) The ﬂdelﬂ:y of‘f.h'e t@nslgtion process is increased
in the presence of polyamines in vitro (Abraham et al.,
1979; A’bzaham and-Pihl, 1979; Jelenc and luxlandf 11976,
feviewed in Tabor and Tabor, 1976; 1984). At high
temperatures (37°C) and high magnesium concentrations the
efiecg on fidelity of translation is lost (Abraham et al.,
1979). The fidelity of translation seems to be increased by
polyamines j.njxm, algo (Tabor and Tabor, 1984 and

refegences therein).
1.3.7 In vivo studies

Numerous stu@ies have. shown that. increases in the v" .
accumulation of polyamines and the activities of their, -
biosynthetic enzymes parallel or precede imcreasés in the

rates of DNA, RNA, and protein syitheses (reviewed in
1 . 3 :

o
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Bachrach, 19731 Cuhen, 1971 Tabor and Tabor, 1976). Others
have examnea polyamme levels in‘relaxed and stringent
sf.xa:ns “of E. _:g.'l.; mainly in an attempt, to mplicate . »
guanosine- 5‘—ﬂ1phosphlte-3'-dlphosphate (pp{:pp) in the

regulation of pclyamn{e synthesis (see section 1.4.4).

. Unfortunately, these studies have been’ unsuccessfhl in
demonstrating a direct contiol of macromolecular synthesis
by the polyamines in y_m

i B The discévery and, synthesis of specific xnhlbxtots of .

the polyamine b1osynthetic enzymes has proven to be a
powerful tool to-examine the role of polyamines in =
macmmolecu.\ar synhhesm. Hw'everv, the r’esulés_of"inhibité:
studies have been equivocal. Eucagy’otiq cells“tteiéed with
the ornithine decarboxylase mhibiter, n-hydraz_ino—
ormthlne, or by the adenosylmethmnme decarboxylase

inhibitor, methylgyloxal bxs(guanylhyd:azine), ﬂecreased

polyamine levels, ‘but .had no effect on RNA synthesis-
"_u(l’:‘illivngmne .et al., 1975; Harik et al., 1974; Kay and Pegg, i
e ’Fi’tlinqame et a1.1(1975) observed that the block. in

S spemidme synthesis caused a décrease in DNA replication

! that could be reversed by rexogenous apermi’dxne. - In-a

sinu.lar study, i) h;bxtion of ornithine decarboxylase

activu:y by n-methylokm.thine depleted rat hepatoma cells of ;.’ H
putrescine and ‘spermidine, and caused arrest of cell

proliferation and DNA synthesis- (Mamont et al., 1976).

Based on these rasuli:s‘, it was proposed that spermidine and
' spermine are necessary for enhancéd DNA replication in -
5 o, ey, \ .
\

" i




eucaryot‘ic"systems. One repozt found that there was no
change in DNA synthes:.s follqwing inhibition oi polyamune
biosynthesis (Harik et al., 1974).

Little use has been made of specific: inhibitors of

procaryotié polyamine biosynthetic enzymes to unravel

possible -role(s), of the polyamines in macromolecular

. synthesis. Most studies cixia: have used these inhisicors

have xestncted the physmlogxcal parameters examined to .

growth rate (Eee section 1. 3.0 A g:eat deél of

expenmental work has taken advantage of condlt&anal x

‘pclyamine auxotrophs. Polyamine depletxon was produced by

exogenous arginine in an E. goli mut_ant defective in

. agmatine ureohydrolase. Exogenous arginine represses the

* arginine biosynthetic pathway such that putrescine is not

formed from ornithine (Morris et al., 1970). Since the
arginine to putrescine pathway is blocked due to the
mutation in agmatine ’hteohydrolase, the cells are starved

for ‘polyamines. Dion and Cohen (1972b) observed that

’poly‘umine depletion in these censicaused an ‘inhibition of

both growth rate and nucleic acid synthesis. Growth and

nucleic acid synthesis were restored to wild-type levels by .

exogenous putrescine and spermidine. Bacteriophdge T4~

infection of these polyamine-depleted cells resulted in"a

':aauction in phage DNA synthesis and maturation which was '

reversed by addition of polyamines 15 fmin prior to infection
(Dion and Coheén, 1972a). Using a similar conditional

putrescine auxotroph and exo'genous;arginine to deplete the




culture"of ‘polyamines, Young and Srinivisan. (1972) found
that i‘}ﬁi‘tiol.l of putrescine caused a za;;id increase in
protein. synthesis. Apprcximtely' 1-2 h later RNA and DNA
syntheses were stimulated, and these were coincident with an
increase in the rate of c;ll divis’ion. Experiments—from the

laboratory of Ho:rls have. confirmed theu observations.

Gexgez and Houh (1980) fcunﬁ that the tempoxal response Sf

lapromolecqlar synthesis wasWfaster than that, reported by,
xm;n;; and Srinivasan (1972), but -ai:c:i'but;ed the differénces i
to the straing useﬂ and tc the different polyamines

px‘ov].ded. Also, during steady-staf/, polymihe-limlted
growth of E. coli, the a:_l.onga:xon rates for B-galactosidase
mRNR and protein as well as DNA replication ‘fork mdvensnt
were reduced in pzdpoxti:;n to growth rate i.e. two-fold
(Geiger and Morris, 1978,.1980; Jorstad and Morris, 1974;
Morris and Hansen, 1973). The e_ff:ect of polyamine depletion .
on the rate of no\{glenl: (of ‘the DNA'replication fork

indicates an effect independent of the decreased growth

rate.. Usually, changes in the growth rate affect initiation
rather than muvemént of the xeplicanon fo:k (Geiger nnd
Morris, 1978, 1980).

. . These studies hnve :evealad :hlt signlncnnt molecular
events occu: fcllewing polyamine addition to polyamne "
depleted cells prior to changes in nucleic acids, fee.
sumulatinn of protein syntheua appears to be t.he primary
_effect of polyamines on polyamine atn:ved cells. Therefore,

the stimulation. of RNA and DNA s%nthe!i;. and the dramatic:




of active protein synthesis (Young and Srinivasan, 1972).

i most important studies as follows:

‘ 3 - “8 .
increase in viral DNA replication caused by, addition Of .

polyanines to polyamine starved cells may be either ‘an

¢

indiredt effect, or merely a general response to resumption 8

Tabor . and Tabor (1976)\ summarized the results of the

a) Polyamines and their biosynthetic enzymes are
ubiquitous.

b) Microbiological' mutants: have been described in
which there ;s a definite tequirement nf polyamines

" for. growth.

c) The concentrations of polyamnes and their
biosyntheuc enzymes increase when thé ‘growth rate - *
increases. -These increases usually precede’or are

simul taneous. with 1nc[eases in"RNA, DNA ‘and protein

levels.’
d) Ornithine deca:boxylase has a temarkably fast

turnover rate in animal cells, and the 'level of this .

enzyme :apuuy changes after a variety of growth

. stimuli.

e) Polyammes have a ‘high aff)mty for nucleié
acids and stabilize.their secondary structuré.. They
are found associated with DNA in bacteriophages and
have a variety of stimulatory effects on DNA and RNA
biosynthesis in vitro.

£) Polyam:mes stimulate protein synthesis in vivo
and in vitro.®

g) Polyamines protect spheroplasts and. halophilic
organisms from lysis, mdxcating their ability to
stabilize membranes.

Despite these obsexvations, no specific mechanism
has ‘been firmly established for the action of the

* polyamines in vivo. It is clear that these

compounds are physiologically important, however,
and further work is necessary to establish the
mechanism of  their® action..

After' almost a decade of intensive investigation. the

. physiological role of polyamines' still remains elusive. .

\




1.4 Regulation of the putrescine ﬁiosynthetic enzymes in E.

D .
-

“The - regulat:on of the putrescme biosynthetic enzymes

in B. ‘coli mvolves a complex set of mechanisms acting at

transcriptional and’ post-translational: levels. Since nost!

studies have relied upon measurement -of the biological: " -

activities of these enzymes in vitro, it is often difficult.

to-evaluate the true role of various effector molecules in

vivo.
1.4.1 FeedWack.inhibition and repression . -

The po'lyu\i.nes putrescine and spermidine competitively

ihhibit ornithine decarboxylase and arginine decarboxylase:.

of E. galx in crude and purified preparations. A mixtlke of

competitive and hon-competitive inhibition of a partially

.. purified p:epazatwn of ornithine’decarboxylase by‘the

polyamines ‘has been described by Morris et al. (1970). ‘They

éancluded'that the ocmpetitive'in}{ibition was the result of

competition between the polyamines and ornithine ‘for the

actiye site. Non-competitive inhibition, however, was due
to interaction of polyamines with free pyridoxal- phosphate.
Further purification of ornithine decarboxylase eliminated
the apparent ncn-competi,tive mhwltion by polyamines
(Applebaum gt al.; 1977). At concentrauqns of 7.4 mM
ornithine, slightly above the K of 5.6 mM, 20 mM putfescine
or 5 mM spermidine inhibited 508 of the activity of pirified
ofnithine decarboxylase (Applebaum ek al., 1977).
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: At Baturating concentrations of arginine (7.4 mM
P arginine; ¥ ~0. ;03 m#) and 1 mM magnesium, 508 JF the
activity of pnnfied arginine deca:bnxylaae was inhibited by
15'mM putresciné: or’ 1.5 mM spermidine (Wu and Morris, 1973).
N Inc‘zeasjng concentrations. of magnesium, a cofactor: of
,arginine decarboxylase activity, fully reversed the
{nhibition by the polyamines.. The competition between
magnegiym and the polyamines suggests that the ratia of
) 1ntracellu1az maqnesium to polyamines may be one mechanism
for :equlating arginine deca:boxylase in yiyo. - Assuming
that ‘u.n:(a:ellulax polyamines. afe not bound to int;acell\ilar ¥
cgmpcnents, the levels of putrescine and spermidine that are
2 inhiBitory: to ornithirie-decarboxylase and arginine }
 decarboxylase are in the physiological range, i.e. 25 mM
putrescine and 2.5 md-spermidine ‘(Morris et al., 1970).
“This suégests that‘ feedback inhibition may‘pla‘y’anb important
role in regulating the putrescine biosynthetic.enzymes.
Feedback inhibition_occu:s in vivo as evidenced .by the rapid .

reduction in.the release of €O "from [ Cl-arginine or
3 = 4 ‘

(14Cl-<;rnithine fcllaw’ing éqppiementatien of a chem_ostat_
culture with polyamines (;I‘aboz and Tabor, 1969).-

Tabor and. Tabor (1969) were the firstito suggest that
_synthesis’ of ornithine decazﬁoxylase and arginine

F 'ﬂecarboxylaée"axe regulated by feedback repression in E. atl]

coli. The spel:i»fic activity of both ornithine decarboxylase
and axginlne deca:boxylase, assayed under optima]. 5 L k.,

condu;\one, decreased following adﬂ;t:on of either
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putrescxne or spermidine. Work by Horns _e: a].. (1970) »
corroborated these E:mdings using a mutant cauymg a

partial block in azglnine decarl_)oxylase. A putrescine

deficiency is produced in this strain by addition of ' .
arginine .to| the growth medium as a result of. repression .of
the arginine biosynthetic pathway: (Maas, 1961), and hence
there is a limitation of or}{ithine. Under thg;e conditions,’
the specific activity of ofnitpsne decarboxylase and~the
E llutant arginine decaébaxylase are de;ep’zessed. Celyls with .
. ‘mormal levels of putrescine did ndt -show-derepression of the
enzyme ‘activites following arginine supp;gmen;a’h’ion.» Since
. . the interpretation of these resulVs was potentially ’ L
ambiguous due to the partial blpc_k,in_argihine

lase, Satishcl " and Boyle (1984) repeated

these experiments using mutants deleted in either the

atgmme decarboxylase or agmatine ureohydrolase genes.

'rhese authors also conc),uded that putrescine repxessed the .
synthes;s of o:nithine decarboxylase and arginine
decarboxylase. —_— , B
The»xegulation of the accivi;:y, and syntl:ne'sis of . |
agmatine ureohydrolase is probably very diffexént from that
of ornithine decarboxylase and arginine decarboxylase. - - .. ©
. Putrescine and spermidine have no effect on either the
_syntl{ests ﬂ‘!‘ the activity of agmatine ureohydrolase in E.
coli (Morris et al., 1970; satishchandran and Ea‘yle, 1984).’
However, the specific activity of agmatine wreohydrolase is

increased by agmatine. This increase in the specific
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activity of agmatine ureohydrolase can be blocked'by.

chloramphenicol suggesting that agmatine induced the
5

synthesxs of agmatine ydrolase (Sati and
Boyle, 1984) . Therefore, the metabolic flux through the
putrescine biosynthetic pa;hway II may regulate this enzyme.

W
1.4.2. Protein activators, inhibitors and anti-antizyme

The direct physiological role of putrescine and
Epezmidine in regulating the putrescine biosynthetic enzy‘mes '

in E. mi is obscured by che fxnding of specif’lc ptote:.n

inhibitors and activators of ormithine decarboxylase, and

- possibly arginine decarboxylase and agmatime ufeohydrolase.

A protein of 15,000 daltons inhibits ornithine decarboxylase
activity non-competitively has been isolate from E. coli '
(Ryriakidis et al., 1978). The enzyme-inhibitor compléx can
e dissoéiatéd by salt to provide active ornithine

decarboxylase and inhibitor. The inhibitor, tezmed antizyme

‘ to urnithine decarboxylase or’ ODC-antuyme, has many ,‘ f

characteristics in common.with an inhibitor of ormthine
decarboxylase activity isolated from eucaryotic cells. Like
the eucaryotic ODC-antizyme, the ODC-antizyme of E; 'coli is
induced twenty-fold by polyamines and levels appear to vary
with the ‘grawth phase (Kyriakidis et al., 1978). At late
exPoneﬁtia‘1 g:owih, levels of ODC-antizyme as well as  °
o;n‘ithipe decarboxylase activity are maximal. Upon entering
stationary phase, the -dotivity of ornithine decarboxylase

and antizyme ‘decrease ‘dramatically. -,




. A thermostable, non-dialyzable factor that is resistant
to trypsin has been reported to activate ornithihe
decarboxylase activity in E. colj (Kyriakidis et'al., 197).
The amount -of activator, lake\mtizyme, is stimulated
1.6-fold in reaponae to increased polyamine levels in the
growth'mediun\. Its levels al}so vary with the growth phase
“of the cells in a similar manner as omxthine decatboxylase

and antuyme. The. ratio of ODC- activato: units to

ODC-antuyme units :drops fxcm 50:1 to 4 & when cella are
grwn in the presence of polyamlnes.
. Recently, Heller g:,u. (1983a,b) :epoﬂted that

ODC-antizyne activity could be resolved into at least three ne
j R

distinqt proteins, one acidic and two basic proteins.’
Approximately 90% of the total antizyme activity is
associated with the basic proteins. The molecular weight of "
43,000 was determined for the acidic protein by sodium
dodecylsuphate-polyacrylamide gel electrophoresis and by gel
£iltration in-the presence of Nonidet P-40 as 49,000.. The
moleculax uexght of this acidic ‘antizyme d)ffers markedly
K fram the molecular weight .estimate of 15,000 for the a(udic
antizyme ongmany determined by gel filtration in the
absence of Nonidet P-40. The authors offer no explanation *
for this discrepancy (Heller et al., 19Q3a). The molecular
weights of the two basic protéins were estimated from their
‘mobilities on. sodium dodecylsulphate-polyacrylamide gels to
be 11.09‘0 and 9,000: "The basic antizymes not only inhibited

. ornithine decarboxylase but, to a lesser extent, arginine . s

L . ~
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dacarboxyla‘se. Th~eae antizymes had no effect on the'. !
activlt‘iea of the biodegzaﬂative‘axginine or oznighina - .‘
deca:bo){ylasea. Dul ingv purification of agmatir{e %

. ureohydrolase, Satishchandran and:Boyle(Personal

P communication,1984) ‘found the presence of a factor, possibly
a protein, ‘that inhibited agmatine ureohydrolase activity
which' may possess_‘characte:ietics si.mi'lar to the other
antizymes. . - ey s ; ;

An additjonal fadtor, that may x:'egu],ate ornithine ' s o

decarboxylase activity has been isolated from-E. coli, that

inhibits the activity of .ODC-antizyme: (Heller: et al.,

1983a). This factor is very similar to the ~ar'lt:i-am:izyme of

ornithine decarboxylase isolated from rat liver by Fujita et .

al

(1982) .. Addition of this macromolecule to a mixgute of
ornithine decarboxylaSe and antizyme(s) revex;ses the 4
"l inhibition Of ornithine decarboxylase activity by antizyme,
possibly by dissociating the complex of enﬁym-antfzyme.
This factor also inhibits antizyme activity prior to
addition of ornithine decarboxylase, which suggests a
reversibility of antizyme action. It is possible that
Snti—antizyme is an inactive form or degradation product of
ornithine decarboxylase. Anti-antizyme has no ornithine
- decarboxylase activlt‘y, itself. On gel filtratioh columns )
the anti-antizyme. elutes immediately following (E.goli) X .
(Heller et al., '1933;), or at about the same position (;at
liver) - (Fujita et alJ, 1982) as ornithine decarboxylase.

Thus, the factor is of similar molecular weight £6 ornithine
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decazboxylase. Bwevet, the” factor shows little aft‘mity
for pyndoxal phosphate and @ much ‘greater afnmty for

antizyme, than ornithine decarboxylase.

‘Although Canellakis and cowo’:kers argue that-

_aritizyme(s)‘ functions to regulate putrescine biosynthésis

(Heller et ali, 1983B), it is difficdlt to discern how; or
why; the ¢ell produces five proteins ‘acting” in concert as
activatéis; antizymes, and anti—am:lizyme to regulate .one, or

poégskgly two enzymes, i.e. ocnthine decarboxylase- and

. arginine ‘Gecarboxylase:’ It is tempting’to speculate .that’' -
.antizyme is not invplved in the regulation of ﬁutzegcine

biosynthesis, per se, but has some othe: function when

complexed to ormthme decaxboxylase. This is’ eapacially
intrigling .considering the histone-like properties of the
basic antizymes and that eucaryotic ornithine decarboxylase

stimulates transcriptinn' (Maiien’ and Russéll, 1975, 1977).

It will be xnteresnng/ro ‘see if the ancizyme(s) exhibit

DNA-binding propertxes.
1.4.3. Pathway selection

As mentioned above, E. coli can’synthesize putrescine '

by two pathways that branch off the arginine bio‘synthetic

_pathway: In)unsupplemented medium, 75% to 90% of putrescine

is fomed by. the decarboxylation of o:nithine (pathway Yo"
In mimmal medium supplemented with arginihe, pathway I is

mainly utilized with no change in the nett pmduction of

putrescine (Morris et al., 1970). Since the specific -
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" by induction of arginine decarboxylase and agmatine *

¢ LI

‘activities of the pytrescine biosynthefic enzymes do not

change following arginine supplementation, it was pzoposéﬁ

that pathway selection by.arginine was related to the,

intracellular pools of ornithine and argin'ineiuox‘ris et .
al., 1970).  Maas (1961) had pteviously ‘shown that arginine -
represses the foimation of most of the enzymes of the . .
arginine biosynthetic pathway, aslwell as thibiting the
activity of acetylglutamal:e synthetase. 'rhus, as a’'result
of exogenously aupplied arginine, the mttacellula: pool of
ornithine is diminished. This would explain the marked
SeGreass Th putEescine production by pathway I.(ornithine td
putrescine) -in célls growihg'in arginine sipplemented )
medium. - | . N A .

The incréased itilization of pathvay IT by cells in

arginine supplemented. minimal medium cculd not be explained

_ureohydrolase as the specifis activities of these enzymes
remained unchanged (Morris et .al., 1970). Futhermore, the
intracellilar concentration of arginine was ten-fold higher
than the l( for arginine decarquylase and increased by only
25% follwinq urqinme supplementanon. Therefore,
activation.could not xeadxly be explamed by aubstrate

limitation unless the substrate was inaccessible to the

enzyme. Morris et al. (1970) proposed that theré might be &

specific chan;\elling of exogenously supplied arginine into
putrescine and little’ of the’ arginine Bym:heaxzed

éndogenously would be accgssible to arginine decarboxylase. .




~ 4. . The idea that arginine decarboiylase was conpar tmentalized
o . in the E. goli cell was also suggested by studfes of Tabor )
) ", ana Tabor (1969). An E.$coll mutant, hlocked betveen s o
acetylormithine and ornithine, was grown in a chemostat on
~ limiting amounts of radioactively labelled citrulline and
arginine. Based on the amount of radioactivity in the
. polyamines and protein, it was estimated that between 403 to -
" 60% of putrescine wak formed from the exogemously supplied ]
o . ‘argin;né pr¥or to' the amino acid equilibrating with '
endogeno:xs:!.y 'daxivef! axgi.nina. It has since begn shown that
* arginine decarboxylase resides ‘in the inner periplasmic
space (Buch and Boyle, personal cumm::nxca&xon, 1984). Thus,
. compartmentalization of arginine decarboxylase in o —
’ pe:iplasm }urther supports the contention that exogenous

a:ginine can be pxefexentially channeled into polyamines and

- accounts for the increased utilization of pathway II.
y
1.4.4 Nucleotide effects énd the str’.ngent response '

. The act;vity of ornithine r]ecarboxylaae i5* influenced -
# oy I Al by certaln hucleotide phosphates (Applebaum et al., 1977;

" Holtta et al., 1972)." At subsaturating'concentrations of
ornithine, the ribonucleotide triphosphites, GIP and ATP,

¥ the ﬂeoxytik;onucleatnide phosphate, . dGTP, and laome other

y . -xibqnﬁcieo;iae mono- and diphosphates stimulated the

: activity of a partially’purified preparation of, ormithine
decarboxylase (Holtta et al., 1972). In particular, 1 mM
GIP stimulated the enzyme activity by four to five-fold and




.- cells are starved for an essential amino acid there i

P 5

reduced the K for ornithine from 2 mM to 0.2 mM. This
reduction of the K by GT? explained the dilemma that the
apparant K in the absence of GIP is almost ope' hundredfold
higher that the estimated 'lntracellular level of ornithine
(Applebaum et al., 1977; Holtta et al., 1972). The Elow

( z
concentrations of GTP required to stimulate ornithine

decarboxylase activity. (x <1 um suggests that this, or
some similar nucleotide, may be an integral pan: of the .
enzyme molecule (Holtta et al., 1972). Because GIP ca'

reverse the inhibitory‘effect of high ionic strength, Holtta.

et al. (1972) “further subgeqt ‘that GTP might be ‘involved in

subunit interactions. However, the mechaqi;m of activation
of ornithine deca:boxy’lase by this and other nucleotides is
st;ill unknown. ; ] g

A number of studies have attempted to qimplicated the
nucleotide, guanosine, 5'-diphophate’ 3'-diphosphate (ppGpp)

in the regulation of ornithine decarboxylase. When E. coli

coordinate cessation 'of RNA'and protein synthesis with a
concomittant rise in the lével of ppGpp (Gallant, 1979).
This phenomenon has been termed the s’uimgem: response. E.

coli strains carrying a lesion in the relA gene exhibit a

relaxed .respone to amino .acid sta:va\:ion,, that is cessation

' of protein synthesis vithout the coordinate cessation of RNA

synthesis. Hcreover, these s:rains fau to accumulate
PPGPP, sin;:e the reld gene is required for its 'synthesis.
Several studies’indicatethat.ppGpp inhibits transcription of




:'iboson‘nal RNA ‘and some mmlix species as well as st:imulates
the t{anscription of certain other mRNA species (Gallant,
1979)‘ Much' of this work, however, has only shown a
correlation between ppGpp levels and RNA synthesis and not a
@irect transcriptional effect on gene expression|by ppGPP..
. Cohen gt al. (1967) have showh that there wa\s a 908
- inhibition of RNA eynthesic and little synthesis of
accumulat:on 93 spermidine in a stnngem: strain (15 TAU
x_eJ. i when starved for the amino acld arginxne. In\an
isogenic strain (15 TAU LeJ. ) there was no cessation\of RNA
synthesis nor inhibition of syntinsis and accunulation of
' spe:midine.’ These results 'suggz-‘zed that ppGpp is invelved
in the xegnlatxon of polyamine biosynthesis. However, these
expezlments have been.criticized for the choice of -the 15
TAU strain, because of its complex nutritional requirements
of arginine, glutamate and uracil (Edlin and Broda, 1968).
In another study using an isogenic paxr of stringent and
relaxed strains, CP78 (:gJ.+) and CP79 (ul ), the activity
of - ornithine ‘decarboxylase and the accumulation of
putrescine and spermldine were determined during amino acid
starvation (Holttu ek al., 1974) . The activity of ornithine
ﬂecaxboxylase, assayed in crude lysates, decreased following
amino acid starvation of the stringent strain. The
‘intracellular accumulation of ;:u:uscine — spermidine aiso
ceased. In contrast, the relaxed strain did not exhibit the
decrease of cxnithine decarhoxylase activity and continued

! to accumulate putreacine and spermidine intracellularly.
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Significantly, the inhibition of ‘ornithine degarboxylae |
‘..,\ activity caused by amim; acid® starvation of . the 'stri:gen2
strain could be reversed by the addition of GTP to the crude
% 1ysates. Since GTP -is an activator of ornithire
decarboxylase, it was postulated that ppGpp may inhibit
ornithine decarbcxyla’ae activity by analogue cqmpetitiwon
with GTP' (Holtta et al., 1974). A partially purified.
preparation of drnithine dec‘arbnxylase was inhibited by’
millimolar concentrations of ppGPP .even‘ in the preésence of 1
M GTP.. The conéentration of the mycleotides used in this ;
study reflect physiological conditions. The K £or )
ornithine increased from 0.36 mM in the. abéenc: of ppGpp to
L : . 3.5 mM in the pxesént:e of the nucleotide. This value
; approaches the K in the absence of GTP. ;'l‘huAa., it seemed ‘
_-reasonable to co'rl:c_lude that ‘the regulation of pofy§mine o
synthesis involved ppGpp. Holtta et al., '("1574[ speculated
that the regulation of“polyamine synthesis is controlled by
changes in.the affinity of ornithiné decarboxylase for the . .
Bubstrate. .‘These changes in turn are mediatéd by the
Aintracellnlar levels of ppGpp and GTP. - .
. In expenments designed to test thia hypothesis, Sakai
and Cohen (1976) ‘confimed the respective action Of PpGPP PN
and ‘GTP on pa:iiallyepu(ified ornithine decarboxylase from. .,
several -strains of E. coli. One of these strains, E. coli
B-207, is',potassium dependent.. Transfer of the.strain B—.207
from a potassium rich meil;l.um to a pa;assi‘um poor, sodium .-

rich medium elicits a relaxed response. Puring the relaxed
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response there is a five to eight<fold stimulation of
putrescine synthesis, most of which is excreted into thé -
medium. . There is no chéngevin intracellular or
extracellular spermidine., Aécordxng to the ‘authors,
howevez, there was no consia:en\: correlation. between the
ratio of ppGpp:GTP and ornithine decarboxylase activity as i
measuzed‘hy putrescine levels. 'Boyle and Adachi (1982)
using a diferent experimental approach also, attempted \:q to
address this.problem.: The activities and rates' of synthesis -
Of both ornithine decaiboxylase and arginine decarboxylase
were determined in E. coli éuring e;?ponential_ giowth and.’
nut:lxtioml shift-up. Changes in the activity and rate of
synthe'sis‘6£ ornithine decarboxylase directly correlated
with changes in ppGpp levels, whereas the activity and. rate
of synéhea_ﬁ» of .arginine decarboxylase was. inversely related
to ppGpp levels. Clearly there is.a conflict as- to whether
or not ppGpp has xole in the :egulauon of ornithine
decarboxylase at either the transcriptional.or post- *

translational- level.

1.4.5 Osmoregulation

'!:hgré is evlaence‘ to sugqest‘ that cellular osmolarity
m?y influence putrescine biosynthesis in procaryotic and
eucaryotic cells (Munro et al., 1972, 1975; Peter et al.,
1978). The patrescine fontent of E. oll and variots marine
bacteria is'inversely rela‘te'd‘ to the osmolarity of the

medium, in which'cells are grown (Munro et al., 1972; Peter
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et al., 1978). Bxpe}iments in which marine bacteria were
txa;xsfex.zed to a medium’ of low ionic strength reve:uea that
there was a rapid and transient rise in intracellular
putrescine ‘and spermidine (Peter et al., 1978). . Maximal
accunalation vas reached within 30 minites and the;gaféer
the intracellular polyamine levéls decliged. By 60 minutes
a new, slower rate of increase ‘in polyamine accumulation vas

seen., 'i‘he interpretation of these results was that the

' increased polyamine accumulation was the result of increased

. Polyamine synthesis and possibly incressed syithesis of

their biosynthetic enzymes. The subsequent decrease in
-polyanine sccumilation prior to the new-rate of synthesis
being established was explained by feedback inhibition.
These authors that'.suggest the polyamines may take-part in
menbraneé stability and phospholipid synthesis in marine
bactsde, s -

In similar studies witi| marine bacteria, it was shown
that'addition of.a variety of charged and uncharged solutes
‘to éells growing in low salts medium caused a ra‘pid loss of
intracellular putrescine. | The excretion-of putrescine wvas
an energy dependent proces; requiring potassium. These
observationsy suggest a role for polyamines in osmoregulation
(Munro - and Saubrbier, 1973).

The activity of ornithine decarboxylase from E. coli i
inhibited in yitro by 0.1 Mto 0.2 M con?entxations_ of NaCl,
KC1 and. acetate salts. Alsoy the activity of ornithine

decarboxylase -and polyamine accumulation in several
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‘eucaryotic -cells is stimulated by low osmolarity and‘
inhibited by specific cations and hypertonic conditions
(geviewed in Ba’chz‘ac)\., 1973) . Recently, it was reported L
that"in B SOli treated with D,i-u-difluoromethylornithine,
an irreversible inkibitor of ornithine decarboxylase , the i
intx;cellular cn‘ncentra‘tﬁns of putrescine and epermidiné
‘were rediced by'60%, whereas: intracellulaf concentrations of
sodium, and potassium were not. significantly changed
regardless of“the csmula:‘ity of the ;nediu;n (Gunther and

Peter,. 1979) . Therefore, it seens that polyamiries are not

. involved in long-tern steady-state osmoregulation in E.

coli. However, ‘this does not prove that osmolarity does not .
influence polyamine synthesis. Whether putrescine and’ i
spernidine are involved in osmoregulation, or whether
osmoregulation regulates polyamine biosynthesis, rémains to

Pe elucidated.
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1.5 Cyclic AMP-a  regulator of gene activity
1.5.1 Positive regulation

E. coli und other member s of themmg_mm are
able to utilize a~wide range of compounds as carbon and :
‘nitrogen sources. .Many of these¢ compounds are catabolized
“by inducibie pithweys. In addition to substrate, cAMP and .

the cAMP receptor protein’(CRP) are required for activation

of ‘the’ cataboute—sensxtlvq operons which code for these & >
pathways.
. The cunently accepted modﬁl for cAMP stimulation of
gene activity was first . p(oposed by Pastan and Perlman
(1970) with respect to.-the lactose operon of E. goli.
¥ subseqixently, more detailed.analysis has refined this quél o
. (reviewed in Adhya and- Garges, 1982; Botsford, 1981; de® -
Cmmbrugghé et al., 1984; Rickenberg, 1974; Ullmann’ and
banchih, 1983), The addition of 1a>ct088p ot a
non—metubolizabie analcéue such a- isoprépyl-p-thio-D—
galactoside, to a culture of E. coli 1nducee the coordinate
synthesis of !.arge alnounts of th:ee grotelnsx F-

galctosidase, galactosxde penne.:se, and thiogalactoside

‘tiansacetylase. Subsequent addition of glucose to the

culture immediately inhibits _exﬁzessinn of the lactose

;Jpemn. This phenomenon has been observed yith other
catabolite-sensitive operons and has been termed “catabolic
repn}ssion". Catf;holic"zepresa'ion c‘an be over come by 'the B

1

" addition of oMMP to the culture. An explanation ‘for this \
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.AeE_Eect was given by Maksan and Sutherland who repor ted that
E. coli contained cAMP, and the intracellular concentration
t;f the nucleotide decreased in response to glucose addition.
It has since been shown that.the intracellular concentration
of CAMP varies- according to the carbon saurce available to
the cell (Buettner et al., 1973; Epstein et al., 1975)%

A detailed. under standing of f.he‘\ mechanism by which CAMP
stimulates the synthesis of induciblg enzynes, such .as those
encno,ded by the lag, ara, and gal openons, has been vdeduced :
from a variety of physiological, ' genetic, and biéchepical
data: 9 _ ‘ ,

The ‘lactose operon consists of hhlzee ;tructuxal denes,
(& ¥, 2nd@ &) which code for P-galactosjdase, galactoside
permease and thiogalactoside transacetylise, respectively
(Beckwith, 1570). Thére is one regulatory gene (D) and two
regulatory sites (R and Q) in the lactose operon. The lac I
gene codes for a repressor protein that binds to the 0
loperator). region of the DNA and blocks synthesis of the lac
enzyme:. “In the pzesem‘:e of t.hg substrate or substrate
analog, the affinity of the repressor for the opetat:x is
réduced. For efficient transciption of the lactose operon,
CAMP and its receptor protein (CRP) must bind at the
promoter regiqn. _The cAMP receptor protein is a dimer of

" two ' identical sub\gnlis (Eilen and Krakow, 1977). Bothl
'aubi.mits possess a domain in the N;te:miml po:tlonr of the
molecule that binds cAHP; In the presence of cAMP, CRP

l;mie.:gceu ailarge allosteric transition that increases the




affinity of CRP fop specxnc DNA sequences in the ptomoter

M to 10 MJ relative to non-specific DNA sequences

-7 -8

(K =10 M to 10 M) (Aiba and Rrakow., 1981; Eilen gt al.,
1978; Rumar et al., '1980).. The binding of CRP to the.P
_region stimulates transcription by RNA polymerase. The DNA "

‘binding domain is in the C-terminal portion of the CRP" ,

.molecile. According to Guiso and Blazy (1980) the amount of -

CRP,. unlike cAﬂP, ‘does - not depend on the generation time of

E. goli nop does it depend on the pature of .the carbon
: _noy doe pe E

- .source. . i

The regulation: of the arabi.nose and galactose operons .
is* more complex than* zegulatxon of the lactose opezan.
However, the function of .CAMP-CRE in stimilating ~ . .
c:ahsczipcian_ of these operons is essentially the same.

e regulon that controls assimiiation of L-arabinose
is comprised of the araBAD operon which codes Iiox tpzee
enzy;mes that coqvert L—a;abinoae to D-—xylulose—s-phosphat’e‘,
and in addition r:.he arak gene codes for the permease, _ana
the araf gene for the }.—arabin‘ose binding protein (Boos,’
1972; Heffernan g}.';i., 1976; Hogg and Englesberg, 1969;
Parsons gt al., 1074). The arall and araf genes are
seperated. and uhlinked to the araBAD operon. A regulatory
gene, :axa.c. is’ contiguous with the araBAD genes. '
Transcription ftom ax_am ‘and acaC are from' two divergent
promoters situpted approximately 150-170 base pairs apart
(Greenfield gt al., 1978; Lee et al., 1981; Smith and

Schleif, 1978)) .. The araC proteinhas a dual function in




control of the arabinose operon. In &_:he absence of

L-arabinose, the araC protein interacts with an operator

site ‘(araQ) to decrease expression of the araBAD and araC

genes. In the pres\ence of }.--azahinnse, araC protein ‘is

refoved from araQ, and binds to a new site, aral. The ?
binding of araC protein to the aral site stimulates
transcription of the araBAb operon. Maximal expression of
araC and araBAD requires the CAMP-CRP gomplex that binds' at
one (Lee.gt al., 1981) or possibly two (Ogden. st al. ,\1960) °
sités located between fhe divergent promoters.: It has been
proposed that the CRP bindiig site overlaps the .

. operator (araQ) gene and repression by the.araC protein is
due to e‘xclusion of CRP from the promoter region (Ogden et
al., 1980). §

Indole derivativies, imidazole and imidazole
" aitivativés can citcunvent the necessity for cAMP in the

induction of the ‘arabinose operon in adenylate cyclase-

deficient (cya) strains of E. coli (Kline et al., 1979;
1980a,b). The araC protein and CRP are essential for

induction of the arabinose operon by these compounds. These
indole and imidazole derivat’ives cannot substitute for cAMP
in the 1nduction of the lac and gal operons. The . ! ol
Elgnificance of this finding is that small netabolx!:es other
than cAHP nay control}expresmon of specific genes via CRP.
It is not known, hovever, if CRP binds these indole and

1mdazole derivatives. 4

‘Three enzymes are required for catabolism nf




D-galactose; UDP-glucose 4-epimerase, galactose l-phosphate
uridylyl transferases and galactokinase. These enzymes,
encoded by the galETK genes, are coorainatély induced when
D-galactose is the primaty .carbon source. Transéription of
the galactos; operon is initiated from two o;}ezllapping
‘promoters. One - promoter (Rl) requires cAMP-CRP for
.activity. Activity from the other promoter (P2) is,
inhibited by the cAMP-CRP complex. (Musso gt al., 1977).
Promoter P2 initiates transcription £ive nucleotides
‘downstream from the initiétiun start site for promoter Pl
with transcription from Pl being more efficient than from P2
(Queen and Rosenberg, 1981), There is a physiological
rationale for the presence of two promoters in the galactose
operon with diametrically opposed modes of regulation.

since the enzyme, UDP-glucose 4-epimerase is required for

" cell-vall synthesis, the galactose operon has both catabolic

and' biosynthetic functions. When D-galactose is the primary

carbon source available to ‘the cell, intracellular cAMP is

high, therefore, cAMP-CRP stimulates Pl promoter activity

‘and 1qhibi'(:s P2 promoter activity.‘ Under conditions where
CAMP levels' Axe low, such as growth on glucose,
transcriptiontis initiated fron the P2 pro{notez rather t-:han
Pl promoter. Thus, a low demand for epimerase activity
required for cell-wall synthesis is met.

Although the specific DNA sequences that bind CRP are
known for a number of genes (e.g. lac, ara, cat, pBR-PA and
deo) (reviewed in Adhya and Garges, 1982; de. (?mmbx;ng'ghe et
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~ al., 1984; Ullmann and Danchin, 1983), it is not clear how
the” GAMP-CRP ' complex stimulates transcription. The cre’
binding site has been found to vary not only with respect to
DNA sequence and symmetry .but also with. zespect to the -
distance of the b)ndmg site to the inlt:Latlon start site.
For. example, 'the CRP b;ndmg sites ‘in the J.a: and g.am
promoters were determlned by genetic studies of ptomoter £
mutations and. by protection of relevant sequences by CRP
Ezum DNase. dxgestxm\, methylation and UV irradiation - of
5'-bromourac11 Eubstituted DNA (Schmitz; 1981; Sjmpson,

,1980; Taniguchi et.al., 1979). These data indicate thaycnf
recognizes a region of symetry approximately 50 to 70 base
"pai:s upstrean of the lac initiation site (schmitz, 1981;

., Simpson; 1980), wheteas CRP "r"ecagnizea a stte approximstely
30 to 50 base pairs upstream from the galPl initiation site
‘(Taniguchi et al., 1979). ' Sequences prior to.position -60
in the galPl pxom;:ter are not necessary for cAMP-CRP
stimulation of y.a.'l. transchption. Similar studies have
shown that CRP binds around. position -40 in the mxz cat
‘and pBR-P4 pzomoteu,vand between -106'and <82 in the ara
promoter (de Crombrugghe et al., 1984).. There is another®

' CRP binding site 'in deoP? promoter at position ~95
(Valentxn-ﬂansen, 19,;2? Several consensus . sequences have ¢
been detived from these CRP binding sites: tlie palindxauic
sequence, TGTGN CACA (Queen and Rosenberg, 1981); s'l‘GA
(Taniquchi et al., 1979); AAAGTGTGACA (0'Neill et al.,
1981); and recently, AANTGTGANNTNNNNCA (Esright, 1982). "

[




. structure Of the DNA seens’ to be important for CRP ede T
¥ » / W

- recognitfon - and bindinq. x—ray data’ suggest . that two n

: symmetucal]y related a—helices (ome—in each of the tio'

. easily reconcile the differenf:es in distance ‘between CRP and

Overall all. these promoters exiibit some homology to othst ‘e
bacterial and phage promoters in- that ‘sequencea in the-~10

and -35 r‘egion aré conserved. These latet sequencee are

thought ;to be’involved in RNA polymerase recognicmn and . B
’binding (Rosenberg: and court.1979). . ;

In addltion to the prunary sequence the tertu:y

/anbunita) interact with twos aymmetncal DA sequences u-. the
najor grooves of right-handed DNA (de Crombrugghe. et-al.,
1984) : Similar models havel been suggested for the
interaction of the lambda Cro protein and lambia CI protein
«With DNA. (reviewed in de c ombrquhe et al., 19847 Takéda et
al., 1983)..

Two models have beEn propnsed tn aécount for cAMP-CRP
shmulatlcn of tzanscription. one model xequires direct '
xnte:antmn between CRP and’ RNA polynerase (Guberc, 19'76).
and the’ cther requires, a_CRP—induceQ destabilization of the ‘
DA in the region .of, the promoter (Reznikeff .and Abelson,
1978) . Both models suggest stabilization of RNA polyserase
at the pzomotez :esultxng in lnc:eased p:obabill.ty ofithe”™

Imtlation of transcriptlo . Only the 1attex nodel woufd .

R¥A polymerase binding sites seen in various. CRP-sfimlated
genes. Evidence to Bupport ' the model in which CRP induces
destabilization 'of the promoter DNA will be condidered "

first. i ; .
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_Binding. Futhermore, functional CRP molecules are not

. ‘Circular diciiroism studies of a synthetic undecamer
_containing 10 base pairs of the CRP consensus seguence as
proposed by Ebright (1982) indicate that CRP, in the
Presence or absence of cAMP, induces a conformational change
in’ the DNA characteristic of a B to C transition (Martin st
al., 1983). This B to C transition would re;ult in an

increase in the helical twist of the undecamer while -

maintaining the right-handedness of the DNA. This does not,

ho&@vex, preciude Lm&g-':ange~ melting of the DNA.

Différences iii the mobilities of CRP-lac promoter oA’
complex 'and complexes between CRP and mutant lac p:omotet
DNA (L8-UV and 5305) in polyacrylamide gels have been

offered as evidence that CRP either alters DNA conformation,

" . or that CRP forms a transient intramolecular bridge between

two domains at the promotex (Pried and Crothers, 1983).
These wozkers also suggest rhat binding of a Bingle CRP

dimer to'the stimulates polymerase -

readily released from the promoter following polymerase

binding. . . .

Ebright and Wong (1981) postulated that the adenyl

' moiety Of CAMP directly intércalates with a thymine residue

within the CRP binding site causing melting of promoter DNA:
In r.h:la model CRP funcnonn to position the adenyl mo!ecy of
CAMP in the -correct otientation and does not neceasari].y
influence the structure of DNA stsali, but this model is
p:obably wrong. A class of mutatlona in the CIp gene (CRP )

i




[ . :
that make CRP activity independent of cAMP have been
characterized (Harman and Dobrogosz, 1983). 1In the absence

of cAMP, wild-type CRP is resistant to digestion with

protease, ‘whereas in the presence of cAMP, wild-type CRP is \\

sensitive to protease digestion. This is evidence that CRP
undergoes a large allosteric transition following binding of
CcAMP. Protease digeécion of the mutant mu: generates a

peptide ‘pattern identical to that of ‘the willi-type protein’

_‘digested in the presence of cAMP. This -suggests. that the
oA :
conformation of CRP  is similiar to the conformation of
d! i grma

. wild-type CRP-AMP. Since CRP ,enables expression of

catabolic operons in a strain carrying a lesion in the g
adenylate cyclase ‘gene, chMP is not necesdary fof Activation
of transcription and Ebright's model is. refuted. 5
Evidence -for duect interaction between CRP and RNA '
polymerge ié more scant. Takedd et al. (1983) have’ compared.
the characteristics of several DNA binding proteins that
influence gene expression. The lambda repressor -is thcugﬁt
to activate transcription by direct contact with RNA .
polymeras®, and thereby stabilize the initiation start
complex. Mutants of lambda repressor that dre deficient in
positive control but do not interfere with. DNA binqu have

amino acid alteutxona at. positicns 34(glu-1ys), JE(asp-hsn)

.or 43(g1y-axq). X-rdy crystallographic studies indicate

that these acidic- aminc a'cid' residues are-clustered together
on the surface of the molecule and come into close mntact

with- a positively charged patch of residues on RNA .
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polymerase. Acidic residues are found at 'a.-posit‘mn in CRP

| that corresponds to that of the acidic résidues ‘in the

*"1lamdba repressor. Also, the recognition sequence for lambda
repréasor is at a similar position as that of the CRP
‘recognition sequence relative to theé RNA poxy_'nexa:e binding
site in the promoters of the gal, AraC and cat genes, and
placing CRP closé to RNA polymerase. Based on-the

. similarities between CRP and lambda repressor, Takeda et al.
(1983) suggest that CRP stimulates initiation by
protein-'p/rot:ein ionic interaction between CRP k;nd R“.A B

polymerase.”

Evidence for direct contact hetween RNA polymerase and -

CR‘P—CA;?P has \beexg' derived from studies using antibodies
against the ‘signa subunit of ENA polymerase. Stender’ (1980)
~ showed -thaé CRP enhanced the complement fixation response by
anti-sigma of RNA polymerase in the presence and absence of
CAMP and DA. Antibodies againsta, B, B' subunits elicited
no'respopse in the presence.of CEP. This result indicates
that stable complexes form in solution between CRP and RNA
polymerase. However, the nodzlyfot stimulation of
€ranscription. initiation by CRE-RNA pe;ymeusé interaction
ﬂt;ee not acco'u;nodate the differences in the. position of the
. CRP and RNA polyné'r‘ase binding sites in various
CRPdnctl,vnted_opero;ls. At present it remains to be -
determined whether CRP facilitates transcription by either »
“making contact with RNA polymerase or if activation occurs’
by some other mechanism such as destabilization ‘of the DNA

in the region of the initiation start site.




|1.5.2 Is CRP a transcriptional termination factor? -

Expression of the galactose operon. from'the CAMP-CRP : . 3

» B, -approximately equimolar
. amounts of the gal polypeptides. 1In the absence of
CAMP-CRP, exprelssion is from the P2 promoter and produces
lése of "the' distal polypeptides than of the proximal ones.
Ullmann et al. (1979) have reported that CAMP-CRP mediated
:polarity by ahoushh{g rho-dependent temi’na‘tiox;. similar,
‘:esults were seen with a cAHP-mdependent m promoter,
(L8UV) which ruled out possible CAMP-CRP stlmulated
initiation of transcription. The contrel of termination. by

CAMP-CRP is not wnderstood. The cAMP-CRP complex may-

interact with RNA polymerase in an anaiogeus manner as the_»n""
protein in bacte;:iophaqe lambda, such that termination of:.v
transctipti&n is overcome (Campbe‘11,01979). Alternatively,
CcAMP-CRP may influence termination indirectly by changing -

the levels of termination factors. It has been noted by .

Botsford (1981) that the interpretation of the results of /\ \‘
Ullman et al. (1979) are ambiguous because the rho-15{TS) i E
nutation has plefotropic effects (Adhya and Gottesman, f
1979). Furthermore, tuminat:.on Rf transcri‘an in the
lactoae peron réquires thevproduct of thé nusA’gene d
: (L—factol’$ (Greenblatt et al., 1980). Also, 1t has been -
- argued-that the observed polarity in the lactose operon can

be accounted for by d/ifferéjntial decay rates of.the proximal

and.distal regions of the lac mRNA (Kennell and Reizman, -
1977) . vy v,
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Queehand Rosenberg (1981) have offered a different '
explanation for the differing amounts of gal polypeptides

produced in the presence or absence of CAMP than that of -

Ullmann et’al. (1979). This is based on the differential

translational efficiencies ‘of the galPl and galP2 mRNAs.

Transcripts initiated from the PL and P2 prométe:s were

| prepared in vitro in the presence and absence of cAMP and

CRP. Hybridization experiients showed that both transoripts

tnwersed the. entire operon indicating no sigmfxcant

prematuxe termination. Equal quant:t:es of the transcripts

,were »translateﬂ in a cell-free system. The_promotex distal

genes, T and K, were translated with equal efficiency by.
both-galPl-ahd galP2 mRNAs. However, the promoter proximal

gene, E, was t:anslated four times more eﬁficien’tly"by 9alP2

than from sam mRNA.. Since ‘this four-fold'difference’in
.

° branslat:qnal efficiency was maxntained with transcripts

initiating at Rl or_ P2 and extending just beyond the ‘E gene,
it was com:].uded that the mechanism responsible for
differential tmnslatlon of the B gene acts entxrely withln
the 5'-proximal regmn of the gal mRNA.  The'. different
etflciency of translatxon of the E gene on the Pl and 22

MRNAS does not reault trom diffezences in the nboaome

, binding aite for E gene on these two tzmacripts. However,

the five additional nucleotides of rJ\e P2 tranacx.ipt may
inc:ease the tranal.ag:ianal efﬁciency of 'the g.gm mRNA by

affecting RNA secondary st;ucture.
significantly, the ratios of the .ﬂnm and galEZ
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polypeptides correspond precisely to the -discoordinate
change in epimerase to kinase ratio observed in.vivo during.
catabolic repression. Therefore, if cAMP switches
txax‘\scx\iption initiation from the galP2 to the galPl
promoter, the diucoordinaée expression of the galactose
opeion can be expla‘ined by differential translational
efficiencies of the mRNAs rather r_han by termination of

: _txanecripti on.

21.5. 3 Nagativa contrel y . % ol

Mallick and Henhch (1979) reported .that cAHP exext!
coordinate negauve contzal on various E. coli genes.
Cyclic AMP . represses as many genes as it regulates :
positively. Both positive and negative control require CRP.
Mallick and Herrlich have proposed that negative control of
gene -expression might be established ét‘eoncentutinps of
cAIlP-bglw those required for positive control. " Based on

the observation that the outer membrane protein III is

maximally repressed at ons of CAMP s d
below c;mcentutlons zequired for maximal induction of
l'amhda receptor. (lamB ggne product), it was suggested that -
two confoxmaéicnal states may exists for CRP or its DNA
adduct. One conformation saturated with cAMP at low
concentrations and exerting negative control, the ot'hg:
saturated at higher concentration of CAMP and mediating
positive tr;nncrlptional' regulation. An alternate m;chnnim
was augqelted in which cAMP-CRP inducks the synthesis of a




"suber repressoc” that.coordinates negative tramscriptional
" control of many genes. B ) t .
In aqdi‘tion to outer membrane protein III, seve;_ral
other genes hAvE Basi identified that are negatively E
requlated by cAMP. ' These include the genes for glutamate

synthase, glutaminase A (Ptusiner et-al., 1972), adenylate.

cyclase (Majerfeld et al., 1981)., CRP (Aiba, 1383), °
galactose P2 (Musso et al., 1977) , kr.xnn (Glaser ef al.»
_1980)), spot 42 RNA lsahagan and Dahlbe:q: r\979), and- . 4 gt g

' ‘possibly the OmpA gene (Movva et nl., 1981). Negative !
| control by cAMP™ of ‘several uf‘W‘se genes has been examim—"_
in ﬂetail- Initiation of transcription from the galP2 J
promoter is inhibite‘d by CRP excluding RNA polymerase accéss
to the promoter due to overlapping recognition. sites (Musso
et al., 1977)° (Figure 2). Negative transcriptional control
of the gk gene in CikZd appears to be mediated by a
" similar exclusion mechanis;n, although repression by CRP is
not strictly depe.{aent on cAMP (Movva gt al., 1981). Also,
there is no evidence that the ENM _gene 'is regulated by
‘CAHP-CRP in m »
i - The crp gene is autogenuusly reqnlated by cAMP and CRP
(Aiba, 1983). DNase footprinting studies have revealed that
CRP recogniseé a sequence at position 4?6 to +67 in the 167
' base pair leader sequence of the Crp gene (aiba, 1983). A-
‘se&m‘d site weakly protected by CAMP-CRP from DNAse
- “ . digestion was positioned around -65. Significantly, CRP and

RNA palymezase bind to the. crp gene simultaneously.




Figire 2. . CRP binding sites in negatively regulated genes.
The Exquze shows the sequences specifically recognized by
GN‘P—CRP in the promoter xagxons of the m, alp2 and

genes. Numbers above the sequences indicate distances
:.n base pairs from the .corresponding start site of tran-
scription. Horizontal arrows above the seguences indicate
the direction of transcription. Bold lines below nucleotldes
represent sequences homologous with the consensus CRP—
binding sequence (Ebright, 1982). Horizontal arrows below
the sequences indicate the regions protected by CRP and
RNA polymerasé from DNase I digestion. Adapted from De’
Crombrugghe et al., 1984.
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£ . i e » 5 . RNA
omp.A _40 . .~30 . 20 =10 I,"‘—.,

5-GCCTGACGGAGTTCACACTTGTAAGTTTTCAACTACGTTGTAGAGTTTAC- 3.

3-CGGACTGCCICAAGTGTGAACATTCAAAAGTTGATGCAACATCTGAAATG-5 |

| T - poLvuenrse cne prorecTioN -

N

galk,. -40. ' -30 -20 -10 r&.

5-ATTTATTCCATGTCACACTTTTCGCATCTTTGTTATGCTATGGTTATTC-3
3= YAA_A_TAAGGIACA GTGTGAAAAGCGTAGAAACAATACGATACCAATAAG-5

URel L POLYMERASE CRP PROTECTION

o -40 —so) © -20 . =10 i '&o
5~ GAGACAGCAGGAGACACAAAGCGAAAGCTATGCTAAAACAGTCAGGATGC 3
8-CTCTGTGGTCCTCTGTGTTTCGCTTTCGATACGATTTTGTCAGTCCTACG-6

+10 X +20 +30 +40 +50

5<TACAGTAATACATTGATGTACTGCATGTATGCAAAGBACGTCACATTAC-3
© 3-ATGTCATTATGTAAGTACATGACGTACATACGTTTCCTGCAGTGTAATG-5
' p : > 65

T
CRP PROTECTED

POLYMERASE PROTECTED

(4



Therefore, -exclugion of polfme:ase from the promoter is
4 i probably mot thé mechanism of ngqative control for. this
g;zne. Since the CRP binding site is relatiﬁ«'ely far from the *
. iniltiation_ start site, it is assumed that CRP prevents
_ = __elongation of transcription rather than' initfation.
. There is striking homology among the DNA, sequences that
L crE recognizes in.negatively and positively controlled genes
(igure 2).. mhe consensus sequence for the'CRE binding site
in posinvely regulated genes - (lac, ‘aras Sﬂll cat, {1&92) is

found on the ndn-coding strand, whéreas, the consensua

+ sequence in ‘negatively regulated genes (galP2, m_ma, crp) is
found on the coding str‘apd.‘ This correlation suggests that
there may exist some relationship between the orientation of

CRP binding site amd CRP function (Aiba, 1983)
1.5.4 Protein Kinases

_Many regulatory processes in eucaryotic cells are
mediatéd by cAMP-dependent protein kinases (reviewed in
Krebs and Beavo, 1979: Rubin and Rosen, 1975). Of
particular significance to the study here is the report that

. the activity of nxmthine decarboxylase in S49' lymphoma
cells is regulated by a .cAMP-dependent protein kinase (Insel
and Fennel, 1978). Both E. goli and Salmonella typhimurium
po‘ssesa protein kinase activity. Except for one early )
report of cAMP-dependent phosphorylation of histoné by an E.

-1 protein -extract (Kuo and Greengard, “1959), rigorous
experimentation has sht_»m that protein kinase activity.in E.
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coli and Salmonella is independent of cAMP (Ferro-Lazzui
Ames and Nikaido, 1981; Malloy and Reeves, 1983; Manai ‘and

Cozzone, 1982; Wang and Koshland, 1980).
1.6 Statement of purpose

Two- independent observations led to the undertaking of
this study: .1) Over a ten-fold increase in growth rate of -
E: coli, obtained either by varying the carbon source of ‘the

culture medium or limiting glucose uptake, there is an

- s .
approximately three-fold-increase in the intracellular

concentration of putrescine and a 3.5-fold increase in the’
intracellular concentration.of spermidiné (Boyle ef al., -

1977); 2) The intracellular concentration of cAMP is 3
inversely related to the growth rate of E. goli as

determined by the carbon .source available to the cell; the

greater the limitation of the carb;n source the greater the bl
cAMP concentration (Alpher and Ames, 1977; Buettner &t al.,  °
1973; Epstein et al.; 1975; Pastan and Adhya, 1976) It was

of interest, therefore, to determine whether cAMP plays a
direct role in the regulation of the putrescine biosynthetic
enzymes, .and to determine whether cAMP exerts control of
ornithine decarboxylase, in partlcu]:ar, at the

transcriptional, translatiénal, or-poaﬁ-:tanslational level. -




METHODS =

2.1 Bacterial strains used .

The bacterial strains'used in this study are shown: in

Table 2.
2.2 Bacterial growth

For the determination of biosynEhetic ornithine’

decarboxylase, bi etic arginine ' lase, agmatine

ureohydrolase, S-adenosylmethionine decarboxylase,

gl ate dehydr -and p-galactosidase '
activities in wild-type, cya and crp deletion Strains of E..
m}li(v the fol}‘lowingqxow’th conditions were used. AL
cultures v;ete started from single colony isolates which had

been. phenotypically characterized on separate MOPS-minimal

,plafes (Neidhardt et al., 1974) containing either lactose,

arabinose, -maltose, glycerol or glucose. Strains were grown’

overnight _in MOPS-minimal medium at 370(‘. in a reciprocal
shaking water bath and used to, inoculate experimental
Gultures 6 an optical density,of 0.05-0.1-at 575 mm.

Growth was followed spectrophotometrically (Lawrence and
Maier, 1977’) “in_cultures of 50-100' ml shaken at 31°C for 3-4




. Escherichia coli strains:

Table

Bacteri

Source or
r o

' lac‘{l:

gdl6, malAl,
%yl7, mtl2, rpsLi3s,
EonA2, azi8. .

1984

Organisms “-Character
15340 £rpA9605, his-85, ! Brinkman et al.,
metE70, trpRS5 - 1973 )
15853 trpA9605, his-85, =
.. Acya-2,, trpR55 | ]
aH-1 £rpA9605, his-85,e This study
vz, “trpRSS, ’
s
| L5854,1 . trpA960S5, his-8s, Satischandran and
B Cya-2, trpR55,: - Boyle, 19 .
Crp,. rspL
CA8000 thi Dr. J. Beckwith;
Barvard Universitye
CA8306A. . Acya, thi "
CA8306B Acya, thi; ely* "
HY27 Acya Fraser and Yamazaki,
DM22 Boyle et al.,
€600 “thr, leu, thi- " Bachman, 1972
HB1OL pro, leu, thi, igénzo, Bbyer et al., 1969
hsaR, hsdM, aral :
alk2, xyl5, m(:ll supE4d,
Tech = .
MRE600 ,glu, rna . Cammack and Wade, 1965
MAL35 thi, argE, his, trp, Dr. W. Maas,
e pro, strk, speB, mal- New York University
P678-54 . thrl, leuB6, minAl, Adler et al.,
. minB2, £bil,: arall;-

1967"

1980




Bacterial. strains cont'd’ ]

; . Source of

Organisms ¢

uwWaa b . Applebaum et al.,

- # B 1 -

K-12 -+ Reference strain from - Dr. D. Bremner,
‘Centre for Disease Centre for Disease
Control, Atlanta,, Control, Atlanta, *
Georgia Georgia.

A s y T

Enterobacteriaceae and other bacterial strains::

Organism . . - Source

Pdwardsiella tarda (4411-65) Dr. D. Brenner
= " Centre for Disease
. 73 Contxol, Atlanta,”

8 ; - Georgia.
Klebsiella pneumoniae 1T | v, @

' Serratia marcescens "

Morganella morganni (2325-70) :

Yersinia enterocolitica (496-70) , &
2ersinid;enterosol itics; el & .
Halobacterium halobium Dr. W. F. Dbolittle .

Dalhousie University’

Halobacterium Volcanii "

Coccochloris peniocytis %
salmonella typhimurium | " .This. laboratory
Citrobacter freundii 2 Ve

Enterobacter~®aerogenes

Proteus mirabilis

Erwinia carotovora : Srdll
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Bacterial strains cont'd.
.Organism 4 Source
T
Pseiddomonas putida Dr. E. Barmsley
P " Memorial University of »
- B ,( & > Newfoundland o
Bacterial DNA: :
Tlostridium perfringens . Sigma Chemical Co
Micrococcus lysodeikticus - U %
/\ v
4 o E o 4
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Y ) -4
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generations. Hher; indiut‘ed, nm:leoéides and isopropyl-p- =
thio-D-galactoside (IPTG) were included in the gxov‘tt_n medium -
. at 0.5-10.0 M and 0.5 mM, respectively. Cells were
harvested by cen;x‘:ifugatlon,.vnhed with cold MOPS-minimal
‘ medium and resuspended in breakage u;ffer [0.1 M Hepes
(“-Z—hydxoxyethylpiperazine;!l’—zLethmeaulphoni“c acid) ‘'pH

7.4; 5 mM MgCl ; 5 mM dithiothreitol; 0.04 mM pyridoxal

phosphatel. One twentieth of the volume of the original

. culture was used. All further manipulations were dong on

' 4 ice. Breakage of cells was achieved by passing the cell
suspension twice through an Amifico pressure cell at 10,000
pounds pe:’square inch, and cell wall gebdn and unbroken
cells were sedimented by centrifugation at 10,000 x g for 10

. . min.
. : $ 2.3 Enzyme Assays

The arginine decarboxylase assay was that ©Of Wu and .,
Morris (1973) and the ornithine decarboxylase assay was the
same an.that described for a‘rginine decarboxylase except
L-[1- Clornithine was substituted for -0 Clarginine and
magnesium was omitted. 'niodegndnuve ornithine -

. decarboxylase activity was determined according tn‘ Applebaum

et AJ:. (1975). » Pteparatloné of extracts and assay
conditions were the same as for biosynthetic ornithine . ‘ b
deca:boxylaue.except that the breakage buffer and ;uay
'uy!ten were at pH 7.0. For decarboxylase assays the

reaction was -‘tartad by addition of the cell extract to the
. B : * " 5 0

7 :




reaction mixture and inmediately placing the stoppered
:-. & . reaction vessel in a water bath at 37 C. Release of CO - was
# linear. for “more than ‘2 h and assays were routinely cop’ducced
Hhotbepes . for 30 min. Trichloroacetic acid was added to a final
concentxatﬁon of 5% (w/v) to temimte the reaction and . 5

.convert H CO to free Co . The CO was ttapped in

| filter papers saturated with Plotosol (placed in a plastic
centre well) and deternined by liquid scintillation :
spectrometry. The er‘ﬁyme activity was expressed}s/umole s t
CO released per h per mg protein, calcula’t‘ed from the ‘
% specific activity of the L-isomer, of ornithine or arginine
in the assay mixture. The S-adenosylmethionine .
deca:boxylaae assay was that of Tabor et al. (1978) and %
CD release was ‘determined as described above. Agmatine
ur.eohydrolase activity was determined accorfiing to Morris

and Pardee (1966) with a slight madificationr. The urea

formed during the reaction was assayed by the phenol-
hypochlorite :eact‘on following conversion of urea to
. $ amman?a (Wetherburn, 1967). B-galactosidase actlvity was
" determined according to Miller (1976), and glucose-6-
‘ phosphate dehydrogenase activity was d;texmined according to
Malamay and Horecker (1961). Protein was determined

according'to Bradford (1976).

alcas kAL A i o ¢ -




2.4 BAssay for tetracycline resistance

Cultures of E. coli strains transformed with plaamids‘
PCOD, PTET,"and pGA39 were grown in MOPS-glucose medium, or
Luria-broth (Miller, 1976), to an optical density of 0.2 at . =
575 nm. A swab was dipped in the culture and streaked over.
the surface of a MOPS-glucose or Luria-agar plate with n;r
without 5 mM cAMP. ' Filter discs of 1/4 inch diameter
.(Schleicher and Schuell) containing 1 to 75 pg of
oxytetracycline (Signa Chemical Co.) were placed on plates
vhich were incubated for 18 h at 37 C. The clear' zones of
growth inhibition around the discs were measured and
indicated the degree to which the particular strain was
sensitive to tét:acycline, i.e. the .lnrge: the zone, the
more »sensi‘tiv_e the strain was to the antibiotic. Since the
square of the radius of the zome of inhibition is
proportional to the log of the initial concentration of the
aritibiotic on the disc, mall differences in the zomes of

inhibition ;epresént large differences in t'he concentration

of tetracycline at the point of inhibition (Cooper, 1963).

2.5 Flasmids used ) .

The plasmids ilsed in this study are shown in Table 3.




Table 3. Plasmids used: .’
. -
» . Plasmid Description® Reference -
. pBR322 tet?, amp® * . molivaret a1, 1977
pODC-1 spec; tet® Tabor et al., 1983
DKAS SpeA, speB, metk, .
: 8= =
PKAS "7 metk, tet? 5l r '
PKAL2 o speA, metk, amp" s
PGA39 em®, tet® An and Friesen, 1979 ¥
: PTET conf, tet® This study R
pCoD - cm®, speC:tet ! "
puUC8 lacz, a_mp_“ Vieira and Messing,
S 1982.
. a  Gene designations: amp", ampicillin resistance; . U
gn, chloramphenicol resistance; t,its or tetR,
tetracycline sensitivity®“resistance; speC:tet, N

“fusion of the speC promoter region to the tet . 3
5 e .

\ structural gene.




2.6 Isolation and manipulation of plasmid DNA'

Plasnid DNA was amplified by addition of 170 ug/n'\; of
chiormphenicol (sigma Chemical Co0.) to cultures growing in
Luria broth as described by Clevell -(1972) . Extraction and
putificatinn of plasmid DNA was ﬂchi.eved by the alkaline .
extraction procedure described by Birnboim and Doly (1979).
Further purification’ of supe‘rceiled plasmid DNA for

* + cell-free'transcription-translation studies was done by
' dy e-bouyant density‘ centrifugation in CsCl gradients
co_ntaining ethidium bromide (Ha}xia’tis et al., 1982). °
E. goli cells were preparad for transformation with
plasuid DNA by ﬂie ‘method of Cohen et al. (1972). as mod;fied
by Dagert and Erhlich (1979).  Cells were groyn £rom single
colony 1solates in Luxia broth to an optical density of 0.2
at 575 nm, chilled on 1ce and harvested hy centufugatxon.
The pellet was repuspended to one half the volume, of the
original culture in 0.1 M CaCl’ and incubated at 4uc for 20
min. The cells were sedimented by centrifugation at 10,000
x g for 5 min and :eauspended in 0.1 'M CaCl + One hundredth
of the volume of the: o:iginal culture was used. -
: . Approximately 0.1 to 0.5 ng of plasmid DNA was added to 0.2
ml of competent cella. This mixture was incubuted on ice’
foz 12 £0 16 h, and then heat-shocked at 42 c for 80
o seccnds.‘ The cells were then added to 3 ml of Lu:in-b:oth
and incubuhed at 37 C for 2 to 5 h before platlng on

aelecuve nedium, -

N
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, 2.7 Purifjcation of chromosomal DNA and total RNA :
= $
///‘ Chromosomal DNA from various procaryotes was isolated
¢ by the method of Marmur (1961). Total RNA wvas purified from
’ " E!coliby themethod of Gopalakrishna et al. (1981) .
2.8 Endonuclease digestion and ligation. *
Restriction endonuclease digestions of plasmid and
chromosomal DNA and ligation of DNA fragmenté were performed
as recomnended by the manufacturer of the eiiyme (Bethesda
Resear ch Labordtories, Boehringer Mannheim Canada Ltd., and
Amétshanm Corporation). w &
. 2.9 Ag'aroae and polyacrylamigde gel electrophoresis
" Electrophoresis of DNA was ca‘rried out in 0.8% or 1.0%
“twiv _agarose or loy melt agarose in 90 mM Tris base, 90 mM
boric acid, and 2.5 nM disodium EDTA (pH 8.3). Ethidim .
bronide vas added to the buffer at a final concentration of
0.5 pg/ml, Agarose gel electrophoresis was usually m
< performed horizontally at 10 volts/cm for approximately 3 h
at room temperature. After electrophoresis, the DNA batds
g .
weré visualized using a UV transilluminator and % e
( photographed. Restriction endonucl ease digests of

bacteriophage lambda or pBR322 DNA were used &8 molecular
° weight y\arken for eutim?ting the sizes of u\neaz fragments.
’ Fractionation of protein by gel electrophoresis in 10%
to 15% actyiamxde and 6.1\ sodium dodecylsulphate vas
.pérformed as described by Laemmli (1970) and x;diuctxvely : .
f x
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labelled protein was detected by fluorography according to

Bonner and Laskey (1974).
2.10 Recovery of DNA fragments from low—melt agarcse

" Restriction endonuclease fragments’ of DNA were -isolated

‘by the nethod of Schmitt and Cohen (1983). Following
electrophoresis in low-melt agarose, a slab of the agarose
containing the desired fragment was cut from the gel. The

\ gel slice was placed in'10 ml of low salt buffer [0.2M NaCl;
20mM Tris HCl, pH 7.4; 1.0 mM EDTA] and heated at as_oc until
the agarose was completely melted (approximately 30 min). An
elutip-D column (Schleicher and Schuell, Inc.) was a‘ctivated
with high salt buffer [1.0M NaCl; 20mM Tris HC1, pi 7.4;"
1.0mM-EDTAT and then. washed with low salt buffer.  The
melted agarose sample. was passed over the column, which vas
washed vith ‘10 ml of low salt buffer. The bound DNA was
“eluted from the colunn with 0.4 ml of high salt buffer. The
DNA sample was "precipitated by the addition of two volume of
ethanol and storage at -70°C for one hour. Following '
collection of the precipitated DNA by centrifugation the DNA

fragments were then used for molecular cloning.

2.11 Radiolabelling of protein in minicells : ok
Minicells were purified by a modification of the
methods of Roozen et al. (1971) and Schoemaker and Markovitz
(1981) . Plasnid bearing cells of E. gold straif P678-54,
"o
(hdler et al., 1966) were incubated at 37 C in MOPS-minimal
[ ' ke
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meditm supplenented with 0.2% glucose; 0.5% casanino acids,
50 ug/ml of 5equ1:ed amino acids, and 1 pg/ml of. thi.amirfe.
Cells were harvested in early stationary phase by .
centrifugation. The pellet was resuspended in one twentieth
the original volure of gold B.S.G. buffer (1:85% NaCl; 0.038
" yo ; 0.06% Na PO ; and 100 jg/ml gelatin) (Curtiss,’
]965) g 'Vsamples 319):: layered on top of 30 ml sucrose
gxadients. (5-30% wt/vol - in B.S.G.) and subjected to
centzifugagiim at 4,500 r.p.m. for 20 min in a Sorvall HB~4

s .
rotor at 4 C.(Reeve, 1976). . Minicell bands kere removed

from the gradient with a sterile Pasteur pipette, diluted _

with cold B.S.G. buffer, and sedimented by’ centrifugation at
10,000 x g £or 15 S The pellet was resuspended in 1
ml of cold.B.S.G. buffer and the sucrose gradient
centrifugation was repeated’as described above. The
purified minicel‘yls were resuspended .in.1 ml of Mst-n';inirnaJ.y
medium to an optical densi’ty of 1.0 at 575 nm, and 200 pg/ml

of D-cycloserine (Sighai/Chemical Co.). Was added 0 reduce

any paxent cell contamination. l‘he suspension was incubated

at 37 C for 15 hou: to allow degradation of chromosomally-
encoded mRNA. The minicells were sec}imented by
centrifugation, washed with cold HOPS-ninimal medium; and
then resuspended in 1 ml of MOPS medium containing 0.2% i
glucus;, and 50 pg/ml of each of 19 L-amino 'Acidu (except,\
L‘-methionine) plus 1 pg/ml thial.mine. In kinetic
» experiments, 1-10 mM cAMP yai‘a added at this time dnd

incubat ion continued at 37¢C for n2 A prior to additién of




prior to analysis of .protein by gel electrophoresis.

radiclabelled methionine. Under these experimental
cond:. tions, Labelling was temlnat:d after 20 min.

35
[ Imethionine was added at 20 ncCi/mi (5 Pg/ml) - In -

“experinents where minicells vere qualitatively labelled,

1" Cliysine vas used at 10 uCi/ml (5 ng/ni), and

non-rddioactive lysine was onitted from the labelling medium
e o

instead of methionine. .Incubated was at 37 C for 1 hour.

Radioactively labelled minjcells were washed with 0.85% NaCl-

2.12 cell-free transcription and translation o »

' ']'he coupled t:anscriptmn-translatiun system uas‘ﬂnc
described by Zubay (1973) as modlﬂed by Pratt et al.

(1981). ' In this protocol plasmid pODC-1 and pBR322 DNA was
u;ed to direct protein syntnesié in a -reaction mixture i-_ha_t'
gpntained a $-30 extract gxapared from E. coli strains,
MRE600 or 1LS854.1. The S—30lextract is a crude cell. extract
prepared by sedimenting lysed cells at 30,000 x g_for 30 min
as- described hy Zubay (1973). The standard reaction mxxture
(30" ul) usually contained 2 to 5 pg DNA in 5 pl, 5 pl of 830
extract, 2 pl of iasslmethionine (7 a1/ul), 3 pl of 0.1'M

magnesium acetate, and 7.5 pl of low molecular weight mix na

‘described by Pratt et al. (191) . Where indicated pnrified

CRP, a generous gift from Dr. J. Krakow, Hunter College, vas'
added to reaction mixtures at a concéntration of 1
ng/reaction.  'Radioactive protein was. analyzed by -gel
elect:gphozenis 1n 10%-15% pnlyac:ylamide and, 0 1\ godium
dodecylsul phate. . ? i $ '

. N s "o
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#2.13 Quick blot analysis of messenger RNA

Ornithine decarboxylase mRNA levels were determined by
the quick blot methgd of Bresser et al. (1983a,b) and ~
. 7 Gillespie and Bregber (1983). 'In the presence of 12.2 molal |
Nal and non-ionic detergents, and at temperatures below
. 25, MRNA binds to nitrocellulobe while DNA and RNA does
not. .In the presence of Nal and absence of deterdents at
temperatures that denature DNA (95"}, DNA"selectively
binds ;o‘rilt:ocellulose. ‘Reagents and mRNCm paper were
supplied by Schleicher and Schuell. The protocol developed
f;a:»immobiuaation of E. coli mRNA to nitrocellulosg was
‘essentially the same as. that described by. Bresser gt al.
(1983a,b). Twenty ml cultures were grown in MOPS mediun in
the presence and absence of 2 mM cAMP and 0.5 mM IPTG for
greater than five generations. At an optical density of,O‘.S
at 575 nm, cells were rapidly ‘chilled by adding 15 ml of

s culture to 10 ml- of ice—cold MOPS medium containing:
chloramphenicol that gave a final concentration of 170 i

ng/ml. The cells were sedimented by centrifugation and

_~washed in ice—cold MOPS medium<containing 170 pg/ml i .

' chloramphenicol and 10 mM vanadium ribonucleosides. The A

‘pellet was resuspended in 200 ul of lysis buffer (2 mg/ml
' “lysozyme; 258 sucrose; 10 mM Tris-HCL, pH 7.5] and the
suspension divided ipto two equal parts. Following

incubation for. 5 min atroom .tempetatute.' one iliquot was

analyzed for mRNA and the other for DNA,

. e—
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2.13.1 Nessenger RNA analysis

Vanadium ribonucleosides were_ added to one of the
a;iquctl at a final concentration of 10 mM to inhibit RNase
activity. The mixture was then subjected to three cycles of

[ freeze-thawing.  One twentieth-of the volume of 4 mg/ml
proteinase K (Boehringer Mannheim) was added and the .

X suspension incubated f?r 15 min at 37°C. One twentieth of {

.the volume of 10% Brij-35 uas‘added and’ mixed, followed by.

addition of one twentieth of the volume of 10% sodium

deoxychnlnt_e. The preparation was incubated on ice for 5

» min at vhich time one volume of supersaturated Nal was added
followed by the same volume of ’lln;[— plus. (Schleicher and
Schuell) . Dilutions of the lysate were made in li‘aI-nJ.na :

solution.

2.13.2 DNA analysis

Disodium EDTA vas added to the other aliquot ‘at a final
concentration of 1 mM to 1nb'i51;: DNase activity. The DNA
preparation was ,subjected to the same freeze-thawing and

deproteinization steps as the RNA preparation. The volume

was maintained by the addition of H 0 instead of detergendhs.
Onve volume of hot supersaturated NaI solutlox;_wus added
followed by an equal volume of saturated Nal solution.
Dilutions wex‘; made in saturated NaI, and the lysate and
dilutions were heated .to 95-‘1000(2 for at least 10 min to

denature DNA. | 3 3

i A A ot MK Y
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2.13.3 Nucleic acid immobilization on nitrocellulose ’

The mRNA and DNA samples were £iltered through
nitrocellulose that had been soaked in RNase-free i O
followed by six fold concentrated SSC (SSC = 0.154 NaCl,
0.015M NaCitrate, pH 7.0) for at least 5 min. The RNA
samples were filtered at a temperature of less tﬁa;x 259(:,
while the DNA samples were filtered at a temperature of
:g_xéatez than 50°C. A ninety-six well filtering manifold
(B_}o—Rad) was used for support of the filter. Following
immobilization of the nucleic acid on thé nitrocellulose;

the £ilter was vashed'in H 0 and then 708 ethanol to reriove

" excess Nal. Any co-inmobilized proteins that might

interfere yith molecular hybridization vere acetylated with

5 N 1
.acetic anhydride. The filter was baked at 80 C for 90 min.

2.14 Southern blot o

To detect . the presence of homologous‘ sequences: €0 the
E. ml.x apeC §ene in the genomes of Gram-negative and
Gram-positive bacteria, the so;n:hern transfer and
hybridization technique was used (Southern, 1975). The
hybridization probes were the plasmids pBR322 and poDC-1.
Plasmid DNA was made radioactive in witro'with '(q-nl’ldxﬂ
(3000 Ci/mmol) using a ndck-translation eystes putchased
from either New England Nuclear or Amersham Corpc;:atloq.
The P-labelled probes - hybxidiz’éd to ‘replicas (blots)®
of agarose gel. electrt;pherogxmna prepared under the

Eollwing conditiong: Restriction endonuclease nnct;ipns'

4
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cotaining 2.5-3.0 jg of chromosomal DNA and 10 unite of -
- restriction endonuclease were 1nculﬁted overnight at 30 C.
Molecular weight markers were prepared by digesting
["'P)-labelled adenovirus type-5 (a generous gift from Dr.,

Ban Younghusbmd) or, pODC 1 DNA w1th restxictim

~endonucleases. DNA samples were- sub)ected to Lo
electrophoresis in 18 agarose and DNA was vienaideddd « o

- described above. The digested chromosomal DNA and mulecul‘ax
velght markers vere dematured and tranaferred to -

nitmc-euulqse paper (Sghleicher and Schuail.;m\—ss) from'

,agarose gels as described by Wahl et al. (1979).
+ - ' “ :
2.15 Molecular hybridization conditjons =

Prehybridization and hybridization conditions were
essentially those of Rily and Enilionis -(}980). with slight
modification. The nitrocellulose \gaper was incubated at

. azoc (quick blot analysis) or 37 C (het/erolugmm
hyhridizanior;) in a medium cohznining: 50% formamide; fh{é : s
fold Cdncentrated §8C; five fold concentrated Denhardt's
Teagent lDenhatdt's reagent is 0.02% bovine serum albumln.
0.028 Ficoll, and 0.02% polyvinylpyrrolidone); 250 ugmx
herring sperm DNA; 0.1% sodius dodecylsulphate. The
hybridization uEfer was essentially the same except that

- the DNA carrier was at 100 ug/nl and one times pgnhaxdt‘s
:eagent. Radioactively labelled DNA probes (specific R

//A/ activity uf copnliig DAY vere added to & concentration of ..

5-10 ng/nl of hybridization butfer and, the mixture sealed in

= - .




denncometric scanning of the autoudlogram and expreesed a’; < T

.. scan gmil:a. The hybddintinn signal to mRNA and DNA at

& Ral . ) L
a p;ly‘eéhyxene bag. ‘Hybrfdzation :eaci:Lo‘ps were i:ou(:inely
incubated at 3'7°c vfo: 19-48 hours toll.ogu.d by two _\;ashel of -,"
15 minutes in a migez containing two.-fold concentrated SSC .
and 0.1% sodium dodecylslnphnte, ti:o 'wnhenrin' a b\lf’_feb . " B r

conta:ming one tenth diluted SSC and 0.1% uodxlm

deﬂecylsulpl\ate. The temperature at vhich these washes wexe ‘.

conducter] were 42 C fnr the quick blot' unalys!s or. at 37 C

for’ heterologous, hybx;dj.zat;on. The | nitrocellulose paper

was air-dded and exposed to X-ray fllm (X-Omat AR f£ilm
purchased f:om Kndak) at —-70 C for 1- 5 days..

2.16'Denaitometry A 5" i '
g i, : ; 3 B &
. Rutoradiograms were traced on a.Corning scanning "

densitometer ‘(Model 750) using the log inverse mode. The

peaks were cut wt and verghed. Peak Weights determined . ‘

from the same autoradmgxa- were uken as a measure of r.he

¢ relativesamount of [ PI-DNA that was hybridized, or Al
kadioactiviéy Sncorponted'into pxo‘:ein."'rhe weights of the

peaks are expressed as scan units, i.e. one'unit is

eql-uvalent to one mg. e . 5

2.17 Quantitative analysis of mRNA with a DNA reference ° i

The hybrldizus:ion aiqnal was dete:mined by _’ : :

each dilution was plotted co' give corrected mRNA and DNA
values (Gillespie and Bresser, 1983). The corrbcted.




—hyb:idx_ntxon signal to mRNA from a gi!:un number of cells
7 was divided by the corrected hyhxidlntxonvsi‘gnal to DNA
from the same number of cells to give thes relative mRNA

. " level.-

. . ) . . .
k 2.18 Spectrophotometry e " ~

Specttophotmnetlic :eacungs were tnken with.a Beckman

-viaibl.e apecl:zophotomel:er, model’ 24. uml 1em quattz
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: ’
. 4 ‘Chapter 3 - »

NEGATIVE CONTROL OF THE ACTIVITIES OF THE PUTRESCINE '

~.. 'BIOSYNTHETIC ENIYMES BY. CYCLIC AMP IN E. COLT , .

3.1 Introduction “

Boyle and Adachi (1982) reported that the activity of

" ornithine decarboxylase was repressed, whereas the, activity‘

s of arginine decarboxylase was.derepressed;- follouxng

nutritional shift-up. of E. gali cells £ron poor growth -
medium ‘to an enriched medium. Since intracellular
concen;ramuns of cAMP (Buettner et a].. e 1973; Epstexn et
al., 1975; Pastan and. Adnya, 1976) and polyammes (Boyle. et
al.; 1977) are Known' to vary wnth the growth zate as

‘detemmed'by the pn.mary caxbon source ‘in the medxuln, the

bxosynthetlc enzymes was exammed. i .
The activities .of ornithine decarboxylase and argifiine
decarboxylase ‘were determined in crude extracts’prepared

‘from cells grown under conditions known' to modulate

*'intracellular, ievels of caMP. Enzymic a’éuviues were

detetmined ‘in wild-type, cya; and crp strains of E. nnli

g:own on nrious carbon sources, .in the pxehem:e and absence




y * cells grown on gljcerdl e:ﬂubxt high -endogenous -levels af'«

3.2 Results W

3.2.1 Effect of carbon source on ornithine decarboxylase and

arginine decarboxylase activities’

‘The intracellular concentration of cAMP is known to
| varyas a finction of the primary carbon source of the'
medium in whu:h cells are grown (Buettner et al., 1973

Epstein et al., 1975 Pastan and Adhya, 1976)A For example,

CAMP; v_'hergus cells cultured on glucose; which allows a .
faster grovth rate,. have rediced intragellular levels of
GAMP. PR da oY 3
) By mnnip‘ula:ting the primary carbon source, the

activities of ornithine’ deca:boxylaae and 7zginine

decarhoxylase in cells grown on poor carhon sources; such as

glycerol “and 'acetnte. vere d}m;n:shed relﬂtxve to cells 3
culture off glucose (Table 4). ,l J

These results suggést that since there is'a direct -
correlation between' growth rate'and enzyme ‘activitien‘, there

is an inverse correlacion between endogenaus CAMP- .levels and

enzyme activxtiea. Alte_rn_atively, it may be argued that the
actiyities of ‘these enzymes. are growth” rate dependent and
'the inverse relationship betveen cAHP and the activities of
. érnithine decarboryiase and arginine decarboxylase are

coincidental.. This is not ‘he case as is demonstrated in 3

the. fduow'ing experiments, : '
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Table'4. ' Effect Jf carbon source,on  ornithine x
decarboxylase and arginine decagboxylase
Ectl\/ltxes inE. dcll

carbon source  * Growth rate  Relative activity

- wh ooC ADC

B & P T
Glucose 0.55 ° 1.00 .00,
Glucose - 6-P0, ©es2 ' olso 1.01
Glycerol : 0.33 0.76 0.67.°"
succinate 0-31 .. 0.45 | 0.5
Acetate * 0177~ 0.46 .. 0.%9 "
'E. coli GAB000 cells' ‘were grown at 37°C in MOPS medmm Ly

‘supplenchted with one .of the following carbon sources:
0.2% glucose, glucose—6-PO,, glycerol; 0.4% succinate

or dcetate. Cultures. were harvested after 3-4 generations
as described in section 2.2. Specific activity of ornithine
decarboxylase (ODC) and arginine decarboxylase (ADC) are
expressed relative to specific activity in glucose grown*
cells, and are the aﬁe\araqe »0f two experments.
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3. 2 2 arnxtmne decarboxylase and argin;ne decapboxyla!e oy
actxvities in ¢ya mutants’
The e:fg&ts ‘of endogenous.and exogenois CAKP on

ornithine deqa[bcxylase ‘and arqinine decarboxylase
activities were examxned in thiee Mogenxc strains of B.
. goliz L5340 (wilda-type) , 15853 ‘ta cya deletlon strainf nnd

1 (4 spontaneous revertant of LS853) . Strain JW-1'vas’

cnpable uf growth on quce:ol but not on lactose, axahlnose,

or maltose as cAMP .is required for the utuizatiwn of these

cazbuhydntea. 'l‘he ab11xty of gya atrains to utilize

glycetol in 'the absence of CAMP: ‘is :houghr. to be due to'a

mutatwn 4n tbe Q1pK prnmotex (Praser and Yamazakx, 1980)
Onuth!ne decarboxylase activity ‘was 34% higher, and

_arginine decarboxylase was 42\ higher irl L8853 (cya) than in

15340 when' grown on glucnse in the absence of cAKP - (Tables 5 !

Jand 6). - . N . ,

'rhe enzymtc activities were sxmnaxly elevated in Jw-l
which. grows on-qucerol and has a gya deletion, sugge_sting
that the adenylate cyclase deficiency in' these cells-allows
derepression of ornithine decarboxylase and arginine
decarboxylase activities. After growth of the parent strain
" (18340) on glycerol the activuez of onuthina decarboxylase
and arginine r]ecarboxylase were 53% and 67%, :espectxvely,_

of thoB¢ measured after gxowth on glucose. .In contzast,

/otnlthine decaxboxylne and arginine decax:boxylase
activities were not repressed in JW-1 (cya, Gly ) uhen it
was.:cultired on quchol. The diminished activitlea of-




. or J]
!, Table. 5. /The effect” uf ¢ya and exogenous cmp ‘on orn:n:hine
o -decarboxyldse activity i

Tspecific activity,

- . Strain | character =~ _ Carbon source —cAMP‘ © 4cAMP
© . LsMO ey, erp',iGlyt . glucose 1. 36 0.8

s LSBs3  déya, erpt, GlyT glucese v 1. ai “olys
" ] JW-1hoya, - cxp’, eyt glucose l‘ 0.73° |
L neuo oty et eyt glycerol:  0.72] - 0:39
owW-1 * beya, copt qycerol 203 0.7z .
Cells were growy for 3-4 generations 'inMOPS medium e

supplemented with the indicated carbon-source in the
presence or absence of 1. mi cAMP. Abbreviations: Gly

glycerol utilization;.Gl¥”, inability to utilize glycerol..

~  Ornithine degarboxylase activity is expressed as umoles
CO, released per h pérmg protein. Specifig activities .

3

S bie average of three experiments. Standard deviations .° y
were less than 108 of the values shown. : )
E . . 0 i
. o P 4 ] -
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Table 6: The effect of cya and exogenous cAMP lon
S arginine decarboxylase activity

|

o . Specific ac

ivity .
B
Strain’ Character

Carbon source -CAMP ) +CAMP

1549 cyat,erp’,Gly' * ‘glucose’ . . 0.95 T 060
‘Ls85} doya, crp’ GlyT glucose  1.35) -
: B e
aw-1 \ feya, crpt, Glyt glucose’ .. 1.51 3
) 4 Y
L8340 ey, cxp®, eyt glycerol’. ' 0.64 gz
aw-l. teya,.erpt, oyt glyeerol 137 [ . .. 0.57.
it 2 g = -

- For procedure and explanation of abbreviatidns seé Table 5.
- Arginine decarboxylau activity is expregsed as moles
<o, released per h per mg protein (x 10°1). .Specific
acf.\vx.tles are the average of three experiments.
Geviations argiess than 103 of the values shown.

Standard °

W
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| - .
- ornithine decarboxylase and arginine decarboxylase in the .
‘ 'parent strain are, presumably, the result of endogenous cAMP
leyels elevated by growth on glycerol. A’l‘hia conclusion is

supported by the response of the parent strain (LS340) and e

the lsogenic oya carrying strain (LSE53) ‘to exogenoualy
1 suppned GAMP. After growth of 15340 and L8653 in the’
|- presence” of 1 mH cAMP. the activltiea of o:nithine

| decarboxylase were. 508 and 60% respectively, of thosé

\ , 2
measured after:growth ‘in the absence of CAMP.

The role of the CAMP receptor protein (CRE)™ in the
repression of ornithine decarboxylase and arginine
decarboxylaké by camP is %h&yn in Tables 7 and .
Activities of drnithife dccarboxylase aid arginine
-decarboxylase. were dete:iheg 4in a series’ of isogenic
e with ‘and without mutations in'the gya and crp

structural genes. These strains were cultured on glucose

b

and glycerol in the p(EEence and absence of 1 nM CMIP.

: Intxoduction of a mutated crp.gene -in a seum carrylng the
. gva déletion (CA8306B) did not ‘change the expressmn of
|

“ornithine dec:abcxylane and arginine decarboxylase in cells

grown-on qlucose. When CAMP was gddéd exogenously, .however, -

‘ Lrnithlne decarboxylaae and arginine, decarboxylase

l ncr_ivities were not xepressed in the uﬁ, grp-deriyative
‘ strain (fmﬂ, but they were repreased m the” wild—type, ]
\ (caaonu) and sva (CABI06A) strains (Tables 7 and' 8). This

3.2.3 Cyclic AMP receptor protein is required for repression
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. ¥
| g - .

}i 'hdicates that a functxonal CRP is requhed for cAMP to

Agrert its negative effect on ornithine decarboxylase and |
decuthoxyl‘aae expression: , ’
Increasing the exogenous concentration of cAMP_from 0

S to 1.0 mt-did’ m;t éiqnifxcanuy change the growth rate of .
) the wild- type sé:ain (CAB000), but it did repress ornithine

decarbnxylase and argxn:ne decarhoxylase activities (Figure -

i . 3).. If th concentzar_ien of cAMP:was increased above 1°'mM, .

¢ the g:our_h rate waa significantly dphibited and the

$% 7 cor ng ornithine ! lase and arginine g s

L : deca:boxylaae activities were ‘further repressed; maximl

g % xesz’.ssion was obtained at 2.5 M for atginine decarboxylase s,
and 10 mM GAMP for ornithine ‘decarboxjlase. The eEfect of | i
exogenous cAMP on the growth ratg uf‘CASBOSA' (cya) was

0 " ‘dramatic (Figure<3). The growth rate conatant'increased

= i s i
from 030 h  in the absence of CAMP to 0.53 h  in the S
presence of 0.5 mM exogenous CAMP, a rate equiyalent to that .

o v‘mnntaxned by ‘the parent strain cultured nn glucose in the 3

S0 T abgenceof exogenouk,cl\‘u_ + Tt may be theerrea fron the

grouth rates “ihat an exogenoud concentrakion of 0.5 mM cAMP

is sifficient to restore 1nt:ace11ulat concenttatiuns of
. cANP-in thxs gya strain to a physiolog(cally functional 2
%, blevel. Bven at the faster growth rate, ornithine R
" decarboxylase and arginine decarboxylase activitied were

repressed by exogenous CAMP. In the gya strain (CAB3O6AY

the maximum reptession was about 50% for both ornithine

- decarboxylase and arginine decarboxylase, and was gbtained




.

e 1
. Table 7. The effect of crp and exogenous cAMP on -

orvzithine decarboxylase activity.

R

$ : Specific activity
_Strain Character .  Carbon sotrce -cAMP: +CAMP
: ¥ - : :
aB000 ‘cya®, erp', G1y* glucese -’ ‘Loz ,0.63
cAB306A Acya, cxp', Gly™ ‘glucose - 1.33 - - tTUpi7s!

'CAB306B Acya,.crp’, Gly' glucose. . 1.3& 0.75" .7

"C HY27 - beya, exp’, Gly' glucose 1.34, 1.77

- "l 5

caB000 cya®, crp', Gly' glycerol .. 0.81 0.75

cAB306B Acya, crp’, Gly' glycerol  ,1.27 0.83

1.59

HY27 * Acya, crp’, Gly* ' glycerol 1.56

For procedure and explanation of abbreviations: see Table 5.
Ornithine gecarboxylase activity is éxpressed as pmoles
€0, released per h per mg protein. Specific activities

are the average of two experiments.




Table 8.' The effect of .crp and exogenous cAMP on arginine | a

. decarboxylase activity. L

Strain Character

..

Carbon 'source  -cAMP

Specific dctivity

+CAMP

CAB306A feya, crphi GlyT
5

*.ca8306B fcya, crp®y cly’

= +

HY27 - 'Acya, ‘cxp”, Gly)

cag000" cya*, erp*, ely™

.CA8306B Acya, crp®,.cly’t

HY27 fscya, crp”, Gly*
B -

cAB000 “cya®, crpt, elyt  glicose

/glucose - 6.0.92

glucose 0.94

glucose 102"
v

glycerol. = 0.57

glycerol = 10.80

glycerol' 0.92

0:84;

0.68
0.65

1.14
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at 2.5 mM cAMP. The, reason for -the increase in arginipe ' °

- decarboxylase activity when the cya ‘Strain- (’ua:om- was -’
grown in the presence of guateg uxanrs mM cAl(P is. un;le-r.
3 nisszect wn.not nun in_ [.5853, a stgain also azzyan a
deletion in tha Sya structiral gene. 5 LS S
In "the CRP. defective 'txain, HY 27, neither H)e

activities of ornithine decatboxylase and nrqlnxne -
’-iaecarnoxynaa nor phe growth tate were.affected by cAMP;
even at- concencu:ions as ‘high aa 10 mM" cAMP (Pigure 3).>

l‘h;a :esuh. nuggut- that " the repxeasion of oxnithine
Adecarboxylne and arginine deca:buxylaue nctlvitiel in tl\e
wild-type (LS340 and CABOOOMand Gya strains (x:sas:. f

CA8306A and CAS:\OSB) was not aue to polt-t:annlational
spnxhxtxon by ‘cAMP. . The Following aqditioml_datn support
this mnclnlioj\..!) Dhlysis'of‘ crude 'extxact.n prepared from
vild—type ahd cya strains to remove cAMP did not xelxeve t_he
repxeulon of- ornithine decazboxyuue and nqtnine
decarboxylase a;uvu'xes by cAMP. - 2) Addition of'P—fO».-ﬂ s
CAMP to the enzyme a-a;y reaction mixture md'm'et'fecc on
arginine Geurhoxylase activity,; and inhibited oxnlthine e
decatboxylale acuvuy on).y 108 at1l mt and 288 at 10, m\l

CAMP. It should be noted that the conaentntions of CAH.P at |

which there is signif!cunt inhzbitlon ‘E oxnivhine - 2

decarboxylase activity in vitro are well abnve uh‘a m vivo

levels of :1-10 pM. 3) Eigniticant carry-over of cnm £rom
\ "tultures gxo\dng in the presence of the nucleotide to the

assay system was unlikely as there was a’greater than .

»




Figure 8. Growth rate, ornithine decarboxylase and * » =
. . ' arginine decarboxylase activities in wild-type, cya'and
z crp strains as a function of CAMP concentration. .Cells
were grown. for 3-4 generations in MOPSglucose medium
supplemented with 0 to 10 mM CAMP. Ornithine decarboxylase
(0DC, 0<---0), and-arginine decarboxylase (ADC; 0----0),
actwities are expressed as percent of contrgl.

values
are avesaged for thrée experiments with' standard
: devutions of less than 10% of the values shown. "
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thousandfo}‘d diluéion 'during preparation of. the crude - - 7

g ext:act. - 4) Mixing equal ahquots ‘of- extracts prepared from

acetate "and glucose grown cells, or from cells grown in the °
‘Presence and absence of cAMP, gave predicted average

activities. for" the _enzymes; indicating that a dlssocmble

mhxblcor was not responsible foz the obse:ved zepressmn.

3.2, 4 Tempoxal repression of otm.hhme decarboxylaise and

axg:mne decarboxylase acnvit;es follcwmg addition
~ 2

of CAMP .

*fThe temporal repression Of ornithine decarboxylase and

arginine decarboxylase activities by cAMP in a.cya deletion

strain- (CA8306A) is. shoyn in Figure 4. Maximal repression

f(;x both enzyme activities was approached 200-250 minutes (3.

generatxuns) following addxt;on of CAMP t?the growth o o

medium.  Thereafter, the act1v1ties of or itlune
decarboxylase -and arglnmg decaxboxylase in cAMP-treated

ceélls xepresent steady—state condxtions.

3.2.5 Effect of cAMP on S- adenosylmethlonine decaxboxylase

and agmatme ureohydxolase

ylmethionine xylase. Qtivi}:y in"wild-

type (CAB000), cya (ma;osk) and grp '(sz%) strains was

unresponsive' to changes in endogenous cAMP concenvtx'ations

brought about by. carbon gource manipulation and cAMP

supplementation. Agmatine urechydrolase activity in the

wild“type (CABO00) 4nd gya &train (CAB306A) was diminished ~




Figure 4. Temporal repression of ornn—.}une decarbcxylase
and arginine dedarboxylase activities following addition
of CAMP. ' A culturé of E. coli CA8306A was grown for 4
genergtions in MOPS - glucose medium. . The cultire was
divided into two equal, parts, and at t = 0, lmM.CAMP was
added to one of ‘the cultures. ‘At the indicated times «
aliquots were withdrawn from the cilture and the s ific
activities of ornithine decarboxylase (ODC) and arginine . . .
decarboxylase were determined. . The last aliquot was .
* removed while the'culture was still in tlie exponential . o . S
phase: of growth. .Addition of cAMP, .(6——=#); no CAMP,. ° W
(A——A) .. The specific. actxvxtles are expressed as-a ‘ )
percentage of activities'at t = 0. - . . 7 :

L]
- ©
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by addition of CAMP to the growth medium, but only to about :

‘one half the extent seen for arginime decarboxylase at

corre ing cAMP e ions.: The addition, of c}\No
the CRP defective, strain, HY27, had no effect on agmatine

ureohydrolaée (data not shown). 4
« 3 ~

.-3.2.6 Effect of cAHP on glucgse—s-phosphate dehydmgenase

and B-galactas:dase
’

While studying the influence of CAMP on fzymes other

than those involved in polyamine bios};nthesif, it was found

’that glucose-6-phosphate de}i‘ydrogennse, the first enzyme iy
. th¢ pentose phosphaté pathway, was repressed by exogenously

supplied cAMP to the same extent as ornithine decarboxylase '

and arginine decarboxylase activities in the wild-‘i:/ype
(CA8000) and cya “¢CA8306A) Strains. Repression was also
mediated via CRP, as évidencecjv by the lack of repression in
a strain carrying a crp lesion, strain HY27 (data not
shown) . E & o Ce

It is ingortant for Ehe interpretation of the results

that the exogenous concentration Of }cAMP. tHat accumulated

. intracellularly was suff:cient to. pezmlt normal gene

expression. The xeq\utements fnx cAMP to stimulate
p-galactosidasé activzcy 4n E. coli have been well
established (Pastan and Perlman, 1970; Pastan and Adhya,
1975). Therefore, IPTG induced B~ galactcsidase actxvity was

assayed'ih cell~ fxee‘extracts of straxn CAB000 (wxld -type)

"which had been grown in.the:.presence of cAMP. In the

. st
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" absence of the gratuitous inducer, IPTG, no B-galactosidase

activity was .detected at 1 mM cAMP and 1,583 units/mg
b:_dtein were detected at 10 mM cAMP. In the presence of
IPTG, i§,859.unit§/mg protein of B-galactosidase activity
were detected at 1 mM.and 24,765 units/mg vprotein at 10 mM
chMP. At ‘thesé concentrations of cAMP both ofnithine . -
decarboxylase and arginine decarboxylase activities in the
.same extracts were reptéssed to &le same. exte‘nt as shown.in
Figqure 3. ‘This demonstrated that the exogenous CAMP
cunce.ntrations used accumulated intracellularly in
sufficient’ quantities to allow normal positive regulation of
B-galactosidase, while simultaneously effecti‘ng negativ/e
regulation of ornithine decarboxylase and arginine

decarboxylase activities.,
Lo
3.2.7 Specificity of cAMP effect
g

In order to assestvk{ethez structurally similar . §

" nuc@des could elicit similar repressing effects on

or‘niv\:hine decarboxylase and arginine decarboxylase i
activities, 5 mM.concentrations of 3'-ANP, 5'-ANP, ADP,’and
ATP wire provided individually to cultures of CAB306A- (cya). '
None .of these nucleotide derivatives could substifute for

CAMP in repressing ornithine decarboxylase. or arginine .

decarboxylase activities (data not shown). .,
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3.2.8 Effect of CAMP on ODC-antizyme

‘. T |
Ornithine decarboxylase has been show to be inhibited
. by & specific inhibitor named .ODC-antizyme (Kyriakidis gt 4
al. (1978). The possibility that cAMP supplementation was

stimulating the production of this ‘inhibitor was assessed.

Cultures'of cya strain, CAB306A, vere grown for six
: génerations' in the presence ‘and absence o‘f 5 mM CAMP. _Crude
. exXtracts of r_hes‘e‘cu»ltuxes were assayed for differences in_
ODC-antizyme levelsv Ornithine decarboxylase activity was y
. measured in crude ektracts that had been serially diluted.  °
The spemfic aclt;vity of ornithine deca:boxylase at each «
d11nt1on was multxplxed by the dilution.factor to give a.

‘relative enzymic. activity. According to Kyriakidis et al.

(1978), the presence "of oﬁc—antizyme in ext:agts 1§

indicated by an increase in relative ornithine decarboxylase
activify at higher dilutjons. The relative ornithine
decarboxylase é\_‘ctivity in extr’acts‘pzepqred from cells :gxown
"in the presence and absence of cAMP increased identically .
with each-dilution, but only toa maximum of 1.75 to 2-fold 3
.above undiluted extracté at.a-dilution of 1 in-128 (data not

shown) . . . ) : ‘ .
3.3 Discussion’

The experiments-'described in this chapter demonstrate
that the two polyanu:ne biosynthetic enzymés, ornithine
, decarboxylase and arginine decarboxylase, are negatively

" controlled by cAMP in E. coli. .It was essential in:these
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studies to show that inti‘;‘g:uula; concentrations of CAMP
were elevated in cel;.s ‘grown in the presence of cAMP. As a
direct ‘assay of intracellular cAMP leveld is technically
difficult (Pastan ‘and Adhya, 1976) and-at best allaws for
508 standard déviation (Primakoff, 1981), this problem was
cxrcumventedv by assessing endogenous levels -of CAMP
Physioloqiciliy.l The increased groith rate of CA8306A
(cya), when grown in the presence of 0.5 mM cAMP, to'a rate

equivalent to that ll\alm:ained by the parent stxaxn in the

absence of exogenous cAMP, implies that 0.5 mM exngenuus

AMP restored the intracellular concentration of the

_nucleotide to physiologically rormal levels (Figure 3).

Furthermore, the increase in’B-galdctosidase activity in'the

' wild-type strain, CAB000, als¢ indicates that endogenous

concentrations of cAMP were e;evated‘hy 1 mM exogenqus cAMP

to.a level that overcame catabolxc rep:essmn medmted by

glucsse.

As ‘dialysid of crude extracts prepaed from cells grown
..in the presence of cAMP did not'increase"the adtivitigs of
~ornithine decarboxylase or arginine decarboxylase, .and.the
effect' of GAMP was negligible: or absent upon ornithine
decarboxylase and arginine decarbnxylase actxvities in
" wibre, it is unli.kely that cAMF s’ directly involved in |
podt-tranulational regulation uf these enzymes in E. r‘m.

This concl‘usmn is further supported,by the Exnding Hh_at r.he

activities of ornithiné dcarboxylase and arginine

dgcarboxylése in'the crp strain (HY27) were unresponsive to

changes in CcAMP ons. 8




',cultures and fmm cu].tur,es supplemented with CAMP argues

) 1977),

. deca:boxylase nnd uginine decuboxylg!e as a function of

A “The -rble. of othe( nucleotldes, particylarly GTP and
ppcpp, both as potenthl activators ‘or inhibitors of _’
dxnithine decarboxylase and atginine decaxboxylase (Holtta :
et al., 1972, 1974) has also been ruled out by the dialysis [~
e:'qu;inent:. The finding that the amount of ODC-antizyme is -

xdenhcal (albext very 1ow) in extracts fzom control B

J.

ch]at cAMP is not zepressing ornithine decarboxylase acmur.y
" byl at;mulatinq the pmduction of ODC-ant.izyme. ¢ /

" Thé negative control of ornithine decazhoxylase and /
azgmme decaxboxylnae By\cAHP is’ appazently very specx.fic o %
] 3

as the activity of S-adenoaylmethxonme decarboxylase, ’/

gnnthet enzyme involved in polyamine biosynthesis, was

d by \sed ons of cAMP. [This :esult-

is evxdance -that cAnP plays an important :ole in regulatmg -
the' synt.hens of t.he putrescine biosynthetic enzymes. Since
_'r_he fcmanon of putrescine is considered the rate-1 nitxng

stel in proddution of the polyamines, the control of

ornithine decarboxylase and arginine decarboxylase e £

acti;zities by CAMP provides ‘an explanation for .changes in N

polyamine leven u a functior of ‘growth ‘tate (Boyie

g inctacellulat concentrations nE “caMP.

. 'l’he chang: in speciﬂc activities ‘of omithine i N N

Qtwth rate (Table 4) correlates reasonably well with the

' grovth ,rute dap’andent change 1n intracellular putrescine = ' -
e x

levels :eported for E. coli (Boyle et al., 1977,
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: Intracellular putréscine levels per fig cellular prdteiﬂ are

44% less when E! cofi K-12 straing are. grown on acetate-than

when grown on glucose. The specific agtivities of ornithine

_decarboxylaae and arginine decarboxylase in extracts

E pzepared fxom cells cultured on acetate were 508 and 59%, i

T :espectxvely, of" those ‘grown on’ glucose. Thxs coz:elatxon

hetween the’ specxﬂc acnvnues of ornithine decaxboxylase

3 Aand arginine decarboxylase. and putxescl'ne levels as a

ornithine
.be exerted a

may. ‘neqaiivel

function’ of gxcwth :ate suggest% that the BpEC}.flc o "
activities of ornithine decaxbnxylase and arginine
decarboxylase mirror their ‘functional act:v;n_es in vivo.
However, this ‘assumes that pu:réscine ‘levels reflect an
agqx‘eqate change in “two separate biosynthetxc pathways. ;

Moreover, it does not account for a sxgn:flcant but small

proportion of pi tre: ne normally d, or the

convers;on of < utrescme “to” sgermidme. :

R
Publ:shed .fmdmgs squest that cAMP exerts it effent

predominately at the level of transcription in the

procaryotic l:_ell. A few reports of translational control

have\not been confirmed or have been discounted (Rickenberg,
Assnm_jnq thaé CRP acts solely at the promoter, as
has’ beejqy establi;hed for positively regulated operons (De
Crombrugghie et al., 1984; Ullman and Danchin, 1983), the :
requiremeNt for CRP ugdedts that negative control of ‘ ;
carboxylase and arginine decarboxylase' may also“

the level of transcription. In addition, cAMP

regulate ornithine decatboxy].ase and/argmxne
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# dgcarho’xyiase in an indirect manner by stimulating the

106 dcl

- )

' synthesis of an as yet uncharacterized repressor molecile

Jwhich’inhibits the enzyme activities or'transcription of the

+ - gpeC and ma ’genes. -
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b o Chapter 4 . -

4.1 ‘Introduction: y i by

In order t6 accurately assess whether factors, such as

.GAMP-CRP, are involved in trangcriptional’ control of the .

.'genes for the putrescine biosynthetic enzymes, adva‘ntage was
taken of the availability of cloned copies of . the speh;
sp.aﬂ and speC genes (Tang et al., 1983) . These genes were
cloned by xsolanng DNA restriction endonuclease fragments
from plasmids of the Claiki—catbon colléction (Clarke and

Carbon, 1976) which had beén putatively assigned ta carry

the genes, for the putrescine biosynthetic enzymes' (Hafner et -

. al., 1979). Using recombinant DNA techriques, these

fragments were inserted into thé cloning vehicle, pBR322,
:esulhmg in the canstzuctxon of two plasmids, pcDC -1 and
PRAS (Tabor &t al., 1963). "(Fijures 5 and 6). '
Wila-type strains of E. coli, transformed with either
plasmid popbc-1 or pKAS ‘exhibitéd elevated ofnithine’
det.‘al‘rboxyluase or ‘arginine deca;b&xylase .agtivities,
respectively; strains containing plasnid pkAS also exhibited

elévated agmatine ureohydrolase and methionine

3 L




.Figure 5.. Restriction map of plasmid popC-1. The wide
line indicates PBR322 sequences and the ‘thin line represents “
coli Pst 1 chfomosomal :fragment containing the speC :
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Figure 6. Restriction maps of pKA plasmids. The plasmids -

PKAB and pKAL2 are derivatives of plasmid pKAS (Tabor et ,
al., 1983). e dashed line indicates sequences deleted
From p.lasmd BKAS during construction of pue and pKAl2. The
_thin line the insert om PKAS.

wide line i the pBR322 se “The
underscored by ‘arrows do- not represent.the coding regions

. for  the indicated gene, but rather the region containing

the gene as from the plusmds (Adapted
£rom Boyle et al., 1984).
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adenosyltransterase dctivities (Boyle et al., 1984). -As the
elevated enzyme activities may have been :h_e result.of these .-
plasnids cairying regylatory elements rather fhan structural’
genes, E.'cali strains with deletions in‘the structural

- ‘genes for Wiaae sz vaesl wars KEansgoEman with the plasmids
- pODC-1'or pRA5. The plasmid poODC-1' restored and elevated.
ornithine decarboxylase activity' in a m;;__;e1g:i'on nmatant.
Sinilarly, the plasmid pKAS. testored and e1e'va‘te'd\argin‘i'ne
.decarboxylase, agnatine urechydrolase, and methionine
adenosyltransferase activitiés in a strain  carrying
deletions in the spe; spel and metk genes (Boyle st al.,

- 1984). ) : :

.. These results are strong evidence “that plasmid poDC-1
carries the structural gene for ornithine decarboxylase
(i.e. 5peC) and plasnid pKAS carriés the structural genes
“for arginine decarboxylase, agmatine urechydrolase, ‘and
methionine adenosyltransferdse . (ire. mped, =peB, and metk,
respectively) . To subgtantiaté this c.onciﬁsion, I analyzed
protéins ‘synthesized in minicells containing plasmid poDC-l,
PKAS and two derivative plasmids of pKAS: pKAB, and pRAI2.
Plasmid pKAS c"onferrgd on a hos‘t strain eleyated methionine
adenésyitransfer-qse ,activity} only; whereas PKAL2 conferred
alevatsd AEgIH1LAS, AECAEDOXYLARE faHa e tiTbn LHe

) adenosyltransferase actjiities on host stra‘inq (Bny1§ et

al.r 1984).




4.2 Resilts ~

Co4.21 Expxession of r.he Speh, - 5935 speC and mqenes in

’nunicells X

The £. coliminicell-producing .strain, P678-5 was
‘transformed with the plasmids, pOXC-1, pKAS, PKAB, and
PKAL2: Minicells weré p(uifiéd as described ‘in’sectioljx
2.11, and incubated for 15 hours at 37°C"to allow for
degradation of chromosomally-encoded mRNA. . Shorter periods
o preincubation resulted in production of polypeptides
Sty Werdinot wpenteld oof the plapmid. Following this
preincubation period minicells were radicactively labelled
with [ Cl-lysine. : )

’ i‘.n minicells containing plasmid pODC~1, a.protein which
ccrresponded to the reported molecula: weight of ornithine"
decarboxylase m 80,000 - (Applebaun et al., 1977) vas
radiochemically . labeliea (Figuré 7). Due to insertion of

i the 3.2 kb fragnent iito the patl slte of the amp gene of -
pBRSZZ, the precursor and matu:e forms of B—lactamase were

truncated. -

In mincells containmg p).asmid PKAS, four protelns ‘in
-additmn to those encoded hy plaamid PBRI2A, were
radiochemically" labelled. They had molecular weighta of
approximately 74,000,.,70,000, 42,000 and 38,000, dalt‘ons
(Figu;e‘ 8). - The tw;> highest ‘molecular weight proteins
vcoat:eaponded ‘to the reported moi‘ecul’az wgights of 'azginii\e




-~ position of ornithine

Figure 7. Polypeptides’ encoded by 'pODC-1 in minicells.
The fluorogram of & sodium dodecyltulphate - polyacrylamide
gel displays -[14C] - labelled polypeptiles encoded by
minicells containing poDC—l.. Satple slots were loaded
with extracts from minicells containing (a) no'plasmid, .
(b) pBR322, and (¢) pobC—1.  The arrows indfcate: the

ylase or p-lactanase: The
molecular weight markers used: myosin; 200,000 (200);,
phosphorylase b, 92,500 (92.5) ; bovine serum albumin, .
68,000 (68); ovalbumin, 43,000 (43); a-chymotrypsinogen,.

25,700 (25.7); and B-lactoglobulin, 18,400, (18.4).

’
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decarboxylase (Wu'and Morris; 1973). The 45,007) dalton . .
protein corresponds to. methionine adenosyltransferase
(Markham et al.,. 1980) . Campa:ison of I:he molecular weights
of ‘the’ proteins radicactively labelled in minicells
containing pKA5 to those labelled in minicells containing
eith‘er plasmid pKAB or PKAL2 (Figure 8) strongly. suggests
that. the 38,000 dalton prote;n encoded by PKAS and pKAlZ 15
aqmatine uxeohyd:alase. " (

4.2.2 Repression. of ornithine decarboxylase synthesis by

CAMP- in minicells

‘'since_ minicells 1ack chromosomal DNA (Fraser and

Curtiss, 1975 and refer ences therein), they !epzesant;a

potentially ideal. system for *the study of gene regulation din .

the absence of'ovthér genes. . Therefore, the minicell systém
could be Lsed to discriminate b:tween the-two hypotheses .
that “either 1) cAMP and CRP inhibits expression of the speC
gene directly or,, 2) cAMP and CRP induces a repressor

7 pxoteﬁ. that inhibits speC expussion. If repression’ of
ornithine decarboxylase synthesis by cAMP . occurs directly at’
ﬂ\e SpeC geneor s,n_eﬂ mRNA, the amount of ornithine
deca:boxylase synthesized in minicells would be decreaaed by

5 increasmg concentrations of excgenously supp].xed CAHP. on
the othér hand, 1fvnegat1ve‘:eq\|lat%on was nediated by a
cmP—;nduced repressor, cAMP would have no effect on the
Smount of ornithine decarboxylase synthesi:‘cei in minicells

‘since the' repressor gene would be. absent in these cells.




fgure 8. Polypeptides encoded by pKA plasmids in minicells.

ie fluorogram_of a sodium dodecylsulphate-polyacrylamide
gel displays [14c] - labelled polypeptides encoded by .
minicells containing (al no plasmid, (b) pBR322, [(C) PKAl2,
(d) pKA8, and (e) pKAS. The arrows indicate the position of
the arginine decarboxylase, methionine adenosyltransferase
and agmatine ureohydrolase. The molecular, weight markers
used: phosphofylase b, 92,500 (92.5); bovine serum albumin,
68,000 (68.0); ovalbumin, 43,000 (43.0); carbonic anhydrase,
30,000 (30.0); trypsin inhibitor, 20,000 (20.0); ana o .
lactalbumin, 14,000 (14.0). g %

o,

-
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The amouht of pODC-1 directed synthesis of ornithine .

‘decaxboxylase i muucells was determined as a. function of

exogenously supplx‘d CAMP. Ponou:.ng th 15 hour

pze—incubat’ian period, minicells harbounng plasmid pODC-l
were anubated in the pkesence of 0-. 10 mﬂ CcAMP for 2'h prior
to the addition of [ Slmethionine. Siﬂ&;ncoxporation of
[ SImethionine into total protein’vas linear for. more ‘than,
'50 minutes in the presence or absence of cAMP, incubation
was, t&¥ninated after 20 minutes (Figure 9). These
conditions were- chosen to ensure that the radivactive amino
acid, or some other factor was not limiting the
incorporation. ";igu:e 10 shows that the synthesis of

ornithine decarboxylase was repressed by cAMP. At a

-. concentration of 10 mM cAMP there was a 50% reduction in the.

‘amount of ornithine decarboxylase synthesized (Figures 10A
and 11).

"In several experiments the synthesis of H-lactamase, _
which i‘s truncated due to insertion-of the gpeC gene wlth’in
the amp gene, was rep‘xessed by cAMP but not to the same

extent as ornithine decarboxylase synthesis. The synthesis

aof p-lactamase, directed by plasmid pBR322 in minicells was

not, however, repressed by cAMP. (Figure 10B). As the
synthesis of p-lactamase directed by pBR322 is not repressed
by CAMP under the conditions used here, and those of others
(Aiba, 1983), it is suspectéd that insertion of the speC
.gene into the amn gene mag.( be responsible for the aberrant

repression of p-lactamase by cAMP in minicells.

£




Incorporatmn of [ s] - methionine into toml 5 L
protein in minicells. Minicells- transfomd with popc-1 = . .- I
¢——8), pBR322 (A-—---A) ,, or no.plasmid (B——M) were - .. ¢ ..
1solated, preincibated, and catios aberTed v th 355 ~ - =5
» . methionine. ‘At the indicated mtevaals, aliquots were
withdrawn from the minicell suspemsion and the amount of ]
radioactivity determined in hot Trichloroacetic acid § -

- precipitahle material..: Preincubation of minicells in 1-10

" mM cAMP 2h prior. to the addition of: [35s] - methicnme gave .

Ldentlcul kinetics of incorporation.

Pigure 9.
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" . Figure0. Inhibition of ornithine decarboxylase synthesis

by CAMP in minicells. Minicells transformed with (A} pODC-1,
or. (B) BR322 were isolated, preincubated and then incubated
for 2h gg presence or abseru:e of cAMP prior xo the ad-
dition nt [278]) -~ methionine. After 20 min. in tion in
the presence of [3%5] - methionige, extracts from equal &
aliquots, of - the mipicell s\xspensl{on were analyzed by .

. electrophoresis in 10% polyacrylanude and 0.1% sodiu
dodecyhulphate -
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' addition of [358] - methionine.
‘in the presence 6f_ [35S] - methionine,.equal aliguots of.

Figure 11.. Quantitation of repression of ornl.t ne ‘-
decarboxylase. synthesis by cAMP in minicells. nlcells
were isolated, preincubated and then incubated in. the -
presence or absence of .0-10 mM GAMP for 2h priotr to the: .
_After 20 min.-.ihcubation:

radiolabelled extracts were. analyzed by eléectrophoresis in
10%’ polyacrylamide and 0.1% sodium dodecylsulphate. The .
radiclabelled polypeptides: were detected by £luorography.
Each track of the autoradiogram was scanned under identical
conditions so that they could be ‘quantitatively compared.
Beside each peak [ornithine decarboxylase, (ODC) and
truncated. - lactamase] is the percentage:of represslon of
synthes).s at a given concentration of ‘CAMP.
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4.3 Discussion -

The expression ‘of plasmids, poDC-1 and pKAS in

minicells confirms that these plasmids_bear the structural

genes for-gpeC and the structural ,genes for BD.EA and metK,

. reepecnvely. 'l'he ‘restoration and elevation of agmatine
'ureohydzolase activity 1n .a speB deletwn mutant t:ansfomed

* with pKAS indideted that this plasmid also bears the -
stxuctural gene for aqmatine ureohyd:olase (sp_en) (Boyie et k

al., 1984) .. The 38,000 dalton subunit of aqmatine

urechydrolase deduced from the polypeptides synthesized in

ninicells has been confirmed.by purification of agmatine

ureohydrolase to near s ity (C. satishc dran and
S.M. Boyle, personal communication). Therefore, the gene

order in the-63 to 64 minute region of the E. coli

chromosome is'established ds glé EpeC metK speh speB serd.
Fithermore, restriction endonuclease analysis placesthe
SpeA gene muck; closer to the metkK gene than O.é minutes (8
Kb) estimated by P -transduction experiments (Hafner etal:,
1977) !

- Hu and Morris® (1973) reported that puufied arginine

decarboxylase existed in two electzophorecucally dutxnct

— decarboxylase existed

spgcies of 71,000 and, 75-76 000" da].tcms estimated from the:r
nobilities on polyaceylamide gels in the presence:of sodium

d’odecylsu].phate.. The synthesis ‘of two polypebtides of

' 70,000 and 74,000 daltons in minicells transformed with

¥ ]
plasmid pKA5 indicate that these proteins are both coded by
the same speA gene. This led to the idea that the' 74,000

.




@alton- species of arginine decarboxylase mightrepresent a.
precurser of a mature 70,000 dalton arginine decarbokylase.
Peptide m;pp!.nq of ‘the 70,000 and 74,000-dalton species
demonstrated that these polypeptides are 1dentical except
for one pep:ide (3. Buch- and s,M.‘ Boyle, personal ;
v.communication). Bot‘h species of arqinine decarboxylase,
whether - syntnesued\m whole cells or in minicells beanng

. pKAS. are mmunaprecipxt&ted by antxserum to t‘.he 70,000
dalton arginine decat_boxylas‘g. Hogeover, the 74,000 dalton
pal}p'ep_tide accumulated in an E:. goli strain that is -
defective in procesging signal ‘sequences of proteins’

'-‘aestined for tfan;port across-the cytoplasniic membfane.

. Puleing E. coll cells with vadiouctive amino acids fonouea
by 1nc:easmg pen.ods of chabe with nén- radxoactive amino

" ac1ds showed that the ‘74,000 dalton pﬂlypeptlde 15 pxocessed
to form the matuxe 70,000 dalton arginine dcarboxylase which
resides in the mnex peuplasmic space (J. Buch and s H.

. Boyle, personal comnumcat:;on). ’l'hus,‘\:hese results support
the previously. hypothesized Fompartmept§11zat10n of arginine’
depa:bcxylar;e ('Tabo'.r and Tabor, 1969; Morris, et al., 1970),
and may ‘account’ for' the preferentigl ‘utilization- of

*exogenous arginxne for polyamine synthesis. ' A .

_The xepressian of o:n:n:hxne decarboyxldse sym:hesas by
CAMP' in mimcells.is ‘not likely: to be §ue< to changes in |

 plasnid copy number as the:extent of DNA replication i’ °

Plaspia bearing minicells is limited to-1-2 rouds of

replication and would be complete prior to the' comnemcement
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of the expefiment deséribed here (Inselburg, 1970, 197_1).f
Sirice minicells lack chromosomal DNA, !epressig‘q of
t;r'nithine decarboxylase cannot be mediated by a cAH!j-lndur\ed
repressor. Further, as there are no confirmed r_epoztsvof
GAMP-CRP influencing translation, these results indicate

that CAMP-CRP negatively regulates speC transcripkion

directly at the promoter.




: Chapter 5
EXPRESSION OF THE M.Gﬂk -IN A CELL-FREE °
TRANSCRIPTION-TRANSLATION SYSTEM

5.1  Introduction
" 4 i

B 2 o
Cell-free protein-synthesizing systems have been used

. to determine the influence of various effector molecules on .

gené expression at the levels of transcription and
translation (Zubay, 1973). Protein factors present in
cell-free e;ctiacts prepared from wild-type strains of E.
.coli can be studied through a_technique in which thé;
cell-free extract (5-30) is prepared fiom mutants defective:
in the factor, e.g. crp mutants, = The S-30 extract cén then
be reconstituted with the purified protein and its effect .
examined. Molecules of low molecular weight, such as cAlP,
can, be readily Temoved from the §<30 extract by dialysis and
added to the reaction system in-defined amounts.

Cell-free protein-synthesizing‘systems can also be used
.to determine the direction of tra_nsé:ihtxon of a gene and
localize the region around the initiation site (promoter) .
This is done b_y maiysis of protein products whose synthesis
was directed by reétriction endonuclease. fragments of the .

“desired gene. Digestion at various points within the gene
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will generate DNA fragments that will direct the sby'nt}gesis

of various truncated polypeptides. It is then possible to

‘deduce from' the truncated polypeptides the direction of

* transcription and,. hence, the approximate start of

transcription initkation. A similar app:oach has been usedv
to locate genes on' specialized transducing phages (Mackie,
1979) and plasmids (Chen and Zubay, 1983)-

The synthesis of ormthme decazhoxylase directed by
pODC-1 DNK was examinéd in a cell-free protein synthesizing
system with respect to the influance of putative regulatory(
molecules, arginine, ornithine, putrescine, spermidine, and

CAMP and CRP. In addition; the cell -free prutein-‘

‘synthesizing system was used to localize the speC promoter
B E <

region on plasmid poDC-1. . s

5.2. Results w

" 5.2.1 Cyclic AMP represses the synthesis of ornithine

decarboxylase in y_u-_m z -

In order to determine the effect of cAMP on the
synthesis of ornlthinrdecarbcxylase in yitro, the
incorporation of [ S1-methionine into total protein was
determined as a function of ti;ne and amount of DNA template

in tﬁe reaction system. ‘Figure 12B shows that incorporation

‘was maximal in reaction systems containing 2-3 ug of DNA

template and S-30 extract prepared from E. coli strain

MREG600. 'The kinetics of incorporation into total protein

was linear for about 30 minutes wheh 2 pg of DNA was used




.E—lactamase directed by pODC-1 was slightly repressed by
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s . ) 35
(Figure 12A). Incorporation of. T  Sl-methionine into total
7 : 7

protein in a reaction. system prepared from an S-30 extract’
of 1S854.1 vas maximal when 5 pg of pODC-1'DNA was used -
(Figure-12D). 'Incorporation was linear for approximately’ 40
minutes (Figure 12C). ~Reaction' systems containing‘a S-30°
extract prepared from HRE600 incorporated ten’ fbld more
radioactivity_ into total protein than those coiitaining
extracts of LS854.1. Based on these reaults, reaction
systems prepared from a MRE600 S-30 extrdct contained 2 ng
of pODC-1 DNA and incorporation was terminated-after:20
minutes. For systems prepared from a LS854.1 extract 5 pg
of. pODC-1 DNA wa% added and incubation was f‘ox 40 min§tes. .
Using a cell-free tr_anscription—t:anslation system directed

by PODC-1 DNA, it vas found that increasing concentrations

of cAMP m the reaction mxture progressivley mhlb:.ted the

syntheais of ‘ornithine lage. Ata ¢ ation of
10 M caMP tadiolabelling of ornithine decazboxyl';sé was”
less than 108 of the control lacking cAMP (Figurés 13 and . -
14). : '

As was seen in minicells, the synthesis of the truncated

CAMP in vitfo. However, cAMP did not repress the synthesis
of P-lactamase directed by pBR322' DNA in vitro (Aiba, 1983).°
This result suggests that the insertion of the gpeC geme -~
inlto the'amp gene allows for repression of P-lactamasg
synthesis by cAMP in vitro. & 7




o ?
Figure 12. Incorporation of’ [ S] - methionine into total. @
protein in a cell-free transcription-translation system. . . ¥,
Panels A and C show the timé .course of.incorporation. The 5 :
reaction mixtures contained: (A} a S-30 extract prepared
from. strain MRE60Q, and either 2ug of DNA (——=8) or no

DNA (0----0);, (C) a S-30 extract prepared from strain
‘LS854.1 (crp), and either 4ug of DNA (8——8) OX no
DNA (0--=-0). Aliquots were removed from the mixture at

the indicated intervals.. Panels B and D show the dependence :
of the reaction on the amount -of DNA. -The reaction mxxtures
contained: .(B) a §-30 extract prepared from strain MRE600
and 0-10pg of DNA; (D) a S-30 extract prepared from strain
LS854.1 and 0-10ug of DNA, Equal aliquots were removed ;
from the mixtures after 20 min. (B) or 40 min, (D) of . .
incubation. Total protein synthesis was estimated by the
£+ &  amount of radicactivity in hot Trichlorodcetic acid

. : precipitable materiali .
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Figure 13. Effect of cAMP on the synthesis of orn).thxne -
decarboxylase in a cell-free transcription-translation'

__system directed by pODC-1 DNA. ‘Reaction mixtures contained
2 ng of pODC-1 DNA, S-30 extract prepared from strain
MREG00, and either 0, 1, 10, or 100 uM cAMP.. One reaction
mixture contained no DNA template (NT). "Equal aliquots of
reaction mixtures were analyzed by electrophoresis in 10%
polyacrylamide and 0.1% sodium dodecylsulphate.

. Polypeptides radiolabelled with [35SImethionine were detected
by fluorography. The molecular weight markers used were‘
phosphorylase b, 92,500 (93); bovine serum albumin, 6
168); ovalbumin, 43,000 (43); a“Thymotrypsinogen, 25, 700 (25),
\8-lactoglobulin, 18,400 (18) ..

o e e e a4
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Figure 14. Quantitiation of ornithine decaPboxylase
* synthesis in'a'cell-free transcription-translatior system i 0

as’a function of cAMP on. The

shown in figure 13 was scanned by densitometry. - The pea
were cut out and weighed. The position of ornithine
decarboxylase (ODC) and g-lactamase (8-lac) is shown by
the arrows. It should be noted. that the g-lactamse is
truncated due 'to insetion of :the speC qaﬂe within in the
amp gene. The 8-1

may,
“be unstable in vitro. The value beside each peak” represents
“.thé scan units defined in section 2.16.. The ratio of . : ¢
ornithine lase to B-1 "scan units at each. =
concentration of ‘CAMP is shown in the table at right. - :

“ s, ¥ "

ks s &
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5.2.2 CRP is required for repression of ornithine =
decarboxylase in vitro N S Y

Negative control of gpeC expression by CAMP in a
cell free prot:e:mvsyntheslzxng system was shown to be
dependent on CRP. Synthesis of ornithine decalbuxyLaae was
not repressed by _c‘:AHP in reaction -mixtures containing a S -30
extract' prepared from a crp deletion strain, 15854.1
(Figures 15 and 16). Adéition of pulifi:ed CRP. restored the
abil'ity of- cAMP.to"exert ne’q‘ativra w\ntxol in these, reaction

.mixtures (Figures 15-and 17). ~

5.2.3 Effect of "other pntativé regulatory molecules on

ornithine decarbosylase
T i X 2

* Addition of 10-4!‘1 t; 10_2‘11 orniéhine or arginine to the
cell free prctein synthesis system had no . effec{: on the
pODC -1 directed synthesxs of ornithine deca‘(boxylase (data
not shown). However, it should be noted that the controle

§teactxon system contained 3.4 x lD SH arginine.

At 10 M to 10 M, putrescme appears to inhibit the
synthekis of ornithine decarboxylase :elatfve to B-lactamase‘
AFigure 18 and Table 9). At concentrations greater than
10 M, the synthesis .0f ornithine decatboxylase, as well as
total protein, was stimulated by pu\:rescine.

Spernidine showed a similar biphasic effect’ on

. ornithine decarboxylase synthesis in .\LL:LQ Addition of -
10 SH to 10 SH‘ Epermidine to che in mm system had no




Figure 15. Effect of CAMP on ornithine decarboxylase
synthesis in a CRP deficient and CRP supplemented cell-free
transcription-translation system directed by pODC-1 DNA. i ;
Reaction mixtures contained 4 ug pODC-1"DNA, a S-30 i
_extract prepared from strain LS854.1, dnd either o, 1,10, "
or 100 uM cAMP, (CRP”). An identical set of reactio:
mixtures were supplemented with 1 ug of purified cRp (cre®).
.One reactmx*uxr.uu contained no DNA template 7). 4
Equal aliquots of the reaction mixtures ‘were analyzed by i
electrophoresis in 10% polyacrylamide and 01% sodium doggcyl—
sulphate. Polypeptides radlochemically labelled \uﬂ.‘l
. _methionine were by
T weiqht magkers (S) used were: phosphn:ylase b, SZ 500 (93K) ; % g
bovine serum albumin, 68,000 (68); ovalbumin,’ 43, 000 (43K) ;. . {
5 u-chymohrypslnoqen 25,700 (zm; 8- 1acmg1obu1.m, 18,400
(18K) .
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‘"Figure 16. Quantitation of.qrnithine decarboxylase "
i

_table at ught.

Synthesis in a CRP deficient cell-free transcriptio
translation system as a function of cAMP.. The first -four
lanes from left of the autoradiogram shown in figure 15

_were_scanned by densitometry. The peaks weré cut out and

weighed, The position of ornithine decarboxylase (0DC)
and B-lactamase -(B-lac), are indicated by arrows. . Theé value
beside each peak represents scan units defined in section
2.16. The ratio of crn].thine decarboxylase to B-lactamase
scan units at a glven concentratwn of CAMP is showd in the
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Figure 17. Quantitation of omlthlne decarboxylase

in"a CRP supplemented cell-free transcription-
translation system as a function of CAMP concentration. ©
Lanes.5 to 8 from left on the autoradiogram shown in figure
15 were scanned by densitometry. The peaks were cut ou
and weighed. The positioh of ornithine decarboxylase (ODC)
and B-lactamase .(-lac) are indicated by the arrows. The !
value heside each peak represerits scan -units defined in
section 2.16. The ratio of ornithine decarboxylase to
g-lactamase synthesis at a given concentratq.an of caMP
is showrt in the table at right. .

&
B
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" translation system directed by pODC-1 DNA.

Figure 18. Effect of polyamines on the synthesis of
ornithine decarboxylase in a cell-free transcription-
‘Reaction mixtures
contained 2 ug Of pODC-1 DNA, a_§-30 extract prepared £rom
strain NRE600, and 10~6K'to 10~2M putrescine (Put) or
spermidine (Spd). The contxol reaction contained no poly-
apine supplenent. Equal aliquots of reaction mixtures were
amalyzed -by electrophoresis in 10% polyacrylamide and 0.13
sodium dodecylsylphate. Polypeptides xadxochemlcally
labelled with [355)methionimne were

aphy .

e
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# . Table 9. Quantitation of the effect of polyaminés on
. ornithine decarborylase synthesis in a cell-fres
transcriptiop-translation system.

N
Scan Units®
Polyamine opc- B-lac oDC/8-lac
g " Nomex . 1.91 (100) 37.47 (100) 0.051 (100)
) 35.45 (96) 0.000 ( 0
(23) 42.71 (113) 0.010 (20‘ “
(85) = 65.63 (175). 0.025 (49),
; 53 . \
(768) 104.57 (279) 0.140 (275)
- | (736) 129.95 (348) 0.108 (211) .
% (170) 65.60 (175) ' 0.050 (98) i
. -
- (181) | 66.55; (177) 0.052 (102)
(52) - 59.68 (159) -0.017 (33)
: (1076)  147.43 (393) 0.139 (273)

no polypeptides synthesized

Thg amount of ornithifie decarboxylase (0DC) and B-lactamase
' (B—1lac) synthesized as a function of polyamines was estimated
* =~ by ddbitometric scanning of the autoradiogram shown in
figure 18,  Scan unjts are defined in section 2.16. Values
in parentheses are ‘the percentage of the control. |
Put=putrescine;Spd=spemidine. . -




128 ot

—

effect on .ornithine decarboxylase synthesis, but did i:avg a i
slight' stimulatory effect on total protein synthesis (Figure
18 and Table 9). Synthesis of ornithine decarborylase . :
relative to-p-lactamase was repressed vi_hen 10_' M spermidine
was added to the reaction sy‘stem. At.a cc;ncentration of
10- M spermidine, -there was .a dramatic stimulatioﬁ,of both
orniithine decarborylase aid B-lactamise dynthesis. :
Synthesis of ornithine decarboxylase and p-lactamase ' was'
totally abolished at 10_' M spemiéine, presumably due to
precipitation of the DNA template. W i

5.2.4 Localization of the speC promoter

To determine the location of the speC promoter on
plasmid pODC-1, DNA fragments of pODC-1 were generated by
endonuclease digestion ‘and used to direct the synthesis of
ornithine decarboxylase in vitro. DNA fragments generated

-by Bam Hl, Pt 1 or Eco Rl endonuclease digestion (Figure 5,

pg. 106) directed the synthedis of an intact ornithine
deca:bolease of 80,000 daltons. Fragnents generated by Sma »

1 endonuclease digestion directed the synthesis of a ngy
polypeptide of approximately 70-75,000 daltons with the loss

of the 80,000 'dalton ornithine ﬂéca:boxylése. However,

fragments generated by Hind III endonuclease digestion did

not direct the synthesis of an intact or truncated ormithine
decarboxylase (Figure 19). #

The linearized DNA was 60%-70% less efficient at

directing protein synthesis in vitro than supercoiled DNA. £




"-‘igure 19, Polypeptfdss synthesized in a cell-free txans—

cription-translation system directed by restriction g

endonuclease fragments of pODC-1 DNA. ~Plasmid pODC-1 DNA‘
(5 ug) was digested with the following restriction
endonuclease: (A} no enzyme; (B) Pst- 1; (C) Hind 111 and
Pst 1; (D) Sma 1; (E) no enzyme; (F] Eco R1; (G) Hind 111;
(H) Bam Hl. Aliquots of the reaction mixtures were
analyzed by electrophoresis in 10% polyacrylamide and 0. 1
sodiun dodecylsylphate. ~Polypeptides radiochemically
labelled with [?’Slmethionine were detected by fluorography.
The position of ornithine decarboxylase of 80,000 .daltons
(80K)- and ornithine lase (75K) are
indicated by the horizontal bars. .




150

ASL—

- —08
asd>ayv



5'.3 Discussion

These results, were mterpreted to mean that the speC
promoter is carried on the 1.1 kb Rst!1-Hind IIf restriction
fragment of pODC-1 (Figure 5, pg. 106).. The direction of
transcription is deduced to be from the Pst 1-Hind IIT
region toward the Sma‘l site with termination occuring’
downstream from the Sma 1. site. )

© Usinga coulped txanscription-translatlon system, I
have shown that the pODC-1 dirécted synthesis of ormithine
decarboxylase is repressed By cAMP. Negative control of |
ornithine decarboxylase synthesis by cAMP, like ornithine
-decarboxylase activity in vivo; was dep?ndent on a i
functional CRP being present ‘in the reaction systes.

The biphasicveffept of putreséine and spermidine Gn
érnithine decarboxyliSe synthesis in.gitro can be
interpreted as specific repression of speC transcription
concommitant with a general stimulation of protein
synthesis. - Many studies have shown that - polya‘n\lnes .
snmulate protein synthesis in ‘vitro and in vivo.
Stimulation of protein synthesis is thought to be due, in

‘part, to polyamines maintaining ribosome structure. - In

addition to ‘their effect on ribosomes, polyamines have been
shown to:have a atimuiatory effect on many reactions that ~

are required for protein synthesis, e.g. renaturation of

* tRNA, binding of aminoacyl-tRNA anhd poly U to ribosomes, and

the aminoacylation of tRNA (Tabor and- Tabor, 1976). The




» stimulation of ornithine decarboxylase relative ‘to’

B-lactamase synthesis at higher concentrations of polyamines’ ’ il
is consistent with previous reports that polyaminevs‘ !
preferentially promoted the in m synthesis of higher
mulecular weight proteins (Atkins gt al., 1975; watnnabe et . -
al., 1981 1983). - -

Repression of ornithine decaxboxylase synthesis by B

putrescine and spermidine is in agreement with previous N

enzynic studies ,(Tabor and Tabor, 1969, Morris et .ﬂl-v

1970). Tabor and Tabor (1969) reported that an arnithine
auxotroph grown in an oxnithine -limiting chemoatar. exhibited .

. decréased orpithine decarboxy].ase activity following

addition of putrescine and. spermidine. The kxnetlcs of
mhibumn squested a combination of feed-back repression .
and inhibition. In another study, a mutant with a parna].‘ . 2
block in arginine decarboxylase activity was grown:in the ;

presence of arginine to cause a putrescine deficiency : o

(Morris efpal., 1970). Under these conditions there vas a
foir-£old derepression of ornithine decarboxylase activity.
The repression. of ornithine decarboxylase activity can be . | L
explained in light of the studies presented here as feédbgck

repression. However, since polyamines have such a myriad of

effects on protein synthesis, a study of the influence of

polyamines on'gpeC transcription may be best approached X ¢
usirg an in vitro transcription sysm;m composed of hGly
purified components, or by gene fusion studies in vivo.
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e Chapter 6
. * GENE FUSION STUDIES

6.1. Introduction.

In bagteria, gene expression is often dontrolled at the

level of the Ninitiation of transcription.'. Specific

" nucleotide sequences (promoters) in DNA detprmine the sites

at whick;\cranscripti'on starts. More than sixty promoter
sites have been structurally def.ined with respect to
nucleotide sequences. Two regions around -35 and -10 base
paiis upstream from the initiation 'site appear to be
conserved in promoters. (Rosenberg and Court, 1979). Recent
advances in recombinant DNA techniques have made it possible
to place a known, easily ;asaayable, gene function (e.g.

B-galdctosidase activity, tetracycline resistance, or

, galactokinase activity) under the transcriptional control of

different regulatory elements. Gene fusions have proven
extx‘emely useful in the study of factors involved in
regulation at the level of transcription initiation (McKenny .
et al., 1981) .. : ’

‘ In order to define more precisely- the site at which:
CAMP-CRP negatively controls gpeC expression, the promoter

region of the ‘ms gene was fused to the structural gene for




tetracycline resistance (fet). The effect of cAMP, and
other putative regulatory molecules, on ten;acycllne
resistance of E. coli strains bearing a fused speC:tet gene

was examined. -

§.2 Results

6.2.1 Construction of a fused speC:tet-gene - -

The c;onstt:uctian of the‘ fuseﬂ gpeC:tet gene is shown.in
Figure 20. Plasmid.pODC-1 DNA was digested with the
restriction endonucleases, Bstl and x:i.nﬁIII. The fragments
generated by endonuclease digestion were fractionated by
electrophoresis in low melt agarose gels as described in
section 2.10. The 1.1 kb fragment bearing the speC px.ommx
region was l’igated into the promoter cloning site of plasmid
DPGA39 (An and Priesen, 1979). Plasmid pGA39 carries the tet ‘.
structural gene that has had the promoter region deleted 5o -
that no tetracycline resistance is conferred on stxain‘s- L3
bearing this plasmid. The reconstructed plasmid, designated
PCOD, conferred tetracycline resistance on host strains.
Thus, the activatiah of the tet gene in plasn‘ PGA39
xndicaéeq that the 1.1 kb E.B.tI-Bde!I fragment ' catries the
* prohoter for the apeC géme. This result confirms the
"location of the speC promoter region on plasmid pODE-1 as
dediced by cell-free transcription-translation experiments "%
using pODC-1 restriction fragments as templates. ' .
'J.'h: 0.9 kb Patl-HindIII fragment of piaanld poDC-1,

containing part of the ket promoter region was ligated into



v Co S
Figure 20. Construction-of a fused speC:tét gene. Plasmid
pODC-1 DNA was digested with Pst 1 (PE and Hind III (H),' The
low molecular weight fragmentS containing the speC promoter
(1.1 kilobase pairs) and the tet promoter (0.9 kilobase
- pairs) ‘were resolved by electrophoresis in* low-melting
agarose. The purified fragments weré separately ligated .
into the promoter cloning site of plasmid pGA33 in ans
orientation that would promote transcription of the tet
gene. E. coli strain HB10l was transformed with the re-
constructed plashids .and plated on Luria-agar plates Y i
containing 10 ug/iml tetracycliné. The ligation of the 9 Y
promoter fragments into the A39 promoter cloning site was ~ i L
. confirmed by Pst 1.- Hind 111 endonuclease digestion of sk j

‘plasmid DNA iSolated From. tetracycline resistant clones. S :

-
O i i
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_the promoter cloning site of pGA39, thereby reconstructing a

normal tet.gene. Strain HB10l transformed with this
plasmid, désignated pTET, exhibited no zone of growth
inhibiti

on around discs containing 75 ug of tetracyline.

6:272 Effect of CAMP on tetracycline resistance of. strains

bearing gpeC:tet gene fusion . o

The tetracycline resistance of E. coli strains
transformed with plasmid pcOD, pIET or pGA39 was determined

on MOPS-minimal plates with or without 5 mM CAMP. Figure 21

shows _the plate assay for ycline resistance of E.

coli strain muol transformed with plasmids PGA39, PCDD, and
PIET. As shown in Figure 22 and Table 10, btrain HB101 -
transforned with plasmid pcoD bearing the fused speC:tet
gene was ﬁoxe sensitive to tetracycline when grown in t:he
presence of 5 mM cAMP. This experiment .waa repeated four

times with a similar extent of repression of tetracycline

‘resistance by cAMP of wild-type and gya strains bearing

plasifid pcOD. From one, experiment to the other there was
vaziability in the minimal inhibitory concent:ation.‘ This v
was probably due to vaziabilitﬁ in pzepﬁtafion of fresh
tetracycline discs pﬂoz‘ to each experiment. The data shown
are, -thersgore; ffom a Fepresentative .‘experiment._ Strain
aaml"cuxying plasmid pCoD, grown in the presence of CAMP,

exhibited no zone oE growth inhibition around discs

containing up to 20 pg of tetxacyclme. In the absence of

CAMP this strain exhibited'no zone of growth inhibition up .
: ’




* Figure 21. ' Plate assay for tetracycline resistance. R
E: coli strain HBL0L transformed with plasnid peA3s B
(te £S), pCOD (speC:tet), and pTET (tetR) were streaked. on

S-minimal plates. with or without 5SmM cAMP. Filter discs

contauung 1, 5, 10, 20, 30, 40, 50, 60, and 75'ug of
tetracycline were placed on the surface of the agar plate’
(1 ug at top, with increasing amounts of tetracycline

on discs placed counterc¢lockwise, and 75 pug of tetracycline

- on the—centﬁé disc). The plates were incubated:at 37°C

for 18h. SH3nes around the filter discsimdicate growth

inhibition by tetracycline f{see chaoter 2, section 4).

>~







Figure 22. Quantitation of the effect.of cAMP on the
tetracycline resistance of E. coli strains bearing:a

fused speC:tet gene. The diameter of the zone of growth
i.nh:.bltgon around discs containing varlous amounts of
tetracycline was determined for -strains HB101, I.SBS3 (_1__),
gsesa +1 (crp) transformed with plasmids pGA39
(cet A), pcOD (speC:tet, @) or PTET (tetR, ®
Grcwth was in the presence (- ) or'absence (-
5mM .CAMP. %
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Table 10. Effect of cAMP on the tetracycline resistance
of wild-type, cya, and crp strains transformed
with plasmid pGA39, pCOD, or PTET.

Resistance to tetracycline
: i

Strain Plasmid Control ™ 5mM CAMP -
HB10L none 1 1
HB10L pGA39 1 _ 1
HBLOLl . pCOD 40 20 ° i
HB101l PTET R . R - »
L5853 - rione i &3 i ;
1s853 pGA39 i 1
LS853 pCOD . 20 10
* "
LS853 PTET 40 40
Ls854.1 none s 1 . 1
1S854.1 pGA39 1 . . T
TS854.1 . pcop 20 .20
1s854.1 pTET . 40 .40 i)

Cultures of E..coli strains transformed with plasmids pCcOD, * .
PTET, and pGA39 were streaked over the surface of agar : \
plates. Filter discs containing 1-75 ng of tetracycline 3
were placed on the surface of the agar plate. The zones of :
qrowtg inhibition were determined after 18h of incubation
at 37°C. —_

a = The maximum amount of tetracycline (ug) on disc that
did not produce a visible zone of growth inhibition.
v R - resistant to greater than 75 ug on the disc.
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to 40 ng of tetracycline. 'In contrast, the tetracycline
resistance of strain HB10l carrying the normal nr. gene on
plasmids PTET was unaffected by -addition of CAMP. No zonme
of gxc;w:h inhibition was seen around discs containing as
much as 75 ng of tetracycline (Pigure 22 and Table 10). It . '
can be seen that -cAMP had no effect on tetracyeline
resistance of the plasmid-free strain, or on the
tetracycline resistance of those strains ;:ar(yinq a plasmid
defective for tetracycline resistance '(pé)(as), both strains
exhibited zone of growth inhibition around discs containing
-as little as' 1 pg of tetracycline.

+ The de_cx‘ened tetracycline resistance of stxaia_nmtn
tr:ansformed with plasmid pCcOD .q:aun in ﬂe presence of cAMP
is consistent with reduced expression of the tet Qené under
cohtrol of the ‘spaC promoter. In order to ascertain whether
CRP is-‘involved in negative transcriptional control of the
SpeC promoter, the tetracycline resistance of isogenic
strains, LS853 ‘(cya) and LS854.1.(gya, crp) carrying either
plasmid pcOD or PTET was determired. In these experiments,
strains were cultured on enriched rathei than minimal plates
as LS854.1 (cyd, crp) grew very slowly oh minimal plates..

o Amthough strain LS853 (gya) transformed with eithex;- plasmid
PCOD or PIET was slightly more sémsitive to tetracycline
when grown on enriched‘rn;héz »than"minlmnl medium, the v
effect of cAMP on tetracycline resistance of this strain' was
the same regardless of growth medium. Cyclic AMP dec:eased‘

the tetracycline resistance of LS853 im) transformed with

\




i . 5 .
PCOD. but had no effect on the tetracycline ':ésistance of |

" this strain carrying plasmid pTET (Figure 22 -and Table 10).

Moreover, cA!'LP had- no effect on tetracycline resistance.of .
strain Lstasa 1 (cya, m) transformed with either plasmid

pCcoD or PTET. These zesults indicate that CRP.is required

‘fox CAMP to exen: negative transcrlptxonal control at the g

speC promoter. i €

6.223 Effect of other putative transcriptxonal regulatory

4 molecules on tetzacycline resiscance of gpeC:tet

_bearing strains

'l‘he addition oi ornithine or a:gininejat concentrations
of 10 M to 10 M to the growth medium had no effect on the
tetzacycline resistance of strain HB101 transformed with
either plasmid BCOD' ox pTE’l‘ Addition of pl;txescine to the
gxowth medium at a concentrition of 10 H reduced the

i tet:acycune resistance of stxain HB101 transformed withv

pCOD. 'Exogenous putrescine reduced the amount of

tetracycline necessary to cause a visible zone of growth
inhibition around the disc from 40 to 20 ng. The

tetracycline resistance of m3101 transformed with- plaamid

PTET was not affected when grown in-the presence of .
pufrescine (Table 11). Spermidine had no effect-on- the
tetracycline resistance of HB10l transformed thh either
plasmid pCOD or pTE'l‘ at a concentntion of 10 M. At
concentrations g:eatez than 10 4!1, spe:midine_,_ 'caused a
precipitate to form in the medium, such that no growth.

' occurred on these plates.




. . Agmatine was also tested for its ability to regulate

: SpeC transcription. At'a concentration of 10 M a¥matine
-decreafied the tetracycline resistance of strain HB101
carrying plasmid pCOD, but not strafn HB10} carrying pTET
(Data not shown). It was possible that agmatine did not

8 have a direct effect on gpeC transcription but rather that

. the product of its hydrolysis by agmatine ureohydrolase

(putrescine) was effecting repression of gpeC transcription.

Therefore, an'E. coli strain carrying™a nutation in the speB
% gene (HA'I}S). ttansf:zrméd ‘with either plasmid pCOD or pTET
was grown in the presence of agmen‘tin;‘ This strain is e
od i.ncap‘able of converting aqmatl‘ne to putrescine due to a
“eticiency in agnatine ureohydrolase. 'The tetracycline Y
. "resistance of strain MAI35 transformed with plasnid pCOD was
.. teduced when® g:own in the presence of 10 M agmatine. The
. i ;tet:acycline resistance of MA135 transformed with' pTET was .
' ( not changed b)( addition of agmatine to the growth Yredium T
O sy (Table ) These:&esults indicate that agmatine, in
g “ . g ‘addition to putrescine, represses transcription from the - '

[ K . BpeC promoter.

6.3 Discussion’

e w8 ' The activation of the tet gene on plasmid pGA39 by the
5 1.1 kb Pt 1-Hind IIL fragment of plagmid poDC-1' confirms .

the location of, and the direction of transcription from,

. the gpeC promoter deduced from cell-free transcription-

X 'ttansllntion e;pe:lmentl described in section 5.2.4.
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Table 11. Effect of amines on tetracycline resistance of

. strains HB10l and MA135 (speB) transformed with
plasmid pGA39, pCOD, or PTET.

Resistance to tetracycline® i

Strain Plasmid Control  1072M Putrescine '
HBLOL . none 1 1 "
o - HB101 PGA39 1 : 1
. * HBLOL ©opcop - 40 T 20
3 HBLOL * _PTET R . R
P . A . -
. Resistance to tetracycline. :
. . Strain Plasmid Control  1072M Agmatine
: . MA135 none : 1 1
MAL35 pe39 . . B . 1 A
" ma13s pCOD 50 30
MAL35 PTET : R + R

PGA39 were streaked over the ‘surface of agar plates. Filter

Y -disc containing 1-75 ug of tetracycline were placed on the
surface of the agar plate. The zoneé of growth inhibition
were determined after 18h of incubation at 37°C. v

Cultures of E. coli strains Qransfomed with pcOD, pTET, and

a -+ The maximum amount of tetracycline (ug) on disc that
did not ‘produce a visible zone of growth inhibition.
‘R - resistant to greater than 75 pg of tetracycline
on the disc.
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It is unlikely that changes in' the tetracycline
resistunce of m strains (HB10l and LS853) are die to cAMP
influencing plasmid copy number. Unfortunately, it was not
possible to determine plasmid'copy number under the
experimental conditions used here. However, Since the
-plasmids pCOD and PTET are closely related in size and
origiri, the ‘sopy number of these t!lo plasmids would be
similarly affected (West et al., 1'979) .#Therefore, the
influence of CAMP on plasmid copy. number, if any, would be
seen in similar changes in tetracycline res;stance of gxp
strains transformed. with either pCOD and PTET, The
. . diff_eren_tial effect by cAMP on the tetracycline resistance
v of these strains transformed with either pCdD or pIET would
argue against changes in plasmid copy.number being
responsible for the observed effect of cAMP on tetracycline
resistancepof LS853 and HBLO0l transformed with pCOD. Also,
it is known that cAMP does not influence uptake of
tetracycline in E. m;u. (Bntstozd, 1981). The finding that
the tetracycline :eslstance of _cu strains harbouring
plasmid PTET was not changed by growth in the presence of
OAHP corroboratés the conclusions of Botsford (1981).
Thecrefore, these data taken together suggest that repression
" of the tetracycline resistante of r.m+ strains bearing pCOD
"is the result of inhibition of transcription from the apgs: .
N promoter. Moreover, the lack of repression by cAMP of the
tetracycline resistnce of the CRP defective strain (LEB54.1)
transformed with pCOD indicates that CRP.probably 'interacts ’

T
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dlzectly at the mpeC’promoter. T is ot gouaibLe to
‘detexmine from the data presented here whether CRP binds to
the RNA polymerase recoénition site (as has been shown for
the omph and galP2 promoters) or CRP binds to a leader
sequence of the speC gene (as has been shown for the
autogenous regulation of the ¢rp gene) . DNase footp{inting
studi’es of CRP protected gpeC promoter should clarify this
point. ) ) i
The repression of the tetracycline resistance. of
strains harbouring plasmid pcoD by putrescine is in
agreement with the repression b;' putrescine of por;c—l
directed -synthesis of ornithine de/carl_aoxyluse in vitro.
This result indicates that repression of ornithine'
éeca:boxylase -synthesis (see ﬁreceeding chapter) and
activity (Tabor and Tabor, 1969; Morris et al., 1970) is - :
mediated in part at the 1eve‘1 of t;qﬁbcfiption. Since . _
putrescine had no effect on the te‘ttacycune resistance of
' strains transformed with pTET, repres.sion of transcription
by putrescine occurs as a function of the gpeC promoter. -
Surprisingly, agmatine représsed the tetracycline
.resistance of strains bearing p_lasmid pCoD. . It is tempting
to speculaté that agmatine may be 1nvfzived in the 'switching:
from the putrescine biosynchegscl'pathnay I (ornithine<
putrescine) to pathway II (azg;x;ine-uqmatsﬁe—putrescxne) in
cells grown in the presence of A':ginil?e (Morris et al., -
19707, i.e. increased agnatine due,to decarboxylation of

urgi.n}ne causes cross-pathway feed-back xe‘preuion.




However, earlier studies indicate that neitfer argipine nor
agmatine influence the specific activity of ornithine
decarboxylase in E. coll. . At present the physiological fole

of agmatine in ornithiné decarboxylase expression in E. goli
remains obscure. ? u e

R %




| # ! " chapter 7
QUICK BLOT ANALYSIS OF &
MESSENGER REA IN E. COLI . .
Al

g % 7.1 Introduction

Our understanding of gene.structure has Been greatly
enhariced’ by DNA blot techniques. In contrast, our

\mﬂeutanding of gene expression has been hindered by the

lack of corr ponding RNA.blot e Recently,
_Bres-e: et al. (1983a,b) and Gillespie and Bresser (1983)
) : have shown that eucaryotic mRNA in the presence of Nal and
’ o ‘dztezgenta’ can be selectively bound to nitrocelluloge from
N l whole cells. DNA can also be ulectﬁely bound to
nitrocellulose by blotting the samples at elevated
s temperature and in the absence of detergent. The advantage
of this l;\lick blot method over previous methods is its
3 : selecilvity, rapidity, and the fact .that it can be els‘ily
g quantitated. The mechanism of nRNA-nitrocellulose binding
v in the presence -of Nal is not known. However, binding of
i * mRNA to nltzocellu].on is not dapendent upon a 5' cap, 3' L
poly (A) tail, nor does it appear that ucondn:y ucructnre or
_ G+C content are inyvolved in selective binding of mRNA over
IRNA and tRNA (Bresser et al., 1983a,b). Although little




experiments to a minimum.

m
& - )
protein is co-immobilized by this technique, incubation of
,the RNA-filter in H O, 70% ethanol and then acetic ¥’
‘anhydxide. reduces background in molecular hyblidiza‘tion -

'rm-‘s' far, ‘a dozen eucaryntic WRNAS have been shown to

. -bind to nitrocellulose using the quick blot»tgﬁhniq\le. At,

present, there are no reports that p{bqaryt:tic mRNA can be
selectively immobilized on nitrocell’ulose from whole cells.
In this chapter, I describe experiments in which ornithine
decarboxylase and‘ p-ga)actosidas'e mRNAS are selectivelvy
-imnmobilized on nitrocellulose from yhole cells of E. coli.
Furthermore, ornithine decarboxylase mRNA levels are.
repreéssed by cAMP-CRP, thereby confirming the negative
trdnsdgiptional regulation .of the gpeC gene of E. coli by
cAMP. . . Pge ’

7.2 Results ¢ ¥

7.2.1 Selective immobilization of mRNA fron whole cells of
E. coli on nitrdcellulose.

o

The ‘selective immobilization of mRNA and DNA £ron whole
cells of E. coli strain L5853 (cya) on ni‘trocelluloae is
shown im Figm;e 23, Identical extracts of LS853 were

i treated’with either ribonuclease A or deoxyribonuclease I ~
for *30 min prior to immobilization of nucleic acids on
nlttccellullcse. The amount of raﬂiom’itivzly—lubelled poODC-1
t‘hat hybridized to nugclease treated samples was greatly

reduced relative to untreated samples (Figure 23). This

\
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indicates. that there was very little non-specific binding of
the pODC-1 probe to any co-immobilized protein. Similarly;
there vas no hybridization to samples -of purified E. ‘co1i
total RNA or chromosomal DNA treated under conditions.that
selectively immobilize DNA and RNA, respectively. Nor did
immobilized mRNA and DNA £rom whole cells of Bacillia
subtilis hybridize to the radioactively labelled pODC-1
probe. ' B. Subtilus DNA has no homology to the £beC as
deternined by dot-blot analysis of purified chromosomal DNA
(data not shown). Th_eae results taken toqéther indicate
that ornithine decarboxylase mRNA and IIJNA from yhole cells,
of E. coli ch be selectively immobilized on nitrocellulose
by the quick blot method. p

7.2.2 Estimation of the levels of ornithine decarboxylase
and B-galactosidase mRNA in gya and crp strains of E.
coli

.Hessenger RNA and DNA from whole cells of E. gcoli
strain LS853 grown in the presence and absence of 0.5 mM
IPTG and 2 mM CAMP we;:e selectively immobilized on
nitrocellulose and hybridized to either pODC—.l (apeg) or
PUCS (lacz) DNA (Pigure 24) . Relative levels of
P-galactosidase mRNA in.induced and uninduced cells were
estimated by the densitometric scanning of aucoudioq:ams.'
The hybridization signal to mRNA immobilized Exom‘ a given
number of cells divided by the hybridization siqnul to DNA

inmobflized from the same number of cells yielded a relative

.




Fxguze 23y Selective immobilization of MRNA and DNA f£ron
‘ whole'celfs of E. coli on mitrocellulose. Samples.were

prepared for quick=blotting as described in Section 2.13.

One hal £ serial dilutions were made of samples a=-f and

+i-1,'and one £ifth serial .dilutions were made of samples
g and h, prior to immébilization on nitrocellulose.

(a) mRNA from whole cells of E. cold, (b): mRNA from whole
cells of E coh treated with RNase for 30 min. prior to
immobilization, (c) purified E. coli total RNA (3.0-ug at

lowest duution), (d) purified E. coli total RNA treated
under conditions for selective Immobilization of DNA, (e)
punned E. coli RNA treated with RNase for 30 min. prior

to imobilization, (f) mRNA from whole ¢ells of Bacillus

subtilis. (g) DN¥A £rom whole cells of E. coli, (h) DNA

fFom whole cells of E. coli treated with DNase for/30 °*
min. prior to imobilization. (i) purified E. coli . .
chromosomal DNA (1.5 yg at lowest dilution), (3) purdfied

E. coli chromosomal DNA treated under conditions for

selective immobilization of mRNA, (k) purified
DNA treated with DNase for 30 min. prior to immob: lxzation,

(1y DNA from whole cells of Bacillus subtilis. The
nitrocellulose filter was hybridized to pODC-1.
i
. i (Y} :
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mRNA level for a given gene (Gillespie and Bresser, 1983).

& No B-galactosidase mRNA was detected in LS853 (gya) grown in
the absenqs.‘of IPTG and cAMP (Table 12). The level of
B—galactosi’dase mRNA in LS853 was induced by‘g‘léwth in the \
presence of IPTG. 4 .

The steady-state level of P-galactosidase in strain A\
1LS853 was further increased by growth in the presence of
k_:oth IPTG and cAMP. This 2.3-fold increase in ¥
P-galactosidase TRNA levels is in agreement with the results
of , others. (Contesse gt al., 1970). The increase in
B-galactosidase mRNA causeéd by growth in the presence ofcAMP

and IPTG was reﬁeqted in a similar 1.5-fold increase in the

~\ specific activity of P-galactosidase (ﬂuta' not shown).
‘,'I'hexe was no increase in B—galactosidase mRNA levels in the
Srp deletion strain LS854.1 grown in the presence of both
CAMP andIPIG (Table 12). These results indicate that - '
}l-galac_tosidnse MRNA fro‘m whole cells of E. coli can be
selectively bound to nitrocellulose in the presence of NaI’

and (detergents. Furthermore, the induction of the lac e

/

operon by cAMP demonstrates that cAMP-CRP facilitates norfial
. positive regulation in this strain. 4 *
The levels of ornithine decarboxylase'mRNA were found

;.o be reduced by 84% yhen strain LS853 was grown in the

presence of;z mH c}\HP (Table 13). The ornithine

decarboxylase mRNA levels in strain LS854.1 (crp) were not, .. W
. however, ‘repressed by cAMP. Therefore, a funcl;lonal CRP is

x:equ‘ued for neqn\‘.lv; transcriptional control of the gpeC

& gene
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' Figure 24. Autoradiogram showing ornithine decarboxylase

and B-galactosidase mRNA leyels in E. coli LS853,

Cultures of LS853 (TL)wexa grown for 5-6 generations

in MOPS-glucose nednlm, in the présence or absence of

0.5 mM IPTG and 2 mM CAMP. mm (R) and D§A (D) were
ick-bl ing i in section 2.13.

gy &
_The nitrocellulose filters wete hybxidized to radioactive -

pODc-l (speC) or puC8 (1aczl .




177

-

R | control
..... D ontro
e ® R
IPTG L
ee0e®e® D Apec
R IP+TG
00 ®8 D AMP_
R -
Control
ce00®DD ontro
« R
G -
eeee® D IPTG FflacZ
- » R IP;_I'G
®© e 099 D cAMP |




178
.

Table 12. Stéady-state levels of ‘#halactosidase mR¥A
in cya.and.crp strains as a function of cAMP

nRNA level

Growth conditions : 15853 1s854.1
Control ’ g, ND. Npo
P76 100 100
IPTG + cAMP i 229. 96

% ¥,

. b

E. coli strains, 1$853 (cya) and L$854.1 (crp) were grown
in MOPS. - ‘glucose medium in the presence of absence of T
0.5 mM IPTG and 2 nM cCAMP for 5-6 generations. The

mANA levels were estimated by the quitk blot method
described in section 2.13. Values are expressed as a
percentage of IPTG - induced levels, ND=not detec:abm

o

I/
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Table 13. Effect of CAMF.6n the steady state-level of. .
. ornithine “decarboxylasé mRNA in E. coli /
P S ‘ReLa’ti{re mRNA level
*Growth , Expériment: -
T Cos f 1
straid. Conditions ' .- 1 2 3 av.,
7 T . A . e o . ‘
Ls853 (Control S ,1007 100 100 100
; P76 . 132 93 70 98(+25)
f IPTG *+ ‘CAMP = i1 240 22 16 (+6) {
.'18854.1 . -Control 100. 100 - 100 Pl oy
o : e EEE T SR TR TR o
‘IPTG + CAMP. - ‘92 - 93
. £ PR e Ty . .
. . coli strains L8853 (cya) and LS854.1 (cr ) s qrown .
for 5-6 generatxons in MOPS - glucose medium in e . B N
presence or absence of 0.5 mM IPTG and .2mM CAMP. e
mRNA levelS weré ‘estimated by the qulck blot method .

described -ip section 2.13. Values in parentheses are’
standard deviations. All values are relative to the control. .
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s ‘7 . Ornithine decarboxylase TRNA, B—galactos;dase mRNA and
total DN}; £rom whole ‘¢ells of- E, mli werg selectively . ’
inmobilized on nitrocellulose. This is the,first report -

" *" that mRNA £rom whole ceqla of E.coli can be immobilized on 5
- nitrocellulose in’ the presence of Nal. ’ R

\ -~ 'The repression of steady-state levels of o:nithxne

decarboxylase mRNA by cAMP in 18853 gya) confirms that -° 3.,
hegative ‘Control by CAME is exerted at the level of gpeC ~ . - -
transcrii?tion. The lack pof’ Bei)réssion of’oznithine
decarboxylase mRNA levels in a crp deletion strain, LSSSA 1,
indicates’ that negatwe transcnptmnal control by . cAMP .
requires a functlonal CRP.. Induction oE p galactosidase ‘

MRNA by cAHP in stram LsSB53 (cya) demonstrates mat p . ~

]

cAHP.—CRP.sxmultaneougg.y lg;erts negative and posiﬁive

transcriptionsl control in E. gald. - L
Steady-state. levels of ornithiné' decarboxyias‘e ‘mRNA in®

cells grown in the presence Of CAMP were’ appipxmacely 208 . »

of those grown-in the absenc_g of cAHP. The steady—state/ )

activity of oznith:‘l’ng decarboxylase in cella(g:uwn in_the

presence of cAMP was-40-50% of those grown' in the absence of

CAHP. It might be predicted that if m.RNA levels. are : .

diminished by 808 then there should be a coxrespondxng 80% - .
decrease in enzyme activity. 'l‘hese results. suggest,

therefote, that_the dlfference in the. extent of repzessmn,

of enzyme activity and mmm level caused by cAMP may be due . x

ta other Eact}o:s. perhaps mfluencxng translation of gpeC

mMRNA ox enzyme actxvity. B o .
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2 RELATEDNESS OF THE SPEC GENE IN

8.1 Introduction . - . v e

" As ornithine decarboxylase &ctivity is'so. uBiq’uiﬁous in

- living orgamsms (xev:ewed in Tabor and Tabor , 1975) n: was

of mterest to ledrn if any homnlogy exlste between the - s.p_ec

. gene of E- coli and DNA sequences ‘in the. chromosomes “of

“other Gram negative and Gram positive bacteria. I homology

does exist between ‘the 5peC gene of E..coli and-DNA

sequences in the ch[omosomes of othez genexa, the 4intention
was to use me E. ml). Bngg gene as a prohe to 1solate th’e l‘
gene fxom othez bamterxal‘. genera. Dnce cloned copies of the
speC gene are available ﬂom several genera, a comparative
study of the role of cAMP in gp_e_c txanscnptwn could be
undertaken. ' The expectation that - homology night exist was

based on the assumptlon that extant bacterial genomes are

" derived from a common ancestor; i.e. the present day genomes B

of bactérial genera have dlverged from an -ancestral genome

by base substltutmn and genome rearrangement (Rxley' and

'Amlxonis. .1978).. _Once”a function has ‘been acquued by ‘an

organismf and the physmloglcal requirements conhnue tb
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'

exist, there. is stxong sslect;vw P(essute to consezve the
DNA sequence of that gene (Rxley and Anilionis, 1978). In

addxtlon, homology beti of icall,

unzelated organisms may be:the result of chromosomal ‘
transfer between such otgans:.ms after they dxverged from, a
common ancestor [(Filer and Fuzanc, 1980). ' ! ‘

8.2 “Results .- o T A g o SRRy

251 c;-.arac:euzmon of the hybndizanon probe K

‘. ‘AI:t was necessary to characterize. the pODC—I ®

hybridization probe because the 3.2 kb ingert in the Pat'l
“site of pBRIZ2 originated £rom the ColEL plasnid; pLc20-5,
of u‘e_bla:‘ke-c“bon bank (Clarke and Garbon, 1976) and may

"\ have “contained sequences from COlEl. Hybridization of”

s . . .
pODG-1 to Rst 1 fragments of,.E. €oli-chromosomal DNA showed
that the 3.2 kb fragmént ofy pODC-1 co-migrated with a Pst 1

fragnent’ of £. coli chronosonal DNA (Pigure 258). s, ’
lndxcates that the'entire 3.2 Kb fxagment of ponc 1 is %
derived from E. coli “chromosomal DNA. Anothex wild type g
coli K12 reference strain gave an identical result data

not shown). s !

It is important to note that the mJ.mmum amount of DNA

" required to code for an 80,000 dalton proteln, the molecular

weight of ornithine decarboxylase, is 2 0-2.2 Kb: % %
'I'Ké:efate, appmxma:qu 35% of the DNA of the 3.2 Kb
fragment flanks the speC gene and may contain goding regions
for -other proteins. w‘ﬁen radiuactwe polypeptxdes
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Figure 25. Hybridization of (32p) - lahelléd poDC-1 .
to. restriction fxaqments of DNA from various sources.

After electrophoresis inls (wt./vol) agarose the & o om
restriction fragments were transferred to nitrocellulose :

and hybridized to pODC-1 DNA. Numbers at’left of figure -

refer to the size of molecular weight standards in kilobase J f
pairs. Samples: (A) 0.025 ug of poDC-1, 0.025 pg of L T e
PBR322, and 2.5 yg of E. coli C600 DNA digested with 10 U

of Pst 1. (B) 2.5 pg.of E. coli C600, E. coli UW44 or o ;
E. Coli DM22 (A spe€) DNA Jigested with 24 U of Pst 1 or « g
‘EcoR1 endonuclease.  (C). 2.5 to 3.0 kg of Citrobacter &
freundii, Salmonella typhimurium, Enterobacter ﬁrogenes/
.or Klebsiella pneumoniae DNA digested with '3o‘u of Pst 1
(p) or EcoRi (E) endonuclease.| A
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. . Biodegradative and biosynthetic', '  *
ornithine decarboxylase activity and’
homology to-speC afong -,
2 5 various bacterial genera

Escherichia coli 600 *-

Escherichia coli UW22+ -
Escherichia coli k-12
salmonella typhimurium '
Citrobacter frebindii
_Entergbacter aerogenes™

Klebsiella pnetnoniae
Edwarsiella tarda.

Morganella.morgannii . ="
Proteus mirabilis -

Yersinia

Erwinia carotovora -
Pseudmonas putida 3 -

Cuccochlorls gemocxstx = oa
Halobacteritm halobitm -
'Halobactern\m volcanii. - LA

Homology: ~
to speC.

Ofganism | °
s

oli' DM22

EERAEE

marcescens 3

enterogolitica Ll

Clostridium perfnngens = T NLT. . N.T.

Micrococcus ] xsodelketicus = N.T. N.T.

a

Speci fic Activity: ymoles 0, Ielea‘se@/hr/mg protein.

'ODC-b:I.osynthetlc Orm.thlne decarboxylase." Cells were

grown, in Luria broth! Preparation of extracts and

. assay conditions ‘were as described in Section 2.3.




were grown in medjum known to induce ODI in E. coli S
according fo - Applaba\m et al (1975). Preparation of -

extracts and assay conditions were the same as for bio-
synthetic ognithine deca:boxylase except that the
breakaqe buffer and aséay system was at pi 7.0.

“0DT. adative ornithife dece lase. Cells Bk el

N.T.;.= " not tested.’ SF s e o R




sym%hesized ‘in mincells containing poDC-1 are unalyz\ed, by -

sod{uﬁ\ dodecylsulphnté—pol’yac:yiamide‘ gel electrophor'es'is,

& hmievet, only one protein lof 80, 000 daltons is observéd 1n

additien to those coded by pBRJZZ (see section 4.2.1).

2 Hybridization of. pODC—l to the gene for hlodegradatxve

" ornithine decarboxylase S . 2

Bybndxzabxon of the pODC -1. probe to ahromosomal DNA of

5.‘,:0‘11 strain pwu, a‘strain of E. coli that.ppssesses both

the. biosy) ic'and biodegrad “ve ornithine decnrboxylases

Table 14 and Applebaum et nl., 1975), révealed-a. different
te:n of radioactwe bands than those detected in E- coli
strain 600 (Figure 25B). o' fragments of 5.5 and 3.9 Kb

vire in pat 1 se digests of E. coli UWA4
DNA, conpared to ond fragment of 3.2 Kb in E. coli C600-DNA.

Pour fragments:of 9.8, 7.4, 6.4, and 5.8 Kb were generated

t ED_EC whereas three' fragmenr_s og > 10, 0, "6.4, and 5.8 Kb

T re - detected in m Rl digests of C600 DBIA. It is ‘possible

. that the high mclecula: weight'bands in.the Eco R digests

o C600 and UW44 mm may represent undigested DNA.

The biodegradative and b1osynth5tic ornithine . ]

- d ca:boxylas.eé are remarkably similar in their subunit

‘1o, Lecula: weight, co-factor :equiiemeﬁts and_ kinétic
- properties, but differ siqnlficantly in their pﬂ optma and ,
responses to activation by nucleotides (Applebaum g_: al. .

1977)%: Although the genetic locus for piodegzadative"

by i{g_q RL endonucxeaée-axgesnm{ of .UW44 DNA that hybridizéﬂ .
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ozmthine decarboxylase haa nnt been’ mapped, it is assumedA
that ‘it “is at a ﬂxffezent pdsiuon from speC (Applebaum .e!'.

,11.“, 1977). Pnrthemore, it has been suggested that the

5 blodegradatlve oznlthinew decarboxylase gene arose by gene

|
duplmatmn and ‘subsequent’ divergence from the speC sequence

(Applebaum et al., 1977)- Therefore, the additional
radmactlve bands detected in. strain UW44 xelatxve to'E.
.goli l(—12 attaipa whicN weze found to lack bxodegradatxve
ornithine decarhoxylﬂse achvity (Table 1, may represent
portions of the biodegfadative ornithine decarboxylase gene
which are péztially }iopoiogous to gpeC. This possibil’ii:;r is

| fuzther supported by the hybnauanon pattern Been when
pODC -1 was hybndl.zed to 2_3_: 1 and Eco Rl restriction®
fragments of a speC ae;e:inn strain of E. coli, D22 (Figure
25B). The sizes of ‘the restriction fragments that hybridize.
to the speC probe in DH22 chromosomal DNA ate the. same. as
the additional fragments seen in’ the hybridization pattern
of E. mi‘cwu. Hybridization of [ P]—laﬁ;znéd pBR322 to
the. chromosomal DNAs of E.- mn stra:ms detected no,
homologous sequences, 1nd1catxng that the rddioactive* bands

, detected with the pODC-1 probe w‘e:evhomologous to the speC .,
gene.” No biodegradative ornithine decarboxylase activity-
‘,was detected in strain D22, however (Table i4). If the
additional radioactive bands Iin strains UW44 and the'sngi
‘deletion mutant répresents sequences of the gene for
biodegradative oltnithine decarboxylase, these ‘resulta' .
sugq‘est there are three classes of E.. coli with respect- to :

4 N . o




¢

f.he genes ‘for t.he h( ¢ and bi ve omn:hine
decaxboxylnes One class tha’t pouussel an‘ active gpeC gene

(e.g. sttasn C600); a neecﬁd claa- that _possesses an active

BpeC gene nnd an inactive gene codi.ng for biodegradative

ornithine degarbaxylase (e. g- strain BII22 prior to the . 3 -
induced’ deletion of the speC qene)y and a third ch}s that | f
poesesaes ucnve genes.for both biosynr.hetic and -
biodeg:adative omlthline dcazboxylasea (e (q._st:a}n UHA})_.

8.2.3 I_ntekéeneric homology of mﬂzamong the .

Of the bactéria listed in Table 14, Pigure 25C shows
only the four bacterial genomes that contain DNA sequences:
homoldgous to the speC region of ; cOli genome. The sizes
of the Pst 1 and Eco Rl :u:riction fragments t.hat contained

honologaus uquencea nned among the chmmoaml DNAs,

indidating that m 1 and m R1 ncognuion ﬂies for r_he

Yg eases ied diffeut poaxtiong,thhln "
. Sidieta1as the: 5eC. gene.  Hhen PBR322 vas used as a )
hybzidlzatlon pmba, no hcmologous sequences Were detected
!n the bacterial DNAs listed in. Table 14. 'l’herefo:c, the i
:adioactive bands shown in Figure 25C corrgapond to )
sequences homologous to the gpeC ,Fegion of the E. goli ° et V8
chronosome. * 8 3 §
25 can be seen_from Table'l4, the absence of h;mologonu
DNA sequence’s‘ in a bacterial genome does not indicate .that
the organism lacks o‘rntthin! decarboxylase activity. )
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In add;tion to. bxosynthetic' ornithine decarbexylase
activity many of ‘the Enterobacteriaceae possessed

biodegradat ive ornithine decarbuxylase‘

strain UW44 (Applebaum, 1975), the biodegradatxve oxnidune
decarboxylase’ actlvlty was ten fold higher than the
biosynthetic ornithine decarboxylase ac;ivity. In several
other Enterobacteriaceae (i.e. falmonella: Entlerobatter, and
Bmeua) the hlodegradat;ve onutlune decarbox%lase activxty
was; one ‘thousand. f:\ve hundred-fold: _greater than the-

cor:espon(_ling bi hetic ornithine

Ih addition to screening bacterial ‘DNA for homologous
sequences to gpaCy. radioactively-labelled pODC-1 DNA was
hybridized to replicas of agarose gel electropherograms of
xestrictlon endonuclease digests of total DNA from
samhammmes cerivigiae, Ac.hlxa amma.axnma Chloroplast
bNA £rom Zea mays. Trypancsoma ganbieise, mouse liver, calf
livér aid Hela cells. thes amount of ‘chr onosomal DNA that

was subjected to gel elactruphe:”esis vas increaseéd to Xq ng

due‘tr the increased complexity of the eucaryotic genome

relative to. the procaryotic genome. Also, the ‘nucleic acid

carrier in these hybridization .reactions was E. coli tRNA

instead of herring sperm DNAZ This was done to preclude the

possibility: of herring sperm DNA sequences blocking
potential hybridization sites for speC. Nome of these

eucaryotic DNAs contained homologous seqdences to pODC-1 as

ivity. In E. coli -

lase acth'ity. "

-~

determined under the conditions used here (data'mot shown) . :




B/./B Discussion’ % . ¢ 4_

/ : ‘The finding that only a llm‘ted number of
ﬁlnﬁmhizt:nanm (i.ew Sm'.mhar_tu -£reundii, Salmonella
/r.y.nhmumm Klebsiella nnenmmuaz. and Enterobacter
/aﬁmgngs) contain homologons _sequence’s to the speC regxml

" of the E. goli chromosome is in contrast to work done vuth

other Enterobacteriaceae genes, using a similax experimental ~

The tuf gene, which encodes the eiongation factor:~

approach.

| ' 2a. has agverged.little, if at'all, in different strains of

/

a. <ol and s. mnimuunm‘ desbite the. significant sequence
divergence between tntal genomes of theae bactena (Pu:ano,
1978). Mozeovex, _portions of tuf have heen’ detected in, the

chromusomes of a diverse group of procaryctes (Fllez and

Furano, 1980) as-well as the’ chloxoplast DIVA b ¥ i,

Chlanydomonas xeinhardtii (Watson and Surzycki, 19m2) 4
Portions’ of the lac, tna, tIp and thy genes have beén

~conserved in the genones of many of the Enterobacteriacese

(Riley and Aninonis', 1980). The DHA sequence of ‘the. nif.’
genes. is alEO hxghly conse:ved in. many nitrogen—-ﬂxing
bacte:ia (Mazux: et al., 1980: Ruvkun and Ansubel , ‘1980).
‘Althcugh the genet;c code is degenezate, that ls, the
DNA sequence need not be conserveq to conserve pxutein y
sequence (see Bfstratiadis gt al., 1980; Jukes, 1960;
Rimura, 1977; Kitamura et ‘ale, 1952; Nicbls £E al., 1980;
for * rep:esentative studies),” the zepﬁ?’bt‘s of DNA seq:lence
conservation in varxoua bacteria 1ndicate that “thére is

either strong’ selective presau:e on paxtisula:-nm
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sequences, or there has been intergeneric chromosomal

o . ‘ ~ . ”
transfer since divergemce from-a common ancestor. Filer and
. Furano (1980) concluded that the extensive intergeneric

homology of tuf sequences is not the result of -chromosomal

transfer, but :ather. the resﬁlt of strong selective pressure
on .tui DNA Bequences. . '

The linited intergeneric homology of speC:sequences
among the W suggests that selective

pressure on the DNA sequence of this gene has been less

stringent 2“ f}x othet enterobactena; genes studied.

Thus, the gene may be consldered -a upidly evolving
gene. This hypothesis is supported by the cfrcunstantial
evidence that. only about one out ot ten E: coli strains
producé biodég.xadative u‘nithi‘ne decarboxylase, whereas all
E. coli strains’ pxoduce b1osynthetic ornithine decarboxylase

{
(Applebaun et al., 1977). . The b1osynthet1c and .\

Vbxodetjtadatlve ormthlne:decatbﬂxyldses are canslde:ed to

have ‘only xecently. diverged in selected strains cf E. coli
(Applebaum et al., 1977) and suggests a tendency for

degeneration of the speC DNA sequence. Alternatively,

ornithline decarboxylase activity may be a recently acquired

metabolic function in bacteria, and may have arisen
independently in-several genera, with‘ each beingNggpable of
the'same ‘metabonc"function. However, the ubiquity of
ormthine decarboxylase activ!.ty in procaryotes “Ed
eucaryotes suggests a very ancient metabolic origin.

1815 ‘strlking that some genefa that are considered to




be closely r?lateé ‘to the génlu Bi:hgmhn based on_
“morphological, biochenxcal, and ant!gehic chancteustiu
(Cowan; 1974), do’not contain homologous sequences to the E.’
coli ipeC gene (e.g. Edwirdsiclla); vhereas, more distantly
related genera (e.g Bn:mmr.u and Klebsiella) ES contain
homologous sequencu to r_hxs region of the E: coli. Tt is
not possible, at present, to specilate on the mechanism(s) |

which has conserved these équences in génera 1'255 )

tawonomically related and not in genera .’mét_e.‘,élnsely

related. o ke RIS
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. concmnme REMARKS '

" The results of the experiments deseribed in the

. preceeding chapters may be summarized as fonwsx 3 el g

‘1) cyetic amp repressed the specific actlvites of

blosynthetxc ornithine decaxhoxylase, bxosynthemc argxnlne
decarbcxylase, agmatine ureohydrolase; and glucose-6-
- phosphate aehydrogenase in wud type' and gya strains of £.
\g_nli. No repression of these enzyme act1v1t1es s Observed .
:m a straxn canymg a lesmn in the gzg stxuctura& gene, N
Jndmamng that a functxonal CRP is xequued for repression.
Nucleotidés uch as GTP and ppGpp and protein mhibxtqr_s o
reported to modulate the putrescine biosynthetic enzymes of
-Ee n_bl'i were .shown hot to be involved_in negative regulation
of these enzymes by cAMP. Cyclic AHP exerted normal L otk
positwe regulanon of p-galactosidase, whue simultanenusly T _" .
effectmg negative requlatwn of ornithine decaboxylase and' B s
arginine decarboxylase. _‘These resilts indicate that the '
negative control of denithine decarboxylase and arginine |
. . decarboxylase by cAMP and CRP. is exerted at the 1‘e\;'gi of o0 A
4 transcription. .- L IR
. J N 2) synthesis of omiﬁhine decazboxylase directed by

g b ©:PODCA1 in minicells and in a,cell-free protem synthes‘ zing




system was repressed by cAMP. ‘Rep:essian‘req’,u;red a’
8= functional CRP in yitfo. Thése results mdicace that : v
:epress;on of ornlthxne decarboxylase was direct rather than‘
meédiated by a cAMP—mducea rep:essor protein cf sp.ej:
transcription. . o L
NG B 3) The cetrac’ycline resistance of wiid—type and‘m . -
strams of E. ,eoli harbouxing the tet gene under the cantrul '

of “the gpeC promoter region was repressed by cAMP. Cyclic

M g iy AMP had no efféct on_ the tetracycli. resistance of crp
: - strains cax:yinq the gpgs tet gene gsion, no‘x wild—éype
5trains bearing a normal tet gene. This .jhdieates _that,
Rege ’"cAMP-CRP interact at the speC promoter region to faciiftate
, negative control of the speC gene, at #
«.-4) Steady-state 1ex¢ele af ornithine decarboxylase mRNA
in a m strain, but not in a _cm sttain, were repressed by
. L ‘ exogenous CAMP, 3‘h15 re_sult confxrms that pegatxve control
; of the apeC by,éngp"an{rcnmié exerted at the level of i “
transéription. ‘b ‘, o ¥ : : ’
Until recently, it was believed lthat CAMP-CRP acts P
-eolely as an activator ‘of cataholite-sensitive o;en;il The . : 4y
£inding that CAMP-CRP exerts neqamve transcriptional 7. . )
control of the speC gene as well as negatwe ttansc:&ptional

control of ,qgm (Musso et al., 1977), spot 42 RNA Sahagan o % =¥

and Dahlberg, 1979) »possibly ompA (Movva et al., .1981), and
L
aucogenous :egulatinn of the crp gene (Aiba, 19_83) _extends
" the role of ‘CAMP-CRP complex in procaiyotic geme regulation.

The specific activities of two other putrescine

" . ‘ B



oo . 196
i

biosynthetic enzymes, arginine decarboxylase and agnatine '

ureohydrolase, were found to be repressed by cAMP and CRP.

It is c‘onc‘eivable that negative control of these enzymes by °

CAMP and CRP is also exerted at: the level.of transcription.

It therefore agpeais probable that cAMP copordinately

p .
controls the biosynthesis of putrescine, and hence

spermidine in E. goli. - o o N

It is of pa;-,ticluag interest ‘that the level of this
nucleotide reguia‘tee t}_;e §xoductioh of polyamines) molecules
that are thought to be intimately involved in the cont¥ol of
macromolecular syntl;ésis. The level of cAMP varies
inversely with the ‘growth rate of E. coli cells..’ Cells

cultured on glycerol exhibit high intracellular levels of *

| CAMP, whereas cells cultured.on glucose, which allows a

faster growth rate haye rediced intracellular levels of .cAMP
(’Bue‘ttnex et al., 1973; Epstein et al., 1975; Pastan and
Adhya, 1978). e cates of synthesis of DNA, RNA and 3
protein are m‘arked_xy inc‘reased in rapidly g:owing’ cells

(Nierlich, 1978). If polyamines are required to facilitate

macromolecular synthesis, it seems that the levels of these
compounds wéuld be elevated in rapidly growing cells. .

Cyclic AMP coordinates ‘the mobilization of potential

" reserves of carbon and energy when readily available sources

. become limiting. As a result, cAMP has béen called an

"alarmone” or "hunger signal", sensing the metabolic state |
of the cell. ' Similarly, in liver and muscle cells of s~

mammals, cAMP acts as a hunger signal; cAMP transmits the
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,enhancing the transcription of cécabou:e-sensi‘live operons.

» The role of cAMP may be mm:e extensxve in procaryotic
physioloqy. Seveml years ago, Sanw‘al -(1970) reporteu that
spermidine ‘can xeplace magnesium as an activator of E. goli
qlucose S phosphate dehydwgense and may well be the natural
activator of ‘this enzyme. The ribose Of RNA ln E. cali-is’
derived ma;nly “from t-_he pentose phosphate pathway, of which
glucose-6-phosphate aeﬁydrogenase is a key enzyme.. Cohen '
(1971) has suggested tHat spermidine, a compound thought to -
facilitate RNA synthesisat the level of. transcription, may
also stlmulate the, supply of RNA .frecursors. .The finding
that cANP: negatively conttrols the prodiction of spermidine<
via r_he putrescine b)osynthetlc enzymes as well as
qlucose- -phosphate dehydrogenase (section 3.2.6) would be
consistent with this scheme.

" Indel and Fennel (1978) reported that cAMP repressed
the activity of ornithine decarboxylase in mammalian cells.
In 549 mouse lymphora celu's; .cAHi’—me::liated‘ repression of
ornithine dearboxylase and S-adenosylmethionine % -\
‘d6carboxylase activities:x:eq;xi:res a chtP-dependent protein
kinase. ' Although it is temptinq_ to spe'culate on the‘

. p;ssibility n'f’a general regulagion of polyamine
_b:usynthesls by cAMP in both procaryotes and eucaryotes,

itheye are many reports of CAMP atimulating ornithine
decarboxylase activites in eucazyotu: cells (reviéwed in

" ‘Jungman and Russell, 1977; Tabor and Tabor, i976).
~




, 7 al.,’1980; Liu and Wang, 1978). Thus, polyamines have'the

‘The repression of the te"tucycune resistance of E.
goli cu;'stnins bearing a fused speC:tet gene by .
poly'anrbineswsuggestl that ‘these cations negatively regulate
speC transcription. rh‘u idea is supported by the finding
that low concentutions of polyminea reprels the synthesis .
of ornithine decarboxylase in a cell-free c:anscupuun- &
ttanslation system. There are several ponuble mecHanisms . v &
fm: negative control of )mg; transcription E"polya’mines. :
1) These cations may intercalate directly at the ms
p:amoter to reduce initiation of transcriptien. . 2) They may .
intgract with RNA polymerase. to specifically reduce \ - .
initiation 'or elorigation of transcription of the speC geme. .. ' ‘.
.3 ’pnﬁamines may bé ligands for a speC rep:qu‘x,. Since ¢
evldenf:e presented here indicates that CRP hile:act_s with " - B
the speC,promter, this regulatory molecule is a candidate -
* for s\’nch a role. This hypo}_hexis could be‘tested
expezinentany by examing the effect of polyamines on speC
mmm lévels in a crp deletion strain. 4) several :epozté 2 B
~JpGicate that the ‘expression of certain genes in E. coli are
. regulated by the extent of DNA supercoiling (Gomez-
& E.fchelman. 1981; Kano et al., 19;917 Hen:e‘l and Fellert, s -
1983). The polyamines stimulate DNA gyrase activity, and )

. |
inhibit ,the activity of topoisomerase I in vitro (Lipetz et

potential to increase DNA supercoiling in vivo. An lnc:ean'
in negative superhelicity of the chromosome may cause ‘Jocal e (8
changes ‘in the region of the gpeC promoter leading to




decreased -initiation of ::angcup_ti{m. Examining the effect -
of poly;-fnes o6 Entthine ag'aa:boxyiue SRNA levels in'E.
2513’ strains with ‘defective topoiosmerase activities would .
test this hypothesis. ‘Also, the effect of po}yminés on. - s
speC tranacri?tion.in a' cell-free, aystem directed by’ . -
linearized pODC-1 could be examined. .

Four members of the W'vexe shown _to
Possess homologaus sequences to the. gpeC gene. - Assuming i & %
that these sequences code for ornithine decarboxylase in
these bacteria, this finding offers an opportunity -to Clﬁ:‘le ‘
the speC. gene from other bacterial genera. Once cloned
copies of the gene from other genera are available, a
conpatatxve atudy of CAMP-CRP control of speC tranactiption
can be undexnken. This type of study may lead to a clearer -
understanding of t.he relationship between cAMP and the

polyamines, md t:heh role. in bacterial phyaxology. L




REFERENCES . )

. Abraham, A.K., S. Olsnes/ and A. Pihl. Fidelity of protein

. = synthesis in vitro is ‘increased in the presence of

spermidine. EEBS Lett., 1979, 101, '93-96.

s

) o Y
Abraham, A.K., and A. Pihl. Rolé of polyamxnes in.
¥ macromolecular synthesis. Irends Biochem. Sm-. 1979,
6,-106-107 n ;
! Adhya, S., and M. Gottesman. ~ Control.of transcriptian
, e termination. Ann. Rev. Biochem., 1979, 41, 967-996+
s _ Adnya, 5., and'S. Garges. 'How cyclic AMP and ~its recepto:

/ proteln act:- in [Escherichia ‘'coli. Cel1, 1982, 29,
.287-289% : R

“Adler, H.I., W.D. Fisher, A. Cohen; and-AiA, Hardigree.
Miniature Escherichia .goli -cells deficient in DNA.
Proc. Natl. Acad. Sci. U.S.A, 1966, 57, 321-326.

Aiba, H., and J.S. Krakow. Isolation and: .characterization
of

; the .amino and carboxyl proximal fragments of the °

adenosine cyclic 3',5'-phosphate receptor protein .of
5 iobi 13 >

.. 'Biochemistry, 1981, 20, 4774-4780.

Afba, H. ' Autoregulation of the ia coli crp gene; .

‘Escherichia coli
crp is a transcriptional repzessor for its ‘own gene.
‘. Cell, 1983, 32, '141-149.
” Alpher, M.D. and B. N. Ames. Transport “of antibiotics and
§ metabolic analégs by ‘systems under’ cyclic AMP control:
" positive selection of Salmonella’ cya and
crp mutants.. J. Bacterjol., 1978, 133,.149-157. °

.Ames,” B.N., and D.T. bubin. ‘The role of polyamines in the
“neutralization’ of bacteriophage deoxyribonucleic acid.
1. Biol. Chen., 1960, 235, 775

Ames, F. L G.,' and -K. Nikaido. Phnsphate containi-ng
- proteins of Salmonella® Escherichia
m analysis by a new two—-dimensional .gel system.

., Eur. J nisu:hem., 1981, 115, 525-531.

7 -G, and :r D. - Friesen, Plasmid vehicles for direct
% cloning of Eicherichia goli promoters. i. - .or
CR - 1979, 340, 400-407 N .

Applebaum, D.,- D.L. Sabo, E.H. 'Fisher, ‘and D. Mon'is.
Biodegradative ornithine decarboxylase -of
coli. - . Purification, properties and pyridoxal

e




* ' Birpboim, H.C., and J. Doly.

» ]

|
\ : LT 201

‘ 5'-phosphate b1nd1ng site.' ' Biochemistry, 19_75, L4

| 3675-3681. T 3
Appl\abaum, BuM.; s 3.6 Dunlap, and D.R., Horris. - Comparison
|of, the biosynthetic .and biodegradative .ornithine
Bigchemistry

‘deca(boxylases of . .. istry,
{1977, 16, 1580-1584. : P . .

Asccll, F.. - Polyamine control -of _assymetry in the
NA-dependent  synthésis® of RNA. Ric. Sci., 1968, 41,

26 129,

Atkins-, JiF., J.B. -Léwis, C.W. Anderson, and R.Y. Gestland.
Enhanced differential synthesis of proteins in a
mammallan cell- fxee system by addition of “polyamines.

= 2_5_&\, 5688 5695 .

@, Bach, | mx. The <~ inhibition /Of - deoxyuhonucleonﬂyl
' transferase, DNase ' and RNase. by - sodium
. polyethensul fonic acid., . EEfect of the folecular weight
e “of the inhibitor. Bi . Biophys.” Acta, 1964,. 17,
183-191. B o B,
Bachman, B.J. . Pedigrees . of some  mutant strains ‘of |
E i i K-12. Bacteriol. : Rev., .1972,. 3§, |
8 535-557. . § x
Bachrach, - U.'  Function of naturally | polyamines
.. Acadenic Press, Incy New York, 1973. - T
Beckwlth, J.R. Lag: the genetlc system pp. 5-26. 'In J.R.
Beckwith and D. Zipser (Ed.), The lactose , Cold

Spring Harbor Laboratory, Cold, Spring Harbor, New Yorks
1970.° - - ‘

s(‘.ress and local denaturation in'
1979:

Benham,| C.J. To:sional
sdpercoiled DNA. Proc,- Natl, Acad. Sci. U-S:B.r
- 16,,3870-3874. - : R :
Betonti, - '‘A.J., P.P. McCann, and A. Sjoerdswa. Restriction®
of | bacterial growth by inhibitors of  polyamine
»- biosynthesis by using monofluoromethylo:nithm
difluorcmethylarginine ang: dicycmhexy;ammmh’ﬁf(\
- sulfate. Biochem. ., 1982, 208, 435-441.

A rapid alkaline ‘extraction
° procedure for screening recombinant DNA. Nucleic Acids

..+ " Res., 1979, 1, 1513-1521:

Bolxvar. F.y R.L. Rcdrlguez, P.J. G:eene, M.C. Betlach; H.L.

& Heynecker, H.W. 'Boyer, -J.H.. Crosa, and S. . Falkow.
g Construction and characterization of new cloning
bl vehicles. " II. A multxpurpose cloning system. . Gene,
L 197752, 95 113.




Boyle, S.

Bonner, W.H., and R.A. Laskey.: A film detection method:for
trition-labelled proteins and ='nucleic  acids in
polysorylanide gels.  Bur. . Bloghem., 1974, 46,

BooS; W.. uctiirally defective igalactose-| binding " protein
.1salat 'd from a mutant negative in B-methylgalactoside

transport of Escherichia coli. . Biol. Chem., 1972,.'

247, 5414-5424. z 7
Botchan, P., - J.C.  Wandj, and H. Echols.  Effect af

bacteriophage . A\. DNA..  Proc. Natl. Acad. Sci. .U-§~B. r
© 1973,°70, 3077-3081.. .

Botchan, .P. An' electron ‘mlcroscopm companson of
transcription on linear and supezhelica.\ DNA. .. Mol.
Blol., 1976, 105, 161. .

Botsford; ' J.L. L\jclic nucleotides’ in,’ procaryotes.
Microbial Rev., 1981 45, 620—642.

Boyle, S.M., M. P'Haclm:yre, B.H. 'Sells. Polyamine levels in
Eschierichia ' coli aduring nutritional ™ shift-up' and
exponential gzowth. . Biochim. Biophys. Acta, 1977, 477,
221-227.° .

. and K. Adachi. Biosynthetic orpithine and
arginine decarboxylase: correlation ~ of rates of
synthesis with activities in Escherichia “coli during
exponential  groyth 4nd following nutritional shift-up.
- Can. | ¢ Mmhml 0.

«r 1982, 28, 945-95

Boyle; §.M., G.M. Har‘kh_am, E.W. Hafner, 'J.M. -Wright,” C.W.
Tabor, and . H. ‘Tabor. Expressibn of -the cloned genes
encodifg the putrescine biosynthetic . enzymes (sped,

; * 8peC) and methionine adenosyltransferase (metK)
ofmgmhia.cgli-.ﬁene. 4, In press, -

Bradford, M. ' A rapid and. sensitive method for the
quantitiation 'of ‘microgram quantities of protein
stillzing the principle of protein-dye binding..  Mual.

6, 12, 248-2

Bressér, 'J., J. Doering, and D. Gillespie. Quick- blot-'

selective mRNA or, DNA immobilization from whole cellh.
DNA, 1983a, 2, 243-254.

Bresser, J., H.R. Hubbell, and D. Gillespie. Biologiqal
activity of mRNA immobilized on nitrocellulose in Nal.
Proc. Natl. Acad. Sci. U.S.A, 1983b, 80, 6523-6527.

Brewer, E.N., and H.P. Rusch. Control of DNA replication:

effect of spermine on .DNA polymerase activity in nuclelb

circularity and superhelicity on transcription from



C .
ST 203

i4solated from Physarum polycephalun. Biochem. Biophys.
Res. Commun.; 1966, 25, 579-584, S -

Brinkman, E., L. Soll, and J. Beckman. Genetic
.characterization- of - mutants which affect catabolic-
sensitive operons in Escherichia gcoli,. including:
deletions  of the gene for adenyl cyclase. J.
. 1973, 116, 582 587 B » .

Buettrier, M.J., E. Spitz, and H.V. Rickenberg.' ' Cyclic
adenosine 3',5'-monophosphate in i coli. .
Bacteriol., 1973, 114, 1068-1073.

Caminack,. K.A., and H.E. Wade. The sedimentation ~behaviour
of ribonuclease-active and -inactive ribogomes from
bacteria. Biochem. J., 1965, 9§, 671-680.

Campbell, A. Structure of complex operons. ' pp.l —55. In-
R.F. Goldberger  (Ed.), - ion 'and

dﬁnlonmgm:z Vol. 1: dene expression, Plenun Press, New
York, 1979. . S Bk

Chakraburtty, K., C.F. Midelfort, A. Steinschneider, and
. " A.H. Mehler. The role of. divalent cations in the
reactlons of valyl transfer’ ribonucleic acid synthetase
. Chem., 1975, 250,

386523065

Chen, H -2.; and G. Zubay.. Analysis of COlEl ex
vitre after chromosome fragmentation.
- o657 154, 650-655.

Chiu, J-F., and 5.C. Sung. . Effect 'of spermidine on- the
activity of .DNA polymerase. - Biochim. Biophys. Acta,
o 1972, 281, 535-542. )

w Chousterman, S., and F. Chapevxlle. ’l‘yrosyl tRNA synthetase
of B. Role of magnesium. ions .in the
reaction catalyzed by thé& enzyme. Eur. J. Biochem.,
1973, 35, 46-50. . E

Clarke, L., and J. Carbon. A colony bank containing
.synthetic ColEl hybrid pldsmids representative of the
entire E. coli genome. Cell, 1976, 9, 91-99.

Clewell, D.B.- Nature of ColEl plasmid replication in the
presenc\bf chloramphenxcol. . Bacterjol., 1972, 110,

Coheri, S.S., N. Hoffner, M. Jansen, M. Moore, and A. Raine.
Polyamines, ‘' RNA synthesis, and streptomycin lethality
in'a relaxed mutant’ of E. coli strain 15 TAD. Proc.
Natk.® HSA., 1967 57, 721-729+




Céhen, S.5: . Introduction o the polyamines.. Prentice-H3ll,
Inc., New Jersey, 1971.

Coheny S.A., A.C.Y. Chang, -'and@ L. Hsu. Nonchromosomal
antibiotic resistance in bacteria: =  genetic
transfomanon of Escherihia gcoli by R-factor DNA.
Proc. Natl. . Sci. U.S.A., 1972, ZQ, 3240-3244.

Cohen, .S.S. polyamines -as a growth industry. Fed.

.. Rrog.; 1982, A.L. 3061-3064. R _

Contesse, G. &.Jll Crepin, and F. Gros. Transcription of the

lactose, operon ‘in E. r&l.\ pp 111-141. In,J.R. - Beckwith
i and D. Zipser (Ed.), The lactose . operon, ‘Cold Spring
53 Harbor Labo:atory, Cold Spring Harbor, New York, 1970

Cook; D.I., and A. Revzm. Intracellular . location of
catal cxte activator protein of Escherichia .gcolil d.
.. 1980, 141, 1279-1283. ¢ v

Cooper, K.E. ~ Theory' of . antibiotic inhibition Zones. pp
1-88. 1In F. Kavanagh (Ed:), Microbiologyy
Academic Press-Inc., New York, 1963.

Covan, S.T.  Family I.,Enterobacteriaceae. pp. 290-293.% In
Bergey' 2

3

R.E. Bu’chanan and N.E. Gibhons (Ed.) , 5
.edition, The
Williams and Wilkins Co., Baltxmore, 1974.
C‘\mmngham-Rundles,, S.y and K. Maas. . Isulation,
chagacterization and ' mapping of - i
mutants blocked~ in synthesis of ‘ormthine
decarboxylase. . Bacteriol.; 1975, 124, 791-799. o
Curtiss, = R. Chromosomal aberrations associated with
mutations to bacteuophage resistance "in Escherichia
coli. Bacteriol, ¢ 89, 28-40 A

Dagert, M., 'and S.D.' Ehrlich. . Prolonged mcubauon in
Escherichia .

calcium chlonﬂe improves the competence of
coli cel Gene, 1979, 6, 23-28.

Daves, = G.D. Analysis of polyamines. pp.' 3-4.  In
R. A. Campbell, D.R. Morrls, D. Bartos, G.D. Daves

F. Bartos (Ed.), Advances in polvamine research., Raven .

Press, New York, 1978. . .

De Crombrugghe, B., S. Busby, and H. Buc. - Cyclic' AMP
receptor ~protein: role in transcription activation.
Science, 1984, 224, 831-838.

De Wyngaert, M.A:, and D.C. Hihkle. ‘Involvement of DNA
gyrase in replication . and transcription of
bacteriophage T7 DNA. J. Virol., 1979, 29, 529-535.




Deters, J., d. niskimen, and K.J. Dougall. - A putrescine

E requiring mutant of Neurospora.crassa. Genetics, 1974,

%-. 17, s16-17 abstract. i ;

~ ¢ Dion, A.S., 'and S. Cohen. ‘Polyamines, and the delay in
deoxyrjbonucleic acid synthesis in some bacteriophage.
T4 1nfectxons. d. Virol., 1972a, 8, 925-927.

Dion, A.S., and .S.S. Cohen. - . Polyamine: -stimulation of .
nucleic.: acid synthesis 'in an_uninfected and phage- T
infected polyamine auxotroph of Escherichia K=12.

Pro¢. Natl. Adad. Sci: U.8-B.y 1972b, 69, 213-217.

. _Ebright, R.H., and J.R. Wong. Hechanism for . transcriptional
action of cyclic AMP in Escherichia . - ‘entry -~ into
DNA ~ to .'disrupt :DNA secondary structure. ' Proc. Nagl.
A;aﬂ. Sci. U. SA., 1981 .18, 4011- 015.‘ 8

& N Ebright, R.H. ‘Sequence homologi?es in the DNA of six sites
know .to -bind to the catabolite gene activator protein
i of Escherichia'coli pp -99-110. = ‘In 'S. Giiffen and
W. Duax (Ed.), biological
. Elsevler, New' York, 1962

Edlin, G:, and E. Broda. Physiology . ang genetics -of the
"ribonucleic acid contrgl" 1ocus in Escherichia coli.
- Rev., 1968, 32,:206-226. #

Efstratxad;s, A., J.W. Poaakony, T. Maniahis,' R.M. Lawn,.

. C. 0'Connell, A. . Spritz, J.K. DeRiel, B.G. Forget,

. S.M. Weissman, J.L. Slightom, A.E.  Blechl, O. Smithies,
‘F.E. - Baralle, C.C. Shoulders, and N:J. Proudfoot. -The ..
structure -and evolution of .the human B-glohm gene‘

family. Cell, 1980, 21, 653-669% &
Exlen, E., and * 'J.S. Krakow. Cycl ic AMP—medxated .
f intetaubunit disulfide crosslinking of the cyclic AMP
i - Bl . receptor protein of Eﬁnhﬂ;nhm coli. l Mol. Biol.,
) , - . 1977, 114, 47-60. 4 ¥ i
Eilen, E., C. Pampeno, and ' J.S. Krakew. ' Production and

i # * properties of the . core: ‘derived from the- cyclic @
adenosine monnphosphate receptor protein of Escherichia k
) coli. ﬁmhemj\.a:xy 979, 17,,2469-2473. v
- . x -
Epstein, W., L.B, "Rothman-Denes, and J. Hesse. Adenosine
3':5'-gytlic monphosphate as - mediator of  catabolic
repression in, nnli Proc. Natl. Acad. Sci.
U.8.a., 1975, er 2300 2303.

Filer, D., and A.V. Furano. Portions of thé gene engoding
J e].ongation factor Iu are highly conserved' in
& procaryotes. . Biol. Chem., 1980, Zii 728-714-




Pillingame, R.H., C.M. Jorstad, and D.R. Morris. - Increased
cellular levels of spermidine or spermine are required
for optimal DNA synthesis in lymphocytes activated by
concanavalin A. . Proc. Natl. . Sci. U.S.A., 1975,
12, 4042-4045.

Flink, I.; and D.E. Pettijohn. Pol. amxues stabilise DNA'
fo 2-63.

1ds. Nature (London), 1975, 252
Fraser, A.C., .and R. Curtiss III. Pxoﬂuctxon, properties

and utility of - bacterial minicells. - “Curr. Top..
Microbiol. Y

Immunol., 1975, 69, 1-84.

Fraser, A.D.E., and H. Yamazaki. Determination of the rates .

i ©of synthesis-and degradation of adenosine  3',5'-cyclic
mcnophosphlte in Escherichia coli.. Can. I. Biochem.,
1978, 56, B849- 852 \ ,
Fraser. A.D.E., and H Yamazaki. Characterization of an
coli mutant which utilizes glycerol in the
absence gof cyclic adenosine monophosphate. _Can.

. d. Biochem., 1980, , 393-396. - t

Fried, H.G.. and D.M. CRethers. CAP and RNA polymerase
interactions  with e. lac ‘promoter: binding
stoichiometry and range effects. RNucleic Acids
Res., 1983, 11, 141- 15 . E -

Puchs, E., R.L. Millette, W. 2illig, and G. Walter
Influence of salts on RNA synthesis by DNA-depenr]ent
RNA—polymeuse coli. Bur.
d. Bigchem., 967 3. 183-193. *

3 ' A8
Puj\(ta, K., Y. Hurakemi, °S. Hayashi. A macromolecular

mhxbxtoz of the antizyme to ornithine decarboxylase,
" Biochem. J., 1982, 204, 647-652.

_Fukuma, I., and Cohen, S.S. Polyamines in bactetiophaqe R17
|+ and its RNA. I. Virol., 1975, 16, 222-2

., Furano, A.V. Direct demonstration, of duplicate tuf genea in

enteric bacteria. Proc. Natl. Acad. Sci. U.S.A., 1978,

15, 3014-3018. - .

Gale) The bacterial amifo acid decarboxylases.  Adv.
* Enzymol., 1946, 6, 1°32. # L,

qa‘llmt, J.A. ringent control in E. coli. Ann. Rey.'
* - Genet., 1979, 13 393-415. . S

. Garner, M.M., and A: Revzin. ~ Interaction of catabolite

activator protein of Escherichia coli with single-
stxanded deoxyribonucleic acid. Biochemistry, 1981,
20, 306-312. .




207 ) : “a

Geider, K., and ' A. Rornberg. Conversion of the M13 viral'
single strand to the double-stranded replicative .forms
by purified protein. - °J. “Biol. Chem., .1974, 249,
3999-4005. A 2

Geider, L.E., and D.R. Morris. Polyamine deficiency reduces
the rate , of " DNA replication fork movement in
Escherichia coli. Nature (London), 1978, 272, 730-732.

Geiger,, L.E.,. and - D.R.- Morrig: Stimulation of

deoxyribonucleic acid replication. fork movement. by.
spermidine analogs in polyamine-deficient Escherichia
coli. . B.aszt‘.aml 1980 41, 1192 1198.

Gilbert, W. Staxting and stoppmg sequences fof RNA.'
. polymerase pp. . 192~ Losick - -and.
M. Chamberlain (Ed.)y . Cold Spring

mmmu.s.ue
Harbor Laboratoxy, Col.d Spring Harbor, New. Yoxk, 1976.

Gillespie, D., and J. Bresser. mRNA immobilization’ m ‘Nal:
quick-] blnts. BioTechniques, 1983, Nov./Dec., 184-192.

Glaser,G,, .Kobiy A B.. Oppenhem. Fusion of the promoter
region of rRNA operon rrnB to lacZ gene.  Nucleic Acids
Res., 3980, 8, 4327 4345,

Gomez-Eichelman, M.C. . Effect. of. nal)\hxic acid and,
novobiocin on pBR322 qenetxc expression in , Escherichia
coli. J. Bacteriol.; 1981, 148; 745-752:

Gopalakrishna, Y., D. Langley, and N. Sakar.. Detection of
high levels of polyadenylate-containing RNA in bacteria
by the use of a single-step isolation procedure.
Nucleic Acid Res., 1981, 9, 3545-3554.

Gosule; L.C. and - J.A. Schellman. Compact fokm ‘of DNA.
‘induced by - spermidine. Nature (London)., 1976, 259;
"333-335. N ,

Greenblat, J., J. Li,S. Adhya, L.S. Baron, B. Redfield, H-F.
‘Kung, and H. Weissbach. L-factor that is required for
B-galactosidase. synthesis . is ‘the nusA gene product
involved - 'in transcription ‘termination. . Natl.
Acad. Sci. U.S.A., 1980, 11, 1991-1994.

Greenfield, L., T. Boone, and G. Wilcox. ~DNA sequence ' of
the promoter in - Escherichia coli B/r. Proc.
o Natl. Acad. Sci. U.S.A., 1978, 15, 4724-4728.
Guiso, N., and B. Blazy. Regulatory aspects of the -cyclic
AMP  receptor  protein . in "Escherichia coli. K-12.
. Biophys. Res. Commun., 1980, 94, 278-283.

‘Gumport, R.F., and S.B. Weiss. Transcriptional and




sedmentatmn properties of nbonuclexc acid polymerase
lysodeikticus. Biochemistry . 8

3613 3627. P

Gumport, R.I. Effects of spermidine on the RNA polymerase

reaction. Ann}lx Acnd Sci., 1970, 111 915-938.

\
Gunter, T., and H.W. Fetex. Polyamines and osmuregulanon

in coli. EEMS Microbiol. Letk., 9,5,
29-31. : «

Hafner, E. W., C.W. Tabor, and H. Tabor. Isolation of a metk
mutant with a temperature-sensitive 5=
adencsylmethmnine synthetase. J.  Bacteriol., 1977,
132, 832-840

Hafner,. E.W., €.W. Tabor, .and "H. Tabor: " Mutants | of,
Zs.chgu.chia coli that do not contain 1,4-diaminobutane
. “(putrescine) or spermidine.. J. Biol. Chem » 1979, 254,
12419-12426 5
Hannonen, P., J. Janne, and ‘R. Raine. Sepezation and
partial purification of S—-adenosyl-methionine
decarboxylase. and spermidine and spermine synthetases
- from rat liver. Biochem. Biophys. Res. Commun., 1972,
46, 341-348. \

Harik,  S.I.,.M.D. Hollenberg, and S.H. Snyder. a -

Bydrazino-ornithine: blocks net synthesis-of putreaclne
. But not of RNA and DNA. Nature (Londom), 1974, 243,
,' 250-251. R :
Harman, J.G., and W.J. Dobrogosz. Mechanism of CRP-mediated
cya repression in Escherichia coli. . _Bacteriol.;
1983, 153, 191-199. i

Nash, H.A." ‘Integrative recombination of bactenophage
lambda DNA in vitro. Proc. Natl.  Acad. Sci. U.S.A-,
1975, 12.,2155 -2192.

Heffernan, Liy R. Bass, and E. Englesberg. Mutants
affecnng catabolite - repression of the .L-arabinose
requlon in Escherichia’'coli B/r. . Bacteriol., 1976,
126, 1119-1131. - 3

Heller, J.S., R. Rostomily, and-E.S. Canellakis. Regulation

of * polyamine biosynthesis in Escherichia by basic

proteins.’ Proc. Natl.' Acad. Sci.- U.5.A., 1983a, B0,
B 5184, . . '

Heller, J.S., - D.A. . Kyriakidis, and E.S. Canellakis.

Pu:ificat;on and properties of the - antizymes of
Escherichia coli to ornithine ‘decarboxylase. Biochim.
~ Biophys. Acta, 1983b, 760, 154-162.




: ..
- ' .Herbst, E.J., and E.E.  Snell. Putrescine” as a growth.factor
0 & i . . Biol. -, 1948,

o . or
R 176, 989-990..-

3 5 Hogg, R.W., and E. Englesberg. L-arahmdse b:mdmg protein
from coli B/r. J. Bacteriol., 1969,'100,
423-432.

< + Holtta, E., J. Janne, and J. Pispa. Ornithine decarbcxylase‘
TR from ichi coli: stimulation ‘of ' ‘the ‘enzyme

E . activity - by nucleotides. Biochem: anhxi Res.

S . . Commun., 1972, 47, 1165-1171. 3 :

Holtta, E., J. Jamne, and 'J. Pispma. 'The regulation of
> i polyamine synthesis durinq the ‘M—.ringent contrel in -
o el 1974, 59, 1104-. 1111 § oy B LR
Hopkxns, D., and K. L. Manchester. Polyamine: moleciiles * in
search of a role? South African J. Sci., 1982, 78,
25<29. &

= e - Heieh, . T., ‘and J. Wang.  Thermodynamic properties of |
superhelical DNA. Biochenistry, 1975: 14, 527-535.

Igarashi, K., K.* Matsuzaki, and Y.. Takeda.- Aminoacyl

e 4 . »transfer. RNA formation. II. . -Comparison of the
mechanisms of aminoacylations stimulated by polyamines
and magnesium.” Biochim. Biophys. Acta, © 1972, 262,
476-487.

Igarashi, K., K.'.Sugawara, I. Izumi, C. Nagayami, and
S. Hirose. Effect of polyamines - on . polyphenylalanine,
synthesis by Escherichia coli and 'rat-liver polysomés.
Eur. J. Biochem., 1974, 48; 495-502. .

Insel, P.A., and J. Fennel. Cyclic AMP-dependent protein
kinase " mediates a cyclic - AMP-stimulated decrease 'in
ornithine decarboxylase and S-adenosylmethionine
decarboxylase activites. Proc. ' Natl. Acad. Sci.
U.5.3., 1978, 15, 862-865. .

Inselhurg, J.. Segregation into and replxcation of plasmid
. DNA in. chromosomeless segregants of E. coli. .
g - Bacteriol., 1970, 102, 642-647. -

b S 5 Inselburgy J.  R-factor DNA in chromosomeless progeny nf E.

. - coli. . Bagcteriol, 1971, 105, 620-628.

Jelenc, . P.C., and C.G. Kurland. Nucleoside‘ttiphoaphate
regeneration- decreases the frequency .of translation

errors.
3174-3178.

. Natl. Acad. .Sci. "L.S.A.; 1979, 76, -




210°

Jorstad, C.M., and D.R. Morris. ,.Polyamine limitation of

,gmwth slows the rate oi polypeptide chain elonqagion»

in d. Bacterjol., 1974, - .119,

857-860. ’

Jorstad, C.M., --J.J. BHarado, "and D.R. Morris. Structural
specificity ‘of the :spermidihe requirement an

coli’ auxotroph. J. Bacteriol., 1980, 141,

456-463. . )

JuKes; J.H. silent—umcleotxde substxtutxona‘ and - the
noleculur clgck. Science, 19 Z.LO. 973~ 97!- 3
Jungman,” R.A., and D.H. Russell.: Cyclic AHPv cyclic
AMP-dependent protein kinase, -aid _the réqulation . of

gene expression. Life- Sci., 1977, Zﬂ. 1787-179

Kaiser, D., H. Tabor, and dw. Tabor. Spermine p':otection‘

of coliphage A DNA ' against breakage by hydrodynamic
shear. J. Mdl. Biol., 1963, 6, 141-147.

‘Raiser, D., M. Syvanen, and T. Masuda. DNA packaging steps

in bacteriophage 1mbda head assembly. .. Mol. Biol.,
1975, 91,.175-186.

s y

Kallio, A, P.p, -McCann, and P. Bey. DL-a-

- mopofluoromethylputrescine is a potent inhibitor of.
Biochen

coli ornithine decarboxylase. o des
1982, 204, 771-775.
L)

Kano, Y., T. Miyashita, E. Nakamura, K. Kiroki, A. Nagata,
3 and

Kimura, M. Preponderance of synomynous changes as .evidence
r Nature

F. Imamoto. In vivo correlation between DNA
supercoiling and -transcription. Gene, 1981, 13,
173-184. > .

Kay, J.E., and A.E. "Pegqg. - Effect of inhibition of

spermidine” formation on protein and - nucleic acid’
. synthesis during lymphocyte activation. EEBS Letfaw .

1973, 29, 301-304.

Kayne, M.S., and M.. Cohn. Cation requirements. —of ~

‘isoleucyl-tRNA  synthetasel . from  Escherichia coli.
Bigchin. Biophys. Res. Commun., 1972, 46, 1285-1291.

Kennell,, D., and H. Reizman. Transc:iption and translation'
coli’ lag

initiation fréquencies of the
operon. . Mol. Biol., 1917 114, 1- 213°Y

the neutral theory of moleculax evolution.
(London) , 1977, 267, 973-978..

lltalmxa, N., A. Kitamura, K. l‘oyoshxna. ¥. Hirayama, and

M. Yoshida. \Avian sarcoma virus Y73 genome sequence




and structural similarity of its transforming gene -
product - to that of Rous sarcoma virus. BNature

. (London), 1982, 291, 205-208.

Kline, E. L., V. Bankaitis, c.s. Brown, and 'D. Montefiori.
Inidazoleacetic acid as a substitute for CcAMP.
Binnhem Biophys. Res. Commun., 1979, 87, 566—574. ¢

Klihe, E.L., V.A. Bankaitis, . C.5. Brown, and - D.C. .
Montefiori.- Metabolite gene regulation: imidazole and
¥ . ‘imidazole derivatives which circumvent .cyclic adenosine

N 3!,5'-monophosphate in induction of the
¥ coli L-arabinose operon. J. Bacteriol., 1980a, 141,
. 770-778. i
5 W . -
Kline, 'E.L., C.S. Brown, V. Bankaitis, D.C. Montefiori, and
.'K. .Craig. Metabolite gene regulation of . the

Hy g L L-arabinose operon in Escherichia coli with indolacetic
¢ * acid and other.indole derivatives. Proc. -Natl. Acad. -
ik ol . ‘Sel. U.5-B, 1980b, 11, 1768-1772. p GE S

& J Rolb, -A., and ‘H. Buc. Is DNA unwound by the cyclic “amp
. receptor protein? _ -Nucleic Acids Res., .1982, lﬂ.
. ) 473-485. 5 .

Konecki, D., G. Kramer, P. Pinphanichakarn, and B. Bazdesty.
Polyamines are necessary for maximal in witré synthesis
of globin .peptides and play a role in chain initiation.
Arch. Biochem. Biophys., 1975, 169, 192-198.

L - Krebs, E.G., and J.A. ' Beavo. \ Phosphorylatxon»
dephospholylatxon “of enzymes. Ann. - Rey. Biochem.,

1979, 49, 923-959. . -
Kumar, S.A. N.S. ‘Murthy, and J.S. Krakow. Ligand induced

N change in the radius of gyration of cAMP receptoz
" ~ protein from Escherichig coli. EEBS lLett., 1980,
’ 121-124. =

Kuo, J/F., and P. Gxéengard. * An adenosine=3';5'~
monaphosphate dependent protein kinase from
o - Chen.. 1969, 244, 3417-3419.

Kurland, C.G. . Translation accuracy In vitro. cell, 1982,
28, 201-2 02. ' . :

Ryriakidis, ﬁ.A., J.S. Heller, and E.S. . Canellakis.
Modulation of ornithine’ decarboxylase ‘activity ' in,
Escherichia coli by positive and- negative effectors.
Proc. Natl. Acad. Sci, U.5.A., 1978,%15, 4699-4703.

Laemmu, U.K. Cleavage of structural proteins during the
assembly of the ead of bacteuopnage T4. llgr._uu
(London), 1970, 227, '680-685 .




N

_Majerfeld, I.H., D.

.212

¢ Lawzence. J.V., and S. Maier. Co

read

in optical density jorean

+ " Microbiol:, 1977, 33,
Lee, N.L., Geilow, and R.G.
autoregulation and ‘the dol
iregion’ of Escherichia coli.
U.S.A., 1981, 1ﬁr 752-756 .

Leeuvenhoek, A.
‘Natis'e semine gen:.tah
1678, 12, 1040-1043

Lipetz, P.D., C.5.

University Press, Columbus,

Liu, L.F., and 1.C. Wang.
active components

Proc:

209ﬂ 2102. .,

Maas, W.K.

< in Eacherichia goli.

Biol., 1961. 26, 183-191.

Maas, W.K,
spermidine in

111972, 119, 1-9.

Mackxe. G.A.
ribosomal protein S20.

he yhysxcal

Mager ' J.
. requirement of

owth -in
993-934.

. gro
 Cliondon) » 1955 5 136, 993
.Q A

Mager, J.

+ . lysis. Nature (London),

Regulation of the
€0lirby cAMP—

Mol. Gen. Genet., 1981, 181

Makman; ~ R.S., and E.W.
phosphate in eri
240, 1309-1314.

Malany, M., and B.L. Horecker.
phosphatase in E. coli K-12.
Commun., 1961, 5,. 104-108.

' Wallace.

Lowney, D. Mhasker, and R.W. Ins
D.H: Dean, L.F. Johnson, T.C. Kimball, and P.S. Perthan

Influence. of oamotu: pressure

Miller, D. Spitz, and H.V.
synthesis

SutherlandA

rrection for inherent error
ings. Appl. Environ.
4. »

Mechanism of araC

mains of two overlapping

promoters of pC and pBAD in the L-arabinose :egulatory
Proc. Natl. Acad. ‘sci.

Observationes, D. Anthoni: ‘Lewenheeck, de
Ammalculis. Phil" Trans.r

Hart. . In

’ Ohl.o State
oOhio, 1980.

DNA .gyrase:

Hicxrococcus
and a model foz its supercoiling of
Acad.

- U.S.A., 1978, 15,

Studies on represaion of arginine. biosynthesis
Barbor Symp. Quank.

l‘appxng of genes involved in the “synthesis of
Escherichia ‘cold

<< Mol. Gen.

-S_iem..

1oca1uation of the gene for
Gene, 1979, 5, 45-48.

on the polymnme

defined medx um.

Spermine as a protective agent against osmotic
1959, 183, 1827-1828.

Rickenberg.
of adenylate cyclase in
P receptor protein complex.
» 470- 17 .

Adenbsine 3,
Chen., 1965,

The localization of alkaline
Biochem.

i - BRes-

Nature




Mallick, V., and P. Herrlich. Regulation of synthesis of a

_major_outer membrane protein:’ “cyclic .AMP represses
coli protein III'synthesis. Proc. Natl.

Acad. S.u U.S.A., 1979, 16, 5520-5523. g Lo
,Malloy, PJ., and H.C.- Reeves. cyclxc AMP-independent .

phosphorylation of ' Escherichia  gcoli . isocitrate
dehydrogenase. EEBS Lett., 1983, 151, 59-62. A\

Mamont,” P. S., P. Bohlen, P.P. McCann, P.Bey, F. Schuber, and

c. rdiff. s~methylotnithine, a potent competitive’

1nhibitor of  ornithine decarboxylase  blocks
' proliferation of rat hepatoma cells-in culture. 'Proc.
Natl. Acad. Sci. U.S.A., 1976, 73, 1626-1630. .

T Manai, iM, J."" " Cozzone. ' Endogenous  protein
richi Biochem.

phosphotylation in Eschexichia coli extracts.
‘Biophys. Commun:, 1982, 91 819-826.
K
Manen, C., and D.H. Russell, Relationship: of ornithine
dena:boxylase RNA polymerase L actlv:\ty. Life
» 1975, ll, 1769~1776.

Manen, C., and D.H. Russell. o:mthm‘e .decarboxylase may
function .as_an initjation factor for RNA polymerase 1.
, 1977, 195, 505-506. .

Maniatis, '1‘., E.F. Frltsch and J. Sambrook,. Molecular
Cold Spring Harbmr
Lahcxato:y, Cold Spring -Harbor , NEW York, 1982.

March, S., and S\M. Boyle, ' The biochemical basis of the
putrescine grewt.h requirement Haemophilus.
Microbiol., 1981, Abstact, H113. . ‘.

Markham, ' G.D., E.W.Hafner, CiW. -Tabor,.and H. Tabor.
S-adenosylmethionine synthetase from Escherichia coli.
J. Biol. Chem., 1980, 255, 9082-3092.

K g

Marmur, J. - A procedure = for the . isolation of
deoxyribonucleic acid from micro—organsims." J. Mol.
Biol., 191, 3, 208-218

Martin, W.H. Jr., M.J. Pelczar Jr., and P. A.  Hansen.
Neisseria.

Putrescine as a growth requuement ior
»:1962, 116, 453-484

- Martin, S.R., A.M. Gronenborn, and G." g;? Specific.DNA -

binding . . thé cyclic AMP recept protein to a
synthetxc olxgadeoxy:ibonucleotxde. EEBS Letkt., 1983,
+159, 102-106. A ¥

Mazur, B.J., D. Rice, and R. Haselkorn.: Identification of




blue-green algal nxttoqen-‘fixation genes by -using
heterologous DNA hybridization probes. Prog. Natl.
Acdd. Sci. U.S.A., 1980, 11, 186-190.

McKay, D.B.; and.T.A. Steitz. Structure of catabolite gene

activator protein at 2.9 A resolution suggests binding
to .left-handed B-DNA. Natyure <Lnndnn), 1981, 290,
744 749.

McKenny, K., H. Shimatake, D. Court, U. Scheissner, C. Brady
and M. Rosenberg. A system to study promoter and
terminator signals recognised by Escherichia coli RNA
polymerase. -pp. 383-415. In J.G. Chirikjian and T.S.’
Papas (Ed.) , Gene Ampmxga;m and analysis, 1~

-Analysis’ , nucleic
Elsever-Nurth Holland Publishing Co., New York, 1981.

Menzel, R.7 ‘and M. Gellerf. Regulation of thé genes for . E.
*DNA gyrase: _ ‘homeostatic ‘control of DNA
supemomng. Cell, 1983, 34,-105-113."

Miller; J.H. ' Experiments ' molecular genetics. Cold
xSpring Harbor Labotatory, Cold spring Harbor, New York,

&
Morris, D. R., and A.B. Pardee. . A biosynthetic ornithine

decarboxylase 'in Escherichia coli.  Biochem. A
Res. Commun., 1965, 20, 697-702. t

_Morris, D.R., and A.B. Pardee.  Multiple pathways, of "
u i .

putrescine . biosynthesis in Escherichia . . . Biol.
Chen.,r 1966, 241, 3129~3135.

Morrisy D.R., and K.L. Koffron. Putrescine-biosynthesis .in
1 coli. I. Bjol. Chem., 1969, -244,
. 6094-6099. .

Morris, D.R., W.H. Wy . D.  Applebaum, K.L.Koffron.
Régulatory patterns in_ putrescine . bisynthesis in*
i - Apn.-N.X. Acad. Sci., 1970, 17),

968-976.

Morris, D.R., and CiM. Jorstad. Isolation of condltxnnally
putrescine-deficient mutants of gcoli:
Bacteriol., 1970, 101, 731-737.

Morris, D.R RNA * and pzotein synthesis in a

polyamine-requiring .mutant .of Escherichia coli ~pp. -
111-122. In D.H. Russell (Ed.), Polyamines in:
and , Rafen Press, New York, 1973.

‘Morris, D.R., and M.T. Hansen. Influence of polyamine

limitation on the chain growth rates of B-galactosidase’,
. and its messenger " rifonucleic acid. ' J. Bacteriol.,
1973, ‘116, 588-592 . - o




Morris, D.R., and R.H. Fillingame. Regulation of amino acid .
decarboxylation. Ann. Rev, Biochem., 1974, . 43,
303-325. ! N .

Morris, 'D.R. ‘In ¥ivo studies of the roles of putrescine.and
spermidine in Escherichia coli: pp. 223 242.. In D.R.
Morris and L.J. Marton (E.), i

» Marcel Dekker, Inc. New.York, usi

Morris, D. Biosynthesis of polyamines pp. 13- 5. ‘In R.A.
.Campbell, D.R. Morris, D. Bartos, G.D. Daves, F. Bartos :
(Ed.), Advances in polvamine research, "vol.. 1, Raven
y:ess, New York,-1978a. <

Morns, b R. Polyamine function in:rapidly prolifezating
cells. pp:105-115. TImR.. A. Campbell, -D.R. Morris
. D. Bartos, G. D. Daves and F. Bartos (Ed:),
, - research, wvol' 1.

in-
’ Raven Press, New, .York,

197 8b. -

)

| Movda, R.N., " P. Green, | K. _Nakumura, and M.’ Inouye.

Interaction of cAMP receptor protein "with the ompA
gene, a ' gdene for' d ,major-outer membrane protein of
Escherichia.coli. EEBS Lett., 1931v 128; 186-190".

Murﬁo G.F.; K. Hercules, ' J. * “Morgan,. and W. Saverbier .
° Dependencé of ‘the putrescine content of Escherichid
coli on the osimotic strength of the medium. .- Biol.

- Chem., 1972,°247; 1272-1280. - % .

Munro, G.F., and W. Sauerbier. ., Osmotically -induced

. excretion of putrescine by mutants £ 3

* ¢, defective in potassium.transport. . . Bacterijol., 1973,
¢ 116, ,488-490 L R -

Muhro, G.F., ‘R. A, Miller, C.A. Beéll, and E,L. ’Verderer.
E Effect of 'external osmolarity on polyamine metabolism
in Hela. Biochim." Biophys. Acta, 1975, 411, 262-281.

Musso,& ‘E., R: DiLauro, S- Adhya, -and: B. deCrombrugghe.’
"Dual control. for transcription of the galactose operon
by ‘cyclic 'AMP and - it receptor - protein at '’ .two
intersper sed promoters. 'Cell, 1977, 12, 847-854. >

" Neidhardt, F.C.; P.L. Bloch, ‘and D.F. $nith!‘ Culture meditm
* for. Enterobacteria.. iJ. Bacteriol., 1974, 119, 736-747.

¥ichols, B.P., G.F. Miozzari, M. Van Cleemput, G.N. Bennet;
+- and- C. - YanoEsky. Nucleotide sequence of the trpG
regions of. Escherichia coli,
Salmonella -typhimurium. and
Mol. Biol., 1980 ‘142, 503-517-

P . : §
Nierlich, D.P.  Regulation of bacterial growth, RNA, ‘and

la v
marcescens. -




T216 i’ g

.. protein synthesis. - Ann. Rev. Microbiol., 1978, 32,

i Parsons,

393-432. N

O'Brien, R.L., J.G. Oleruck, and F.E. Hahn. ~ Reactions Of *

quinine, chlorogquine and. quinacrine with DNA and RNA
polymerase reactions. Proc. Natl. Acad. Sci. U.S.A.,
1966, 55, 1511-1517.

O'Neill, M.C., K. Amass, and B. de Crombrugghe. Molecular
model of the DNA interaction site for the cyclic AMP
receptor protein.  Proc. Natl. Acad. Sci. U.S.A, 1981,
78, 2213-2217. " f

Ogden, S., D. Haggerty,. C.M. stone:‘y D. Kolodrubetz, and .
R. Schleif.’ The Escherichia Coli L-arabinose opdron:
binding sites of the regulatory -proteins -and , a
mechanism of positive and negative regulation. Prog.
Natl. Acad. Sci. U.S.A.7 1980, 77, 3346-3350.

R.G., and R.W. Hogg. Crystallization ~ and

characterization of the L-arabinose-binding protein of
B/r. Jd. Biol. Chem, 1974, 249,

3602—3607. & - b

Pastan, I., and R. Perlman.. Cyclic adenosine monophosphate
in bacteria. Science, 1970, 169, 339-344.

Pastan, I., and S. Adhya. Cyclic adenosine 5'-monophosphate
in ia coli. Bacterijol. Rev., 1976, 142,
527-551.

Pegg, A.E., and s P.P. McCann.  Polyamine metabolism and
function. Am. J. Physiol. (Cell Physiol 12) , 1982,
243, C212-221,

Perlman, R., and I. Pastan. Cyclic 3',5'-AMP: stimulation
of PB-galactosidase and tryptophanase induction in E.
Biophys. Commun. 8, ’

coli.
656-664.

Peter, H.W., - J. Ahlers, and T. Gunther. The dependence of
polyamine and phospholipid contents in marine bacteria
on the osmotic strength of the medium, Int.

e J. Biochem., 1978, 9, 313-316. ;

Pratt, J.M., G.J.- Boulnois, V. Darby, E. Orr, E. Wahle, and
I.B. Holland. Identification of gene' produc®s-
pragzammed by :estriction endonuclease DNA fragments
using an E. coli in vitro system:  Nucleic Agids Res.,-
1981, 9, 4459~ 4475. - .

+
Primakoff, P. In yitro role of the relA gene in regulation
‘of the lac operon. J. Bacteriol., 1981, 145, 410-416.

1

%

]




Prusiner, Se, R.E. Miller, R.C. Valentine. Adenosine
3',5'-cyclic monophosphate control .of the enzyme of
glutamine metabolism in Escherichia coli. PRroc. Natl
Acad. S.CA U.S8.A., 1972, €9, 2922-2926.

Queen, -C., and M. Rosenberg.. A promoter on pBR322 activated
by cAMP receptor p:atem. MNuclejc Acids Res., 1981, 9,
3365-3377.

[N s i

, Queen, C., and M. Rosenberg. Differential translation
efficiency explains discoordinate. expression of the
galactose operon. 'Cell, 1981, 25, 241-249. -

“Raina, A, and P. Hannonen. Separation of enzyme activities
catalysing spermidine and spermine synthesis in rat
brain. EEBS Lett., 1971, 16, 1-4.

Reeve,. J. - Bse of mincells for- bactenophage-duected
polypeptide synthesis.  Hethods . Enzvmel., 1576, 62, !

-493-503 . . o i

Reznikoff, W. S., and J.N. Abelson. The lac promnter. PP
221-243... In J.H: Miller ahd W.S. Reznikoff (Ed.), The
-lactose operon, Cold Spring "Harbor Laboratory, Cold
Spring Harbor, New-York, 1978, i

| Rlchatdson. s Iniflation of transcription by Echerichia ,
fron  supercoiled = and _ion-sipercoiled ;

bacterioﬁhage PH2 DNA. - ..  Mol.. Biol., 1975, 910,
477-487 i . i

Rickenberg, Hv. Cyclic in pxoca:yotes, Aon. Rev. o
» 1974, 2_3.: 353 369 i w e P

“Riley, M.,' and A. Anilionis. Evolution of the bacterial = . .
genome. Ann. Rey. Microbiol., 1978, 32, 519-36Q. .

Riley, M., and A. Anilionis. Conservaion and variation of
nucleotide sequence within related bacterial genomes:
Enterobacteria. 1. Bacteriol.; 1980, 143, 366-376.

Roozen; K.J., R.G. Penwick, and R. Qurtiss. Synthesis of
ribonucleic acid and _proteim\_in phsm1d-containing . K
minicells of Escherichia coli K= Jd. Pacteriol., e

1971, 107,.21-33.

Rosenberg. M., and D.-Court. Regulatory sequences involved
in the promotion and termination of 'RNA transcuphwn. .
Ann. Rev. Genet., 1979, 13, 319-353. y

Rosenheim, 0. The isolation of spermine phosphate from
semen and testis. Biochem.-d., 1924, 18, 1253-1263.

Rozansky, R.,-U. Bachrach, and N. Grossowicz. Studies on




218 )

* the antibacterial . action’ of - spermine. -
Microbiol., 1954, 10, 11-16.

. b L
+ Rubin, CS., and O.M. Rosen. Protein phasphozylatioﬁ. Ann.
Rev. Bi 4 887. .

1975, 44, 831-

Rubinstein, K.E., E. Streibel, S. Massey, L. Lopi, and S.S.
Cohen. * Polyanine metabolism in potassium . deficient
bacteria. ‘. Bacteriol., 1972, 112, 1213-1231.

Ruvkun,. G.B., 'and F.H. Ansubel. Intetspecxes homology of
nitrogenase genes. Proc. Natl. Acad. Sci. U.S.3.,
1980, 77, 191-195. :

Sabo, D.L., E.A! Boeker, .B.. Byers, H. Waron, and E.H.: .
*" Fisher. Purification and physical - properties of
inducible  Escherichia coli' ~1lysine decarboxylase.

‘Biochemistry, 1974a, 13, 662—-670. . i

Sabo, D.L., and‘ E.H. Fischer. Chemical properties of

coli lysine decarboxylase including a

- segient of. its pyudox al 5'-phosphate binding sxte.
i istry, 1974b, 13, 670-676.

‘Sahagan, B.G., and J.E. Dahlberg. A small, unstable RNA
* molecule of Escherichia coli: spot 42 RNA: IL.
accumulation and distribution.  J. Mol. Biol., 1979,

- ..131, 593-605. :

Sakai, T.T., -and S.S. Cohen. * Regulation of ornithine
decarboxylase -activity by guanine nucleotides: in wivo
test in potassium depleted Proc.
Natl. Acad. Sci. U.S.A., 1976, 73, 3502-3505.

Santi, D.V., and R.W. Webster, Jr...The role of polyamines
in the aminoacyl transfer ribonucleic ‘acid synthetase'
reactions. J. Biol. Chem., 1975, 250, 3874-3877. _ -~

Sanwal, B.B. ngnlatory mechanisms involving nxconnamxde
' adenine nucleotides as allosteric effectors.

.Control of glucose 6-phosphate dehydrogenase. J. Bml.
Chem., 1970, 245, 1626-1631. g

Satishchandxan, €./ and S.M. - Boyle., Antagonistic
transcriptional regulation of the putrescine
-biosynthetic enzyme, agmatine ureohydrolase, by .cyclic
AMP in- Escherichia coli., J. Bacteriol., 1984, 151
552-559.

Schekman, R., A. Weiner, and A. Kornberg. Multienzyne
systems of DNA replication. . Science, .1974, 186,
967-987. v

Schmxtt, J J.+ and'B.N. COhen. Quantitétive isolation  of




DNA fragments from mw-meltxng agarose by elut:p—d
affinity chromatog:aphy‘ Appal- Bi.o_chem 1983, 133,
462-464. A e 3

Schoenaker, JuM., -and A. Harkovitz’. ‘Identification of the
gene lon (capR) product as a 94-kilodalton pﬂlypgptide
by* cloning and deletion analysis. oI. Bacterjol. 81,

v 46-56. "

Schwumnex, B D:fferennul ‘effects - of putrescine,'
cadaveriné and glyoxal-bis- (guanylhydrazofe) of DNA-
and nuuleohxetﬂne-suppo:ted DNA  synthesis. K  Biochim.
Blophya. 2cta, 1968, 166, 25%-25¢. % S

‘smith, B.R., and R. Schleif. Nudleot ide sequéiice of the
L-arabinose regulatory region of Escherichia coli k- K-12.

J. Biol. Chem., 1978, 253, 6931-6933.

Smith, C.L., ‘M. Kubo, *and F. Imamoto. P:omumr—speciflc
inhibition of transcription by’ antibiotics which act on
DNA gyrase. Nature - (Londen): 1978,‘215, 420-423

Sneath, P.H.A. Putrescine as an esbential g:owth factor for
Nature

a mutant of ‘niddlans. (London) »
1955, 175, 818. P e RE
Southern, E.M.  Detection of specific sequences among DNA

fragments separated by gel elewophoresxs. # J. Mol.
Biol., 1975. 98, 503-517. oo

Srinivasan,, * P.R., ~.D.V.  Young, and W. M.aas. E Stnble "

ribonucleic acid synthesis in «stringent der’} wnd

relaxed (x.el ) polya.m:lne auxatrophs of Escherichia coli
K-12. J. Bacteriol, Als, 1648-655. .

Stender; W. Cyclic adenoame—al 5'—monophesphate xeceptor
protein: interaction ‘with E. -coli RNA polymerase.
Biochen. Blophys. Res. Commun, ' "1980, 26_, 320-325.

Tabcr, Hiy S.M. Rosenthal, and C. W, Tabor. -The bfosynthesis
spermidine = and - sperminé . from. putrescine and
. methimune. d. Biol. Chem., 1958, 231, 907-914.

Tabor, -H. The stabilization ‘of
transforming principle by spermme. B.’uznhgm Binn.hxa
Res.  Comtun.,; 1961, ‘4, 228-231. N

. rabor, C.W.  Adenobylmethionine decarboxylase. - Methoda:
‘ Enzymel., 1962, 5, 756-760. .

Tabor; H.:: and .. Tabor. . Fordition of I,4%dianichutane
and of spermidine by and ornitlune auxotroph’ of




Escherichia goli- grown on. limiting. o:n:t.lune or
arginine. J. Biol. Chem., 1969, 244, 2286-2292.

Tabor, C.W., and H. Tabor. 1,4-diaminobutane (putrescine),
spermidine, and spe'rnine. Ann. Rev. Biochem., 1976,
45, 285-306. .

*Tabor, C.W. . Escherichia coli mutants completely dancunt
in" adenosylmethmnme ‘decarboxylase and in spermidine
biosynthesis. ” J. Biol Chsn., 1978,.253; 3671-3676.

Taboz. H., E.W Hafner, and C.W. Tabor. Construction . of _an
goli strain unable  to synthesize

putrescine, spermidine, or cadaverine:’ character!zatiqn

of two genes controlling  lysine deca:boxylase. e
Bacteriol., 1980, 144, 952-956. » e .

‘Tabor, H.; C.W. Tabor, M.S.. Gohn, -and E.W. Hafner. -

Streptomycin resistance - (rpsL) 'produces an absolute
requirement for polyamines for growth of i
coli strain unable to eynthesize putrescine and
* spermidine (speA-speB, d.. Bacteriol., 1981,
147, 702-704. o

Tabor, H.- Polynmine biosypthesis in Escherichia coli:

‘construction of polyamime-deficient mutants. Medical .

ml-, 1981, 59, 389-393.

Tabor ,* H., C.W. Tabor, E.W, Hafner, G.D. Markham,-and S.M.
le. Cloning of the E. -coli -gemes for" the

biosynthetic enzymes for’ polyamines. Methods Enzymol.,-

1983, 94, 1

Tabor; C.W., and H. Tabor. Polyamines. Ann. Rev. Biochem.,
1984, 53, 749-790. s $

Tabor, C.W. Propylamine transferase (spermidine synthetase) .

pp 761-765. In S.P. Colowick and ‘N.0. Kaplan (Ed.),
1., Academic Press. New York, 1962, £

Takahashi, M., B. Blazy and A Baudras.. Non-specific
- interactions of CRP from E. coli with nati
denatured DNAs: control of binding by cAMP.and ::GHP ‘and
by cation concentration.’ Nucleic Acids Res., 1979, I,
. 1699-1712" 3

Takeda, Y., am; K. xgarashx. Polyamines and protein
synthesis. IV. Stimulation of aminoacyl transfer RNA
formation by polyamines. Biochim. Biophys. Res.
Commun., 1969, 37, 917-924.

“Takeda, 2 , D.H. Ohlendorf, W.F. Ahderson, and B.W. Mathews.

DNA binding proteins. Science, 1983, 221, 1020-1026.




‘Taniguchi, T., M..0'Neill, B. de Crombrugghe. Interaction
:“ sité of Escherichia coli cyclic AMP receptor protein on
DNA of galactose operon promoters. 'Proc. Natl: Acad.

Sci. U.5.A., 1979, 76, 5090-5094.

Teraoko, H.,.and K. ’l‘anaka. Effect of polyanunes on the

-* binding of dihydrostieptomycin and'  N-
- acetylphenylalanyl~tRNA to ribosomes from'
coli' Bur. J. Biochem., 19732, 40, 423-429.

, \ L
Teraokoy’ “H., and K.- Tanaka. . Effect of spermine on the

_binding of erythromycin’'to Esnhﬁunhiﬂ coli ‘ribosomes
and - the peptidyl-transfér reaction.. Eur. J. Biochem,
1973b, 33,- 578-583. 4 %

5 :
¢ L &
Tomizawa, J-I.;" Y. Sakakxbara, and T. Kakefuda. Replication

- of colicin El ‘plasmid DNA in"cell extracts. Origin and
direction of replication. Proc. Natl. BAcad. Sci.
:8.A., 1974, iy 2260 2264. .

Treadwell,  BiV.,. H-F. Kung, and H. Weissbach. Stimulatioh’

by spermidine of ‘the DNA-directed in vitro syntkesis of
B-galactosidase. -Arch., Biochem. Biophys., 1976 176,
w . 799-800. : o

Ullmann, A., E. Joseph, and A: Danchin. ' Cyclic AMP as a _

modulafor of polarity in polycistronic transcriptional
units. Proc. Natl. Acad. Sci. HSAr 9,." 16,

3194-3197.
Ullmann, A., and A. nancmn. Fole of cyclic AMP in
bacteria. Adv. - Mucl¥ot. Res., 1983, 15, 1-53.

'Valentin-Hansen, R. Tandem CRP.binding sites in' the deo
operon of Escherichia coli K-12. EMBO Journal, 1982,
1,/1049-1054. ,

: ’ . i . 4
_ Vieira, J., and J. Messing. The pUC . plasmids, a

M13mp7-derived system for insertion mutagenesis and

' sequencing with synthetic universal primers. Sene, *

1982, l9.; 259-268.

Vollehweider, H.J., M. Fiandi, and W. Szybalski. A

relationship -betweer . DNA helix stabikity  amd
recognition - sites for RNA pclymerase. Smm:ey 1979,
205, 508-511.° .

Wahl, G.M., M. Stern, and G.R. Stark. Effi_ciem: tr’a‘nafer of .

large DNA fragments - from agarose gels to

diazobenzylmethyl-paper. and ' rapid hybridization . by

using dextran sulfate.-- Proc. Nakl. Acad. Sci. U.S. Ay
| 1979, 76, 3683-368%. .

‘Wang, 3.C. ' Interactions between twisted DNAs' and _enzymes:




the' effects of superhelical turns. . Mol. Biol.,
1974,.87, 797-8l6.

Wang, J.Y.J., and D.E. Koshland.' The , identification. of

distinct .protein' kinases and phosphatases in the’

‘procaryote, Salmonella typhimurium. = . Biol. <Chem.,
1981, 25.5, 4640~ 4548. * *on

Watanabé, Y., K. Iqarashx. and S. Hirose. Differential

;. -stimulation by polyamines Of :phage RNA-directed
‘'synthesis of proteins. Biochim. Biophys. Acta, 1981,
656, '134-139,

Differentidl stimulation ' by polyamines of ‘phage
DNA-directed in yitro synthesis of proteins.  Biochim.
Biophys

Watanabe, Y., K. Igarashi, K. Mitsui, and S. Hirose.

. Acta, 1983, 740, 362-368. . -

‘Watson, ~ J.C., and’ S.J. ‘Surzycki. Extensive sequence

humclogy in the DNA coding for elongation factor from
and the i ii
chloroplast. Proc. Natl. Acad.
.2264-2267. . - . '
Weatherburn, M.W.
determination of ammcma». Anal. * Chem., 1967, .39,
971-974 2 |
We:chemer, S.J.. and 3. Leifer. Putrescine and spernidine
'sensitivity of lysine decarboxylase in

coli: * evidence for a constitutive enzyme and its mode'
Biochen. Biophys.

of-regulation.
< 114, 882-888.

Westf R.W. Jr., R.L. Neve, and R.L. Rodriguez. Construction
- and"characterization of E. coli promoter-probe plasmid

~fragments. . Genes 1979, 1, 271-288.

Wickner, R.B., C.W. Tabor, and H. Tabor. ' Pu:i‘ficaticn_ of
E adenosylmethionine decarboxylase from" ichia coli

W: evidence for covalently bound pyruvate. s+ —Biole

. Chem., 1970, 245, 2132-2139. "

Wu, ..W.H., and D.R. Morris. Bibeynthetxc arginme
decarbnxylase from coli: urification and
properties. J. Biol. Chem., 1973, zm. 6871695

Yang,  H.L., ' K. Heller, M. Geller; -and G. Zubay.
Differential sensitivity of gene expression in yitro to
inhibitors 'of DNA gyrase. Proc! Natl. Acad. Sci.

U.8.3., 1979, 76, 3304-3308.

Young,. D.V., and P.R. Srinivasan. Regulation of
5 4

Sci. U.S.A., 1982, 19,

Phencl»hypochlnnte reaction for.

vectors. = I. ~Cloning of _ promoter—containing DNA-




223

macromolecular synthesls by putrescine in a conditional
Escherichia’ putrescine auxotroph. J. Bacteriol.:
1972, 112, 30-39. s

fitomer,. R.S., and J.C. Flaks. Magnesium-dependence and

equilibrium—of ‘the Escherichia coli * ribosomal subunit
association. J. Mol. Biol., 1972, 71, 263-279.
. Zubay, 6. I sd.tm synthesis of protein inmcrnb1317
systems. -Ann. Rev. ﬁengngs. 1973, 1,167"137.
. ) e
- k ¥




pamis e



BIOMEDICAL .

DIVISION

ADDRESS:
PO, Box 1527
1000BM Amsierdam
‘The Ketherlands

Tglephone:

1020: 5803811
“Telex 18582 [SPA NL

Cables Eispubco

Alfiliated vath.

Eisevwr Tublications
(Cambndger

Chevier - IRCS Lid:
Lancasier -«

Lisevier Scienbiic

Publishers Ireland 1.

InshCisevier
Prniers Lid.

. Dr.' Jonathan Wright 2D
Memorial University of Newfoundland *
Faculty of Medicine =~

* The Health Sciences Centre.

St. John's, Newfoundland
CANADA A1B 3V6

=% .
" Direct line 020, 5805.24 30, Ansterdam, 1st August 1984°

Dear-Dr. Wright, P -

Thank you for ygur recent letter in which you request permission

to use the follywing article(s) in your thesis:

Boyle,yS.M., Markham, G.M., Hafner, E.W., Wright, J.M., Tabor, C.K:,
and Tabor, H, (1984) "Expression of the cloued genes encoding the
putrescine biosynthetic enzymes and methionine adenosyltransferase
of Escherichia Coli"; GENE (in press). - )

le are pleased to grant this permission provided that you giv‘e full
acknowledgement to'the original source of publication and that your
work-is not distributed commercially.

With best wishes, K . X L

Yours sincerely, L

Karin Singeling
Rights & Permissions

copy-of your request. % .
















	0001_Cover
	0002_Inside Cover
	0003_Blank Page
	0004_Blank Page
	0005_Notice
	0006_Title Page
	0007_Abstract
	0008_Abstract iii
	0009_Acknowledgements
	0010_Publications
	0011_Table of Contents
	0012_Table of Contents vii
	0013_Table of Contents viii
	0014_Table of Contents ix
	0015_List of Tables
	0016_List of Figures
	0017_List of Figures xii
	0018_List of Abbreviations
	0019_Chapter 1 - Page 1
	0020_Page 2
	0021_Page 3
	0022_Page 4
	0023_Page 5
	0024_Page 6
	0025_Page 7
	0026_Page 8
	0027_Page 9
	0028_Page 10
	0029_Page 11
	0030_Page 12
	0031_Page 13
	0032_Page 14
	0033_Page 15
	0034_Page 16
	0035_Page 17
	0036_Page 18
	0037_Page 19
	0038_Page 20
	0039_Page 21
	0040_Page 22
	0041_Page 23
	0042_Page 24
	0043_Page 25
	0044_Page 26
	0045_Page 27
	0046_Page 28
	0047_Page 29
	0048_Page 30
	0049_Page 31
	0050_Page 32
	0051_Page 33
	0052_Page 34
	0053_Page 35
	0054_Page 36
	0055_Page 37
	0056_Page 38
	0057_Page 39
	0058_Page 40
	0059_Page 41
	0060_Page 42
	0061_Page 43
	0062_Page 44
	0063_Page 45
	0064_Page 46
	0065_Page 47
	0066_Page 48
	0067_Page 49
	0068_Page 50
	0069_Page 51
	0070_Page 52
	0071_Page 53
	0072_Page 54
	0073_Page 55
	0074_Page 56
	0075_Page 57
	0076_Page 58
	0077_Page 59
	0078_Page 60
	0079_Page 61
	0080_Page 62
	0081_Page 63
	0082_Page 64
	0083_Chapter 2 - Page 65
	0084_Page 66
	0085_Page 67
	0086_Page 68
	0087_Page 69
	0088_Page 70
	0089_Page 71
	0090_Page 72
	0091_Page 73
	0092_Page 74
	0093_Page 75
	0094_Page 76
	0095_Page 77
	0096_Page 78
	0097_Page 79
	0098_Page 80
	0099_Page 81
	0100_Page 82
	0101_Page 83
	0102_Chapter 3 - Page 84
	0103_Page 85
	0104_Page 86
	0105_Page 87
	0106_Page 88
	0107_Page 89
	0108_Page 90
	0109_Page 91
	0110_Page 92
	0111_Page 93
	0112_Page 94
	0113_Page 95
	0114_Page 96
	0115_Page 97
	0116_Page 98
	0117_Page 99
	0118_Page 100
	0119_Page 101
	0120_Page 102
	0121_Page 103
	0122_Page 104
	0123_Page 105
	0124_Page 106
	0125_Chapter 4 - Page 107
	0126_Page 108
	0127_Page 109
	0128_Page 110
	0129_Page 111
	0130_Page 112
	0131_Page 113
	0132_Page 114
	0133_Page 115
	0134_Page 116
	0135_Page 117
	0136_Page 118
	0137_Page 119
	0138_Page 120
	0139_Page 121
	0140_Page 122
	0141_Page 123
	0142_Page 124
	0143_Page 125
	0144_Page 126
	0145_Page 127
	0146_Page 128
	0147_Chapter 5 - Page 129
	0148_Page 130
	0149_Page 131
	0150_Page 132
	0151_Page 133
	0152_Page 134
	0153_Page 135
	0154_Page 136
	0155_Page 137
	0156_Page 138
	0157_Page 139
	0158_Page 140
	0159_Page 141
	0160_Page 142
	0161_Page 143
	0162_Page 144
	0163_Page 145
	0164_Page 146
	0165_Page 147
	0166_Page 148
	0167_Page 149
	0168_Page 150
	0169_Page 151
	0170_Page 152
	0171_Chapter 6 - Page 153
	0172_Page 154
	0173_Page 155
	0174_Page 156
	0175_Page 157
	0176_Page 158
	0177_Page 159
	0178_Page 160
	0179_Page 161
	0180_Page 162
	0181_Page 163
	0182_Page 164
	0183_Page 165
	0184_Page 166
	0185_Page 167
	0186_Page 168
	0187_Page 169
	0188_Chapter 7 - Page 170
	0189_Page 171
	0190_Page 172
	0191_Page 173
	0192_Page 174
	0193_Page 175
	0194_Page 176
	0195_Page 177
	0196_Page 178
	0197_Page 179
	0198_Page 180
	0199_Chapter 8 - Page 181
	0200_Page 182
	0201_Page 183
	0202_Page 184
	0203_Page 185
	0204_Page 186
	0205_Page 187
	0206_Page 188
	0207_Page 189
	0208_Page 190
	0209_Page 191
	0210_Page 192
	0211_Page 193
	0212_Chapter 9 - Page 194
	0213_Page 195
	0214_Page 196
	0215_Page 197
	0216_Page 198
	0217_Page 199
	0218_References
	0219_Page 201
	0220_Page 202
	0221_Page 203
	0222_Page 204
	0223_Page 205
	0224_Page 206
	0225_Page 207
	0226_Page 208
	0227_Page 209
	0228_Page 210
	0229_Page 211
	0230_Page 212
	0231_Page 213
	0232_Page 214
	0233_Page 215
	0234_Page 216
	0235_Page 217
	0236_Page 218
	0237_Page 219
	0238_Page 220
	0239_Page 221
	0240_Page 222
	0241_Page 223
	0242_Note
	0243_Page 225
	0244_Blank Page
	0245_Blank Page
	0246_Inside Back Cover
	0247_Back Cover

