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An adenyl cyclase deletion mufant stqéin of Escherichia coli K-12

was studied to determine the role of cyclic,ﬁdenosine monophosphate on
growth and metabolism. The mutan; strain was found to be sensitive to
high enwironmental pH. The mutant made less cell mass per unit carbon
provided and this heficiency increa§ed at high environmental pHs,

whereas the parent strain was resistant to envirénmenta1°pH. Other

Engdeletion mutants exhibited similar properties. On this basis it

_was proposed that the cya mutants are unable to deveiop and/or

maintain a normal e1ectriggl‘gradient across the cytoplasmic

membrane, The battern of uptake of 14C-pro]iqe by membrane vesicles
at various external pHs in the presence and assence of valinomycin (an
ionophoée) and nigericin (a protonophore) supported this prediction.
The hypothesis was further supported by the direct measurement of the
two components of bro}on'motiée force, the electrical gradient and the
ptPton gradient, i& cells and membrane,veéiclés. Genetic studies show
that crp geme product, the cAMP binding protein, is involved in

developing resistance to the environmental pH. | e
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“INTRODUCTION ' o )

e
o

The work reported in this thesis deals with genetic,

physioiogica] and bioenergetic studies on a strain of Escherichia coli

"K-12 carrying a deletion in the cya gene.

’The, cya gene specifies the structure of the enzyme, adenyl
cyclase, which catalyzes the conversion of ATP to cyclic adenosine

monophosphate (cAMP) and pyrophosphate (80, 83, 199):

.// s .
adenyl cyclase g
ATP > CAMP + PPy.

L

A deletion of this gene ( Acya) therefore renders the bacteria
deficient in cAMP. |

Cyclic AMP has been detected in a variety of living organisms,
bacteria, animals and even plants (83, 153, 163). In humans and other
mammals, it mgdiates the effect of a variety of hormones and
bio]égical]y active agents (178). The work presented in this thesis
is concerned with ¢cAMP 1'n'bacteria.

Our understanding of the role of cAMP in bacteria has been -
advanced by the isolation of mutants deficient in it, Thé cya mutants
show 'a wide variety of.metabolic effects. The interrelationship

v

between these is not obvious. One can’ however consider them in two

groups—1) effects~on transcription through which catabolite

repression is mediated, and 2) effects on membrane structure and

function, ,

1
\ . .
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Section 1. The Role Of cAMP In Catabolite Repressioa:,

»

Many'mjcrobes, grown with glucose, are unable to metabolize
various otherlgugars concurrently. This is b;cause, during growth on
glucose, the synthesis of enzymes to.degrade other carbon sources
(tactose, maltose, galactose and arabinose) is repregsed. This

phenomenon of repression was originally known as the "gtucose-

effectWr' studies showed that this rep’ressioh is not specific

L4 . ~
. to glucose. The presence of other rapidly metabolizable substrates in

~

the growth medium exert similar but not identical repression. Based
on this observation it was concluded that growth conditions that
"result in more cgtabolism than anabolism reprégs the synthesis of
enzymes of other catabolic pathways (114, 204). ‘The growth substrates
that exert repression provide ATP at a faster rate,

This repression-renamed as'catabo]ite repression- is mediated
through cAMP (156). Cyclic AMP is heeded to begin the Franscription
of catabolite repressed genes. However in glucose-grown cells, the
concentration of cAMP is maintained at a very low level, such that
these operons cannot be(traﬁscribed. ’

THe evidence for this model is convincing. Glucose-grown cells
have very low levels of cAMP (117). Addition of exogenous cAMP (along

with the appropriate substrate) allows transcription of various genes

(lac, mal, gal, ara, deo and dsd) even in the presence of glucose (65,

67, 75, 152, 157, 176, 206, 207).



Tite repression of the synthesis of these catabolite-sensitive
enzymes has been ascribed to a phenomenon called "inducer exclusion",
according to’'which the carbon source exerting repression prevents the
entry of the inducer of these enzymes, thereby preventing the
induction of thgir synthesis (114, 123, é04). However, it has been
argued on the ;;sis of physical and genetic studies that the
phenomenon of inducer exclusion'is only partié]]y respénsib]e for the
catabolite repression (204). Cells in which 1act;se-catabolizing
enzymes were induced by using an inducer analogue (isopropyl-
P-thioga]actoside, IPTG) that can enter the cell without a transport
system, were still sensitive to repression by glucose, and mutants
constitutively producing ha]tose-catabo]izing enzymes still retained
some sensitivity to g]ucose; However, mutants céﬁétitutive]y
prodqcing galactose-catabolizing enzymes displayed no représsion by
glucose (81). . B

Uldmann et al. (202) have reported the presence of a factor,
called catabolite modulator factor (CMF), in the water soluble extract
of E. coli cells grown on glucose minimal medium. When added to.a
culture, this factor strongly inhibits the expression of genes
sensitive to catabolite-repression (e.g., lac, gal, and tna) but it
has no effect on those that are insensitive (e.g., genes for
glucose-6-phosphate” dehydrogenase and phosphoglucomutase). No
correlation was found between the extent of catabolite'repres§ion and
the amount of CMF present in the culture. H0wéver, some correlation

was observed between the catabolite repression and the cell's capacity

to degrade CMF (38). These workers characterized this factor as of



Tow molecular wéight, acid-, base- and heat-stable and electrically
. . b
neutral (38) but were unable to purify it,

The most conclusive evidence of the role of cAMP as the

‘physiological ef-fegtor in catabolite repression, hdwever, was the

isolation of mutants deficient in cAMP production (26, 145, 158, 1B6,s
217). Sugeh mutants were unable to use any of a number of sugars:
lactose, maltose, arabinose, galactose, sorbitol and g]ygero1 (123,
158). V.'Fermentation of all sugars could be restored by exogenous
cAMP, -

This déficiency in the use of many carbohydrates provides an
excellent screening method for cya mutants. A specific mutation in
the lac operon would make a strain lactose-nonfermenting but still
able tc; use maltose, arabinose, etc. However a cya mutant would be
unable to use several carbohydrates (pleiotropig carbohydrate
non-utilizing). This selection has been extensively used in the

present work. ¢ .

Section 2. Discovery Of The Catabolite Repressor Protein (CRP):

°

?

Among the p]eiot'ropic cé?bohydrate non-utilizing mutants
iso]ated', many could be reversed by adding exogenous cAMP; however,
many could not (155). Those not responsive to cAMP mapped in a
different area of the E. coli linkage map. They are in a gene which
specifies a cAMP binding protein, crp.

Mutants deficient in crp showed exactly the same phenotype as



those deficient in cya (47, 223); however this phenotype could not be

reversed by cAMP, It seemed, erefore, that cAMP and CRP must act

together to permit the synthesfg\ of the various enzymes needed to
degrade carbohydrates. ‘

- | The CRP has been purified and studied in much detail (204). Its
ability to interact with cAMP and DNA has been exploited for its
purification. It'is a basic p}‘otgin consisting of two identical
sub-units of molecular weight 22,500 each (43). Its amino acid / ~
sequence has been worked out (3, 30) and its three -dimensiona]
structure has been established by x-ray diffrac'tion studies (113). It
appears to have two distinct domains— one, with amino terminus,

interacts with cAMP, and the other, witI:n carboxy! terminus, interacts

_with DNA. There are about 3500 molecules of CRP per cell in E. coli

a ‘ s

(63).

r "Sectdon 3. Mechanism Of Action Of cAMP And CRP In Catabolite

B
+

Repression:

The mechanism of action of cAMP and CRP has been extensively
\ . studied, particularly wfith respect to the contrdlz:s;of expression of the
- i lactose, gaﬁactose and arabinose operons. That'both cAMP and CRP are . L/
\ - necessary for the initiation of transcription of these operons has
\ . been established through a number of genetic, biochemical and
\ - physiological e;;i' riments, In:an lﬂp_t_g_o_ purifierksystem of
\t;;ﬁscription (consisting of .lac DNA, RNA polymerase, nucleoside

triphosphate and ATP), lac mRNA could not be synthesized from lac DNA

F\\- - &
LD



v

unless both cAMP and CRP v-Jere provided (36). Similar results wer:e
found when gal DNA (140, 150) or ara DNA (224) was used (155).

According to .the currently accepted model, the cAMP/CRP complex,
acts at the promotor site of the catabolite-repressible operons,
permitting RNA polymerlase access for efficient transcription, and
‘thereby allowing induction of enzyme synthesis, This model is
support.ed by genetic and biochemical studies. In an in vitro
transcription system using lac or _gﬂ DNA, the additiof.of nucleoside
triphosphate and rifampin (a drug that inhibits the' initiation of
transcription' by inactivating free RNA polymerase in the system) after
the addition of cAMP, CRP and RNA polymerase did not interfere with
the synthesis of lac or gal mRNA (29, 155). But these mRNAs were nqt
synthesized when rifampin was added together with cAMP and CRP. This
jndicates that the cAMP/CRP complex affects the formation of the
RNA'-polymeras;e-promotor open compliex. Physical conditions (e.g., high
temperature) or chemicals that promote the formation of open complexes
(e.g., glycerol, su]foxid.e, ethylene glycol) increased the syntﬁgsis
of gal or lac mRNA in an in vitro transcription system (31, 136,
137). These results strongly suggest that the cAMP/CRP complex is
ess?ntgal for RNA-polymerase to form an initiating complex at the
promotor site,

CRP in the presence or absence of cAMP does not bind to RNA
polymerase (141). However, in the presence of CAMP it does bind
pr-eferentiaﬂy to a segment of lac and gal promotor regions (116).

Thus, the promotor region, besides having a site for RNA polymerase,



appeared to have at least one otHer site for the cAMP/CRP complex.
‘The in{:eraction of the cAMP/CRP complex with the lac promotor region
has been extensively studied using genetic and biochemical techﬁiqugs,
providing evidence for the concept that the promotor region has at A
least two binding sites (39, 56). ‘Three distinct classes of mutations
in the promotor region have been identified (155). /One class of.
mu}ants has a low (2-6% of wild type) level of P—ga]actosidase.

These mutants are resistant to glucose repre'ssion of P-ga]actosidase
‘synthesis /(159, 187) and the lac DNA from these mutants does not bind
to CRP in an in vitro assay 5116) suggesting that these mutations are
“in the cAMP/CRP binding site of the promotor region. The second class
of mutants maps differently and has very low level of P-ga]actosidase
(e;bout 2%) in a cya® crpt background and this level is even lower in a
cya~ crp- background su‘ggesting that these mutants are in the RNA
polymerase binding site of the promotor region. The third class of
mutants maps in the same region as do the mutants in the second class,
but has a high level of p—ga]actosidase even in a cya~ crp~
b‘ackground, indicating that the RNA polymerase bin.ding site is altered
in such a way that the enzyme can transcribe lac mRNA even in the

~

absence of cAMP/CRP complex. The DNA base sequence of the lac
promotor reg;ion has been identified (39) and these mutations have been
described at the molecular level.

The reaction between cAMP and CRP is visualized as a reversible
one,nso that cAMP bound to CRP is in equilibrium with CRP and unbound
cAMP (20). In this case, an increase in cAMP concentration would lead
to an increase in the concentration of the cAMP/CRP complex (20). |

The extent of catabolite repression then would be inversely



proportional to the intracellular -concentration of cAMP/CRP complex

(which itself is dependent on the intracellular cAMP concentration)

«

and the interaction of éAMP/CRP complex with the promotor rggion of

" the catabolite sensitive operons. Since the base sequences of lac

(39), ara (58, 191) and gal (198) promotors are not identical, it is
suggested that the cAMP/CRP complex has different levels of affinities

for different promotors (due to the base seduence differences). This
would result in a sequential induction of operons, vﬁhere operons with
high affinity would be induced first with increasing concentration:of
the complex., Thus, the concentration of intracellular cAMP rjequired
to induce different operons is thought to differ., When different
concentrations of cAMP were added to a culture of an E. coli cya
muta_nt, p-ga]actosidase could be induced to 50% at an external
concentration of 3.8 x 10-4M, whereas arabinose isomerase induction
required 8.6 x 10-4M (111). This was also true in an in vitro
transcription-translation system (165).

: No‘rmaﬂy then, cAMP binds to CRP and alters its conformation such
that it can bind to DNA. That CRP undergoes a conformational change
is shown by a number of physicochemical studies. The study of the
patterr; of the proteolytic digest (treatment with proteolytic enzymes)
(44, 68, 102, 204), the reaction with cross-1inking reagents
(43, 149, 204), photoaffinity labelling (2) and the f\uoreség'nce.
studies (53), all provide evidence that CRP conformation changes on

binding to cAMP. As previously stated, mutations in. CRP may destroy

its activity, presumably by interfering with its ability to bind cAMP



or to bind DNA. Another sort of mutation enables CRP to bind to DNA
even in the absence of’cAMP (5, 37, 125, 197).~ CRP from one such
mutant has been demonstrated (through a protease digestion method) to
exist in a conformation that is more like the CRP conformation when it
is bound to cAMP (68). 1 h

The mutation which makes CRP independent of cAMP suppresse§ a cya
mutation. Since cAMP is no longer needed for CRP function in such
mutants, it clearly is irrelevant whether or not the strain makes it.
Therefore a cya mutant carrying such a crp mutation (known as crp*) is
able to use lactose, maltose and arabinose (5, 125, 197). In the
present work, various new cya characteristics are showA to bé

suppressed by such crp* mutations,

»
Section 4. Deficiencies 0f The cya Mutants Are Not Limited To

Carbohydrate Utilization: Slow growth rate with glucose:

The cAMP-deficient mutants differ froh their parent strains in a
number of other phenotypic characteristics. These differences are
restored to normal when cAMP is provided, indicating that they are
all due to cAMp deficiency.

One of the most puzzling characteristics is the slow growth of
cya mutants in glucose minimal medium (507 158). This has been

i
explained in two ways. The first is based on the fact that cya mutants

»

&
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transport substrates iﬁtb the cell more slowly than cya*t s;rains
(50). From figunes B\End 9 of the paper by Ezzell and Dobrogosz (50),
one can abstract that the wild type E. coli grown without cAMP
transported a glucose analogue, o<~ methy]g]ucoéi&e} at a rate of 3.5
n moles peﬁ mg cells per 30 éec, whereas the cya mutant grown without
cAMP .transported at 0.8 n moles ‘per mg cells per 30 sec. The two ,
strains grown with cAMP transported at the same rate and that rate,
(7.0 n moles per mg cells per 30 sec) was higher than thgt of the
parent grown without cAMP, |

It is obvious thaf the presenc? of cAMP in the growth medium

affected the activity of the glucose transport system. The question

that is not clearly answered is whether the low transport rate in the
E

mutant is, in fact, limiting for growth, i.e., if this decreased rate

of transport of glucose is the reason for the siow growth rate. This

cannot be answered from the data presented (50). However, Judewicz et

al. have shown in E. coli Hfr 3000 that cells supplied with glucose

and cAMP grow more slowly than those given only glucose (84), a
contradiction to the above mentioned report,

A second explanation was based on the fact that the Ezg_ﬁutant's
membrane showed iow levels of the major heme constituents (cytochrome
by and o), and of flavine "adenine dinucleéiide, and haq reduced NADH
oxidase and energy-dependent téanshydrogenase activities (27, 40).
Because of these deficiencies in the respiratory chain components, it

was implied that the Eli mutant is not able to carry out efficient

oxidative energy transduction (oxidative phosphorylation) and this

’
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ineffigiency results in a slow growth.' From thi§:'it was suggested

that cfMP is involved in the regulation of the synthesis of a norma?d
andofu 1y functional aerobic respiratory chain:

lier stuq1gs showed that growfﬁg cél]s of E. Eéll B with cAMP
and g1fose increased the éfficiency of ATP formation (76). Thai is,
when ceMs had been growin on glucose and cAMP, they‘showed much
.higher P/Q ratios (phosphate esterified per molecule of oxygen
utilized) #&gan when grown with glucose alone. Also consistent with .,

this is the ding that exogenous cAMP added -to E. coli K12 growing

° »
~on glucose stimuMated the synthesis of cytochromes (b; and o) (27).

v

The ability of mutant to synthesize ATP was dir@ct]y‘ .

-

measured (40). " Whether energized witﬁ'é natural substrate
(D-lactate) or with an artificial substrate (ascorbate-PMS), mutant
ce11§ synthesized Tess ATP than their parents (with D-lactate,-the ATP
level reached 3.5 and 1.0 mM withir 30 sec in the wild type and mutant
strains respectively; with ASC-PMS, it reached 4.25 and 3.5 mM in the
wild type qu mutant strains respectively). Since ATPase activity
itself had been shown tovbg normal in cya mutants (40), the low rate
’of ATP synthesis was ascribed to respirétory chain deficiencies,
resulting in insufficient energiz?tion'of the membrane, and !

consequently lower ATP production,

N
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Sectgon 5.' Other 6efects 0f The cya Mut&nt:
| The cya mutants exhibit a number of other metabolic
- | ébnormalities, most of which can be ascriﬁed in one way or another to_
7 alterations in membrane structure and function. As compared to a z}a+
! r 4,§}rain, the ‘mutant is more fesistant to certéin mutageqs (103, 194,
204),'antibi5tics (7, 94 20, 32: 108, 195, '204) and phages (4, 108),
bw&hmore sensitive 'to high salt concentration (50) and to streptomycin
(108); The outer-membrane profein composition (8, éO, 118, 135) and
the regulation of synthesisAof flagella (20, 42, 101, 217), pitli (20,

. ~ 7i) and fimbriae (20, 46, 184, 204) are also altered. The mdtant shows
tt\\‘ a normal phenotype in each of these'chara;te' §tigs idf provided w;th )
cAMP‘e*ogenously. |

fhe mechanism of'actidn of cAMP in al tﬁese cages is likely to:
involve cdntrol of transcription, just as was the case'for SJ;}f
. - . utilization. This conclusior is based on the fact that crp mutants
///) . Show similar‘characperistics. For instance, a crp mutant was.salt

sénsitive, deficient in g}ucose transport and deficient {n cytochrome
'by and.o, a phenofype very similar to that of the cya mutant (33):
[t also showed a deerease in Fpta1 flavin conéent, decreased ability
4 . to make ATP and decreased transhydrogenase activity (40). It seems
then that both cAMP and CRP are needed to establish these réactions.
The crp protein i§ thought to work exclusively as a DNA-binding
prote{n involved. in the control of transcription. If it is involved in

the control of the growth rate on glucose, then establishment of the

normal growth' rate of E. coli must involve transcription at a cAMP/CRP

' .
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dependent promoter. The same is true of all the other fuﬁcﬁions,.even
though they are~fgnctions of'g1ucose-grown cells and catabolite
repression is not involved. A similar experimehta] logic is used in
this thesis. to show that pH-effects involve a function contro]]ed.by’
CAMP and.CRP. o | L
There are some reports that strongly subgess the roié of cAMP as
' a«qegative effector in the- synthesis of §e9éra1 E. Egli proteins.,
'Thfsfﬁas first shggested By Prusiner et al. (171) yho compared the
‘$1evels of enzymes involved in the interconversion of glutamate and
wg]utamfne 16 the presence and absence of cAMP. The level of two of
the enzymes was high in glucose grown cei]s and was Qecreased by
'.cAMP. The finding that the cya and crp mutants have an increased
level of these enzymes further confirmed the negative control of cAMP
on these genes, Since the crp mutants have been kn;wn té have a high
level of cAMP (synthesized by adenyl cyclase), the regulation of
adenyl cx&ljzgihay also be negatively controlled by cAMP/CRP (170,
209). A study involving two dimensional polyacrylamide gel
electrophoresis of glucose grown ce1li from ?he wild type énd the cya
and crp mutént strains has shown that a large number of proteins are
negatively controlled by the cAMP/CRP complex (118). One of these
negatively Eontro]1ed proteins has been identified as the outer 7
membrane p;otein,III (synthsized by gene ompA). Since the CRP is
necessary for médiating the repressive effect of cAMP it seems likely
thgt the negétive control is exerted at the level of transcription, as

is the positive control. ‘Whether this control is direct or indirect
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.
" (through the tran;éription,of a regulatory protejh), is still to bé
"discovered.
' Cyclic AMP has beeh'suggested to be involved in relieving

the polarity in the,po1ycysfronic tra;scriptiona1 unifs (operoné).l‘ln.
an operon the individual genes are expressed co-ordinately. However,
the exﬁréssion of promotor-proximal genes‘is higher thén‘the
promotor-distal genes. In the case of lac and gal operonQ, this
ﬁo]arity of transcript{on has been found to be relieved by cAMP

(203, 204). Ih{s antyéolar role of cAMP and the underlying mechanism

{
is not yet well understood.

1

- Recently, it has been proposed that cAMP plays a role in
transcription termination (60, 203, 204). This proposition is based

.on the comparative study of the effect of a temperature sensitive rho

2y

mutation in the wild type and in the cya/cgp mutant strains. In the

presence of a non-functional rho gene product (the -transcription

terminator protein), the transcription once started pro;eeds almost:

" without ‘termination, leading to an unbalanced expression of the

genome. Consequently, the growth stops. Mutations in the cya or crp

. genes are able to suppress the effect of rho mutation, indicating the

‘i;;olyement of the cAMP/CRP complex in tranécription termination,

From these pleiotropic carbohydrate-negative (cya/crp) gﬁg mutants,
p\eiﬁtrogﬁc carbdhydrate-positive péeudorevertants.have been isolated
that map in rpo gene. The igg_gene transcribes the sigma subunit of
RN& polymerase.' In a recent report, it has been proposed that the rpo

Qene takes part in the regulation of cAMP synthesis, since a

w
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temperature sensitive rpoD800 mutant contains a decreased level of
cAMP in the culture (60).

It has been suggested that the cAMP/CRP complex plays a role in

" the biosynthesis of branched chain amino acids (34, 35). The relA

mutants, that exhibit a relaxed control of the synthesis of stable
RNAs on amino acid starvation, have beén found to be sensitive to
serine, methionine and glycine, SMG (35). The fact that this
sensitivity was relieved by the addition of isoleucine or by mutations
in the cya or crp genes, provided a basis for the above mentioned rple
of CAMP/CRP complex. A further evidence was provided by the finding
that the crp* mutants excrete oc -ketobutyrate (a precursor of
isoleucine) when grown on glucose. Moreover, the SMG-resistant
mutants have been found to be sensitivé to o< -ketobutyrate and its
analogues, and to have a]iered cAMP accumulation (34). However, it is
not yet known how and at whatuiyep the cAMP/CRP complex plays its role

in the biosynthesis of branched chain amino acids. .

Section 6. Cloning of Adenyl Cyclase Gene (cya):

Recently, microbiologists have started applying tools and
techniques of genetic engineering in Brder to comprehend the complex

and yet not well understood role of CAMP in metabolism. The adenyl

cyclase gene from E. coli (180) and Salmonella typhimurium has been

cloned into-the plasmid pBR322 (208). In E. coli the characterization .



16
[ .
of regulatory regions by operon fusion (lac Z and tetR) and the
study of gene product, indicate the existence of three promotors. Two
of these initiate upstream transcription of Cya, synthesize a 95,000
Da polypeptide and are insensitive to cAMP (180). The third one is
also in the same control region but transcribes in the opposite
qirection. The sequencing of these control regions is underway (204).
Wang et al. (208) cloned restriction fragments containing cya
gene from S. typhimurium. The size of the DNA cloned varied as judged
by the size (from 78,000 to 81,000 Da)/of the polypeptides made. A
~plasmid carrying a partly deleted cya gene, synthesizing a polypeptide
of 45,000 Da,'was able to complement a ‘3511 strain. . A similar study
of even larger deletions of the carboxyl-terminal end of the Cya gene
did not affect the enzyme activity (109). Deletion mutations
producing polypeptides as small as 46,000 Da did not have a
significant effect on the enzyme activity. Larger deletions giving
polypeptides of up to 33,000 Da had no detectable enzyme activity but
were still able to complement a cya mutant. These results shggest
that the active site of gdenyl cyclase may be contained in a very

small domain of the enzyme molecule and that the rest of the molecule

may have other functions (109). LY
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Section 7.. Control Of cAMP Synthesis And Excretion:

As described in the preceding sections, repression of the
Eynthesis of the various catabolite-sensitive enzymes appears to be
mediated by CAMP. If cAMP is the mediator, then the fact that the
inﬂuced level of the catabolite-sensitive enzyme is different in cells
grown with different carbon sources, should imply that the cAMP
concentration of the cell is also differeqt. That is, there should be
‘a correlation between the intracellular level of cAMP and the rate of
synthesis of catabolite repressible enzymes. Hence the extent of
\catabo1i£e repression should depend primarily on the concentration of
CAMP in the cell.

This prediction could be tested most directly by the measurement
of the internal cAMP concenfration of cells grown with various carbon

sources.. However the determination of intracellular cAMP is difficult

in bacteria, and subject to many errors. This is because cAMP is

present in a very low concentr tion in bacterial cultures, and most
(rodgh]y 98%) of it is excréted into the medium (20, 155, 176, 204).
A slight cqntamination of cells by extracé]]u]ar liquid will then
greatly alter the values obtained. Mqreover, the intracellular
concentration changes rapidly when the cells are subjected to '
physiological stress, as in centrifuging or filtering.

The difficulty of this determination is reflected in the
considerable variation in published values for cellular cAMP

concentration. For glucose-grown E. coli, cAMP concentrations of 0.4

(48), 1.5 (152, 155), 9 (209) and 12 uM (28) have been’ reported; the

g

o
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same studies reported that glycerol-grown cells had concentrations of
1.5, 5, 19 and 43 MM, respectively. These studies all depended on
antibody-binding to measure cAMP: however, they varied ip the way the
sample o% CAMP was obtained, i.e. in the method of filtration, the
extent of washing and the method of extracting cAMP. It is not
obvious from the;e studies what the absolute value of cAMP may be.

t

Still, it is noteworthy that in all cases, glycerol-grown cells had
‘considerab]y more cAMP than glucose-grown cells,

That glucose-grown and glycerol-grown cells have different cAMP
concentrations is also indicated by studies that show thqt the
addition of glucose to glycerol-grown cells causes a rapid decrease in
CAMP concentration. Shifts from 5 to 0.5 uM (152), from 1.5 to 0.2
pM (48), from 14 to 2 uM (209), and from 33 to 10 pM (28) in 5, 20, 20
and 5 minutes, respectivelyy have been reported.

Investigators have tried to avoid the problem that cAMP
concentration varies rapidly with changes in growth conditions by
making determinations on cells grown in continuous culture. In one
stud} with glucose-grown (repressed) cells, using various dilution
rates, values of CAMP from 0.27 to 0.32 uM were feported (215). A
similar study reporied values of 0.29 to 1.0 uM (122).

Glucose-limited cells (derepressed) and succinate-grown (derepressed)
cells gave values of 4.4 to 5.5 and 0.8 to 2.8 uM, respectively, in

the former study, again suggesting that glucose-grown cells have less *.

cAMP than less catabolite-repressed cells.
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In a more recent study using continuous ‘cultures, the
intracellular cAMP concentration turned out to be almost the same in
both the glucose-limited (catabolite gerepressed) égd the
phosphate-limited (catabolite repressed) cultures, around 1 uM,
whereas the external concentration varied greatly: between 0.4 and 1.0
pM in the former, and around 0.05 uM in the latter (122). Recently, a
new technique has been developed in which the removal of cells from
the culture is avoided and the cAMP-phosphodiesterasg is used to
degrade the extracellular cAMP (82). Using this@%echnique in glucose
gfown culture the intracellular cAMpP concenpratibn was found.to be two

times higher than that in glycerol grown cells. ‘

A more detailed study of the éﬂfre]ation between the extent of
catabolite repression exerted by different carbon sources on QAQP
content was made by Epstein gg.gi. (48). They measured intraé 1lular
cAMP and P—ga]actosidase activity in cells grown on 13 differeAt
carbon sources, in each case with isopropy]-P-D-thioga1actoside
(IPTG) as the inducer of p-galactosidase. The good correlation
between P-ga]actosidase activity in the cell and cAMP concentration
indicates that whatever the absolute value of cAMP may be, its
relative value varies‘fs a function of the substrate used.

The intracellular cAMP concentration may be affected by various
factors, The rate of cAMP synthesis may vary, due either to a change
in the rate of synthesis (tran;cription) of adenyl cyclase, or to the
vaiiation in its activity, possibly caused by the presence of

inhibitors and activators. Cyclic AMP concentration may also be

directly affected by alterations in the activity of the enzyme
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that degrades cAMP, cAMP phosphodiesterase or by alterations in the
rate of its excretion into thé medium, or of reimport from the

medium. Excretion seems togbe energy dependent (57, 182); uptake QOes
not (182). h

Makman and Sutherland showed that glucose-grown cells when
starved for carbon increased their cAMP content within 15 minutes
«(117). Simi]ar]y; when glucose was re-added, the cAMP concenfration
decreased. Since both changes were also seen when chloramphenicol was
present, they cannot be due to protein (adenyl cyclase) sy!thesis.
Moreover the changes in cAMP coﬁcentration in these and other
experiments were mﬁch more rapid than would be éxpected of changes due
to altered rates of the synthesis of adenyl cyclase. Control of cAMP
concentration is therefore\ﬁbre likely to be due to an effect on the
activity of adenyl cyclase rather than on its synthesis,

These authors suggested that the addition of glucose stimulated the
excretion of cAMP and suppressed its formation %n the cell,

Adenyl cyclase activity in E. coli B grown with g]ucose'was
inhibited by glucose, as juﬁged by assays in whole cells and in
toluene-treated cells (72, 161). Howeverf in extracts made with the
French press, adenyl cyclase activity was not sensitive to glucose
'(72). These_i__!ixg‘assays depend upon the conversion of radioactive
ATP (substrate of the enzyme) to cAMP. Since the cAMP is radioactive,
it can be detected more readily with binding proteins. These

determinations are therefore likely to be reliable. The enzyme

* activity assayed by this technique was high enougqato account for the
B '



4 quick changes in the intracellular concentration of cAMP (72,
163).

Adenyl cyclase activity is not inhibited by glucose-6-phosphate
(160), suggesting that inhibition is by glucose itself, This
conclusion is supported by the fact that the aqtivity i;'inhibited by
a nonmetabolizable analogue of glucose, p—methylg]dcoside (155, 183)L

The fact that glucose inhibits adenyl cyclase in whofe cel}
preparations, but not in extracts, suggests thatits effect is not
~directly on the adeny] cyclase activity., The suggestion has been made
that it is the transport of glucose into the cell that inhibits adenyl
cyclase (162), the underlying argument being that the adenyl cyclase

activity in vivo was not only inhibited by glucose but also by some

—

~

other sugars: sugars that were used for growth and whose transport
sys£ems were induced. The activity was inhibited by sugars
transported by a variety of mechanisms — glucose and mannitol
trahsported by the phosphoenol pyruvate (PEP) dependent transport
system, lactose transported with proton, and glycerol transported by
facilitated diffusion (41, 162, 169, 183).

Glucose enters the cell through the PEP-dependent transport
system. The phosphoryl group is transferred from PEP to glucose via a
cgscade.of phosphorylating proteins (204). 'This phosphorylating |
system (Figure 1) is also used for the transport of other/sugars,
e.g., fructose, mannose, sorbi;o1, mannitol, etc; Two oé these

proteins, Enzyme I (EI) and a heat stable protein (HPr), are common to

all sugars transported by this system. These are coded by genes ptsl
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and pstH and are cytoplasmic. Another protein, Enzyme II (EII), is
éembrane bound and is specific for each sugar. Besides these three
proteins, there is one more protein coded by crr gené (Enzyme IIIQ{C)'
that is involved in the transport of glucose. According to this
model, PEP phosphorylates EI, which in turn phosphorylates the HPr.
The phosphorylated HPr transfers the phosphoryl group to the sugar
specific EIl and EIII. These enzymes transport sugar into the cell in
their phosphorylated form. It was also suggested that the
phosphotransferase system (PTS), in the absence of the sugar,
phosbhory]ates the enzyme (adenyl cyclase). Adenyl cyclase was thus
presumed to be active only in a phosphory]atealform. When glucose is
transported, the component of the PTS is used to phosphorylate
glucose, and adenyl cyclase reverts to an inactive, nonbhosphorylafed
state for as long as there is enough glucose to drain off phosphate,
It was originally suggestgd that enzyme 1 of the PTS was the
phosphorylating agent (154). However a mutant of E. coli which
carries ; deletion in enzyme I has a normal level of cAMP (216). In
Salmonelila, Saier suggests that the crr gene product, enzyme ILI, may
be involved (181, 183). S R
I Peterkofsky and Gazdar showed that adenyl cyclase is also

inhibited by the transport of lactose, and of the nonmetabolizable

‘analogues, IPTG and thiomethyl galactoside (TMG) (164). These

compounds are not transported by the PTS. Lactose is transported by
proton symport (70), thus utilizing the energy from proton motive

force (PMF) across the cytoplasmic membrane. This led them to suggest
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grgwth, the cell maintains a more or less constant PMF, it*becomes
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that adenyl cyclase activi{y varies with the proton motive force, 'The
fact that the addition .of protbnophoreé decreaséd adenyl’ cyclase
activity led them to deduce that adenyl cyclase function is inhibited

as the PMF is decreased. ‘@iven the fact.that during exponential
' !
difficult to understand that 1actdsé transportvwould decrease the
PMF. It Eeems un]ike1y; then, that the re]at1on between PMF and
adeny] cyclase can be as direct as these authors suggest

There is some genetic and phys1o]qgrca1 evidence that.the )
cataboTlite repressor protexn (CRP) also affects the rate of
adenyl cyc]ase synthesis (19) For these studies, cells were grown in
a varwety of conditions, :esuspended without any carbon ‘soucce (to

avoid the ‘inhibition, ‘of the enzyme activity by its transport), and the

amount of cAMP produced on 1ncubatlon was determined. The rate of

 CAMP production is then taken as a measure of the amount of adenyl ~

cyclase present in the cells. This protoco] is referred to as the -
"aeration assay" for e?enyl:cyclase activiiy.

In these expe'im ntal cdnditions, g]ucose—grown wild type cells
made approxin?tely' nty times more cAMP than ewther g]ycerol- or\
iuccinate-grown,€E]1s. This suggested that'g]ucose ~gQrown cel]s h;;e
more enzyne; though its act1v1ty is 1nh1b1ted, i.e, the transcrnpt1on .
of adenyl cyc1aselis repressed when cells grow on succinate or -
glycerol and derepressed when cells grow on glucose., Thus, when
glEcose is exhausted fron the medium, it seems possih]e that ihe ee11§'

could respond rapidly with an increase in cAMP..



The involvement of CRP yas.inqicétéd by the fact that a crp
mutant made a high level of EAMP in the aeration assay-just

described. This was true for the crp mutant, no matter which:
o8

' substrate was used — glucose g]ycero1 or fructose. In a mutanty in
which CRP was altered so as to function without need for cAMP as a
- Qcofactor cAMP productlon was low, and was also 1nsens1t1ve to
the substrate. This suggest;~that #enyl cyclase activity respo:hs to
~alterations in the crp protein. - .
| This jnvo]vemedt of CRP was also sugaested by similar experiments
df another group of investigators; qstng the same assay for cAMP
production, and also using Sn assay bdsed on the formation{pf
radioactfve cAMP (115). They also grew ce]ls‘yéth -0
g]ucose—szphosphate; and showed that cAMP production in the aerat}on‘
assay was inhibited by glucose-6-phosphate. Tﬁis is different from
the earlier reﬁort that_ads;yl cyclase is not inhibited by
glucose-6-phosphate. These authors took this to support the idea that
adenyl gyclase is controlled by CRP, rather than‘by glucose transport
system. Hdwevet, it is ngt clear that g]ucose-6-phosphatetis not
hydro]yzed to glucose in their expefimgnts.

The level oxicAMP might also be control]eh by variations in
bhosphodiesterase activity. E. coli K-12 does have phosphoﬁiesterase
agtivity (139). It is unl{ke]y that the cAMP concentrition is
'gqterned by changes'in the rate of systhesis of this enzyme, since °

. g]dcose- and glycerol-grown cells showed the same activity (19, 139).

A mutant deficient in phosphodiesterase (cpd) did show an increase in

9



.CAMP concentration, but a smaller 1ncrease.th$n-WOu1d bé'expécted if .
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.this enzyme were a major factor in regulating its chcentratioﬁ (19). .

" Thus, #t is also likely that this activity is involved to some extent

in regulating the level of cAMP, bécause the carbort source used
affgcted the cAMP concentration. in both the mufant aéd wild pre
strains. Howevef, the Km for this enzyme is two:fold‘highe} Qhanlthé'
in 'vivo ‘concentration of GAMP, which perhaps makes it unlikely that it
acts 5ufficient1y quickly to Eegu1ate the cellular cAMP’concgntrétion.
Another factor in the regulation of cellular cAMP concentration
hax be the exfrifion of prefbrmed CAMP from the cell. When gqlucose '
was added to cu]%&&és growing Bn glycerol, cAMP was rapidly excreted
into the medium (209). In a simi1§r sﬁu&yiquoted‘earlier, Epstein et
al1.(48) showed that extracellular cAMP, as wéll(as intracellular cAMP,
varied with the substrate used to support growth and that,tﬁi§ ’
vériatioﬁ paralleled changes in steady-state p-galactosidase - .
concentration. Thus, it seemed that the cell excreted cAMP at'rates)
proportional to the cAMP concentration in the cell (4?). Rou§h1y~T
99% of CAMP was excreted under all conditions tested (48, 209).
Excretion of cKﬁP was shown tg require energy. Inside-out
vesicles did not take up cAMP from the m;dium unless they were
energized (57, 182). If ¢AMP is synthesized at a fixed rate, which
depends perhaps on the carbon source, and if excretion requires

energy, then when cells exhaust their energy supply, thus blocking the . -

excretion, they would continue to synthesize cAMP. The small amounts -

. needed to increase ce]}p]ar concentration of cAMP would not require a

<7
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significant energy input, and the cells would then accumulate

intracellular, cAMP, allowing adaptation to new substrates.

1 .
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Section 8. Bioenergetics And pH-Sensitivity:

The experimen’ts in this thesis" demo'nst‘ra'fe‘ a{ﬁew characteristic
of the cya mutant — its sensitivity to high environmental pH. vwhereas
\‘the normal E. coli grows at much the same rate fron PH 6 to 8, the cya
mutant grows §low1y at pH 6; and increasingly slowly as the ‘pH' is
increased. This appears to be due to its problems in energization of
the membrane. For this reason, a preliminary discussion on membrane
:'enlergizatic}n and pH-sen‘sitivity is prgsent‘ed‘ here.

The energy available to an organism from its environment ‘is

converted into energy forms that can be used to drive its cellular

- reactions. ‘A large portion of the metabolic energy is c_onser;/ed and

transduced specifically at membranes of a particular type. The
cytoplasmic membrane in procaryotic cells, tﬁe inner membrane of
mitochondria in eukaryotic cells and the thylakoid meeranes of
chloroplasts in plant cells serve as the "energy transducing"
membranes. The general pathway by whirch energy is harnessed for
qbiglogical purposes is the same. in bacteria, mitochondria and
chloroplast. Mitchell j’roposed in 1966 that this pathway”operates by
a process known as chemiosmosis. Since then a large amount of

experimental evidence in favour of this theory has made it the most
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widely accepted theory of energy qonservation (70, 128, 134, 138,
188). According to this theory, the process of energy transduction
begins with the transfer of high-energy e]e;trons.that have either
‘been trapped in electron-rich (reduced) food materials or excited by
’sunlight, altong a chain of proteins known as electron-transport
proteins embedded in the membrane. During their descent down the

' chain:.tﬁose high-energy e1ectrons\faTl successively to lower energy
levels., The energy released by this Jdown-hi]l“‘transfér of electrons
results in a proton-translocation across the membrane due to the .

nspatial organization of the components of the e]ectron;transport

ghain. The giectron-transport proteins are vectorially afranged,

'~ spanning the membrane. These consist of altérna;ing sequences'of
hydrogen carriers and electron carriers. Because of the arrangement
of the carriers through the membrane, oxidation of electron-rich
substrates occurs on the inside of the membrane, with the transfer of
hydrogen to the neighbouring hydrogen-carrier, also on the inside of

the membrane. This carrier transfers electrons to an adjacent

electron-carrier, and ejects the remaining proton across the

membrane. Since the membrane is impermeable to protons, as a
consequence of proton extrusion, there develops, across the membrane,
an electrical grqdieét, z;#, , (inside negativeldue to the extrusion of
positive charged protons) and a pH difference, é.pH, (inside alkaline
due to the loss of protons). These gradients exert a force on the
p(gtons,.tending tg pull them back across the membrane. This iﬁwardly

djreqted force on the protons is called the proton motive. force (PMF)

s
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or the electrochemical proton gradient (Ap). The energy stored in

this gradient can in turn be harnessed by other proteins in the

* membrane. In mitochondria and chloroplasts th# PMF is used to make

¢
ATP through another membrane bound protein - the ATP synthetase

(usually known as the ATPase). In bacteria the PMF itself is as

‘important a source of directly usable energy as is ATP. It is used to

make ATP, to carry out active transport of solutes and for motility.
Mitchell's chemiosmotic theory had four basic requirements each

of which had been verified through a number of experiments (59, 70,

0133, 134, 138, 188). The first requirement, that the electron

transport chains translocate protons, was verified by showing that’ the
additicin of a small pulse of ox&gen to an anaerobic suspension of
mitochondria results in the acidification of the medium (129, 131).
In inverted submitochondrial particles the medium became basic. The
second requirement, that the ATPase functions as a reversible
proton-trans?ocating pump, was verified by showing that the addition
of ATP into an anaerobic suspension of mitochondria results in the
acidification of the medium (132). The third requirement, that t~hé
energy-transduci/ng membranes are proton-impermeable, was proved by
measuring the rate of decay of an HCl-induced pH gradient across the
mitochondrial membrane (130). The fourth requirer&ent, that the
energy-transducing membrane is equipped with a set of specific carrier
proteins to permit the entry and exit of essential metabolites, was
ve:ified by showing that the decay of ApH, developed by giving a

pulse of oxygen to an anaerobic suspension of mitochondria, is
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accelerated by the presence. of succinate, Pi, malonate and Na‘t (130).
A1l these requirements of Mitchell's theory have been verified in
bacterial, mitochondrial and thylakoid membranes, in artificial lipid
membrane, in sub-mitochondria]‘partic]es, in membrane vesicles, in
. photosynthetic bacteria and in reconstituted membrane systems.

- The two components of the PMF,AQi and ApH are inter-
convertible, and are usually éxpressed in electrical units, millivolts
(mV). The PMF is expressed as the sum of the two components:

PMF (mV)

A)[/ (mv) - Z ApH (pHin - pHout)

where Z = 2.303RT/nF (R = Gas constant, T = Absolute Temperature,
F =fFaraday‘s constant, n = 1)
Z = 59 at 25°C.
Therefore, PMF(mV) =AY (mV) - 59 ApH,
There is an increasing controversy over the extent to which the
proton translocated across the membrane goes into the bulk aqueous
\phase. According to Mitchell's chemiosmotic theory, thé protons flow
(circuit) between the e]ectron—tfansport chains (or any proton motive
source) and ATPase (or any proton sink), through the bulk aqueous
phase (134, 138). Thus, according to this model, the membrane serves
as a passive barrier for ions and solutes. The other view is that the
protons do not enter the bulk phase, but remain attached to the ,
membrane surface and form local proton circuits between the source of
proton motive force and proton-sink (96, 97). These circuits create

the so-called "protoneural network" in the membrane/solution

- -
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interphase. Arguments in support of this model are based on the‘
finding§ that a sﬁng]e molecule of the proton-translocator,
gramicidin, results in the total uncoupling of a chloroplast
(mentioned in 138), and that in E. coli a single molecule
of colicin kills an entire cell by rapid loss of both the
intracellular Kt and the electrical gradient (97). This "single-hit"
killing action, of gramicidin and colicins can not be well explained by
the delocalized proton circuit theory of Mitchell, because it is hard
to understand how a single gramicidin or colicin channel can bring
about a rapid loss of the bulk phase membrane potential. However, a
more p]éusib1e explanation can be given by following the view of local
proton circuft. A single adsorbed ‘molecule could then be considered
as affecting the protoneural network, hencé causing a rapid loss of
membrane potential, If one maintains tst view, then the bulk phase
electrochemical proton gradient across the membrane should be
considered as a conseguence of\secondary ich movements in response to
the primary proton translocation.  And then the functionality of this
. gradient in synthesizing ATP will be questionable. The fact that in
halophilic bacteria the proton pumps and the ATPase complexes are
concentrated iﬁ two separate regions of the membrane favours the bulk
proton theory and goes against the local proton theory (45, 138).

The Bu]k phase PMF has been measured in a number of bacterial
cells and vesicles by s;parately measuring its two components, A~+ and

ApH., The electrical gradient @s+) is usually determined by measuring

* the concentration gradient at equilibrium, of an ion that is

\
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transported through the membrane in its charged form or by measuring
the equilibrium distribution of spectroscopic or radicactive
indicators of 4#1 (51, 52, 13@, 146). The pH gradient (ApH) is
determined from the equilibrium distribution of weak acids or bases
that are transported in their electroneutral form. The selgction of
an appropriate probe is very crucial in these measurements (52, 138,
146). This indicator should not be transported through more than one
mechanism, and should not be metabolized. It should not be bound
significantly or its binding should be measurable. It should
distribute it§e1f readil} and, most importantly, it should be of the
correct charge. It should be a cation for measuring an inside
negative A\‘L and an anion for an inside positive Ax}:. For measuring
an %nside alkaline ApH it should be a.weak acid and for an inside
acid ApH it should be a weak base.

In E. coli, the PMF has been reported as 207 and 140 mV at pH 6

and 8, respectively (218). Corresponding values for Streptococcus

Jactis, were 143 and 133 mV at pH 5.1 and 6.8 respectively (92).
However, the ApH in E. coli changed from 105 mV at pH 6 to -11 mV at
pH 8, while the Arf went from 102 to ;52 my (2&8). Similar changes
were seen in S. lactis, where the A pH decreased from 60 to 25 mV as
the A+ increased from 83 t\?IOB mV at pH 5.1 and 6.8, respectively
(92). Thus the magnitude of the PMF varies only sl}ghtly with the
external pH (pHo) but the magnitude of its two components is grea%ly
influenced by it.

The active transport of a number of sugars and amino acids across

o
i
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the membrane §s energized by the PMF (16, 54, 55, 70, 85, 86, 88, 90,
94, 100, 121, 173, 201, 218). 1In E. coli cells and membrane vesicles,
the steady state accumulation of a number of transport substrates has
been found to be correlated with the magr;itude of PMF which was .
manipulated by using varying concentrations of the uncouplgr, FCC?
(218) and the tonophores, valinomycin and nigericin (173, 201).

Very recently, a mutant of Streptococcus pneumoniae that has a low

value of Ay (and therefore a low PMF), has been shown to have a
deficiency in the rate of A‘{,-dependent transport of some amino

" acids (201). These results indicate that there is a correlation .
between PMF and thé active transporf of some amino acids. In the same
report it has been shown that the reduction ofA»fbby TMPP*, also
decreases the rate of amino acipd uptake. The proton motive force, in
E. coli, has been calculated by using/ the steady state accumulation of
lactose (94, 95, 218) in a lac operoﬁ constitutive, P-galactosidase
negat'ive mutant.

The steady state level of accumulation of neutral solutes has
been found to be relatively unaffected by the external pH, as is the
"PMF (94, 173, 218). This indicates that the functionality of the PMF
in 'acti’ve transport of these solutes remains constant, even though its
components change.

According to Mitchell, the energy metabolism of a bacterial cell
functi\ons by circulation of protons between the cytoplasm and the
mesium (134). The cell must extrude protons in oraer to energize its

membrane, which in turn drives the uptake of solute, a function vital
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for the cell. In aerobes, the éxtrusion of protons .is a consequence
of the manner in which the electron transpori'chain is situated in the
membrane. In anaerobes‘ the extrusion of prétons is due to the ATPase
activity and in halobacteria it is caused by the 1ight-driven proton
pumps. In E. coli which is a facultative anaerobe (i.e., it can grow
under both aerobic and anaerobic conditions), the membrane is
energized by electron transport under aerobic conditions and also
under anaerobic conditions, if an electron acceptor is provided (e.g.',
nitrate or fumarate). Under anaerobic growth in the absence of any
e]ect'ron acceptor, membrane energizaf_ion is carried through the
hydrolysis of ATP made available by substrate level phosphorylation.
Thus, a mutant lacking ATPase activity is unable to grow anaerobically .
on glucose (64, 69; 70, 138). Strict anaerobes and aerobes can not
survive without ATPase because the former have no alternative way to
energize the membrane and the latter have no alternate way to make ATP
(having no substrate level phosphorylation). The extrusion of protons
thus becomes a function vital to life. However, the cell must also
maintain a constant internal pH (pH;), since its internal machinery is
designed to function at a particular pH (as indicated by the pH.optima
of various cell activities) (18, 147). It is maintained between 6.4
and 6.9, 7.6 and 7.8, and 9 and 9.5 in acidophilic (78, 79, 104, 107,
147), neutrophilic (18, 147, 218) and alcalophilic (107, 126, 1/47)
bacteria, respectively.

In E. coli, a neutrophile, the pHj is kept between 7.6 and 7.8.

-—

Extrusion of protons tends to make the cell interior more alkaline,
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requiring it to acidify its cyfop]asm. The cell has no problem in
acidifying the cytoplasm if ‘the external pH is léss than 7.8 because
‘the proton concentration gradient is directed 1'n§7ards. If the
external pH is 7.8, énd the internal pH is ke'pt constant, there can be
no concentration gradient of protons ( ApH) across the membrane. In
this case, the extrusion of protons would tend to make the cell
interior more.alkaline than 7.8. However, excessive alkalinization
cannot be tolerated. The cell circumvents this by setting some
cation/proton exchange reactions in order to compensate for the
subsequent decrease in A[;H with an increase in A\{'. This.allows it
to keep the internal pH constant (7.6-7.8 over an external range of pH
5 to 8), and still maintain a ‘constant PMF.

This complex system of pH-homeostasis of cytoplasm is thought to
function in the following way. The respiratory chain proteins
continuously pump out protons at a fairly constant rate over the
entire external pH range at which the cell functions — i.e. pH 6-8.
This is believed to be the case because the rate of oxygen uptake does
not change significantly with pH (89, 103, 146, 174), and the oxygen
uptake rate is a function of the activity of the electron transport
. chain,The extrusion of protons then causes the cell to become
increasingly alkaline. If this process continued without compensation,
the cell would quickly drive itself beyond the intgrna] pH levels it
_can tolerate. Protons must therefore reenter the cell” to keep the pH;
coEStantl. The current hypothesis is that the process of membrane

energization starts with the extrusion of re]lativ‘éwvfew protons

\
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across the membrane developing a small ApH but a large Asf, since the

development of A+ needs movement of re'l‘atively few charges". Then, in ‘

response to this Z\‘]L , the protons move into the cell through the
cation/proton exchangers (antiports) and reduce the A+L In response
to this decrease in A)ff, more protons are extruded and a highar A pH
is developed (103, 138, 189, 190). Eventually an alkaline pH; is
reached af acidic ext?rnal pHs. To maintain this pHy, the cell has
relatively lesser difficulty when the externa1_pH is ‘tow, because in
this case, the internal milieu is more alkaline than the external pH
and the cell can maintain a high ApH. Protons are extruded and are
returned to the cell through the ATPase and cation/proton antiporters,
in symport with whatever substrates that are being trar;sported and
perhaps through some leak,

As the e);ternal pH 1'ncre$ses, however, the magnitude of the ApH
must de;:rease (if the internal pH is to be kept constant, as it is).
Since the rate of proton extrusion is nearly constant at all pHs,
there must be an increased rate of proton return in such a way that
the A"l« is increased instead of being dissip'a'tec'i. Mitchell in 1966
postulated that this is done by various ion exchangers (103, 138, 146,
189, 190). Since then, three distinct antiport systems have been
described in E. cali, all extruding cations from the cell in exchange
for protons. These are the calcium proton antiport system (CHA) which
transports divalent cations (23, 24), the sédium proton antiport
system (NHA) which transports sodium and 1ithium ions (14, 23, 185,

210, 219, 220, 221, 222) and the potassium Qroton antiport system
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(KHA) thch transports potassium and other monovalent cations (1, 25,
i
103, 166).
The sodium/proton antiport has been reported in alcalophilic

bacteria, Bacillus firmus (106), B. alcalophilus (105) and

Exiguobacterium aurenticum (124 ), and in a strictly anaerobic sulpher

reducing bacterium, Desulfovibrio vulgaris (205). The

*

potassium/proton antiport has been reported in a marine bacterium

Vibrio alganolyticus (200). The Na*, K* and Ca** transporters have

been reported in some streptococci (74, 151).

What happens in a neutrophilic bacteria 1ike E. coli at high pH,
say pH 8.27 As mentioned before, the oxygen. uptake rate does not
change significantly. Now the ApH is in the reverse direction,

i.e. the external pH is more alkaline than the internal pH limit., At
steady state, if the net import- of protons (by the antiporters, by the
ATPase and with the solute import) still equals the net proton
extrusion (by the primaéy proton pumps), the internal pH will jncrease
and will equal the external pH. The overall proton influx must then
increase further to maintain an internal pH which is more acidic than
the external pH. For example, if n-1 protons are pumped out through
respiratory chain proteins, and n protons are imported back into the
cell with extrusion of n-1 cations through the antiporters, then the
"result will be a net movement of one proton (n-1 extruded and n,
imported) into the cell, cdusing the cell, to be more acidic, and one
neE-positive charge out of the cell so that the electrical gradient is

still maintained. This means that when the external pH is greater

. o ‘ ' \
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than 7.8, the antiport activity must become e1ectroéénic. ‘fhis may‘be ¢
achieveé, when the pH is above 7.8, by increasing the activity of-.
cation/proton antiporters or py the activatjon of.a ngw<porte;(s) or”®
by a change in the stoichiometry of the proton taken in pér“cation
extruded by the-antiporter(s) from one (electroneutral) fd more than

one (electrogenic). In fact, potassium/protdn and calcium/proton

antiporters showed a pH-optimum of 8 in everted membrane vesicles (24,

25). But the validity of these measurements has been questioned,

since the pHy in these vesicles is actua]ly.the pH; of "the cell
(174). Another study on everted membrane Qesic]es indicated that the
calcium/proton antiporter operates by an electrogenic mechanism (24).
Similarly, the sodium/proton antiporter has been shown to be
electrogenic in right-side out memQrane vesicles (185). The
sodium/proton antiporter in cel]s“%rom a strict anaerobic sulfer.

reducing bacterium, Desulfovibrio vulgaris, has been shown td . be

electrogenic (205). Although not quite conceivable~and not yet shown,

the sodium/proton antiporter has been proposed to change its

N
13

. stoichiometry (Na*out/H*;p) from electroneutral at external pHs below ~

7.8 to electrogenic at pHs above 7.8 (147).

One would expect that cells defective in cation/proton antiport
activity might have a problem in maintaining pH; at external pHs of
7.8 and above. This is because .if they lack.the cation/proton
antipor? activity, they could not compensate sufficiently for proton

extrusion and the interior of the cell would become alkaline. Mutants

lacking eilher sodium/proton antiport activity (61, 62, 105, 146, 219,

-
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" for returning protons at a sufficient rate when the external pH is

below 7.8..
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220, 221) or potassium/ proton antiportactivity (166) have been

‘isolated. Both were found to be sensitive to alkaline pHs because of

. - their failure to estab1ish’pH-homeostas§s of cyfopTasmga1though they *

were able to grow normally at écidic and neutral pHs (18, 103, 147).
This implies that the cell needs both of these antiporters functioning
apove 7.8, and it needs none or at mos; one when the externat pH is
; . . ) “»
There is sohe'geneéic and physiologi;a1 evidence regarding K/t
\and Nat/H* antiponteés playing a major role, in keeping the pH;
constani. Two models fbr ekp]aining the pH-homeostasis in E. géli,
one involving Na* (18, 147) and the other involving K* (18, 23), have
been proposéd. However, the "existing information is yet insufficiez} ,
‘to provide evidence for or against ‘either of these two moqels‘(le);
There "are three major objections raised againsy the Na*t/Ht
qntipor£ model for the pH regulation 6f cytoplasm. First, if the
Nat/Ht antiport is so vital to life, thefe must be é sodium

.requirement for growth. However, in E,.coli, sodium dependence for

growth has not yet been ceported. Nevertheless, it has been argued

that all media are made in glassware and thus are contaminated

(0.1 mM) with Na* that leaks from the glass (147). This argument was
further substantiated by the finding of a Na‘*-requirement in an
-alcalophile, B. firmus (106) and an alkalotolerant Fyanobacterium,

;Synecﬁococcus leopoliensis (126).. .Moreover, a very small amount

(around 200 uM) of Na* was sufficient for the pH regulation of
P ) & - w

b

3

[

AT e B o o

B



o

40

cytoplasm in the Na* requiring B. firmus (106). The second criticism
is that:the model does not feature any entry route for Nat (except the
symport with solutes). Considering the fact that an alkalophile is - ’ -

able to grow at alkaline _pHs because of its highly active Nat/Ht

»

-antiport, which also makes it unable to grow at acidic pH (because of

>

the excessive actdification of the cytop]asm)'klos)land that an
aTka]oto]erant cyanobacterium requirés Na* for growth and pH
regu]atﬁoﬁ (126), there ought to be an active entry system for Na*.
fuch a system shbuld be e]ectroneutra], otherwise Nat entry will
collapse the zs¥,; As yét no such entry system has been identified.

The .third argument against the model arises from the fact that the

Na*/H* antiport mutants, besides being unable to grow at alkaline pH,

in confro]ling the osmotic pressure of the cell, seems unlikely to be

are a]so’défi;ient in at least two Nat:linked transport systems —
me11biosé and glutamate. Thus the inacti;ation of yet: othér unknown
Né*-linked\traqsport system(s) may Be the cause of, their inability to
grow at alkaline pH, o

The other, K*/H* antiport model for pH-hdmeostasis has been
criticized main]} because it requires an electréneutré] uptake of k*
and all the known K*-transport_systems known so far qre electrogenic
(103, 200). Another objection which has been raised against this
model comes from the fidding that the inability of the K*/H* antiport
mutants to grow at alkaline pH, can be overcome by the addition of ‘
some amino acids in the medium (meﬁtioned in 18). Another remark

against this mgde] is that the k* concéntration, known to be involyed‘
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also involved in. another important function of the cell —— the pHj .
}‘egulation {18). L - . |
Booth and Kroll (18) have recently suggested that the a”yniho,n flu'x'es.
(e.q. Hé03~—) may also be iﬁvo]ve&. The méchanism of pH-homeostasis of -
cyt6p1asm seems far from 'being wéH comprehended and more work is.‘ a
needed, R o , | ' R o e
The Acya mutant (studie_d‘ here is also sensitive to alkaline pH ‘

The evidence presented in this thesis indicates that it can rﬁa'jntain a
normal A pH but has a lowered A\'L .« This leads to the suggéstio'n
that sAMP has a role in the deveiopment and/or maintenance of the

electrical gradient across the cytoplasmic membrane.
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MATERIALS AND METHODS

Strains Used

A1l the bacterial strains used for this study are derivatives of

A
Escherichia coli K-12. Their relevant characteristics are listed in ‘

Table 1.

Media Used

Minimal medium: The minimal medium used contained 0.54% KoHPQg4,

1.26% KHpPOg, 0.2% (NHg)pS0s, 0.2% MgSO4. 7Hp0 and 0.001% CaClp in

‘ -distilled water. The.pH of the medium was adjusfed according to the
-requirement of the e;periment by “either HC1 or KOH (10% stock”
"solution) or NaOH (2.5N stock solution). Auxotrophic requiﬁeﬁénys N

.were met by addinggéo ug/ml of the appropriate amino éciq(s). Growth

substrates were added to a concentration of 0.5%.

- Luria broth: Luria broth contained 0.5% yeast extract, 0.5%

NaCl, and 1% tryptone in distilled water,

Luria broth agar plates: Luria broth and 2% agar.

MacConkex,agér plates: MacConkey agar plates contained standard

MacConkey ingredients supplemented with 1% of the required carbon
source(s) (lactose, maltose and arabinose). Whenever needed, 0.1 ml
of a filter sterilized solution of cAMP (0.05M) was spread over the
‘agar,

Tetrazolium agar plates: Tetrazolium agar plates (144) contained

25.5 gm-of Antibiotic Medium #2 (from Difco) and 50 mg of 2, 3,
5-triphenyl tetrazo]iuh chloride and 10 gm of the required carbon

source (lactose or arabinose) in oné Ijtre of distilled water.

(2
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List of bacterial strains and their relevant characteristics

Strain Genotype and/or Relevant Source
Characteristics

1) Cu1008 ilvA deletion, L.S. Williams

2) NA-1 metB; .CU1008 derivative. This laboratory

3) JB-1 Acya, ilvA::TnS, KanR. J.Beckwith

4) NAB-1 to 3 Acya, ilvA::Tn5, KanR, pHS; This work
transductant of NA-1 using JB-1
as donor; selecting KanR,

5) K-10v Wild type. A. Garen

6) NAB-1-T cyat, ilvA*t, KanS, pHR; This work
transductant of NAB-1 using K-10
as dooor, selecting ilv*,

7) NABR-1 to 4 crp*, pHR; This work

and NABR~A derivative of NAB-1 obtained by
to D selecting for pHR.

8) 4506 . CysG. CGS#4506

9) 4506-a1 to 7 Acya, ilvA::Tn5, KanR, pHS; This work
transductant of 4506 using JB-1
as donor, selecting for KanR.

10) 4506-A1R to 4R cysG*Y, crp*, cyat, pHR; "This work

‘and 4506- AAR
to DR

11) CA8001
12) EC8439T

13) CA8306

'14) CA8303

15) 4506-H
16) 4506-aAcrp

1;3 CAB445 —

" 18) CA8496

Transductant of 4506-A1 using NABR-1
as donor, selecting cys*.

thi, relA.
Atac-pro-, rpsL, supk,
crp 43, .

Acya derivative of CAS001.
&cya derivative of CA8001.

cysteine independent transductant of
4506 using EC8439 as donor,

Acrp, cysG* transductant of 4506
using EC8439 as donor.

" cya®8306, crp™S, rpsl.
Acya, crp 496, v

J. Beckwith .
J. Begkwith

J. Béckwith
J. Beckwith
This work

‘This work

J. Beckwith
J. Beckwith

Note: CGS = Genetic Stock Centre °

|

V-
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Transductions

A1l transductions were done with phage PICM (l7§) as described by
Miller (127). Phages were prepared in superbroth (77). Transduction
plates were incubated at 30°C for 2 days when rich medium was used and

for 4 to 5 days whenever minimal medium was used. The transductants

‘weré purified and tested further for unselected characters.

A modified method of transduction was used when selection was
made for the presence of transposon Tn5 KanR (15). These
transposon-carrying transductants were selected for kanamycin
resistance on Lqria broth agar plates that were sapplemented with

0.002% of kanamycin sulphate.

Criteria For Adenyl Cyclase Mutants (cya)

The cya mutants were selected by their ability to utilize
multiple carbon sources (maltose, lactose and arabinose) only when
suppiemented with exogenous cAMP. Since these mutants canﬁ3€ use
these sugars, they appear as white (non-fermenting) colonies on
MacConkey indicator plates and as red (nﬁn-fermenting) colonies on
tetrazolium indicator plates. The sugar non-fermenting colonies were
able to ferment these sugars when the indicator plates were

supplemented with cAMP and thus they appeared as dark pink colonies on

MacConkey plates and as white colonies on tetrazolium plates., Strain

\!;Nﬁg;l, used for further study, was also tested for growth on minimal

medium, both liquid and solid, supplemented with lactose or maltose or.

-

arabinose in the presence and absence of exogenous cAMP.

LY
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Determination Of Growth Rate

Growth rate determinations were made by measuring fhe optical
density at approximately 420 nm (purple filter) of the growing
- cultures using a Klett Summerson photoelectrocolorimeter. To ensure
aerobic conditions all cultures were grown with vigorous shaking in a
Gyrotary water bath shaker (from New Brunswick Scientific model
#G76). Overnight cultures, grown with appropriate substrates, were
harvested and resuspended to an 0.D. of 20 Klett units in 20 ml of
fresh sterile medium in 250 ml Erlenmeyer flasks fitted with side arms
for direct reading of the optical density in a photoelectro-
colorimeter. Optical density was measured at intervals of 30
minutes. The doubling time was determined from plots bf‘optica]

density dgainsi time.

Determination Of Yield

The yield of protein per unit ofﬁcarbon provided was determigpd
by a previously described method (142). Each experimenf was done in
triplicate at two concentrations of the limiting carbon source, 0.04%
and 0.08%. Overnight cultures, grown with the appropriate sub%trate,
were used to inoculate 20 ml of fresh sterile minimal medium
containing & limiting amount of carbon sourcé. Parallel cultures were
grown in side-arm-flasks to measure tu;Bidity, in order to determine
the time at which cultures entered a stationary phase, as judged by

the constancy of optical density (due to the exhaustion of the carbon

source). The cultures were then chilled and centrifuged .at 4°C. The

PO D e e pd e



46

harvested cells were treated with 5% TCA solution to precipitate
/ .

protein which was then dissolved in NaOH and assayed.

*

‘Assay For Protein

A1l the protein measurements were done by the method of Lowry et

: /
al. (112)+ Bovine serum albumin was used as a standard.

’

Determination Of The Effect Of pH Shift On Growth

Cultures were grown aerobically at 37°C in 20 ml of minimal
medium of desired pH with g]hcose as an energy source. Erlenmeyer
flasks (250 ml capacity) fitted with sidearms were used. Optical
density (0.D.) of the culture was measured every 30 minutes as

described for the growth rate measuremehfs. At an 0.D. of
approximately 50 Klett units, the pH of the medium was shifted quickly
. @

by adding an-appropriate amount of HC1 (10% stock solution) or NaQOH

(2.5 tock solution) and measuring the pH of the culture. After thé
pH-shift, optical density was measured every 20 minutes. Controls
were done by adding similar volumes of minimal med%um or NaCl
solution, to check whether the addition of fluid itself or Na* or C1-

could affect the growth rate.

Assay Of ATPase Activity

Adenosine triphosphatase activity was measured in membrane
v

preparations using a combination of the previously described methodgk

(21, 49, 73, 143). Cultures grown aerobically on glucose minimal
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A7-

medium at 37°C, were chilled and harvested in mid-exponential phase
using the method described by Evans (49). Cells were washed with 0.15

M Tris-HC1 (pH 6.4) containing 1.0 mM of ethylenediamine tetraacetic

acid (EDTA) and 0.6 M sucrose. Cells were then resuspended in the
* same buffer to a final volume that is one four;hcof that of the

', original culture. Lysozyme (20 pgm/ml) was added to this cell

suspension and the suspension was incubated at 37°C for 75 minutes.
Spheroplasts were harvested by centrifugation at 10,000 rpm for 20
minutes in an IEC B20 centrifuge with an 8 x 50 rotor, washed with the
same cold buffer-sucrose solution (pH 6.4) and centrifuged again for
10 minutes at 10,000 rpm. The pellet was resuspended in approximately
two thirds of the original (culture) volume of cold 0.02 M Tris-HCl
(pH 7.5), and centrifuged at 20,000 rpm in a Beckman Ultracentrifuge
JMode] #.8-70) for 20 minutes., The pellet obtained from this
centrifugation was washed three times with 0.02 M Tris-HC1 (pH 7.5)
containing 1.0 mM MgCl,, and resuspended‘at-lo-ls mg prqtéin per ml,
The ATPase activity was assayed by measuring the production of
inorganic phosphate (P;) per minyte peﬁ mg of protein using ATP as a
substrate (143). >

Measurements Of The Rate Of Oxygen Uptake By Cells And Membrane

Vesicles .
Oxygen uptake was determined by the method of Barnes and Kaback
(13) using a Clark oxygen electrode (138) fitted with a recorder. The

apparatus was calibrated with air saturated water at 37°C. The value

l
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Pf Op in the air-saturated water was taken as 225 n moles per m! (66).
Cells were harvested from exponentially growing cultures, washed
and resuspended in minimal medium at pH 7.0. The total volume of the
reaction mixture used was 2 ml, which cdnsisted of 1.8 ml of buffer at
appropriate pH, 0.1 ml of cell or vesicle suspension and 0.1 ml of thé
energy source. A 20% stock solution of glucose was used for the wﬁp]e
cell assays. The same meghod was followed for the assays done on
vesicles except that insfead of glucose, 20 u1 of 0.1 M lactate was

used as energy source.

©

Preparation Of Membrane Vesicles

Membrane vesicles were prepared by using a previously aescribed
method (87). Nine liters of culture was grown in a lLabrofermentor
from New Brunswick Scientific Co. (Model #FS-305)-at 37°C, with
vigorous stirring to ensure aerobic conditions. /Thé cells were
harvested at room temperature by passing the culture through multitube
porceléin filters (from New Sgaa; Corporation) and then, by
centrifuging the concentrated bacterial §uspension to obtain a compact
-pellet. The cells were then washed with 10 mM Tris buffer/(pH 8) and
resuspended in 30 mM Tris HC1 (buffered at pH 8) containing 20%
sucrose, usihg 50 ml of buffer per gm of cell., The cell suspénsion
wa; then incubated 'with 10mM of ethylenediamine tetraacetic acid
(EDTA) for about 15 minutes at 37°C. After this incubation period, -
cel]s were treated with lysozyme (50 mg per liter) for 45 minutes to

- loosen the cell wall, The spheroplasts were then centrifuged and

T

-
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resuspended in 20 ml of 0.1 M phosphate buffer (pH 6.6) containing 20%
sucrose and MgSO4.K20;mM). Tﬁénti-five ﬁg of RNase and 25 mg of DNase .
were then added. AThe cell suspension was immediately added to 1.5
liters of potassium phosphate .buffer (50 mM, pH 6.6) with constant
stirring of the suspension and incubated for ‘15 mihutes at 37°C.

After this incubation, EbTA was added at a concentration of 10 mM.

After incubation for another 15 minutes, MgS04 was added to a

/
/

concentration of 15 mM. After 15 more minutes of4incubati?n, the

suspension was chilled, centrifuged for 10 minutes é§ 12,#00 rpm and

resuspended in approximately 20-40 ml of 50 mM potassiumiphosphate
buffer at pH 6.6. The preparation was inspected for the Aumber of
whole cells as compared to vesicles by phase contrast micrdﬁcopy. One
to three whole cells were observed under the microscopic fieﬂd using
oil immersion, and the preparation was considered to be satisfactory.
The preparation was then distributed into Eppendorf tubes (1.5 ml
capacity), frozen quickly (using‘liquid nitrogen) and stored at

-65°C. When needed, the vesicles were thawed quickly under warm

running water.

Assay Of Active Amino Acid Transport

The assay was performed in glass tubes containing small magnetic
stirring bars and fitted with aeration devices>that delivered water

saturated air. The tubes were kept in a water bath set at 25°C on a

-

magnetic stirring plate.

For assays done on cells, the cells were grown in glucose minimal
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medium (pH 6.4), chilled and harvested at mid-exponential phase by
centrifuging for 10 minutes at 6,000 rpm. The cell pellet was
resuspended in 0.1 M potassium phosphate buffer (pH 7.0), and washed
three times with the same buffer.

The assay mixture contained 50 ul of 0.1 M potassium phosphate
buffer at the desired pH, 20-30 pl of distilled water (to adjust the
assgz size to 100 ul1), 10 pl of 0.1 M solution of MgSO4.7H20 and 5 ul
ofhcell suspension (approximately 0.02 to 0.05 mg protein) or membrane
vesicles (approximately 0.1 to 0.2 mg of protein)T Glucose was added‘
to a final concentration of 0,5% and served as the energy source when
assays were done on cells, For assays done on vesicles, sodium

ascorbaté and phenazine methosulfate (ASC-PMS) were used as energy
source (100)1 For each assay, 10 p1 of sodium ascorbate (17;6 mg per.
ml, neutralized with NaOK to pH 6.6-7.0) and 2 ul of a 10 mM solution
of phenazine methosulfate were added to the reaction tubes.
Approximately 30 seconds after the addition of the energy source, the
transport reaction was started by adding 2 ul of Cl4 tabelled amino
acid (final concentration 4 uM, radioactivity 0.11 uCi per ml). The
reaction was terminated at 0, 1, 2, 3, and 5 minute intervals by
diluting with 2 ml of 0.1 M lithium chloride ‘solution and filtering
quickly through a nitroceliulose filter (from Schleicher and Schuell,
" pore size 0.45 uM) that was attached with a vacuum device to separate
-cells from the medium; The filters'were dried and radioactivity was
counted in the scintillation flyid (0.5% PPO and 0.05% POPQP in

—

toluene) using a LKB Wallac liquid scintillation counter.

R T



e
7

51
4

Whenever needed, valinomycin at a final concentration of 5 M
—_—

—_ ¢

(1 M1 of 0.05 mM stock solution)and nidericin at a findl concentration
of 0.5 uM (1 pl of 50 uM stock solution) was added to the assay
mixture j?st before the addition of Jabelled proline. From this point
on, the procedure for this experiment was as described previously.
Since -these antibiotics were dissolved in'absolute ethanol, a control
was done by adding 1 ul of ethanol to the assay in-the absence of
anéibiotics and no effect was observed.

»

The rate of transport of labelled amino acid was determined by

. calculating cpm uptake per minute‘by each sample afd averaging all the . ';

determinations. The linear part of the curve was| taken as -a measure

_of initial rate of uptake of amino acid. The rate of uptake has been

expressed as n moles of amino acid taken in per minute per mg of

protein by converting the cpm of labeiled amino acid into n moles.:

Measurement Of Proton Gradient .(ApH) In The Membrane Vesicles

The proton gradient across the membrane was determined frqm the
distribution-of 14C labelled sodjum benzoate, following the method of
Kroll and Booth (103) with some modifications, Vesic]es'were used
instead of cells and the energy soﬁrce used was ascorbate - phenazine
methosul fate (ASC-PMSS. Thé/assay'mixture was incubated under aerobic
conditions at 25°C in 50 mi flasks shaken.vigorous1y in & water bath.

The assay mixture contained 500 ul of potassium phosphate buffer (400

mM) at the desired pH, 200 pl of disti]fed water, 100 u1 of MgS04.7H,0

(0.1M), 200 u1 of vesicles, 100 pl of sodium ascorbate
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solution (17.6 mg per mi, pH 6.6-7.0), 10 u1 of PMS (10 mM) and 2 p]l
of catalase (25 mg per ml). Fouf and-twelve ul (stock sp]ut{on.lﬁ'
uCi/mi, 600 uM) of the radioactive probe, 14C sodium benzoate, were
added to get a final concentration of apéroxima}e]& 2 and 6 pM'
(0.05-0.i6 uCi per ml) respectively. After g/;in of incubation, 500
ul of the assay mixture were taken out into an Eppendorf tube {1.5 ml
capacity) that’confaﬁned 10 pl of 6% ﬁydrogen peroxide and centrifuged
quickay at 12,000 g for 20 seconds in an Eppendorf centrifuge from
Bri;kmann Instruments (Model #5414). During the centrifugation
process, aerobic.conditions were maintained que to the

production of oxygen from the reaction between catalase and H,y0,

present in the sample. One hundred ul of the extra-vesicular fluid

'(supernataht) were transferred into another Eppendorf tube that

contained 200 ul of 0.1 M potassium phosphate buffer and a

-

non-radioactive vesicle pellet‘kobtained from a parallel set of
experiments in which the 1abé¥1éd probe wasdhot added). _This
suspension was used in measuring the radiocactivity-in the
extracellular fluid. The remaining supernatant was.aspirated from the
pellet and the pellet was resuspended in 300 ul of buffer. Two
hundred u1 of these suspensions were added to 5 ml of Bray's
scintillation fluid (22) and the.radioactivity was counted.

The volume of extracellular fluid trapped in the pellet was
determined im a parallel set of experiments in thch sodium penzoate

was replaced by 12 ul of 3H labelled polyethylene glycol (PEG) (final

concentration - 0.34 mM, radioactivity - 0.83 uCi pergml). PEG does



7

,J | 53
not penetrate the membrane of: the vesicle and thus is used to

determine the trapped extracellular fluid in the pellet (193).

-

Measurement Of E]ectrigafhtradient (An%) In The Membrene Ves%elee )
The electrical gradient was measured‘ustng the d{stribution of
TPR* (tetra phenyl phosphonium ion), a'iipophiiic cation, that
distributes itself according to the.electrical chargés on the two
sides of the membrane The assay protocol was similar to the ene T
descr1bed for the measurement of A pH, except that the buffer used was
at a concentration. of 100 mM (1nstead’of 400 mM) and the labelled ' ¢

probe was 3H-TPPBr. Six, twelve and eighteen pl of 3H-TPP+ (100 uM,

17 pCj/mi) were a&ded to get a final concentration of 0.5 to 1.5 uM. -
eNonQEpec{fic binding of TPP* was calculated from the vesicle

~ associated radioactivity in the absence of the energy spufce.

Sampling end subsequent procedures were as described for the

measurement of ApH."

Measurement, Of Proton Gradient ( ApH) In The Non-growing, Respiring

Cells a ) ‘

Cells from overnight cultures were inoculated into fcesh med%um
at the same pH ae that used in the experiment, harvested in
mid-exponential ptase (e;ticq1 density at A625nm = 1.0) by
centrifugation at 4°C for 10 minutes at S,OOd rpm, and ‘suspended in
either 50 mM MesTham pH 6.0 (when grown at pH 6.0) or 50 mM Tris Tham

pH 8. 3 (when grown at pH 7. 8) to a cell density of approximat@ly 10
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‘similar to-thg one used for the measurement of Apﬂ in the cells,

54

- at ‘A625nm-

The proton gradient across the membrane was determined by using a

<

combination of vmethods used by‘gashket (94), af\d Kroll and Booth
(103). The assdy mixture (total volume 6 ml) containidg cells (at . b
Rg25nm = 1.0), a buffer of the desired. pH, 0.8 ml of* 10% glucose, 1 mM

sodium phosphate (pH,7), EDTA (10 mM for_ assays done at pH 8.3 and 30 )

mM for assays done at pH 6.0) and theb radioactive probé, was idcubated -
for 15 minutes with rapid shaking at 28°C. During the last minute of g

the incubation period, 60 ul' of catalase (25 mg/ml) was added’ to the

, -
assay mixture. After the 15 minutes of incubation, samples of 0.8 ml
A S

were transferred to Eppendorf tubes (size 1.9 ml). containing 16 p¥ of °

Ha0, (20%), and centrifuged for 2 midutes in an Eppendorf centrifug‘e.

Fifty p of the supernatant from each tube and the pellet were counted’

<

for radioactivity, using.Bray's scintillation fluid. Samples (s1ze 1
m} were also drawn to-measure the external pH. The volume of the

extracellular fluid trapped in the pellet was measured in parallel T Q ;

cultures WSodium benzoate was replaced by 3H-PEG.
X .

LY

Measurement Of Electrical 'Gradi‘ent’(A‘pl In Non-growing, Respiring

‘Cells

Rl !

For measuring the electrical gradient, the assay protocol was

P

except that the final’ vo1ume of the assay mixture was 8 ml and the
labelled probe l.‘ed wa; 34-1PpP+.  One hundred ul of 3u-Tppt
(0. 07 pC)/pl) was added to get ‘a final concentrati on of 1.25 uM

{
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. Various concentrations of EDTA were used at each assay pH, to
, . ‘ N

. ‘ ' : .
determine the.concentration necessary to give maximal 3H-TPP* uptake.

For cultures growing at th 6.0 and pH 8.2 respectively, 20-30 and 5-15
mM of EDTA Qave max imum up;ake of the probe. Hence, in all other
assays 30 and 10 mM of EDTA yére used for ;rmeasurements made at pﬁ 6
and 8.2,~ respective_iy. For the measurement of the_noﬁ—spec'ific
bindipg of the probe, samples of 2 ml were taken out from the assay
mixture, mixed with 0.1 ml of butanol and %ncubated‘.for ,30' minutes at
36°C. After the inwpation,'céﬂs’were vortexed :kepf; at :room
temperature-for 5 minutes and samp]eé of 0.8 m1_v} \q\tak'en out in
Eppéndorf tubes. The samples wére ,th‘en centrifuged for 2 mi)r!L:tes and
50 ut of thé'supernatant‘ and the pellet were counted for radioactivity

using Bray's scintillatidn fluid.
(

Calculation Of A\p And ApH

o

Catculations of A+ and A pH va]ues were made using the Nernst\

Vequauon- (17, 92, 119). The_mtraceﬂular; concentratmn of the probes

in the vesicles was calculated using a walue of 2.2 ul of

intracellular fluid- per mg of membrane protein” (173). The '
. . \
intracellular concentration of probes in the cells was calculated by

“’usmg a value of 0.624 p] of intracellular fluid per ml of cell-

suspenswn at an optica] density of one at A525nm

o
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" For the ~ca14;ation of A pH the equation:used was:

-

cpm in each benzoate pel.]et‘ - extracellular ¢pm bound' to the pellet

. .ApH(mV) = 59 logf- — ‘ ‘
‘ ' ' Intraceltular cpm at equilibrium -

. “where, . } - e ‘ o y - o

© the ‘intracellular cpm at equilibriun = cpm/ul of benzoate supernatant’ ,
" . o - S v g('intrace]]ular volume (u1) R
the extracellular cpm bO,l’H'I.d‘ = cpn/ul of benzoate supernatant.X volume (;ﬁ)
to the pellet ‘ - ;- - of contaminating extracellylar fluid,
w-her“eh,
the volume (ul) of -the contaminating . ' .cpm in each PEG pellet
.extracellular fluid ° = i o )
o ' ' cpm/ul of PEG Supernatant . :
+ . ’ ¢
3 N ‘ . . . ) ; 3
For the calculation of Avb the equation used Was: o » ' S * .

) ‘ { com in each TPP* pellet - cpm bound non-specifically to the pellet
LAY (mV) = 59 Jog ‘ \ . S

Intracellular cpm at equilibrium

where, ' ' ' ' ‘ - - N

" the intracellular ¢pm at equilibrium = cpm/ul of TPp* supernatant
: - X intracellular volume, (u1)y

"the cpm bound non-;pecifigaﬂy' = - -cpm.in each pellet from asséys
" to the pellet from the vesicle’s. done without energy source '
& . ' TN N .
v e a’nd, - ' ’ . ’ Lo ‘ . [ . ) - ) :
the cpm-Bound non-specifically = cbni in ‘each pellet from lthe

cells ~ butanol treated cells.-

to thé pellet from the
> . ] {

-
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RESULTS

I. Transduction Of A Known Adenyl Cyclase Deletion (“cya) Into
. ¥

Strain NA-1: , ' ’
- \
v
Since the purpose of this study was to investigate the general
effects of an a&eny] cyclase mutation (cya) on metabolism, a strain
carryiﬁg a well chardcterized adenyl cyclase deletion mutation was
obtained from Dr. J. Beckwith ‘and the mhtat{on was trahsférred into .,
_our regd]ar laboratory strain. The methbd used to do this depended on
having a dgnor strain carrying the transboson Tn5s, specifyfng
kanamycin resistﬁnce, inserted into a gene near the cya locus and
screéning kanamycin re§%s£ant transductants for those that algo carry
the cya mutation. ' |
The adenyl cyclase deletion mutant (strain JB-1), used as a ‘;
donor, carried a Tn5 inserted into the ilvA gene, which is
approximately one minute away from the cya locus (11). Strain JB-1
was therefore an isoleucine-requiring, kanamycin-resistant “513
ﬁ.strain. The recipient (strain NA-1), a derivative of the strain
CU1008 (Table 1), required methionine and isoleucine as it carried
metB and jlxﬁ.mutgtions. Phage Plcﬁ was grown on the donor strain
(JB-1) and a sg]ection was made for kanamycin-resistant trénsductants
, by 51ating on rich mediud (Luria Brothj supplemented with kanamycin,
The:schemefof the experiment is given in Figure 2. The kanamycin‘

-

resistant tfansduc;ants were Screened for the cya mutation by testing
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Figure~2.ﬂ Scheme of transductioanf Acya mutation from JB-1 ( Atlya)
-

L4

strain to NF-I (cyat) strain.

\ .
. v Phage made on
Hostd Donor
met B-gy i1v%4 cya*gy KanS//// Acyagy 1lvi:Tns KanR .
0 Q/ /
7 Plated on rich medium (LB)
» supplemented with kanamycin.

‘Transductants KanR (ilv::Tn5)

Screened for multiple
carbohydrate negative phendtype
using MacConkey agar plates

L ' supplemented with maltose,
' ' lactose and arabinose. Also
I . checked on tetrazolium lactose

: and tetrazolium arabinose
) plates.
‘ }

Transductants KanR (ilv::Tn5)gs “cyags’ \

-

. (NAB-1 to 3)

Further tested on m1n1ma1 medium with lactose, or maltose or
' arabinose, with or without cAMP,
w * ,A
N A

AHost strain used is .NA-1 oo

bponor strain used is JB-1 Co R

Note: The numberénafter the gene symbo]s'represent map locations.
The 'symbol :: means Tn5 is inserted into the gene preceding
the symbol. \

—
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on MacConkey plates supplemented with lactose, maltose and arabinose,
with and without cyclic adendsine monophosphate (cAMP). Transduetants
that were white (pleiotropic carbohydrate negative) on the MacConkey
plaFes and dark pink (pleiotropic carbohydrate positi;e) on the
MacConkey plates supplemented with exogenous cAMP, wéfe considered to
be Acya strains.

Seven hundred kanamycin resistant -transductants were selected in
each of two separate ;xperiments. For the first experiment, 38 of the
kanamycin resistant transductants were purified and one praved to be
Acya (Table 2).

In the second experiment, two of the seventy-three transductant§

purified carried “cya . These three strains (NAB-1, -2, and -3) were

all able to grow at the expense of maltose, lactose and arabinose, if

These pleiotropic carbohydrate negative strains were further

cAMP was also supplied.

characterized as “cya by their.behaviour on tetrazolium indicator'
plates with lactose and arabinoée, on which they produced colonies
which were red (pleiotropic carbohydrate negative phenotype) in the
absence, and colourless (pleiotropic carbohydrate positive phenotype)

in the presence, of cAMP. Growth in minimal medium with maltose,

_lactose or arabinose depended on the addition of cAMP.

The frequency of cotransduction of ikvA and cya loci was lower
than expected (60%, 3§) for genes so close to each other. Two factors

might be the cause for this,.. Firstly, that the ilvA gene carried an
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insertion (Tn5) which increased the distance between the ilvA and cya
Toci on the chromosome. Secondly, that the cya mutants grow very
poorly and therefore might be hard to find among the cyat | ;
transductants on the plate. A third reason could be use of an ilvA
de]étion mutant as recipient which might have favoured selection of
recombinants where genes on the opposite side of ilvA from cya were

transduced.

Y
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"S " e‘s
11. Genetic Evidence That The Adenyl Cyclase Gene Has Been Deleted
. 6 (Y

From Strain NAB-1:

The p]elotroplc carbohydrate non- ut11121ng strain (NAB-1)
descr1bed in the preceding section was selected for further study. It
was constructed through transduction and was tested for the phenotypic
characteristics of a Cya mutant stra%n. Since this strain was to be
used in many of the following experiments, it was important to be
certain that it did in fact carry a ‘Acya mutation., If this strain in
fact carries a cya deletion and a transposable element at the i ;llA.

locus, it should be possible to co-transduce the ilvA and cya loci

into this strain from a wild type danor strain. To confirm that a

. selection for i1vA* transductants will also co-select cya‘, strain

_NAB-1 was transduced with P1CM phage grown on strain K-ld, selecting

for isoleucine independent transductants. The schieme of this
transduction is given in Figure 3. About 700 ilvA* transductants were
selected. A1l were kanamycin-sensitive as would be expected, since
the strain NAB-1, during the transducties of ilvAt locus from the'
donor (K-IQ), has to lose the .transposable element (Tnskanp) that was

inserted in the ilvA gefie. Of 58 ilvA* transductants studied further,

-30 were cyat, ie., were able to utilize lactose, maltose and arabinose

(Table 3).

These results prove that the multiple carbohydrate non-
utilizing strain con§tructed in the preceding section does carry a

mutation at the cya locus. This is linked to the ilvA locus with a

Atlinkage value of Sl,f% (Table 3), (11, 35).



Figure 3. Scheme of transduction for testing the presence of °

cya deletion in strain NAB-1 by linkage to ilvA,

) Phage made on
Hosta . Donor

metB-gz Scyagy il1v::Tnsgy KanV— metB*gy cyatgs ilv*gs Kans

Plated on glucose minimal

« medium supplemented with
methionine $+NM glucose) to
select 11vAT,

Transductants i1v&*+ (isoleucine independent)

Screened for kanamycin
S c to utilize sugars on MacConkey

agar plates.

Transductants 11vA*tgg KanS cya*gs
(NAB-1-T)
aHost strain used is NAB-1

bDonor strain used is K-10 : !

Note: The numbers after the gene symbols represent map.locations,

sensitivity and for the ability
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II1. utilization Of Various Carbon Sources By The Mutant (NAB-1) And

: . .
The Parent (NA-1) Strains:

Adenyl cyclase mutants are unable to grow on many substrates
common]y(use& by E. coli, and grow slowly on most of- the ones’they do
“use. This slow growth of cya mutants has beeﬁ treated previously as a

problem in sugar transport, the suggestion being made that a A

cya
mutant will grow slowly on sugars transported by the phosphoenol-
pyruvate tragsport system (PTS) and not at all on sdgars transported
in other ways (50, 163). Studies with strain NAB-14d1d not §upport
thi; generalization. Straiﬁ NAB;1 grew slowly on two PTS-sugars
tested, glucose and glucosamine (Table 4). ~However, it grew on the
non-PTS substrate, glycerol, almost as rapidly as the parent strain.

It also grew, though slowly, on L-alanine, D-alanine, qluconate and '

pyruvate, but not on ribose and melibiose.

The ‘Agzg mutant was unable to use any ‘sugar which is degraded by

H
catabolite-repressed systems (lactose, arabinose, maltose)., It grew

slowly on.those sugars which it can use (except glycerol), but thiss
13
does not seem to be due to a defect in a particular type of transport

system. -
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Iv. Effect Of Exogenbus Cyclic Adenosine Monophosphate (cAMP) On

kY

The Growth Rate In Glucose Minimal Medium: )

, -

The mhtant grew more slowly on glucose than the parent. In order
to show tha£ this decrease in‘growtﬁ rate 'is indeed due to a
def1c1ency of CAMP, the effect of various concentrat1ons of exogenous

CAMP on the rate of "growth was studied.

! The doubling time, on glucose, for the mutant was 140 minutes, as

compared to 60“for the paﬁent strain (Fig. 4, 5; Tab1e"5). Addition
of cAMP drastically reduced the doubiing time of the mutant, bat did
not significaht]y affect the dotbling time of the parent, though it

may'have slightly increased the growth rate (Table 5). Exogenous cAMP

.at-a concentration of 1.0.x 10-% theduced the. doubling time of the

mUtant to 90 minutes. At 2.5 x 10-4 M the doub11n§'t1me (65 minutes)

2 of the mutant was close to that. of the parent strain (60 minutes):

The highest concentration of cAMP°was inhibitory to both Ehe parent °
and the mutant. ‘ ‘ N

These results show that the s]owér growth rate of the mutant.

stra1n is due to the deficiency of cAMP as the addition of cAMP at a

1

. .concentration of 1.0-2.5 x 10'3 M returns the growth rate of the

v

mutant to a near normal value.
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V. Effect Of pH On The Growth Rate With Various Carbon Sources

(Glucose, Glycetol and Pyr&vate)f
. -
As shown in the prev1ous sectton , the Aﬁg@_strain gFew more
slowly than the parent. This experiment was done at pH 6.4. The slow
growth ;ts even more evident at higﬁer pH values,

When the mutant (strain NAB-1) was tested in a series of media

buffered at pHs between 6.0 tp 7.8, it grew faster at lower pH va]ues,'

the doubling time increasing with the pH. That 1s, the mutant grew

with a doubling time of 135 minutes at pH 6.0 and of 280 minutes at pH
1.8, The parent stra1n grew at about f{e same rate at pﬁtva1ues from
6.0 to 7.8, although it grew somewhat more Slowly at p§ 7. 0 and above
(apparent doubling time: 60 minutes at pH 6.0, 75 minutes at pH 7 8).
The doubling time of the mutant strain at oH 6.0 was 135 minutes,
while for the parent:it was 60 minutes (Fig. 6, 7, Table 6). The
doubllng t1me increased gradual]y from 150 to 280 minutes as the pH

value 1ncreased from 6.4 to 7 8.

On glycerol minima] medium the mutant grew slightly more slowly

‘than the parent strain, the doubling tame for the mutant being,90

minutes as compared to 80 minutes for the parent strain (Fig. 8, Table

‘7).The!growth rate on glycerol was not significantly affected by the -

pH of the medium.

°

On pyruvate minimal medium the mutant grew more slowly than the .
. . «
parent strain and was also sensitive to the pH of the medium but the
N .

growth rate was fa&ter than that on tpe egcose minimal medium
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The temperature was 37°C.
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The pH of the stock medium was 6. 4 ) ‘

‘The temperature was 37°C.
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Figure 8: Growth of strains NAB-1 (Acya) and NA-1+¢

Symbols: (A) pH 6.0

*

(cya*) on glycerol minimal medium'as a ,funct'i"on

of pH.

(B) pH 7.8 , . Yo
(w) Strain NAB-1 (Acya) |

- (o) Strain NA-1 (cya*)'

Note: The glycerol «oncentration was 0.5%.°

The Temperature was 37°C. ,

The pH of the medium was adjusted with either HC]
(10% stock solution) or NaOH (2.5 N stock solution).:
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(Fig. 9, Table 7).

When g]dgose and g]ycerq] were givén simultaneously as carbon
sources, the mutant grew with a dpub]ing time of 80 minutes at pH 6.0, ,
and /60 minutes at pH 7.8, as compared tolfhe 60 minutes for the parent
strain at both pH values (Fig. 10, Table 7). Therefore, it seems that
the presence of glucose did not. inhibit the utilization of glycerol by
the mutant strain.

These results indicate that the growfh of the mutant, on glucose
and pyruvate, is severe]ytéffected by the kaof the medium, being
fagter et‘lower pHs, while the parent strain grows with almost the.

.same rate at all pHs tested.. But, since the growth medium in all
these experiments was adjusted with NaOHv it was important to '
differentiate whether the observation made is in fact due to the
increase in‘pH or due to the increase 16 the Nat concentration or
both. Therefore, the experiment was repeated using growth medium
adjusted with either KOH or with mono-/dibasic potassium phosphate
solutions. The results obtained clearly show that the pH of the
medium affects the growth rate of the mutanf-in the same pattern, no
matter whether the medium used was adjusted with NaOH or mono-/dibasic
salts or KOH (Table g’ahd 7). Also, it appears that when NaOH was °
used to adjust the pH (from 6.4 to 7.0, 7.4 and 7.8) the growth’rate
of the parent strains, on glucose, decreased slightly more than when
KOH or monobasic and dibasic salts were used (Table 6). The growth -

rate of the mutant did not seem to vary much in any particular fashion

but it did seem to be slgwest at pHs 7.0 and 7.4 when monobasic and

o ‘ -
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A [
dibasic salts were used and at pH 7.8 when 'NaOH was used. On pyruvate
' T the growth rates of the parent as well as the mutant did not appear to
s be s1gn1f1cant1y affected either by the addition of NaOH or KOH (Table

7). The parent stram grew slightly more slowly while the mutant
. strain grew shgh%x faster when KOH was used to adjust the pH.
{quever these differences do not \appear to be significant enough to
alter the conclusion made earlier about the -pH-sensitive growth rate

- of the #cya mutant. o

: —_ .
On glycerol both strains grew slightly more slowly when KOH was

used and the growth rates’u,djd not seem to be affected by the pH

I3 . * '.‘
(different from the gbservations made with glucose'and pyruvate).

»
.



“*Figure 10:

I

Growth of strains NAB-1 (“Acya) and NA-1 ’
(cya*) on medium, supplemented with gluCose and

glycerol, as a function of pH.

Symbols: (A) pH 6.0
(B) pH 7.8

/
(m) Strain NAB-1 ( ®cya).
- (o) Strain NA-1 (cyat)
‘ 4

Note: The glycerol and glucose concentrations were 0.5%.
The temperature was 37°C.
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VI. Effect Of pH On Yield Of Cell Material In Glucose And

Glycerol Minimal Medium:

Since the mutant grew more slowly on glucose than the parent and
the growth was also affected by pH, whereas on glycerol its groﬁth was
only slightly slower than the parent and was not affected by pH, the
efficiency with which the mutant uses glucose and glycerol under
various pH conditions was compared. This was done by comparing the
amount of cell material ﬁade by each strain from limiting amounts of
carbon source at various pHs. R

Yields were determined in batch cultures at two limiting
concentrations of carbon source (0.04% and 0.08%) and at pH values of
the medium ranging froﬁ 6.0 to 7.;. On glucose minimal medium at pH
6.0, the mutant gave 20% less cell mass than that of the parent strain
and at pH 7.8 the mutant‘gave approximate{y 60% less cell mass than
the parent strain (Table 8). At all pHs and in both strains, yie]ds‘
were higher when the medium pH was adjusted with KOH rather than with
NaOH (Table 8). i

Although on glycerol minimal medium the growth rate of thesmutant
strain was .not very much differené from the parent and was not“a1tered
at high pH, the yield was lower than that of the parent strain and was
also affected by the pH of the medium (Table 9). As was seen with .’
glucose, at all pHs, the growth yie1as were higher in cultures growf
on medium adjusted by KOH than those adjusted by NaOH (Table 9).

Therefore, the mutant seems to be less efficient at all pHs but
the deficiency was greater as the pH increased. This was true for

~
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both glycerol and glucose grown cells.

showed a deficiency in both growth rate and yield; and glycerol grown

in yield only.

]

That is, glucose grown cells

.
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VII. Effect Of Exogenous cAMP On The Growth Rate In G™ucose

Minimal Medium At pH 7.8:

In the preceding sections,'thé growth of the mutant was seen to
be affected by the pH of the'ﬁedium. In section IV, it has been shown
that at pH 6.4 tée slow growth of fhe‘mutant can be restored to normal
by the addition of cAMP, If the greater decrease in growth at pH 7.8
than at pH 6.4 was due to a deficiency ?f‘cAMb (as it was at pH 6.4)
then the addition of exogenous cAMP should be able to restore it to
normal as it did at pH 6.4; Thergfore, growth rates at pH 7.8, were
determined using varioﬂs concentrations of exogenous cAMP.

At' pH 7.8, the doubling time of the mutant was approximately 243
minutes as compared to 67 minutes for the parent strain (Table 10).
The addition of cAMP increased the growth rate of the mutant but did
not have much eféect in the parent strain. At a concentration of 1.0

x 10-% M, exogenous cAMP reduced the doubling time of the mutant to

‘120 minutes. At the highest cAMP concentration used, 5.0 x 10-3 M,

the mutant grew fastest (doubling time being 75 mfnutes), to a near
normal value, while the growth of the parent strain was slightly
inhibited.

Therefore, it ;eem§ that the inhibitioﬁ of growth of the mutant
at pH 7.8 was also due to a deficiency of cAMP (as was observed at pH
6.4), since the addition of exogenous cAMP at a concentrationlof 5.0 x
10-3 M brought the growth rate of the mutant to a near normal value,
This concentration is higher than the concentration needed to restore

a normal growth of the mutant at pH 6.4.
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VIII. Effect Of pH On The Growth Rate And The Cell Yield Of A Fel

Other cya Mutants In Glucose Minimal Medium:

In the prece%ng sections, the growth of a Agﬁ mutér;t was seen
to be highly sensitive to the high pH valdes of the medium., If this’
pH-sensitivity is a general characteristic of the cya mutation, one

might then expect to see it in other cya mutants with different

genetic backgrounds, Iﬁerefore, the affect of pH on the growth

: properties of two other well known ‘5513 mutants (81, 108) were

I3

studied. Indeed the growth rate and the cell yield per unit carbon

source were both found to be pH-sensitive (Table 11) as was seen in

Ve

case of the strain .NAB-1.

AT pH 6.0 the doubling times of the mutant strains, CA8306 and

'CAB303, were 110 and 1od minutes respectively, while that of the

parenf strain was 65 minutes. The doubling time of the parent strain

was not affected by the pH of the medium, while that of the two mutant

strains increased gradually from 126 minutes at pH 7.0 to 153 and 173

minutes, respectively, for strains CA8306 and CA8303.

The two mutant strains produced less cell mass per unit carbon
. ,

“source as the external pH .increased. The yields were lower under all

pH conditions than that of the parenﬁ straiﬁ (Table 12) except for the
strain CA8303 at pH 6.0 where the cell yield was nearly the same a§
that oflthe parent strain. However, in all cases sthe pH-sensitivity
of the cell yield—was well pronounced.

These results clearly show that the pH-sensitivity of the growth
is a general characteristic of the cya mutants, since it wdsﬁseen in

strdins with different genetiﬁk{sckgrounds.

\
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Table 12
The effect of external pH
on the yield of cell mater1a1 in g]ucose grown cu]tures

L4

Concentration of pH of the ¢ Protein in the culture ( ug/ml)
glucose ,in the Strain Medium . , ,
medium . Exp. I Exp. I1 Exp. III
, |
(1) 0.04% . CA8001 6.0 ‘120 120 110
(cyat) 7.0 125 115 110
, o 7.8 - 115 125 115
.. CAB306 6.0 nd 115 90
) : ' " Acya) 7.0 nd " 110 85
7.8 nd 100 70
CA8303 | 6.0 130 115 110
(Beya) 7.0 80 110 - 95
7.8 70 ' 90 75
P (2) o0.08% - CA800l 6.0 230 200- 230
(cyat) 7.0 240 - - 190, 230
L . 7.8 200 200 220
*5\ ‘ CA8306 6.0 nd 180 - * 160
. (Bcya) 7.0 . nd 170 140
: R . 7.8 . nd’ 140 - 120
" CAB303 6.0. 180 240 - 210 -
- (Bcya) 7.0 1140 180 155
: 7.8

120 105 110

Note: Each result is an average of three determ1nations
' he temperature was 37°C. : :

The pH of the medium was adjusted w1th KOH.

The medium conta1ned th1am1ne (1 pg/ml)-and pro]1ne (50 ug/m])
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IX. Effect Of Shifting The pH Of The Growth Medium On The Growth .

Rate In The Presence And Absence Of “Exogenous cAMP: |

.’ .

97

In the preceding experiments, the mutant's growth rate was seen .

to\be greatly decreased at high pH values. These experiments involved

~different cultures each grown at a particular pH. One might then

expect the cya mutdnts to have considerable difficulty in adapting to
. ]

and NaOH was added suddenly ‘to bring the culture to pH 7.8. The

reverse experiment, grbwing cells at pH 7.8 and adding HC), was also

carried out. Both pH shifts resulted in the mutant” ceasing to grow

for a period 6f 40-60 minutes (Fig. 11,/2). After the shift, the

mutant resumed growth at the rate characteristic of the new pH. The

shift. ' i’
g /

a sudden increase in pH. To test this, the cells were grown at pH 6.0

grdwth of the parent strain was not noticaably affected by either ~. .

Since growth was faster and more efficient at low pH, one might

expect the transition from high pH to low to be easier than the

reverse shift, because aichange from high pH to low shoulq be able to
relax the st}ain (wﬁatever it’be) of high pH almost iﬁmediate]y. The
shift from high to‘low pH was easier than the reverse shift, as judge

by the lag period being approximately 40 minutes in the former case

“and 60 in-the latter. However, a pronounced lag was seen on shifting

the pH downward, It seemed possible that the lag could be caused by
something other than pH. However, control experiments done by adding
minimal medium and a solution of sodium chloride showeﬁ that the lag

in the growth was not due to dilution of the culture, the method used

e

2

d
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Figurg'll: Growth

(Beya)

Syhbols:

Note:

\
of strains NA-1 (cya*) and NAB-1

after shift of external pH from 6.0 to'7.8. -

1 »

(A) pH 6.0
W)DHQOA?B

(C) PpH 6.0 - 7.8 with cAMP addition at the time
of the shift.

.

(o) Strain NA-1 (cyat)

(@) Strain NAB-1 (“2cya)

A\ \
h 7 .
0.5% glucose was the growth substrate.
The temperature was 37°C. '

Lindicates time of pH shift and cAMP add1§1on
The cAMP concentration used was 2.5
The pH was shifted by adding 1.2 ml of NaOH (2 5N

stock solution) to 20 ml of the culture. !
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Figure 12:

Growth of strains NA-1 '(cya+)l\a_nd NAB-1

(Scya) after shift of external pH from 7.8 to 6.0.

Symbols: (A) PH 6.0 | NN

(B) pH 7.8 >6.0

(C) PpH 7.8 -6.0 with cAMP addition at the time
of the shift.

(o) Strain NA-1 (éya*)

(®) Strain NAB-1 (“cya)

- Note: 0.5'% glucose was the growth substrate,

The temperature was 37°C.

¢1nd1cates time of pH shift and cAMP_addition.
The cAMP concentration was 2.5 x 10-3 M.

The pH was shifted by adding 0.7 ml of HCl (10%
stock solution) to 20 ml of the culture.

-
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for,shiftiné the pH, the addition of chloride or sodium ions to the
medym (Fig. 13). | o

In any case one mighf expecf that the additibﬁ of cAMP should
influence the lag period. Addition of cAMP at the time of shift did
not affect the lag period observed but did .increase the growth -rate
later oﬁZ]Fig. 11, 12). Therefore, the presence of cAMP at the time
of the pH-shift is not sufficient to enable the strain to adapt to the
pH change. This adaptation then, depends on the function of. some

structure; synthesis (and/or regulation of synthesis) of which only

occurs in the presence of CAMP,
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Figure 13:

Efféct of the addition of growth medium and sodium .

chloride on the growth of strains ﬁ-l (cya*) and NAB-1

(Acya){

Symbols: pH 6.0, 1.2 ml medium* added

)
) pH 7.8, 1.2 ml medium* added
C) pH 6.0, 0.7 ml 10% NaCl** added
) pH 7.8, 0.7 ml 10% NaCl**-added
v) Strain NA-1 (cyat)
e ) Strain NAB-1 (Acya)
ﬁote: 0.5% glucose was the growth substrate,.
The temperature was 37°C. .
* 1,2 ml of medium equals to the volume of HC}
added to shift the pH from 7.8 to 6.0.

** 0.7 ml of NaCl equals the amount of NaOH added -
to shift the pH from 6.0 to 7.8.

|
/



104

- x , €L 3¥NOI4

S|eAJdlul  "uUlw Qg Ul
. % ANIL

oL

oz

Aligisdny

(03>

ov

SI1INN 1137

0s

09

oL
08

06
ool

o e —

_ a—————



. 105

.X.  Involvement Of The cAMP-CRP Compliex In The Mechanism 0f pH-

Sensitivity Of The Adenyl Cyclase Mutant:

/
The experiments described in previous sections indicate a role of

cAMP in cell function at high pH. The mechanism by which cAMP
mediates catabolite repression is' understood in considerable detail,

. The model involves a cAMP reéeptor protein (CRP) that acquires an
active conformation after binding to cAMP and in its active fqﬁn binds
to the particular DNA sequences (promotor region) initiating
transcription (68, 153, Lii, 157). If the role of cAMP in the
pH-sensitivity follows the same model, CRP must also be involQed.
Therefore, a study of growth characteristics of a well known A@ﬂjl
mutant was made. The growth rate of the AEEE mutant (EC8439) was
found to be pH-sensjtive, decreasing gradually as the pH of the medium
increased (Table 13). The doubling times at pH 6.0, 7.0 an 7.8 were
95, 125 énd 160 minutes, respectively. The yield of cell material was
also affected by the pH of the medium in the same pattern as that of
the groﬁth rate. At pH 6.0, 7.0 and 7.8, the yields were 100, 81 and
69 ug of proﬁein per ml of culture respectively, when 0.04% of glucose
was. present in the culture. At a concentration of 0.08%, the yields
were 149, 117 and 94 ug protein per ml of culture at pH 6.0, 7.0 and
7.8 respectively (Table 13). /

These results indicate that mutation in the crp gene also renders
the bacteria pH-sensitive as did the mutation in the cya gene,
Since, in the above mentioned st&dy, the parent strain of the

A'crp mutant was not available for comparison, the Acrp mutation was
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transduced, with linkage to cysG, from the strain EC8439 to the strain
' 4506. The scheme of the transduction is given in Figure lﬁ. Phage
P1CM was grown on the donor, strain EC8439. The redipient strain,
4506, carried a cysG mutation and was the[gfgre a cysteihe reﬁuiring
strain. The selection was maﬂe.for E;;éeine }ndependent transductants
by plating on minimal medium supplemented with glucose and thiamine.
The cysteine independent transductaqts were screened for zhe c‘{ggg
mutation by testing on MacConkey plates supplemented with lactose éhd
maltose, with and without cAMP. The possible 4crp transductants were
a]sé tested on MacConkey:a}abinose plates and on lactose minimal '
medium, in the presence ana absence of cAMP. Transductants that were
pleiotropic carbohydrate negative under all the above mentioned
conditions were considered to be A‘EEE strains. .

Of 180 cystein independent transductants 17 were Acrp. One of

these 17 “crp strains (4506-Acrp) and one of the cysteine

independent crpt strain (4506-W) were further studied for their growth

characteristics at pH 6.0 and 7.8,  The growth rate of this “crp
mutant was slow and pH-sensitive, the doubling time being 138 and 225
minutes at pH 6.0 and 7.8, respectively (Table 14). The parent strain

grew with a doubling time of 78 minutes at pH 6.0 and was not
{

significantly affected by the pH of the medium. The yield of protein L

/

per unit carbon source also decreased at high pH values (Table 14),
Two other strains carrying deleted Cya as well as crp génes were
also studied for their growth characteristics. These double deletion

mutants were fouqd to be pH-sensitive. The growth rates of_the

© /
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Figure 14. Scheme for transduction of &cfp mutation from strain , ? i
) s [EC8439.( Acrp) to strain 4506 (cysG=). :
| . ;
e ' : ' - Phage made on-
Host2 . Donorb ‘ 3

W cysG-V3.5 : ./ -cysGt berg B ‘

. ®

Plated on glucose minimal

- . medium supplemented with
. thiamine. (*Nglythi).
- . Transductants cysG* T " , .
! Screened for multiple v
carbohydrate negat1ve phenotype 3
using MacConkey agar plates '
_ supplemented with maltose and :
- .~ *lactose. ~Also checked on :
. . MacConkey arabinose plates. .
A g
+ A 1
Transductants cysG773.5 ~crpyz 3
. ‘ (4506- Acrp) ?
. . M
Further tested on MacConkey maltose-lactose plates supplemented with i
cAMP, and' on minimal medium with lactose and thiamine. - ‘
3Host strain used is 4506 } a o :
bDonorf strain used }s EC8439 LR Y
Note: The numbers after the gene symbo]s“indicate the map locations. ‘ R
T i N N
.“ . ) )
§ /-
& . ) .
. ; )
, t ~N
4 ' .
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' str.a_jns CA8496 anyc/\8445 were 1'26 and 125 minutes, respectilv_ely,‘ a;c
‘pH 6.0 as com'par:ed to 65 minutes for that of the parent strain (Table
. 14). In both strains the doubling time ‘decreased further at pH 7.0
and 7.8. Sim%]ar]y, the growth yields also werebH-sensitive 1n both
the double deletion ,mu'tants (Table 14) as would be expected.if both,_',.
',cAMP gnd C‘RP bl ay a role in devel,opipg reﬂstance to the exiernal 'pH. 
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XI. Genetic Evidence Of The Involvement Of cAMP-CRP Complex In The

‘Mechanism Of 'pH-Sensitivity Of The Adenyl Cyclae Mutant:

The study of growth charactaristics described in the preceding
sectidns showed that. cAMP/CRP- complex might be involved in the |
mechanism of pH-resistance, since the mutation.in cya or crp (or botH)
results in avs1dw and pH-sensitive growth, In“the case of the cya
mutants,” this impaired growth rate returned to normal when exogenous .
cAﬁ; was.provided. Furthér evidence for this involvement was sought
by the app]icat{on Qf genetic techniques as have been extensively o
applied for th%/study of the .catabolite sensitive genes.

Since it %s possible to obtain lactose fermenting mutants by‘
mutations tha; change CRP (20, 37, 197), then it should also be
possible to get a pH-resistant (pHR) 45513 mutant in which
cAMP-receptor protein is 1ndep;ndent of ¢cAMP for its activation. The
following set of experiménté describe the selection procedure for pHR“
mutants and proviae the genetic evidence that this mutation is in the
Eig gene that codes for the cAMP-receptor protein. |

L]

A. Selection for pH resistant (pHR) mutants of “cya strain:

The growth of the “cya mutant on glucose minimal medium was
very slow at pH 7.8. This property was used as a tool for selecting
fast growtpg pHR mytanis. For this purpose, strain NAB-1 was plated
either on the glucose minimal medium‘at pH 7.8 or on the lactose
minimal medium,land after three days of incubation the fast growing
(]arge) colonies were’ isolated from glucose plates and the lactose

utilizing colonies from lactose plates (Fig. 15). Eight independently

1
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Figure 15. Scheme for selection of pH-resistant derivatives from

an adenyl cyclase deletion mutant ( 2 cya). <

: "~ Strain NAB-1
Acya (pHS) crp*

-

Plated either on the lactose
plates (pH 6.0) or the glucose
minimal medium (pH 7.8), both
‘supplemented with isoleucine,
valine and methionine (+NIVM).
Incubated for 3 days-at 37°C.

- Large pH-resistant (pHR) colonies on a lawn of small
pH-sensitive (pHS) colonies on glucose minimal medium
plates, and lactose utilizing colonies on lactose plates.

- A1l were cya® on MacConkey plates supplemented with
lactose, maltose and arabinose, and on tetrazolium
lactose_gpd tetrazolium arabinose plates.

- Al were kanamycin-resistant,

(NABR-1 to 4 and NABRA to D)



! o3
isolated pH resistant (pHR) colonies were isolated and purified, four
from each kind of plates. These were also tested for their ability to
produce acid on MacConkey plates, supplemented with lactose, maltose
and arabinose, and were all found to be positive. All these mutants
were kanamycin resistant, and therefore still carried the element
Tnskang, Tﬁese mutants could not be cya* revertants‘since the cya
mutation was a deletion mutation (26).

" The growth rate of all these eight independently isolated
pH-resistant “cya mutants (NABR-1 to 4 and NABR-A to D) were studied
at two pHs with and without exogenous cAMP (Table 15). The doubling
time of‘a]l these mutants varied from 80 to 90 minutes at pH 6.0 and
from 90 to 100 minutes at pH 7.8. These values are s1i§ht1y highér
than the normal values (63 minutes at pH 6.0 and 68 minutes -at pH
7.8). Addition’of cAMP at a concentration of 2.5 x 10-3 M appears to
have slightly decreased the doubling time of the normal (cya™t)
strain. But the pH-resistant’ “Acya mutants showed no significant

-,

effect after the addition of cAMP (Table 15).

B. Genetic evidence that the strains NABR-1 to 4 And NABR-A to D

(
(pH-resistant A¢ya) carry mutations in their crp genes

Resistance go/tﬁe external pH (pHR) may occur in many way;. To
test whether t§§ pHR Ag&@_strains described in the previous section
in fact carried ‘mutations in their crp genes, a genetic approach was
used. The method depends on having a "Ezg recipient strain that

also carries a mutation near the crp gene, in this case CysGy3.5. A

functional EZEGFSe”e is then transduced from the eight pHR ~£’gzg



+
- Table 15

The effect of pH on the growth rate of the pH-resistant

Acya mutants in the presence or absence of exogenous CAMP
Doubling Time (in minute)

Strains pH of the with cAMP

- medium without cAMP (2.5 x 10-3
NA-1 6.0 63 60
7.8 68 63
NABR-1 6.0 90 83
' 7.8 95 85
NABR-2 6.0 83 80
: 7.8 100 88
NABR-3 6.0 85 80
7.8 100 88
) NABR-4 . 6.0 83 83
7.8 93 88
NABR-A 6.0 83 80
7.8 96 90
NABR-8 - 6.0 83 78
7.8 95 90
- NABR-C 6.0 83 85
L 7.0 90 90
. NABR-D 6.0 80 80
7.8 95 90

Note: The glucose concentration was 0.5%.

The -temperature was '37°C.

The pH of the medium was adjusted with KOH or HC1.

NA-1 is a cya* strain.

114

NABR-1 to 4 and NABR-A to D are pH-resistant Acya strains.
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strains; to the &cya cysG- recipient with selection for
cysteine-independent transductants. Sinc;e crp is near cysG, some of
the transductants will also carry the crp allele from the pHR strain.
If pH-resistance is due to a change in crp, these strains should be
pH-resistant and sugar fermenting. To test” this, the following set of

i
experiments was performed.

&

- Construction of a cysG “cya strain:

L

The Acxa mutation was transferred into the strain 4506 carrying

\

CysG mutation, by the same method that was used in section I. 'The
scheme of the experiment is illustrated in Figure 16. Of 250
kanamycin resistant transductants screened, seven (4506A-1 to 7)
prov;ed to be Aﬂg (slow growing, pH-sensitive and pleiotropic

carbohydrate non-utilizing),

- Cotransduction of crp* allele into strain 4506- A1 (cysG “cya) as

an unselected marker with the cysG* as a selected marker

This experiment was done to determine if ‘the pH-resistant AgLa
strains (NABR-1 to 4 and NABR-A to D) did carry a mutation at their
crp loci that gave them cyat phenotype, Strain 4506- Al that; carries
CysG and Agl_a_ mutations was used as recifiient, and pH-resistant

Ag)_@_c_r_g* strains were used as donors (Fig. 17).* Cystein-independent

(cysG*) transductants were selected and screened further to select any

which might have a cya‘* phenotype, as expected if pH-resistance were
_ P

caused by a change at the crp locus. Indeed, in each of these eight

} .
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Figure 16. Scheme for transduction of‘Acya mutation from ‘strain
JB-1 (Acya) to strain 4506 (cys6-).

. Phage made .on
Host@ _ Donor?® .

cysG-73.5 cyatgz Kan$ /// cysG* Acyagy ilv::TnSgq KanR

Plated on rich medium (LB)
suppiemented with kanamycin,

Transductants KanR (ilv::TnS§)

\

Screened for multiple
carbohydrate negative phenotype
using MacConkey agar plates
supplemented with maltose,
lactose and arabinose. Also
. checked on tetrazolium lactose
' and tetrazolium arabinose

: y plates.

Transductants KanR (ilv::Tn5)gy Acya g3 CysG~y3.5
| (450641 to 7)

4

Further tested on minimal medium with lactose, or maltose .or
arabinose, with or without cAMP,

8Hpst strain used is®4506

bDonor strain used is JB-1

Note: The numbers after the gene symbols;inﬁicate map locations. . =

l’!.
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Figure 17. Scheme for transduction of crp* locus into cysG- ‘Acya

’ strain using cysGt as a selected marker.

. Phage made on
. - Hosta Donord

cysG73.5 crp+72.8Acya83 cys6® crp* “cya ilv:i:Tns
ilv::Tn5gg KanR pHR KanR pHR

Plated on glucose minimal
medium supplemented with
thiamine and kanamycin,
selecting for o
cystein-independent
/- transductants.
Transductants cysGt73.5 KanR
~ :
: . _ - Screened for carbohydrate-using
. ~ pHR transductants.

72 Transductants cysG*y3.g crp*yp.g ©cyagy pHR
(4506 - AIR to - A4R and 4506 - A AR to - A DR)

o *
aHost strain used is '4§06- Al

bponor strain used is NABR-1 to 4 and NABR-A to D. -

%

Note: ~ The numbers after the gene symbols indicate map locations.

~

[ R Y




118

o

- each of these eight transductions, a certain percentage of the cysG*
transductants was found to have a cya* phenotype, i.e., were
pH-resistant and carbohydrate-utilizing (4506- AlR to - A4R and 4506-4

AR to - ADR) (Table 16),

- Testing for “ cya mutation in 4506- AIR strain:

To be certain that strain 4506-AlR carries the cya déietion,
although its phenotype is sugar-fermenting, the sAgxg_mutation was
transferred from this strain into a cya® strain through transduction.
The scheme of the egperiment is il]ustfated in Figure 18. To perform
this transduction, phage P1CM was grown on strain 4506- A1R. Strain
NA-1 was used as recipient and kanamycin-resistant transductant§ were
selected. Of 500 kanamycin-resistant transductants, nine were ‘3513,
ie.,'carbohydrate non-utilizing and pH-sensitive. This result proves
that strain 4506- AIR does carry a Agxg mutation. Its cya+ phenotype

then must be due to a mutation near cysG, ie., probably in crp.

C. Further genetic evidence for the involvement of the crp gene in

cAMP/CRP mediated resistance to external alkaline pH:

If the CRP/cAMP complex is in fact involved in developing
resistance to high pH, one would not expect to get any pH-resistant

strains from a strain that carries a deleted cya gene as well as a

deleted crp gene. To see if this is the case, two strains, CA8445 and

CA8496, that carry double deletions and were as pH-sensitive (in

liquid medium) as was strain NAB-1, were plated on glucose minimal
. .
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. Figure 18, Scheme for transduction of “cya mutation from strain

4506-A1R to strain NA-1,

’ Phage made on
Host2 DonorD ro-

ilvga cyatpz Kan$S Acyaga crp* ilv::Tns KanR
ilvgg 83 Scyags

Plated on rich medium (LB)
4 supplemented with kanamycin.

500 Transductants KanR (i1v::Tns)

Screened for multiple - ,
carbohydrate .negative phenotype
using MacConkey and tetrazolium
indicator plates.

il &

9 Transductants KanR (ilv::Tn5)gy Acyagé

»

aHost strain used is NA-1

bDonor strain used is 4506-AlR

Note: The numbers after the gene symbols indicate map Ioéationé.
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medium at pH 7.8. In three separate experiments, incubation up to 7,
1 . ’

, days did not give aﬁy pHR colonies. o ‘ .

Y

Therefore, it was concluded from theseﬁgxperimenfs that the

cAMP/CRP complex is most probably invélved in pH-resistance, ‘and that

A

growth af high pH invo1ve§ transcrtbtion at a cAMP-CRP-dependent

*

promotor, .

v It was also éossible?to get

¥

a promotor mutation in the gene(s) '

that is responsible for the pH-resistance, such thatﬁjt does not

réquire CAMP/CRP for its expressiof (as has been found in the case of

lac operon- (37). But such mutants were not fpund when selection was

o

made for obtaining pH-resistarce mutants, eitﬁer from the doublé

deletion mutants or from mutnts carrying single-deletion mutation at

- ‘ N ' 14 ’
the cya or ¢rp loci. o ..

[y

n"
-
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XII, Comparison Of ATPase Act1v1ty In 'The Mutant And Pacent

) Stlalns

It has been suggested on the basis of the reduced growth rate,pf
ctya mutants, that these mutants may have a defectlve system for

~

conservation of enerﬁy from metabollzable substrates (40)..“ This
5thought was further strengthened by the lay yield and pH-sensiti;;ty
of the Acya mutant. Under aerobic conditions energy conservation in
‘g, gglﬁ_invo]ves the- generation of proton ‘and ion gradjents across the
cytoplasmtcdmembrane and uti]fzationaof these gradientsbto forfm ATP by
the membrane bound ATPase. Problems in energy conservation could

* be due to‘prob]ems in establishing or using the.gradient(s) or both,

.o :
* Problems in‘using the gradient mdy be due to a deficiency in the

ATPase activit;. It has been previously reported that cya mutants
have norma1 ATPase activity 740) To ver1fy this for the mutant
studied here, an aséay was performed to measure the membrane bound
ATPase h{drolytfc activity 1n~the mutant and parent strains grown on
glucose minimal medium at“pH 6.0 and 7.8. The results showed no’

. sIgn1f1cant difference between the two stra1ns and the actxvrty did
not appear to be a?fected by pH in elther of the two stra1ns.

a

The ATPase act1v1t1es in the ‘mutant and the parent strains were
1.06 and 0.97 umoles.P; released per minutehper_mg of mambrane protein
extracted from cultures grown at pH 6.OI(Tab1e 17). In membrane
preparations obtajned From the mutant and the barent strains grown at
"pH 7.8 thefATPase activities were respectlvely 1.06 and 0.92 umo]es P;

're]eased per mlnute per mg of membrane prote1n
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These result$ show that the t‘Eli mutant has a normal ATPase

v .

to something other than the ATPase activityg

—

activity and the reason for the_reduced growth rates andyyield is due

124
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XI1I. Effect Of Envifonmental pH On The Rate Of Oxygen Uptake By it

Cells And Membrane Vesicles From The Normal And The Mitant

Strains:

The ddeny1‘cyc1ase mutants (cya-) have been reported to have a

. reduced ability to.use oxygen (40). Membrane preparations from cya~
strains have shown a slower uptake of oxygen than those from a normal
strain when NADH, succinate and D-lactate were given as substrates
(40). {

If thé oxygen uptake rate:of strain NAB-1 were both low and
affected by the pH of the growth medium, this may explain the growth
rate and yield data described in this work., That this is not so is

.shown by the fo]]owing‘data on oxygen uptake by éfrain NA-1 (cyat) and
NAB-1 (“cya) grown at different pHs.

The results obtained show that thé rate of oxygen utilization was

not'affected by tﬁe pH of the medium (Table 18) in either strain and
. was lower but not affected by the'QH in the mutént.

The -mutant and the parent strains grown and assayed at pH 6.0

used oxygen at a rate of 2.3 and 8.9 n moles/gm dry weight per hour,

~ie,, the parent used oxygen about four times faster than the mutant.
The rate of oxygen utilization by cells grown and assayed at pH 7.8
was very similar to those grown and éssayed at pH 6.0, and waé 2.2 and
9.4 dnits for the mutant and parent strains respectively., Cells grown
at pH 6.0 and assayed at pH 7.8 or vice-versa did not show any
significant difference in 0, uptake from the cellévgrowﬁ and assayed

at the same pHs (Table 18).
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Similarly, 0y uptake by membrane vesicles (made from cells grown
on glucose minimal medium at pH 6.0) remained unaffected by the pH,
and was 2.1 and 2.3 units for the normal strain at pH 6.0 and 7.8
respective]y,. and 0.9 and 0.9 units for the mutant strain at pH 6.0

*.and 7.8.

Therefore, the Ag_@_ mutant uses oxygen more slowly than the

parent strain, but the slow uptake of oxygen does not seem to be

involved in the pH-sensitivity of the mutant strain.
vz
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XIV. Determination Of Uptake Of 14C-Proline In Membrane Vesicles

Prepared From The Mutant And The Parent Strains:

!

Experiments described in the previous sections show that the
mutant strain NAB-1 had a normal ATPase activity and a reduced rate of
oxygen uptake, Reduced oxygen uptake has also been seen in other cya
mutants (40). The fact that the mutant strain oxidizes the substrate
slowly May indicate that it is doing more fermentation than oxidation,
as compared to the pargnt strain, and thus giving a 1qwer cell yield.

—_—

This will be reflected ﬁn an analysis of the end products from the two
strains. However, thig is not likely to account for siow growth at
high pH, since the decrease in oxygen uptake rate is not greater at
high pH. This suggests that other factors are involved. The mutant
may have more difficulty in generating and/or maintaining a normal PMF
at some pHs than at others. To investigate this, an indirect approacﬁ
was made by comparing a function of PMF, the active transport of
proline, at various external pHs by membrane vesicles made from the
mutant and the parent strains. The active transport of proline is
known to depend on PMF either directly (through symport with proton)
(90, 173, 214) or, according to a recent report, indirectly (through
symport with Nat) (192). In whole ce]lé, proline, after being
transported, is metabolized further and thus, it becomes difficult to
differentiate which oﬁe of.thé two steps, transport or further
metabolism, is rate limiting. Vesicles, since devoid of cytop]ésm,

were chosen for fhe study of the transport.

_7~/‘
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It is well established that the electrochemical proton grédient
( & uH* or PMF) is kept fa{r]y constant over a wide range of external
PHs, and a decrease in proton gradient (ApH) as a function of
external pH is cémpensated by a parallel increase in the electrical
gradient (94, 147). The transport of some neutril substrates (for
example, proline and lactose) depends on thg PMF (173, 218) and
therefore does not normally change significantly with the change in
external pHs. The initial rates of the uptake of proline were ' .
‘measured to compare the magnitude of PMF, sjnce a correlation seems to )
exist between the magnitude of PMF and the initial rate of transport
of amino acids (173, 201, 218). fherefore, if in the mutant strain
the PMF was significantly decreased at high pH, this might be
reflected in a decreased initial rate of proline transport. The
results presented in Table 19 show that indeed the rate of l4c-
proline uptake of the normal strain was not affected at the external
pHs tested, being 0.17, 0.16 and 0.17 n moles trénsportqd per minute
per mg of protein at pH 5.5, 6.6 and 7.8, respectively. In the |
mutant, however, the uptake was lower than in the normal strain at all
pHs, and this deficiency was greater at higher external pHs. At an
external pH of Sgkt\the transport}was reduced to 59% of the rate seen
in the normal strain: At pH 6.6, it was 50% and at pH 7.8, it was
35%. .That is, the uptake in the mutant was low at pH'5.5, and
decreased even further at pH 7.8 to 35% of its value at pH 5.5.

There is considerable variability in the results of transport
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assays with membrane vesicles. This is true for-diffgrent samples of
one vesicle preparation assayed on-diffefent.days,\as well as for
assays performed at different times after the thawing of any one
sample. Typical data for a vesicle preparation made on July 26th
1982, are given in Figure 19. One sample was thawed on August 24th,
and assayed twice each at pH 5.5 and 7.8. The experiment was repeated
with another sample on October 5th. Although the}e is considerable
variation from assay to assay and from day to day, it is clear that '

the results at pH 7.8 are different from those at pH 5.5 (Fig.’ 19).

To minimize the effect of the random variation, each experiment

was performed several times, and each time all determinations were

done on one day at all three external pHs with vesicles from both
parent and mutant strains. The results were fairl; reproducible, in
the sense that for each experiment, the transport by the vesicles from
the mutant was low and sensitive to high external pH as compared to
the pH insensitive transport exhibited by the vesicles from the normal
strain. An example of one such set of assays is represented in Figure
20 and 21.

Since the rate of uptake variéd among different preparations of
vesicles, the experiment was repeated on eight individual preparations

of vesicles and an average value was taken, Of eight individual

preparations on each of the two strains, one preparation (preparation

‘#2 from the normal cells) gave an extremely low rate of transport

(Table 20, 21) while all other values were quite close to each other.

Therefore, that particular set of observations was excluded from the

T
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Figure 19:

1

Uptake of proline by one preparation- of membrane

vesicles assayed on two different days. .

Symbols: (A) assay pH 5.5 S i}
(B) assay pH 7.8

’ L

(@) assay done on 24th August 1982
*

(v) assay done on 5th October 1982

Note: The strain used was NAB-1 (“2cya).
The vesicles were made from cells grown on glucose
minimal medium at pH 6.0.
vesicles prepared on 6th July, 1982,
Each assay contained 115 gm of protein.
The™ assay temperature was 25°C.
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Figure 20:

7
{

The effect of external pH on uptake of proling by

membran

Symbols:

Note:

e vesicles made from strain NA-1 (cya*).

(A) assay pH 5.59

(B) assay pH 6.6

(C) assay pH 7.8

vesicles were made from cells grown on glucose
minimal medium at pH 6.0.

Each assay contained 0.105 mg of protewn.
Assay temperature was 25°C.
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Fi’é- 21: The effect of external pH on uptake of proline by‘

. . membrane vesicles made from strain NAB-1 (Scya).’
. v ‘ o L , N
E * Symbols: (A) assay pH 5.5
) . (B) "assay pH 6.5° C .
» - ' . - ) . . .
C (C) assay pH 7.8
e "Note: Vesiq]es‘ were made from ¢ells grown on glucose
. . . minimal medium at pH.6.0.
T i .Each assay- contained 0.165 mg of protein. =«
', : .o _ Assay temperature was' 25°C.
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‘calculation of the average rate of uptake. Including this would
somewhat decrease the values for thé parent strain, but would not
alter the conc]usioﬁs to be drawn.

From these observations it was concluded that the act%ve
traﬁsport of proline in the mutant is certaiq1y lower than in the
normal strain at all pHs tested, the difference being greater at high
pH. Whether -this pattern of transport indicates a general inadequate
energization of thé membrane at various pHs or is dué.to a change'in
the membrane structure and/or function’that is specific to proline
tnansport, was determined by assaying the transport of another amino
‘acid, l4C-qlutamate, using vesicles from the mutant and the parent
strain., Transport of glutamate depends indirectly (through Na*
grédient) on the PﬁF as it is symported with Na*. The results
obtaiﬁed (Table 22) show that transport of g]utamaie is also ldwer in
the mutant than the parent strain and that it is sensitive to high
external pH, as was the case of proline transport. The transport of
glutamate by the vesicles from the normal strain was unaffected by the
external pH, being 0.12, 0.12 and 0.13 n moles of glgtamate taken in
per minute per mg of pro?ein at pH 5.5, 6.6 and 7.8, respectively.
"However, in the mutant the uptake was 0.09, 0.06 and 0.04 n moles per
min per mg of protein at pH 5.5, 6.6 and 7.8, respectively, whiéh is
abéut 75, 50 and 33% of the transport values for the parent strain. )
The f;ct that proline and glutaméte do not share a common transporter

and that the transport figures for glutamate are very similar to those

seen with proline, supports the conclusion that the .A'cya mdtant is
\
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deficient in membrane eneréizatjon at all pHs, but partjcuiar1y at =’
high ones. ’ ’ |
During the process of vesicle preparation, the cell is subjected
to a variety of physical, chemical and énzymatic stresses. The
possibility that the transport differences are due to a difference in
response of the mutant and the parent cells to the process of

vesicle-making, was fested by assaying for proline transport by whole

. cells. The results, presented in Table 22, show that the whole cells

exhibit the same phenotype as vesiclgs, that is: the uptake in the
mutant cells is slower and pH sensitive., Therefore, it seems that the
difference in transport ability of the vesicles from the mutant and
parent strain is not due to an artifact of the process of vesicle
prqpafation. ’

These observations suggest tﬁat the PMF -in the mutant is much

lower than the normal strain, and that it decreases more with the

increase in external pH.

As the -PMF or proton electrochemical gradient (A uH*) 1s'composed' )

of two forces, an electrical gradient (zk¥') and a proton gradiént
(ApH), a low PMF could be due to low A+ or ApH or both. The fact
that the uptake in the mutant strain is decféased with the increase in
external pH, suggests the possibility that theAAﬂ% might be affected
in the mutant., This is based on the fact that at higﬁ externa]ipHs, a
normal strain keeps its PM? almost constant by increasing the
contfibution oflkf to compensate for the decrease in A pH. Table 23

shows the approximate values of PMF, A+ and A pH at various external

, | 142
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Table 23

b

¥

" Approximate values of PHF, A and_, ApH at various
external pHs, in Escherichia colj

External pH PMF (mV) A\l,(m.V) ApH (mV)
- 5,5 200 95 105
6.6 190 %30 ] 60
7.8 150 150 0

Note: Values are calculated from Figure 1 of
the review article by Padan et al. (147).

143
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pHs in E. ggli, calculated from Figure #1 in the review article By
Padan et al. (156). Thus, in a normal strain, Luf composes 45%, 70%
and 100% of A pH* at external pHs of 5.5, 6.6 and 7.8 respectively
(while A pH composes 55%, 30% and 0% at exierna] pHs of 5.5, 6.6 and
7.8). A strain having difficulty in generatiﬁgaand/or maintaining a4&%
will be expected to have a low PMF and éhe deficiency may become more
noticeable at high external pHs, as proposed for the‘ﬁgxg mutant.

Further support in favor of the possibility that the An% value is
affected in the mutant came from the study of proline transport in
the presence of two antibiotics,‘vajinomycin'and nigericin, that,
under certain conditions dissipate the<A%,an& the A pH,
respectively. .

Uptake of proline in the presence of'valinomycin (an iondphore
that dissipates the electrical gradient in presence of sufficient K*
i;;s in thé medium) was measured in the pre;ence of 50 mM Kt in-the
assay at three external pHs in both strains, NA-1 and NAB-1. The
results,‘presented iﬁ Table 24 show that at the concentration used,
valinomycin decreased proline uptake in the wild type strain by 26-36%
at all pHs tested. In the mutant, the decrease was.78-96% within the
pH range from 5.5 to 7.8. Does this mean that the mutant is much more

sensit%ve to valinomycin than the wild t§Be? If one expects that a

given concentration of valinomycin dissipates a certain percentage of.

T

—*—Mihe.by-, one would have to conclude that the mutant is more sensitive,

However, this is not a likely. expectation. Valinomycin acts by

inserting itself into the membrane as mobile K*-carrier and dissiphtes
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a certain amount of the electrical gradient. The rate of K* leakage
through valinomycin should be directly proportional to ghe absolute
amount of valinomycin (within 1}mits) and not to the absolute wvalue of
A#” Therefore, it could be conc]uded that the mutant and the parent
strains are equally sensitive to va]?nomycin.and the apparent greater
sensitivity of the mutant'is probably due to a deficiency ﬁnzs+ , a
suggestion made earlier on the basis of the proline transport.

The uptake qf proline was also measured in ﬁhe/presence of

nigericin, a protonophore that inhibits the aApH. |The results,

summarized in Table 24, provide further indirect evfdence that the‘A%
is lower in the mutant than in the normal strain, %t the
concentration used, nigericin decreased the uptake fp the wild type
strain ;o 77% at pH 5.5. In the mutant at pH 5.5, tgg uptake
decreased to 40% (Table 24). This could mean tha; thé\mutant is more
sensitive to nigericin than the parent strain. However, nigericin
acts by inserting itself into the membrane as a mobile electroneutral
carrier of H* and dissipates the ApH. At pH 5.5, in the normal
strain, total transport is 0.17 n moles. The amount of nigericin used
dissipated approximately 23% of total transport in the wi]d type, so
the transport was decreased by 0.04 n moles., If the mutant is equally
sensitive to nigericin, it will lose 0.94 n moles of proline
transported. The observed transport.is~gﬁiy 0.04 n moles which is
much less than the transport expected. Thus A+ seems to be
deficient in the mutant at pH 5.5.

At pH 6.6, the amount of nigericin used had no inhibitory effect



on transport in the wild type; in fact, the transport increased to
138%. In the mutant, the inhibition was much less than what was
observed at pH 5.5, the transport'being 87% of the transport seen in
the absence of nigericin, At pH 7.8, in both strains, the transport
increased to 141% for the wild type and 133% for the mutant. Thus,
the mutant appears to behave normally in the presence of nigericin,
The total uptake atlpH 7.8 in thg presence of nigericin was 0.24 n
moles in the normal strain and 0.08 n moles in the mutant thch'js

about 33% of the transport seen in the normal strain., Thus, the’

mutant appears to have adproximate\y 33% of the transport activity

'seen in the wild type, as was observed in the proline uptake .

experiment described earlier,
These results provide indirect evidence that the pi sensitivity

of the Agy_a_ mutant is due to a deficiency of A~/r .

‘
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XV. Determination Of Electrochemical Proton Gradient ( A uH*) In

Vesicles And Cells From The 2cya Mutant And Its Parent Strain:

Experiments described in the previous section suggested that the
Ag}g mutant has difficulty in de&e]oping and/or maintaining a normal’

proton motive force (PMF or A uH*), and more so at high environmental
pH. As indicated indirectly, the A+ appears to be of lower
magnitude in the mutant than in the ‘normal strain. To investigate it
further, attempts were made to measure the electrochemical proton
gradient ( A uH* or PMF) of the vesicles and cells from the mutant and
the parent strain. This was approached by measuring each of the two
components of AuH*t, A+ and ApH. The electrical gradient ( A+ )
in the case of th'e mutant was lower than the wi]dﬁtyp,e strain at both
pHs tested (Table 25, 26). The pH gradient (ApH) was similar in
the two strains (Table 25, 26).

Tritiated tetraphenyl phosphom‘um ion (3H-TPP*) was used as a
probe to measure A+. The data obtained for TPP*+ distribution as cpm
per s«:amp]e,' from vesicles, is presented in Table 27. When TPP* was
used at a concentration of 0.5 uM, the results were somewhat more
reproducible at pH 7.8 than those obtained for pH 5.5. The peliet
associated cpm were 269 * 71 S.D. at pH 5.5 and 750 * 48 S.D. at pH
7.8 for the normal strain and 35 * 22 S.D. and 268 * 121 S.D. for the

.mutant at pH 5.5 and 7.8, respectively. The mutant’ strai\n has much

more variation in the cpm, especially at pH 5.5 when the A+ was

very low. These figures clearly show that the reliability of the
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technique decreased as the distribution ratio of TppP* ’.acros‘s the -
membrane goes down. because of the decr'easg in As{-«y. N ’

in order to get a more conspicuous difference in the distnibutjoﬁ
of radioactivity, a higher concentration of TPP* (1.5 uM) was used.
The results summarized in Table 27 show that for the vesicles from the
wild type strain, at e; higher concentration of TPP*, the pellet
associated radioactivity was 1ess' sensitive to the external pH, and -
was 3140 * 303 S.D. and 4239 * 231 S.D. at pH 5.5 and 7.8 for the
vesicles from the normal strain. For the vesicles from the mutant N
strain at pH"7.8 (ie. at high ejb ), the \pellet associated cpm did net
vary much af either concentration of TPP*+. “ISimilarly, at pH 5.5, in
the mutant strain, the pellet associated radioactiv_ity at t_,hé“two
conéentrations of TPP_'+ di.d‘ not vary much, and was very low 1'r§ both
cases (35 * 22 Sib. at 0.5 uM TPP* and 140 * 59 S.D. at 1.5 M TPP* o

used). Whether such a.small number can be used as an absolute measure

. of A+ seems questionable. From these observations, it seems apparent . &

A
that the validity of the technique varies greatly with different

_values of A\{» as well as with the concentration of TPP* used. .In any # - .

ta;se, the vesicles from the-mutant strain a]wayﬂs showed lower \}alues'
for A+ than the normal strain at both pHs tested. The absolute
valqes of A;f-r 6bta1‘ned, 'adn!itting the 11'm1"tat1'ons ?f ‘the methoc‘i’ used,
were 100 mV and}49 mv at pH 7.8 and 5.5, respectively, for the

vesicles from the mutant, and 127 mvV and 146 mV at pH 5.5 and 7.8 for

- ’

the vesicles from the normal strain (Table 25)., ’ C
\ { o e ‘ ,
The data obtaingd for the TPP* distribution as cpn“{)er_,:sampTe L
“ .
~ . “'YII
\ | - a
a~ K L
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fron_the cells, is presented in Table 28. At external pH 6.62 the ay

cpm at pH 5 5

_+18 mV and +15 mV respectively in the mutant and the pafent ‘strains.

Va 153

5 3
.\ .

in the mutant strain was much lower than the normal strain, being 60

4+ 12 mV and 103 + 15 mV, respectively. Similarly, at pH 8.2, the A‘f‘

in the mutant strain was lower than that of the parent strain (being
170 + 9 mV and 188 + 6 mV, respectively) but the difference between

\ ) fl
the two was not as pronounced as it was at pH 6.6. In order to

* compare the ApH component of the PMF in the mutant and parent

strains, the pH grad1ent was measured directly. The results obtained.

.clear]y show that the magnitude of ApH is the same at both pHs. |In

the vesicles at pH 5.5, ;hg ApH was 124 mV and 122 mV in the parent
and mutant strains (Table 25). At pH 7.8, the ApH was 28 mV and 35
mV for the mutant and the parent strains, respectively..

The distribution data in terms _lof cpm of 14C-benzoate ions are °
present:ed in Table 29. Using various‘ concentrations of §odium
benzoate (from 2-6 uM), the results were quit"e'reproducithe at pH
5.5. At pH 7.8 when the A pH is zero, a low concentration (2-4 pM)
o‘f benzoate gave almost no pellet assocjat.ed counts (cpm-being 37 * 40
and 4 * 203) and 6 uM gave higher cpm, 1229 * 554 S.D. But all these

numbers appear insignificant when c'omp‘ared, with the pellet associated

>

J

The data obtamed for the sodium benzoate d1str1but1on in the
ceHs are presented in Tab]e 30. At external pHof 6.62, the A pH.in
the mutant _apq fhe parent strains were 58 + 10 mV an& 63 + 7 mv,

respecfive]y.' At pH 8.2 the ApH in both strains were similar, being

-~

t
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Therefore, these results provide direct evidence for the
hypothesis made earlier that the electrical? gradient in the Acya
mutant is lower than in the wild type at all pHs tested. |
g
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DISCUSSION.

[y

The work described in this dissertation deals with a novel ' .
/ . .

characteristic of a highly pleiotropic adeny!l cyc]ase’de1etioh

mutation (“cya) in Escherichia coli K-12: the sensitivity of the

mutant to high environmental pH. This phenomenon of pH sensitivity is
explained by proposing that the cya mutant is unable tQ generate T
and/or maintain a normal electrica]\éradient (‘A%') across the
cy?ép]asmic membrane.

The 1ine of thought on which this hypothesis was baséd is the
following. ‘The rate®of growth of the cya mutant on several substrates.
(glucose, alanine, glucosamine, gluconate and pyruvate) at external
pHs ranging from 6 to 7.8, decreased greatly as a function of an
increase in pH. The yield of cell material per unit substrate'als;
decreased dramatically with pH. The decrease in yield suggested that
the substrate was beihg used Yess efficiently at higher pHs. This
inefficiency in the utilization of the substrate by the mutant could
be either because of the incomplete breakdown of fhe substrate or due
to an a]teratign in the process of energy conservation. The first
possibility that the incomp]eté'ﬁreakdown of the substrate was the
reason for the decreased yield can be verified by an analysis of the
eﬁd products df metabolism. However, since the decrease in yield was
observed with all the substrates tested, it seems that the mutant is

deficient in sqhe function that is needed for growth on all

substrates. ﬁoreovér, since the external pH plays a very important i

. 2T
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and direct role in aerobic”energy metabolism, a more plausible
explanation can be gfven based solely on a deficiency in the process
of energy conservat.ion. The work presented here was performed to
exploré'thig possibi11t&.

According to recent theory, most energy conservation under
aerobic conditions occurs through the deve]opﬁent of a proton motive
Iorce (PMF) across the cytoplasmic membrane. The PMF is composed of
twoscomponents, a proton gradient (ApH) and an electrical gradient
( Af'). A decrease in efgiciency of energy transduction may then
indicate a ma]function of the ATPase, or of the reactions generating
and/or maintaining the e]ectritaf or proton gradient. |

The cya mutant showed normal ATPase activity as judged by the ATP
hydrolysing activity in the membrane prepafations. Unlike the uncB
mutants with a defect in the F, subunit of ATPase, cya mutants have

been reported to be able to make ATP from an artificial

- electrochemical gradient (40). It therefore seemed more likely that

the PMF was altered. That this is so, is indicated by the fact that
proline transport, which is energized by the PMF, either directly
through proton symport (173) or, according to a recent report,
indirectly through the sodium gradieﬁt (192), }s lower in the cells
and membrane vesicles of the cya mutant than in the parent strain,
this deficiency being much greater at high environmental pH,

The PMF remains roughly constant as a function of external pH, °
The contributions of its two components however vary greatly. At low

external pH, the contribution of A pH to the PMF is about 55%. At pH
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7.8; ApH makes no contribution to the PMF‘, which conéists entirely of.
the electrical gradient ( Ak{: ). Thus, a deficiency in the development
and/or maintenance of A+ would be consistent ‘with an increase in the
difficulties in function as the external pH increases from 6 t’c; 7.8,

but a deficiency in the development and/or maintenance of 'ApH would

The prediction that the A+ might be affected was tested by
estimating~ the effects of the antibiotics, valinomycin and nigericin,

which interfere with the maintenance’of A+ and A pH respectively.

The PMF was also measured directly. The results support the

explanation proposed.
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'depends on choosing an‘appropriate strain. A

also carry the Fya mutation. These were located by testing on
-~ i -

'MacConkey p]atés with a combination of lactose, maltose and

~ ) 163

Part 1. A Summary Of The Proof That Strain NAB-1 Is A Typical Acya

Mutant.

The characterizqﬁion of the physiology-of the 'Agzg strain

Acya mutant (JB-1) was

therefore obtained from a reliable investigator, J. Bgckwifh, and

transduced into a derivative of our regular laboratory strain of

.

Escherichia coli K-12, strain NA-1. The donor strain as obtained from

him also carried a transposon (Tn5) integrated intd the ilvA gene, one

minute away from the cya mutation.

i

Because this transposon specifies kanamycin resistance, cells

from the NA-1/JB-1 transduction were selected on a rich medium

supplemented with kanamycin. The recipient strain, which is kanamycin
sensitive, was counterselected on this medium.. Only transductants c
that carried. the insertion element would be kanamycin resistant and
thus appear on these plates. Since the Tn5 is inserted close to the

cya mutation, some of the kanamycin-resistant transductants should

arabinose. Colonies which appeared white, and were thus unable to

form acid, were also shown to be non-fermenters on tetrazolium lactose

and' tetrazolium arabinose plates. All the isolates which were taken
to be cya mutants were able to use the carbohydrates tested if cyclic
adenosine monophosphate (cAMP) was provided.

' The sugar-fermenting characteristics of the §;rainsﬁisolated, as

@\

/
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well as their method of construction, suggest that they contain the

-1

same AE__y_a_ mutation as the original Beckwith str‘ain.lThe extent of

-

- linkage between glg’ and i1vA (approximately 3%) was Lonsiderably.
lower than expected. It seems likely that this is due to two factors,
f%rst that the donor strainrcarried ‘the Tn5 insertion, approximately
5200 base pairs long (98, 99),-in the ilvA gene and second, tﬁat the
recipient strain has. a deleted ilvA éene. Since the transducing phage

‘must contain the Tn5 element in order to transfer kanamycin AT

resistance, and since it ca; transfer only 2 minutes of DNA (10), it
might be expected that thg co-transduction would be reduced in a
transduction performed in this manner. The under-representation of
. - cya mutants could also be due to thé'facf that they grow much more
slowly than the parent strgin. |

In so far as cAMP restores the abi]ity of the sutant to use
_ lactose, maltose and arabinose, it is Elgér]y a Exg'mutant. To be
.certain that this isvsé; the position of the mutation in the strain
selected for further study, strain NAB-1, was geﬁeﬁica]lyb
characterized. When phage from a wild type sfrain were used to
transduce styain NAB-1 (ilv::Tn5) to isoleucine independence, 57% of
‘ tﬁé transductants were cya®. TH%S is in agreement with the known

distance between iTvA and cya (1 minute), (11, 26, 35, 217) and

confirms that the mutation in strain NAB-1 is in fact a cya mutation,

®
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¢ ‘Part. 2 Growth-Of The Scya Mutant Is Sensitive To pH.
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'Strain NAB.1 grew.more slowly’tj.han' its parent at every pH '
» ’ ° TS ¥
®ested. At'pH 6, the lowest pH tested, the doubling times (d.t.) were

135 and 63 minuteé, re‘spe'cti‘v'ely'. The deficiehcy of the mutant
. ’ e . .
.~ increased with pH, so that at PH 7.8 it was barely able to grow (d.t.

. 270 minutes), while tﬁe parent was scarcely affected '(d.t. 68

o
[

.minutes), :
v : ) - b

i ) ’ ‘ N
That“the slow growth was due to the deficiency of cAMP was proved
by the restoration of the normal growth rate on éddition of exogenoué

. ' .« CAMP, Growth rate measuréments at’ pH 6.4 in the presence of varying

amounts of cAMP indicated that exogenous cAMP at 1-to 2.5 x 103 M was

LN

2 Wole to restore the growth rate to that of the wild type. ' At-pH 7.8

. ... the concentration .of cAMP rigeded to restore a near.normal growth was
s : : .

around 2.5 to 5.0 x 103 M. If°,seé;ns that at alkaline external pH,

)

L

" tq restore the normal é’rowth at acidic pH. Jhe significance of this

3

difference is not obvigus. I\_t\,:gay be that the cell needs more CAMP at

" pasic externdl pHs than at acidic ones. However, it may not be so
since the ob,LNation was made when CAMP was used exogenously” and' the

’ mutants deficient in cAMP{ require a very high concentration of

iy .

~ ! @gxogenous cAMP as compared to the cqncentration present in a normal
U : .

'céll. WHoweve‘r-,.the‘ slow grdwth rates, at both pHs, were restored to

_normal, showing that they were due to the deficiency of cAMP:

Further evidence that thek,sg\sitivity of Yrowth of the cya mutant |
. - It .

’
. \
.
{

1

. :
IR “.‘f-‘»futwﬂk‘wnw?h;,u L . . . ,3
. .
. . \

A

the 2cya mut'ant requireé more exogenous CAMP than-the amount needed-

b
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' cyﬂ{ strain. As mentioned in the introd ctipn,' a ~my:tatién in crE,’-'\

- | ‘l . ' . . } | ‘\de/
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to pH is due to the cya mutation i;s'elf’, was provided by the study of ’

* pH resistant derivatives. The mutation restoring the ability of the ) -
. Eya mutant to grow at hig“h pH proved to be located in the crp gene. ’
. LI -

This location was indicated by linkage to cysG (11).. . °*
Moreover, all these pH-resistant mutants were able to ferment

both[lactose and arabinose, indicating that several cAMP-d@pehder’tt

“"fanctions were restored simultaneously with pfi-resistance. Strain

NAB-1 carm&a deletion ih cya; this must also be.true of the
pH-resistant (pHR) vmutants. That this is so was proved by the

transduction of AE.Y;‘_ mutation from one of. t:hes‘e‘,b'pHR strains, .into.a
) \ R T

s [

altering the structure of the catabolite repressor protein, can gHow
that protein to functlon even in the absence of cAMP (20, 37 197)

This altered protein cguld then restore ‘the act1v1ty of Several

¢

promoters. . L

i3 4

The fact that_a crp mutatlon restores growth. at; hlgﬁ pH yggests ) L
that growth at high pH xnvolves sane function(s? the dependent for- .
transcmptwn on the cAMP/CRP or CRP system. This 1nvo‘rvemént of crp ‘
was also indicated by the fact that a pH resistant strain could not be

se]ected from ¥ stram that carmed deletlons both in cya and ¢ p_.

* Although it might be possible to get aw-res1stant (pHB) mitant .

from such a double delethon strain, in which the promotor for the
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. 40 sunmary then, these ?indings suggest that the cAMP/CRP
‘tomplexfis required for grouth at & normal rate‘in glucosg-minimal«
lmeqium at every $H testeu.‘ Though it is needed at all pHs, ?s judged ,
b} the slow érowtﬁ’of the mutant at even pH 6, a deficiency ﬁn CAMP
. "has a much more marked effect at h1gher ‘pH. \ ,
The v1dence presented suggests that the underlying cause of s1ow'
™and pH-se:gstlve growth of the Ezg_mutant is an alteration of energy .
metabolism. The slow ‘growth (but not the pH-sensitivity) has been
described b§ Dobrogosz and his co1]aborators\(50). They classified
‘i;bwth on 20 substratés, concluding that a cya mutant grous slowly on

ugars transported by the phosbﬁotransférase system (PTS), and does

’ _ppt grow on non- PTS substrates, except pyruvate and %1uconate, which

it uses slowly (50) The slow growth was interpreted as a def1c1ency
.in the formatjon of the phosphotransferase system in cya mutants.
: However, the reason for slow growth on the tuo nqn;PTS substrates,
pyruvate and gluconate, uas not exb]ained:

The mutant stud1ed here grew- slowly on the. PTS- sugars,‘g1ucose
and g]ucosam1ne and on the non- PTS substrates, L- a]an1ne D-alanine,
gluconate and pyruvate, It .grew at an a}dost normal’ rate on glycerol,
a coﬁpound whtch‘was not used-ﬁ&‘nobrogosz!s mutant (50). The 513‘
Mutant then is hindered in the use of a uarigty of carbon sources
;;;th do not share a common transport system. It seems ther that the
. defect must lie not in the mechanlsm of transport per se, but in

someth1ng common -to the metabo]1sm of .an substrates.

e Glycerol is the on]y compound which supports a near normal growth
-— N v ‘ N t !
! ‘ -
v v
e
' B f . ,:*
) / o

. . . .
e S At R ol N .. . .
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rate of the cya mutant, and it does so*at all pHs. It is also the -

- only substrate, of fhose tested, which is transported by facilitated

‘material from glycerol is lower and pH-sensitive in the mutant, even

N

)
~

g]uconate are all known to be transported by PMF-dependent.systems

diffus{on without a'rgquirement for énergy (110). All substrates
which supbort slow gnd pH-sensiti%g growth, require energy for¢
transport, eithe; in the form of a proton motive force (PMF) or as
phosphoenolpyruvate, The hypothesis presented here is that the<cya
mutant has difficulties in deve10pingiand/or maintainiﬁg a normal ﬁMF
and that this Hnefficiency decreases the rate of t}ansport of theie ‘9
substrates, and consequently fhe grow{h rate of ;he mutant.

Thif hypothesis is supported by the'facé théf the yield of cell
though the growth rate.is not affected. The yield from glucose is, of
course,:a1so lo% and pH-sensit{ve. This can beqtnderstood és a‘
deficiency in tﬁe energy mgtabolism, such. that a giveqiamgu&t bf~.
subsfrdte once transpo}ted\?hto the cell pfovides less energy td.the
mutant cell than to the parent Then g]yqerol would enf%r qlmost .
normally (normal growth rate) but would barused 1neff1c1ent1y (Tow

yield). Other sugars would enter slowly. (decreased rate) and also be

used inefficiently (decreased yield). L-alanLne, Dpa]anine and &

q'?

" (173).  The PTS depends onjphoéphoeno1pyruvate (which is derived by =~

glycolysis) for its function, and it seems.reasonable that the

. . . T : 3
availability of phosbhﬂeno1pyruvateu:ﬁ1l,depend’qn the availability of

7

the energy source. Various investigators have suggested that

transport’carriers change their activity in rESpbnse to the

‘ @ 3
- . &
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energization of the membrane (212, 213). This was reviewed by

\

Robillard and Konings' (177), who proposed that the “activity otvgbe
~PTS is:regu1ated by the redox potential ie the membrane, which changes -
‘ in responseleo the PMF",
In.summary, then, it is proposed that the reduction in growth

rate and yield is due to a difficulty in energy transduction, and that
o

i

i
Q\ . ‘
o
.

Part 3. Identification Of The Defect In Energy Transduction In The
9 - v

Acya Mutant.- »\/% a '
—_— [ . . ' .

4

this difficulty is accentuated at higher pHs.

If the cya mutant-has a defect in energy transduction, what can
that defect be? According to the w1de1y accepted ‘formulation of-
energy conversien proposed by Mitchell (134), under aerobic conditions

.the protonbmotive force across the energy'transducieg meebrane serves
as the immediate sourge of energy that is used for biological (/r
functions: for making ATP through membrane-bound ATPase, for transport
of ions and substrates against concentration grad1ents, and*for

" motility. In these terms, the inefficient conversion of energy by the
Acya mutent is most likely due to a deficiency in the proton motive
force, or to an ajteration in the ATPase act1v1ty (the PMF being the
1nterphase in the{process of eneegy conversion, and ATP being the

< major energy currency of the organismo.

w‘:w“‘\- -~
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"appeared to be normal. This is alse true of the strain studied by

14

It is known that a defect in ATPase will re'duce(tﬁ’e yield of cell
material. , Thus, an unc'A mutant, h"aving-a defective cata]ytic unit'of
ATPase, and an uncB mutant, havmg a defective structura1 unit (Fo) of
ATPase, yield less cell mass per unit of substrate than their parent

r'd

(143). However, the ATPase activity in the Agg_a_ mutant studied here
: \

Dill and Dobrogozs (40). These workers have also shown that the cya

f

mqtant cells are nor;nal in their ability to use an artificially
developed proton motive force, indicating that F, prote~1n is not
altered (40). Since ATPase is a very complex enzyme/,/ and‘was studied
here by as;sayiﬁg for the ATP hyfirolysis in the membrane prepar;tions,
minor-alterations in the ATPase of the cya mut?/are still not

excluded, However, there is no reason to suppbse that they exist, and

a complete explanation can be given in terms of a defect in the PMF,
Though the f‘MF remains roughl’y constant with pH, the relative

contrlbutlons of its components, A‘f' and ApH, vary‘ considerably with

pH. A defect in any of these two components may therefore result in'a

pH-sensitive phenatype. The internal pH (pH;)of an E. coli cell is

maintained at about 7.8 (146;%147). When the cell grows at pH 7.8, it

&

uses only one component of the PMF, the e]ectrica& gradient (A\}l ) and

has no ApH. At lower external pHs, the cell uses both components,

~ the share comprised by the ApH increasing as the external pH

decreases. If the cell had troub1e in maintainir)g a constant pH{, and -

therefore a ApH. its growth should be affected by the extern& pHs .

At acidic external pHs it should be affected beca‘yse of the excessive

170
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gcidification of the cytoplasm., Thus, its growth should be better at
external pHs that are closer tg 7.8. However, if ié had trouble

. ma1nta1n1ng the electr|ca1 gradient, Ay, its growth would be slow,
and pH sensitive, with d1ff1cuﬁt1es intensified. ay high pH, the case
described for the Eli mutant.

A decrease in the electrical gradient ( Af/) then is consistent

. with the observed phenotype. That the PMF (and A*&r) actually is
reduced is suggested by the decrease in traﬁsport of two amino acids,
a function energiied by the PMF, in membrane vesicles of the Am »
mutant. In the normal strain, proline ;;ansport was affected very
1ittle by external pH (6.17, 0.16 and 0.17 n moles transported per min
per mg protein at pH 5.5, 6.6 and 7.8, rgfpective]y), (Table 22). In

the mutant, however, transport is lower at all pHs, and is
o

considerab]y affected byipH (being 59, 50 and 35% of the transport
seen in the parent strain at pH.5.5, 6.6 and 7.8 respectively). The
results are véiy stmilar }or the transport of glutamate, an amino acid
:;hat is transported with Nat ysing the Na*-gradient which in turn

depends on the PMF. In the.parent, the transport is essentially

unaffected (0.12, 0.12 and 0.13 n moles/min/mg protein). In the L

mutant, the transport isllower and pH-sensitive (75, 50 and 33% of the

parent at the three pHs).

’ Now, transport o% these amino.acids in membrane vesicles,

directly or indirectly (through the Na* gradient), is energized by the
" PMF (173). Thgy‘da not share a common transporter.  The process of

J’ transport of these amino acids in, vesicles depends upon an energy

- " 1
. "
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source and a specific carrier. Since the specific carriers are not
likely to  be affected it seems that the cya mutant must be deficient
J

in the energization of the process of‘transport.

The whole-cell experiments also support the conclusion that -
transport in the cya mutant is deficient; the vesicle experiments
locate the.defect aé a sf.age of enerdization. 0

The ;ensitivity to high pH indicated that it is the A* which
was ag@ted. The quhesti'on of whether the A\)la in the mutant is
‘really different has been approached by measuring the effect of
ionopfiores on proline transport. . The antibiotic valinemycin in
the _presence. of high K* concentration kills its target cells by -
making them spec1f1ca11y leaky to catwns, Kt and Rb*, thus
dissipating the .PMF (138, 201). It does this by inserting ﬂtse1f 1nto
tr:e membrane as a mobile carrier, catalysing the electrical uniport of
these cations (138). Now, setting up a A\{; depends on keeping the

cations out.of the cell. Valinomycin prevents the formatwn of a A+

by providing free passage to Kt.

In the experiments presented here, the concentratiqn of s

valinomycin used (5 uM) did not totally abolish 9.5 AT' . In fac;t,
it decreased transport in the pare_nt'strjain:by only 41% at pH 7.r8
where only Aulb isu functioning.

Q"The rate of leak at a given concentration of valinomycin should
. be the same in the mutant and the parent, since the number of K+
uniporters created should be the same. If the mutant A\}a were the

same as the parent A+ , then the percent inhibi‘tion'b& valinomycin

b

v
+
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should also most probab]y be the same. But ff the :A+, is lower, tﬁen
the absolute value of the leak will not change, the extent of cat1on
extrusion will ‘be much lower, and the‘1nh1b1t1on due to va11nomyc1;
will be much higher . This is indeed the case, since va]inomy?in
inhibits the mutant 94% at pH7.8. - - | .

The valinomycin experiment then suggeéts that the mutant \ SN
maintains a Jower Ai: than the parent. This'suggestion:ié
strengthened by the fact that nigericin has. exaéfT; the same effect in
the parent and in the wild-type. Nigericin, also an antibiotic that
/ inserts into the membrane as a mobile electroneutral carrier of /

/ proton, interferes with the maintenance of A pH. The fact'that4the
,f mutant and the parent reépond the same way, indicates that they‘havg
similar A pHs— as was suggested by the data considered ear]ier
. The ApH and.the A+ were both measured d1rect1y in the ce]ls
and the membrane vesicles of the mutant.and the parent strains. In
S the vesicles, the parent strain sHowed a PMF of 251.mv at pH 5.5 and
, ‘1§1~my\at pH 7.8, whjle the mutant showed 171 and 128 mV at pH 5.5 ‘and N
7.8, respgbt$3g1y. In the cells from the parent sirain the PMF was
161 and 170 mV at pH 6.6 and 8.21, respectively. In the mutant celli‘
, it was 123 and 155 mV at pH 6.6 aﬁd 8.25, respectively., In so far
the results ofhthese measurements can be relied on the mutant showed a - i
. lower PMF at both pHsvin the cells as wél] as in the vesicles,
T'he ApH of the mutant and the parent strains were roggh]-y

"". ‘ similar at both pHs; In the vesicles from the mutant and the parent

At o o e ian A
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strains, it was respectively 122 and 124 n¥ at pH 5.5 and,.28 and 35
my at pH 7.8. In the cells it was 63‘ and 85 mV at pH 6.6 and, +17 andn,
+14 mV at pH~8.2.> However, thé A;}« values for the two strains weré
very different. At pH 5.5 the A\k in the vesicles from the p'ar_-e,nt‘
-stfa‘in was 127.mV. At the same pH the A+ in the mﬁtant strain was
considerably lower (49 mv). Similarly, the parent and the mutant
“cells respectively ha_d a A+ of 103 and 60 mv at pH.6:6. At )pH 7;é',
Avgsic]es from the parent showed a A+ of 146 mV and the mutant 100
mV.‘ Inv cells from the parent and the mutént strains at pH 6.6 it was
187 and 170 mV, respectively. This showed that‘the mutant can -set up

i»

itude than that of the parent

fal

a A+ , but that it is of lower

’ *

strain. _ '

The fact that the mitant can est&blish some A{ at pH 7.8 is in
agreement with the earlier finding that the mutant can transport some'
pro]ine‘aqd glu{Eamate' at pH 7.8 (35 and 33% of the parent value). The
_ decrease in the A+ of the mutant would probably account for the

decrease in the transport; however the exact relationship between the

A+ values and the transport rates in E. coli is not yet known.

Recently Trombé et al. (261) have isolated a mutant of Streptococcus:
. pneumoniae thai: has ‘an altered electrical gradient.. This mutant, like

the A_cJLa tﬁutant, could maintain a normal A pH,‘ had normal ATPase‘

properties and showed a reéuction in thé 'vel‘ocity of .t'he Ay‘) -energized
%ake of some amino.acids. This' mutant al‘go showed a pH-dependen_t'

sensitivity, of amino-acid transport, to valinomycin. However, the

A+ , in this mutant, at different pHs was not measured to correlate -

4
\
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the ability of transport with the magnit;dé of A#'.

There is a great deal of discussion in the literature as to the
re]iabiﬁ/ty of measurements of A pH and A\}J (52, 94,.147). An idea of
theureliability of tbis data can be attained.by.a comparison with
values reported in the literature. These values are summarized in

/ Table‘22 (93, 146, 172; 173). To start with Aiz , earlier
measurements reported fof E. coli were mainly low (70, 75, 81 and 161
'{nv) and pH-invariant (Table 31), whig¢h was sur:prisling since the A\f:
. ‘ wou1h be expected to increase with pH if the PMF had to be kept
- ‘ constant. This pH-invariance has been ascribed to technical
difficmties in measuring the A+ (52). There are two more rﬂecent‘
repbrts of the expected pH variabilfty of A*;, both of which give
higher estimates of Avb . Zilberstein et al. (218) qugted values of
102, 135 and 152 mV at pH 6, 7 and 8, respECtiver: Kashket (94)
qﬁoted values of 94, and 157 mV at pH 6.25 aﬁP 8.25. Both reports
dealt with values determined in whole cells. The vesicle
determinations reported here for the parent strain are in the same
range and are therefore‘like1y to be as valid as any obtainable with
presently available techniques. ,
There is somewhat more agreement in the literature on the A pH .
“values. This is probab}y because the & pH measurements are
reproducible since they dépend on an anion and there is no nonspecﬁfic
binding of the probe. Values on cells at pHs from 5.5 to 6.25 varied
g :' : from 95 to 118 mV (Table 31). At pHs around 7 the v&iue of ApH in

’ two cases were much lower than these values (35, 43mV) but in one ‘case

ot st Tt s i . e 30



176

&

OHd Y3 1M LST 0 . LST 52°8 .
(v6) pabueys +v - p61 001 3 ¥6 s2'9 - si13y (9)
: ~ovr 1- . 251 0°8
Oyd yatm  ° 0L1 S¢ g€l 0°L .
(812) sabueyd v £02 501 201 0°9 sitaa ()
902’ £t 191 ST L .
(£6) queasuod v 552 56 91 09 o SL12) “lb)
85 0g- 88 - 0%
ueISYOD . 28 0 - 28 .08 .
(9v1) jsoue PV £81 601 R 7 0°¢L sty ~ (€)
. T 0 5L 0°8 B
. T4 0 74 gL Sa[doLsan -
(221) uRySU0d h v 261 811 St 5'g pue si(3) (2) -
. St 0 s. 8L .
queqsSU0d 0S1 08 0L 0’9 - )
(€L1) Jsoue hy 061 | g2t 59 §°S s3toisan (1)
, A,o:& uo apew
+S9JU3J34IY JuawwWo) (Aw)dWd . (aw)pdy ;E;Q ~ Hd [eudaix3 SIudWIJNSeay

e 21qe}

SJ3Y.JOM qUdJ3)JLp AQq paJsnseaw se
. L1027 eLYdLJayds3 ut HA [PUJIIXd JO UOL3IDUNS © SB JWUd Pue HAV

by -

s



e 1L

4 ¢ . .
) . . :' . .
o _ S e 177
a B

- : oo -
it was in the same range (109 mV). The 109mV value ‘comes. from an

early (1976), and therefore, likely to be technicaﬂy less reliable,

‘report from the same group that 1atevr reported a 35 mV value, and so

probably should ‘Be discounted. Detehminations at pH 7.5 and above
gave values of 0 to -11 mv (Table 31).

A A pH value of 100 mV (94) co;'responds toa ApHof 1.69
units. Thus, a determination of 100 mV at an external pH of 6.2
1nd“ates an internal pH of 7.89 which is close to the 7.8 value
expected for E. coli. Similarly, a value of 40 mV at pH 7 corresponds
to a A pH of 0.67 units and an internal pH of 7.67., The A pH values
in the literature therefore appear to be con51derab1y nrore reliable
than the Avb values.

_The value reported here for the vesicles from the parent strain
at pH 5.5 was 124 mV which corresponds to 2.1 pH enits. In the
parent‘cells, at pH 6.6, the. A ;;H wasr58 mV, which corresponds to a
01'9'8 p'H unit. "These values are ih the same range as the values quoted

in" the -literature. Similarly, the épH -in the cells at pH 8,2 is in

agreement with the published values. In vesicles, the value‘of 29 mV -

at pH 7.8 is slightly high- it corresponds to 0.4 pH units. However,

the A pH determ:ination' becomes less reliable at and above 7.8 because

now the A pH 1s ih the reverse direction, and thé concentration of
the probe is higher outsjde. For this reason Padan measures the A pH
at 7.8 and takes it as the zero ApH value (220). It is clear then |
that the ApH values reported here are 1n agreement w1th hterature

values. Therefore the fact that the mutant and parent showed simi]ar

'

NP
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values indicates that & pH is not affected in the cya mutant. ) .
Usually the PMF values reported in the literature are not e )

independent determinations, but aré the summation of the values of A+~
and ApH. Therefore, the PMF values are as variable as the Aj’f

‘va1ues. [t seems worthwhile t‘;,‘herefore, to consider onl.y the values
where ,A;;' varies witlh ‘pH. In: one case, the PMF was quoted as'207, .
170 and 140 mV at pH 6, 7 and 8, respectively (218). In the other ‘
case, the PMF was 194 mV at pH 6.25 and 160 my at pH 8.25 (94). The
PMF has also been calculated by measuring the steady state lactose
accumulation (Awulac) in a lac constitutive p-'galactosi"dase negative o
m\;tant, of E. coli. The PMF at pH 6 and B, when measuréd from A%’ ’and
ApH values, were 207 mvnand 138 mv (218). "~ Corresponding A ulac
values were 162 an{i 142 mV. In another repor;l by Kashket (94), the

- A ulac values weré essentially invariant with gH, 175, 169 and 163 mV,
while the A uH* (PMF measured by A+ and ApH) dropped fr:om.194 to 160
and 127 mV. The values reported here for the parent strain were 25l1 o !
mV for pH 5.5 and 181 n;V for 7.8 in the vesicles, -and 161 mV for pH

’ 6.6 and 170 mv for pH 8.25 in the cells. These are slightly higher in
the vesicles at pH 5.5, but probably not signiffcantly different, .

The fact that the (ila]vues in the parent strain agree well with the
literature values clearly strengthens the concluéior; that the -values
in the mutdnt ére sigm’ficantiy different. These determinations .then,
considered together with the 'transport data, indicate that A+ 1sjllow

in the cya mutant.’ ' \

- The imediately preceding discussion showed that the A+ value

Lo ,
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Voo o of the mytant is Tower than that of the parent, and that one can have

. + confidence in the experimental dgta However, since the re]at1on
! : - . )

between PMF (and its components) and transporttrates are not c]ear]y
SR ) . “understood, it is not yet clear that the nutant}values are
- functiona]ly 1ower than those of the parent‘ that is, the question .
s st1l1 ‘remains as to whether any given defrease in tk% will -actually
resu]t 1n ‘a change in transport\rate.
This quest1on,about the relatlonsh{p between transport and the
| PMh, although technica\ly difficult and unanswenah]e at‘present, is of
- inportanqe,in analyzihg the data presented here.u The°PMF values for
_the vesicles from'the parent strain were 25} mV at pH 5.5 and 181 m
at pH 7.8. Howerer, the: transport ralues‘at both’ these pHs were .
‘nearly the same. In\mu nt vesicies, both the transpert yalues and
the PMF weﬁehaffected &y H: horeover the mutant PMF value at pH 5.5
was very c]ose (17f mV) to the parent value at«pg 7. 8 yet the
transport rate in the mutant at. pH 5. 5 was only 59% of that of the
parent. at pH 7:8. The value of the PMF for the mutant at pH 7.8 is
c]ear]ly lower than that of the parent - 128 vs 181 iW. The literature -
supborts the conclusion thatrtransport is pH-invariant when the PMF
(rariant or.not) is of normal magnitude. 1If.one ‘assumes that there is
- o a threshold value of the PMF, below which active transport. of solutes
cannot be maintainee at its usual rates, and took this value to be
somewhere atound 170 mV, one could acceunt for the data reported here.
| The PMF. and the transport values for the cells frdn the parent

/ » rstrain were both pH—\nvar1ant. However, in the ‘mutant strain .the PMF
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and the transport values both were influenced by the pH. What is

éurprising is that -the PMF values at pH 8.25 Qas higher than the value X

at pH 6.6 but the transport value was lower at high pHs. Also, the

PMF value at pH 7.8 in the mutant was not very differenQ/ﬂ}om that of

the parent aﬁ'éH,é.G, being 155 vs 161 mV, but the corresponding

transport values were very differenf. It may be that the z&%

determination§ are not reliable siﬁce many factors might have affected

the values obtained (e.g., the non-specific binding,-the concéngration

of the probe used and perhaps the wide range of the magnitude of‘1&+

that was measureé). A measurement of A ulac, which has been found

to be less pH-influenced (94), may be a good approach to qeso]ve thjs

problem, Ihere is, however, another difficulty with all PMF |

measurements, namely, that they are steady state measurements. The

AA? as measured gives information as to the electricé] potential of

the cells at any given tim§<\ It does not however indicate what

pfoblems the cell may actually have in setting up ’\e A‘7b . The

_indicator trarsported is given in a very small amount and is not

transported actively; i transport therefore does not cost the cell

anything. But the amino acid transport costs energy, i.e. tends to

. dissipate the PMF. If the cell grows slowly because 1t has difficulty

in setting up and/or maintaining a A%:, it may transport slowly fgr
the same reason, but give-a higher than otherwise expected Aﬁ', which
is a steady state détermination.

Yet another explanation about [the disagreement between the

.transport data and-the-PMF-could-be—given_if_one_considers the local
' ]
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proton circuit model (97), since in that case the functibna]ity 3b—the

bulk phase steady state A uH* vin performing the active transport

would be questionable.

e ' \

Part 4, pH-Homeostasis Of Cytpplasm And Mechanism OF ResistancgoTo

Alkaline pHs In The “cya Mutant.

#~  From tqe point’bf view of pH control, E. coli has two constraints

\

-on its growth, The first is that it has to maintain a constant

s

internal pH, presumably because that is the pH at which its components

function properly. The second is that it derives energy by oxidizing

{
’

substrates, and that this involves the extrusion, of protons as a
necessary consequence of the spatial organization of 1t§ electron
transport garriers. As a consequence of the proton extrusion the .
intracellular pH becomes alkaline. At an external pH bf 7.8, this is
a serious problem, which is circumvented by bringing the protons back
into the cell (thus maiﬁtaining the internal pH constant) and
extrud}yﬁfcations, (thus maintaining the Electr%ca1 gradient)} Among
the cations, Na* and K* seem to play major roles.

5) Mutants lacking Nat/H* (NHA) and K*/H* (KHA) antiport activities

have Qéen 1solated and were found to be unable to grow at alkaline

N -

external pH (166, 219, 220, 221). The NHA-deficient strain grew at
doubling times similar to-those of the parent, up to pH 8.0. At .

v
Al
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higher pHs, the doubling time increased markedly, being about 5 times
that of the parent at pH 8.5 i219), because og the problem in Bringing
. in protons “to keep the pH; at 7.8 (222). These mutants were isolated
as beihg unable to transport melibioseﬁand glutamate. These two
compounds are transporfed by a fMF quendenf mechanism, since their
transport depends Pn the Nat gradient, and they are symported with

,

Na‘t.

|The rol; of Nat/Ht aﬁtiport in maintaining the pH; is also seen
inf;1ka1ophiiic bacteria. These bacteria are able to grow at alkaline
pH because of having a highly active Na*/H* antiport which also ;akgs
them unable to grgw at acidic pH because of the excessive
acidification of the‘cytoplasm (105). A mutant of B. alcalophilus
that is déficient in Na*/H* antiport, is unéb]e to grow at alkaline
pHs, but it grows well at acidic pHs (1b5).

The 4 cya mutant, although it has difficulty in growing at high
pHs, is not similar to the NHA-deficient mutant. The 2 cya mutant
shows its deficiency in growth even at pH'S, and this deficiency
increases with pH. Moreovér, it transports glutamate just as well as
it does proline; both are transported slowly and the transport rates
become slower at high pHs with no difference between them. Since the

—

NHA-deficient mutant ‘shows its effect only at pHs above 7.8, and since

the & cya mutant maintains its pH; at alkaline pHs and tredts an

amino acid transported with H* in the same way as the one which is
transported with Na‘*, the two mutants cannot have the same defect. 1In

a recent report, it has been suggested that pro]iné is transported
Vg - v



witH’Natf(IQZ). If this is so, then the cya mutant may have a

problem that affects the Nat gradient, such that both amino acids are
transported inefficiently. *

Mutants deficient in the KHA system wefe iso]atéa by selecting
for cells unable to grow ai pH 8.3 (176). These mutants grew faster
than the parent at pHs from 5.4 to 6.2, slower at pHs from 7 to 7.9,
and they were unaSle to grow at pHs higher than 7.9. This is
different from th; s cya mutant. However,. the'KHA mutants are not
described in enough detail to make a real-comparison,

Both the NHA and th? KHA mutants;operate well at acidic pH.
Therefore neither, or at most one, of these functions seems to be
needed at aeidic pHs. On the other hand, the fact that neither mutant
grew well above bH 8, indicate§ that both exchangers are needed at
high pH. It-is known that potassium is required for maintaining a
normalllaff (12, 91, 92, 103). However,lit is difficult %o study the
, maintenance of Aj)in the absence of sodium, becaduse sod%um is a
contaminant of all media. Nevertheless, the fact that neither mutant
grows at high pHs seems to indicate that'estab1ishment of z>+
requires both functions, and likely both cations.

Skulachev (189, 190) has proposed that the Na* and the Kt
gradients play major roles in buffering the A pH and A+ s
respectively. During growth-the cell accumulates k* (thus
maintaining a K* gradient with high K* concentration inside), and
keeps Na* out kthus maintaining a Nat gradient with low Na*

‘concentration inside). Both these processes require energy.. At
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starvation, both K* and Na* flow down their gradients, K* going
through uniport, thus maintaining an electrical gradient, and Na* 7\
going through the Na*/H* antiport, thus maintaining the A pH. .A
recent report provides evidence ;;r this proposition of Skulachev
(1). 1In this report, .a B-galactosidase negative lactose-permease
constitutive mutant was used to analyse the inhibition of growth due

‘to the transport of lactose, with respect to A%z and A pH, using
media of different ion compositions. 1In a medium’with approximately
equal qmounts of Na* and K* ( 80 mM each), lactose trapsport
inhibited the growth rate at pHy 6.0. This inhibition was stronger at
PHy 7.5. At both external pHs, the A§; was decreased (more at a high- ; ;f‘

pH), and the pH; was normal, a characteristic similar to that of the g';ﬁ
R N
cya mutant. Cells growing in medium with high kK* (162 mM) and minihalw‘i”

0
Kl

Nat (0.6-1.0 mM), stopped growing on transport of lactose at aciqic"*;k)

pHs, because of the inability to maintain the pHj. The normal growﬁh-,&t::.'n

as well as the pH; were restored by an addition of Na* (10-100 mM), ;,{5"f o
_indicating a role of Nat.in maintaining the A pH. In medium with high" o
. Na* (162 mM) and minimal k* (20 mM), the transport of lactose: ’

decreased the growth rate and the z:+ , indicating that an .;-:

insuffi;iengwamount of K* in the growth- medium affects the buffering '

of Anf . Since the cya mutant has no problem in mainta{ning the pHj,

the Na* involving system appears not to be affected, at least

directly. The growth characteristics of the cya mutant seem to be

similar to those of the lactose transporting cells growing in medium

with enough Na‘t and insufficient k*. Since the lactose transporting
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cells growing in medium with enoughﬁNaﬁ+ and low K*, and the cya
cells, both have low A7L , it may be that they are \unable to
accumulate a sufficient amount of K*, inside the cell, in the former
case because of the insufficient K* in the medium, in the latter case,
perhaps due to the def{ciency in the dptake system for Kt and/or due

to an alteration in its excretion. Ezzell’ and Dobrogosz (50) have

r

reported that growth of a cya mutant is more sensitive to high
concentrations of sodium chloride -and potassium phosphate than the
growth of its parent, and that this deficiency is reversed by adding
cArP. This 1is cons%stent with the present hypothesis of a decreased
ability to carry out K* fluxes in the cya mutant. A higﬁ
concentration of k* may be increasing the net uptake of K* by the cya
cglls, thus decreasing the\A%: even further. The sensitivity to the
high Naf concentration may be due to the effect of Nat on the uptake
of K*, as has been reported ?y Sorensen and Rosen (186). The
proposition that the K* fluxes are disturbed in the cya mutant can be
verified by further studying the growth characteristics of cya mutant
in media of various ion compositions with simultaneous dgtermination
of the: &Y% and A pH, as well as the k* concentration inside the
cells. . Since, according‘to Skulachev (189, 190) the k* gradient ¢
becomes importan§ to buffer the 23% at alkaline pH while the
cytoplasm is being acidified, a deficiency influencing the K*-gradient

will be more obvious at alkaline pH - as observed in the cya mutant

studied here,
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Part 5. pH Shift Experiments,

_ The ‘Agzé mutant responded to a shift in pH with a short lag %n
growth, whether the shift was from 6 to 7.8 or the reverse. 1ts
parent was.not noticeably affected. OneLmight anticipate a difficulty
wﬁen the pH is shifted upward, since at the higher pH the cell has to
;Zly on a mechanism that brings protons in to keep the pH; constént
and simultaneously has to maintain a 4%* , and the mutant js defective
in that. The ﬁHA mutant in fact shows a long lag on transfer to-high
pH, before resuming growth at the slow rate characteristic of the new
pH.

Padan and her colleagues have reported that the parent strain of
the NHA mutant also shows a lag on transfer to pH 8.3, though this ‘lag
is very short (6 minutes)(220). The ApH was measured during this
period, and dropped to zero immediately after transfer, and increased
to 0.5 (inside acid) within 10 minutes. It seems then that the cell
lost whatever ApH it had very quickly, and rebuilt the A pH in the
opposite direction slowly. The re-establishment of the A pH did not
require a new protein to be synthesized, as judged by the fact that it
could take place in the presence of chloramphenicol.

Strain NA-1, the parent strain used here, did not show a lag on

transfer in either direction. However, readings were taken on]j at 20

‘minute intervals, so that a very short lag could have been missed.

The AEﬁ:mutant had a longer lag, 60 minutes, than the NHA mutant—

perhaps because it is deficient in development and/or maintenance of

[~ 10
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electrical gradient, .

Data for the pH-shift down of thg NHA mutant’ and its parent were
not given by Padan ’_e_t_ al. (220). They reported however that "the
mutaﬁt behaved normally after the pH jump from pH 7.2 to pﬁk,{).d"

(220). Since the data for the paremt strain were not given, one

.cannot know whether both or neither'had a short lag after transfer.

A sl&ft down requires the establishment of a ApH and a decrease

in A7’; . Suppose the normal strain loses its membrane potential on

'shift-down—-perhaps losing both ApH and A% . The},, if the A%

mutant is ns]ow in the development and/or maintenance of A\/; , this
would be enough to explain the lag.

Whatever the mechanism may be, the A‘_c_)g_ mutant cannot cope
immediately with a pH change in either direction. This is not"
reversed by‘the' presence of cAMP.“ It seems then that a normal -
response to pH shift, 1ike growth atyhigh gH, depends on a product

transcribed from & cAMP-CRP-controlled promoter, rather than on the,

mere presence of cAMP during the shift.

et T e &

&,
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Part 6., Other Evidence That The cya Mutant Has A Lowered Membrane

Potential: Evidence of changes in membrane function of the

<

S

cya mutaht,

The' cya mutant has been Feported'to have an increas§d resistance
to phage A and Tg due to a deficiency in the receptors (4,' 108), It
was- also reported to be resistant to a large variety of agents
{including mutagens, antibiotics and sublethal heat and hypotonic shocg

(108).‘At the same time, it was reported to be more sensitive to
neutral detergents, streptomycin and azidf. This was all summarized
as indicating fundamental alteration in the cel] envelope (4, 108).
But, according to a recené report, the translocation of several
periplasmic and outer membrane proteinséseems te require energy
from the proton motive force (PMF) across the cytoplasmic membrane
since the dissipation of PMF blocks the translocation ‘of these .
proteins (175).° Thus, struhtura1 defects seen in the cell envelope of
cya mutants m;y be due to the defec£ in the energization of the
membrane.

Absorption of colicins, and antibiot;és like streptomycin,
require energy as does the phage entry and the translocation of some:
of the periplasmic and outer membrane proteins. The defects seen in
the cell envelope and membrane properties of the 'AEQQE mutant .
therefore seem to be due to the decreased availability of the membrane

energy. Strains which have decreased energization of their membrane,

e.g. uncA (167, 168) and ecf/ssd (143) mutants, are reported to be
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antibiotic resistant. The defects seen in the ‘%EZE mutant therefgre
may be structural, due to some components in the cell envelope not

being made, or functional, due to decreased availability of energy for
‘ .

transport, or both,

{

Part 7. Some Speculations On The Nature Of The cya Defect.

.,

The genetic evidence pr;;énted here is that the defect in the
‘EZE mutant results from a deficiency in transcription at a cAMP/CRP
controlled system. This conclusion is based on,the fact that the
effect of the mutation can be overcome by a further mutation, which
seems to be located in crp. This secondary mutation restores crp
function in that the strain which carries both mutations ;s able to
grow on lactose, maltose and arabinose. It seems likely therefore
that it is the restored function of crp that restores pH - .
adaptability (resistance and ability to cope with the pH-Shifts).
Since crp functions in control of transcription, it wouid seem then
' that the defect in pH-adaptability of the Aglg mutant is a defect at'
the level of transcription.
The problem with this is that the pH-shift experiments described
here are all carried out with glucose as the carbon source. In
glucose-grown cells, the intracellular concentration of cAMP is very

low. In continuous cultures limited with glucose (i.e., derepressed .

with respect to catabolite represgion), internal- cAMP was measured at



: ~ o o 190

5.5 * 0.7 uM (215). When aTmonia was limiting and glucose {n excess, \

this value dropped to 0.32 * 0.02 pM. Tﬁe same;ré]ation was seen in

the values of extracellular cAMP. In a more recent Feport, the

intracellular cAMP concentration was almost the'same {n

g{ucose—1imiteq cultures as in phosphatejlimited
(catabolite-repressed) cultures, around 1 uM in bgﬁh cases (122). The
The external concentration, however, varied greaf1y:~around 0.4-1.0
MM in the glucose-limited cultures, and 0.05 uM in the
phosphate-limited ones .

These relative concentrations can be looked at in another way,
The cell volume in a late log culture makes up only 2-3 wl per ml of
culture medium (211). Three pl at a 1 micromolar concentration
actually contain much less cAMP than 1 ml at 0.05 MM, Thus, in
repressed cells, about 95% of the cAMP found is outside the cell. The
case of the derepressed cells is more astonishing- in that the
extracellular value is about ten-fold higher; and the intrace]1u1a}
value does not change— indicating thaﬁ over 99% of the cAMP is

" extracellular.

One should allow for the fact that cAMP determinations are™
notoriously difficult. Nonetheless, qt is clear that most cAMP
produced in E. coli is excreted, as is reviewed by Botsford
(20, 122). prever,/it is widely accepted that the internal cAMp
concentration of glucose-grown cultures is much lower than that of
glycerol- or succinate-grown cultures. Moreover, the functional

//) concentration must be lower since it is possible to induce
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“ .
.P-galactosidase in -glucose-grown cells with IPTG if‘cAMP is not
prov1ded (148 152). ‘

In the presence of lactose and glucose, B- galactos1dase is not
synthes1zed This is due to two efzifts- inducér exclusion by glucose
wh1ch keeps lactose out, and the low level of cAMp. If the‘1nducer

exclusion is circumvented by adding IPTG, ﬂ—ga]actosid@se can be made

at 20% of the fd]]y induc0d level (215). If cAMP is needed for this,

~as it clearly is, then there must be considerable amountg of both cAMP

and CRP in glucose-grown cells.
It is not impossible, then, that transcription of various genes
is cAMP/CRP dependent, even in g]ucose-grown/cells. This could be !

picer*regu1ated if the relevant promoters have a higherﬁgf[jnjfz/foﬁ;
CAMP/CRP than the promoters which are susceptible to rqtabo1ite
repression. |

There is evidence that promoters are affected by different cAMP
concentrations. Inductien of the arabinose operon of E. coli was
shown to require more cAMP than induction of the lactose operon '
(111). On the basis of the different effegts of a cAMf ‘
phosphodiesterase mptation on transcription from differgg@ operons,

Alpér and Ames also suggested that there is a "hierarchy"‘of

cAMP-sensitive operons (6). It seems reasonable, then, that-some
‘ :

N~

_plausible explanation can be given if one considers the role of cAMP

as a negative effector in the transcription of several .genes in E.
s . -

e r

coli (204). This is so because then one can consider E, coli having

. R

.

ot £
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: controlldifferent sets of cellular functions,
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two sets of genes, o;;:ggaxtranscribed under conditions of catabolite
repression (where cAMP acts as a nggative effector), and the other

transcribed under conditions\when‘there‘isfno catabolite repression
# ’

(where cAMP acts as a positive controller).. What is not so clear is

-

the advaﬁtage the cell-in Such a regulation. ’
’ If one considers the\reéent information oh the cloned Ezé_gene ’
the topic‘becomes even more interesting. The cya gene seems to have
three promotors. (180, 2q4) énd the actiye sité of adenyl ;yc]ase '
appears to be contained in a very smq11‘Part of the enzyme molecule
' .

(109). Thus, it may be that the cya gene transcribes more than one

gene product and that these different gene products are assigned to

AN
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