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ABSTRACT

4-DEOXY-4-FLUQRO-D-GLUCCSE: A NOVEL MEMBRANE

PROBE IN PSEUDOMONAS PUTIDA

by

Tony D'Amore

Glucose grown whole cells of Pscudomonas pytida do not
- , .
oxidize 4—deoxy—4—f1uor0—D;g1ucose (4FG). Instéad, an
extensive release of fluoride ion occurs in which no deflucr-
 inated sugar could be detected. Cytoplasmic membrane vesicles
A and cell-free extracts from this 6rgunism oxidize 4FG to the

extent of 1 mol oxygen mol subs‘l:rate_1 with retention of the

carﬁon—fluorine bond.

LT

A

n apparent Km of 3.9 mM and an apparent Vmax of 1 nmol
fluoride‘mg proteinf1 min"l. This rdaction is inhibited in
the presence of glucose, gluconate or 2-ketogluconate.
Growth of cells on gluconate or 2—ketogiuconate does not
affect the rate or extent of fluoride release from 4fG.
On the other hand, cells grown on succinate or citrate have
drastically rédqced'rhtes and extents of fluoride release,
demonstfating that defluorination of 4FG is dependent ypon
the presence of protein.

Pre—incubation of P. éutida with chloramphenicol further
demonstrates the presence and synthésis of protein responsible

for the defluorination of 4FG. Such cells exhibit a large

reduction in the ‘extent of fluoride release. The defluor-

L -
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inating activity in these cells is shown ?o‘be the result
of endogenous protein present. .
Fractionation of whole cells indicates that the probable
site of the defluerinating protein is iq the outer membrane.
The outer membrane is cﬁaracterized by electrophoretic
and enzyme activity analysis'as well as comparison withfjﬁe
outer membrane proteins in E; aeruginosa.
The results oétained with D—[G—QH]—4—deoxy—4-f1uoro— | '
b ]

glucose 'and a"possible mechanism of fluoride release are
presented. Such a mechanismiaccounts.for the releaée of
fluoride, thé-formation of 3H20 and tritiated—carbohydrates
and covalent attachment of tﬁe defluofinated sugar regédue

to the protein. This protein appears to be peptidoglycan-~

associated and, therefore, mdy form or be part of the porin
channel in the outer ﬁembrane. A molecular weight of aboﬁt
40;000 was estimated for this protein By column-chromatogfaphy.

The results obtained in this investigation are diSCusséd
in relation to the mechanism of glucose transport in wﬂole

cells of P. putida and other pseudomonads.
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CHAPTER I
’jl INTRODUCTION
Generali ’
The exiétence of naturaliy occurring fluoro-organic
compounds was first demonstrated by Marais (1), in 1944, with ?

the isolation of fluoroacetic acid as the toxic component in

the leaves of Dicapetalum cymosum. This plant has long been

responsible for the sporadic poisoning of cattle in South
Africa. Subsequently, the’ same %;mpound has been identified
in other toxic plants (2). Other naturally occurring fluoro-
compounds include the & -fluorc-fatty acids, such as hz—fiuoro—
myristic, w-fluorooleic, w-fluorocaproic and « -fluoro-
palmitic acids (é). Nucleocidin, an antitrypanosomal anti-
biotic, was the first fluoro-sugar derivative to bé isolated
from any natural source. The fluofine atom replaces the
hydrogen atom at the C-4 position of the carbohydrate moiety
and through a variety of spectral observations has been
assigned the structure of a nucleoside (9-(4-f luoro-5-0-
sulfamoylpentofuranosyl)adenine) (4). |

Interest in fluorinated compounds arose most likely
from the elucidation of the biochemical mode of action of
fluorbacetate by Peters et al. (5). Kidney homogenates
treated with fluoroacetate were found to accumulate citrate
and to produce a new component identified as fluorocitrate.
This new compound was found to exerF.its activity by inhibiting
the mitochondrial enzyme aconitase, which catalyzes the
conversion of citrate to isocitrate (5). The term 'lethal

synthesis' was thus coined by Peters to describe the toxic

1



effects of fluoroacetate.

Since then a wide range of fluorinated compounds have
been synthesized and used as biochemical probes (6,7). Due
to the large amount and variety of literature on this
subject, only'a few examples will be discussed to demonstrate
the usefulness of introducing a fluorine atom(s) into

compounds to study various biological systems.

Fluorocitrate as a Biochemical Probe

Guarriera—Bobylevé and Buffa (8) demonstrated tha
vivo administraﬁion,of,tbxic doses of fluorocitrat
.in almost total inhibition of citrate metabo%ism in mito-
chondria. ©On the othé; hand, cis-aconitate, wﬁich is also
a substrate of aconitase, is oxidized with 1ittle or no
effect. These results would seem to cgntradict the earlier
proposal of Peters (5), that the toxic effect of fluoro-
citrate is.by the inhibition of aconitase. Uncertainties,
in both the chemistry of the toxic isomer of fluorocitrate
and its subcellular mode of action;~t¥ed Kun (9) to ge-
ihvestigate fluorocitrate inhibition of aconitase.’

The four possisle isomers of fluorocitrate are formed
either from fluoroécetyl-CoA and oxaloacetate or from
fluorooxaloacetate and acetyl-CoA (9). It was subsequently
shown that the toxic isomer is formed only by enzymatic
condensation of fluoroacetyl-CoA with oxaloacetate, a
reaction catalyzed by citrate synthase (10). All other

‘isomers had no significant inhibitory effects on aconitase.

Synthesis and resolution was accomplished in 1969 (11)



3
where it was shown that the electophoretically separated
" erythro isomers contained the toxic species, which was
further resolved and identified as (-)erythrofluorocitrate;
correctly defined as: 1R:2R 1-f1uoro—2—hydroxy—1,2,3—
propane tricarboxylate.

Fluorocitrate was found to behave as a competitive
reversible lnhlbltor of both cytoplasmlc and mltochondrlal
aconitase purified from pig liver (12). These isoenzymes
remained fully active without the addition of any artificial
%ctivators. When the bivalent cations, Mg++ and Mn++, are
incubated with either aconitase isoenzyme, inhibition of
ehzyme ac¥1v1ty results in a time dependent manner (12).

These bivalent cations are necessary constituents of the

frequently used NADP+—dependent isocitrate dehydrogenase

assay system. It was this unrecognized effect which abcohnted'

for the earlier in vitro enzymological complications of
aconitase, which gave confliéting‘results of competitive,
noncompetitive or mixed types of 1nh1b1t10n by fluorocitrate -
(9). Furthermore, these earlier preparatlons of aconitase
required cysteine arnd Fe +* as artificial activators, resulting
in about 3% fluoride release from fluorocitrate (13). The
preparations without the.need of artificial activators
exhibited no defluorination of the substrate (9). These
results emphasize the dangers aséociated with applying in
vitro biochemical results to the in vivo condition.

If fluorocitrate behaves as an uncomplicated competitive

reversible inhibitor of aconitase, then some other mechanism

T e
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must account for the irreversible and toxic effects associated
with fluorocitrate administration. When isolated intact
1;ver mitochondria are incubated with citrate, in the
presence of‘(—)erythrofluoromalate (an activator), rapid
citrqte influx occurs. Associated with this influx of
citrate is a rapid efflux of isocitrate (14). Isocitrate.
‘efflux can be monitored spectrophotometrically by the NADP+—
dependent isocitrate dehydrogenase coupled assay system, as
+illustrated in Figure 1. This system provided the basis
for establishing the site of fluorocitrate action and toxicity.
When intact mitochondria are pre-incubated with less- than
micromclar concentrations of fluorocitrate, marked irrever-
sible inhibition of isocitrate efflux occurs. Isocitrate: ‘.
efflux is inhibited when eitﬁer citrate or cis—aconita{e
are added externally (14). When the mitochondrial structure
is disrupted by the nonionic detergent, Triton X-100, full
aconitase activity of mitochondria is oWtained even in the
presencé of fluorocitrate, which in the same preparation .
completely inhibited the flux of citrate into intact
mitochondria (15).

Tﬁe.essential prerequisite for inhibition of mitochon-
drial citrate transfer is pre-incubation with 10-100 nM
fluorocitrate in the absence of citrate, which if added
simultaneously with fluorocitrate prevents inhibition.
Pre-incubation of mitochondria with fluorocitrate also
results in selective and irreversible inhibition of citrate-

supported ATP synthesis and inhibition of citrate-dependent
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Figure 1
Experimental Model System used by Kun (14) in Liver Mito-

chondria to Establish the Site of Fluorocitrate Toxicity.



Figure 1
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fatty acid biosynthesis (16). No effect-was observed when:
isocitrate, cis-aconitate or other trica;boiylic-acid (TéA)
intermediates weré used’as permeant substrates. These results
are consistent with the existence of an ighibitor& s}te-o{ﬁ
fluorocitrate which is rate-limiting in citrate transport
through the inner mitochondrial membrane. Once citrate
fmetabolism is inhibited, no subsequeﬁt manipulation can
reactivate this specific process. Under these“conditioﬁs

Y

the mitochondria exhibits the classical charatteristics
associated with fluorocitrate-toxicity {17).

Incubation of inner membrane vesicles from mitochondria
for one hour with 10 uM [1%C]-labeled fluorocitrate results
in isolatable prptein—fluorbcitrate adducts (16). The
reaction of fluorocxtrate with these membrane protelns was
found to lnvolve thicester }ormatlon since treatment w1th
neutral hydroxylamine, a thicester bond cleaving agent,
results in the release of bound fluorocitrate. Hydrolysis
of the protein—fluorocitrpte bond withasodium hydroxide is
also consistent with thé_known éroperties of esters.
Furthfrmore, inhibition of fluorocitrate binding results
‘when vesicles are pre-treated with mersalyl, a SpelelC
reagent for thiq;:groups of proteins (16). The structure
of the protein—%luoracitrate thioester addhct formed has
not yet been deduced. . ‘It is possible that either one or
both carboxyl groupé gf fluorocitrate, which are activated
by fluorine.substitution, may partic;baté in thioester bond

1
A

formation (16).
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Two distinct proteins containing bound fluorocitrate
were isolated from an extract of liver mitoplasts. Mitoplasts
are defingd as the mitochondz?glimatrix-surrounded by the
inner membrane. Onerhas a mgﬁébular weight of about

-
175,000 and thefsecond.a molecular weight of about 71,500.
Thesé proteins were identified as citryl-S-glutathione (CSG)
synthetése and hydrolase, respectively (18). The synthetase
catalyzes thiocester bond formation between.qitrate and
oxidized glutathione (GSSG), whereas the hydrolase cleaves
the thioester bond to give citrate and rgduced glutathione
(GsH). Pre—iﬁcgbation of a mitoplast extract with fluoro-
citrate results in irreversible ;nhibition of CSG thioester
formation. A correlﬁtion was found between the degree of
inactivation of CSG synthetase and the quanﬁity of protéin—

fluorocitrate product (18). Furfhermore,bthis enzyme was
also found to be inhibited by 1,2,3-propane tricarbbxylate,
which is generally recoghized as a specific inhibitor of
citrate transport in intact mitochondria.

The coincidence of inhibition of citrate transport in
mitochondria with inhibition of CSG synthetase tends\té
suggest that this enzyme may be a constituent,of the mito-

chondrial citrate transport system. Such a systen could.be

envisioned to operaté as in Figure 2. During the transgort
acfoss the mifochondridl membrane citrate would.be'covalently
modified by reacting with GSSG to form CSG,“a reaction
catalyzed by CSG synthetase. Before the thioester can

completely traverse the mgﬂﬁrane it is cleaved by the
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‘Figure 2
Proposed Transport System for Citrate .Across the Mito-

chondrial Membrane.
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Figure 2
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hydrolase, resulting in free citrate and GSH. 1Inhibition
of thioester formation by phenazine methosulfate, a free -*
radical trapping‘agent, indicates that enzyma%ic formation
of the thicester may inveolve GS® formation via homolytic
cleavage of GSSG (18). -Associated with this process is the
generation of glutathione sulfinic acid on a mole per mole
basis with thioester formation, indicating the simultaneous
contribution of an ok§genase type of reaction coincidental
with the formation of CSG.

Sp801f1c enzyme systems were élso found to exist in
llver mitochondria that catalyzes the glutathione-thioester
formation of succinic, malic, «-ketoglutaric, glutamic,
pyruvic and isocitric acids and of glutamine (18). This
may suggest a general metabolic pathway for the TCA inter-
mediates. In conjunction with this.is the identification of
hydroxyacyl-S;glutathione, formyl;S—glutathione and succinyl-
S-glutathione thioesters and their hydrolases in human
liver (19). The$e enzymes were found to be localized in
the cytoplasm and no appareﬁt metabolic function was givén.

An alternative function of the thiocester synthetase-
hydrolase system may be in regulating the concentration of
. all free carboxylic acid substrates of the TCA cycle. This
~would operate dependlng on the GSH-GSSG ratio. GSH is the
most abundant tthl present in v1rtua11y all cells, It
is involved in a wide range of cellular phenomena,.such as
‘maintaining proteiﬁ thiol groups, protectioh of proteins

o > )
and cell pembranes against peroxides and free radicals,

¢ -

‘o
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controlling GSSG levels and in the transport of amino acids
across cell membranes (20).
Fluorocitrate has also been used successfully to
study citrate transport in whole cells of Salmonella

typhimurium (21) and Bacillus subtilis (22). The difficulties

in studying transport in whole cells are due to both rapid
metabolism and the inherent complications of multiple
transport components or systems. Fluorocditrate was found
to be an effective 'probe to kinetically study citrate
transport since it is not ﬁetabolized by these organisms.
Wild-type strains of citrate grown whole cells were found

-

to accumulate fluorocitrate rapidly without metabolism (21,22)..

Enzyme Reaction Mechanism Studies

- Qne enzyme reaction mechanism that has been'extensively
studied'wifh the use of fluoro:analogues is that of
thymidylate synthetase. This enzyme catalyzes the reductive
methylation of 2'-deoxyuridylate kdUMP) to -2'-deoxythymi-
dylate (dTMP) with the concomitant conversion of 5,10-
methylenetetrahydrofolic acid (CH2-H;folate) to 7,8-di-
hydrofolic acid (Hzfolate) (23). This reaction was proposed
by Frieqkin (24) to occur via a two step process. The
first step was viewed as an electrophilic substitution
reaction in which the methylene carbon of CHZfH4folate
+ replaces. the hydrogen at the 5-position of dUMP. ’The
second step of this reaction was proposed to be'a nﬁcleoﬁhilrc

attack at the incipient methyl group of dTMP by defide

originating from the 6-position of the cofactor to give
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éTMP éhd.Hzfolate. As early as 1959, it was recognized that
CH2—H4folate serves the dual function of beth one carbon‘
carrier'and reductant (25). Direct support for.major aspects
of thié proposed mechanism of thymidylate synthetase has
been provided by Santi and co-workers (26) from studies of
its interaction with 5-fluoro-2'-deoxyuridylate (FdUMP) and
5—trif1uoromethy1—2'—deoxyuridylate (CFadUMP).

FAUMP has been known ‘for some time to be an extremely
potent inhibitor of thymidylate synthetase. Its inhibitory
action was suspected to result from reaction'with the proposed
nucleophilic catalyst of thymidylate synthetase, namely Cﬂ2—
H4f01ate (26). In 1974, Santi (27) demonstrated that a tight
complex is formed between CH2:H4folate, FdUMP and thymidylate
synthetase, which could be isolated by filtration through a

nitrocellulose membrane. A scheme for the 'complex formation

was proposed to be as follows:

a

:;::::i: F-CH2—H4folate ;::::::s
‘\\\: E-FAUMP /

‘E E—CH2—H4folate-FdUMP

?—CH2—H4folateéFdUMP

The pathway involves reversible formation of binary
complexes which are nd; sufficiently stable to be isolated.
Subseguent formation of a tightiy boundvternary complex
results as demonstrated by comparing dissociation constants

(Kd)' Kd for the binary FAUMP complex was calculated by
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5 n {27). On the other hand,

equilibrium dialysis to be 10~
from studies of the relative rates of association and
dissociation pf FAUMP with the enzyme-CH2~H4folate binary
complex, the.Kd of the ternary complex was calculated to be
10"13 M (26). Therefore, once formed, the ternary complex'
is stable for long periods of time.

Using radioactive FJUMP and CH2—H4folate, the enzyme
has been titrated and shown to possess two FdUMP and two
cofactor binding sites per mole (27). The ternary complex
was found to be stable towards protein denaturation and
showed a complete loss of absorbance at 269 nm, which
corresponds to stoichiometric loss of the pyrimidine chromo-
phore of FAUMP. This strongly suggests that the 5,6-double
bond of the pyrimidine is saturated in the bound complex.
Based on these findings, together with informa:ion gathered
from a variety of model chemical Studies and 19F—nuclear
magnetic resonance (lgF-NMR) spectra{ the structure of the
enzyme—FdUMP—CH2-H4folate ternary complex is proposed to be

‘as in Figure 3 (23). Here a nucleophile of the enzyme has
added to the 6-position of FdUMP. Furthermore, the 5—position-

of FAdUMP is coupléd to the quositian of CH2—H folate via the

4
methylene group of the cofactor.

Recently, studies of 1-(5—phospho-ﬂ—D—arébin;sy1)—5-
fluorouracil as a mechanism-based inhibitor of thymidylate
‘synthetase (28) and FdUMP interaction with CH2—H4folate and
dUMP hydroxymefhylase (29), have provided additional support

for the proposed structure of the ternary complex. Further-

o~
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Figure 3
Proposed Structure of the FdUMP-CHz—H4folate—Thymidylate

Synthetase Ternary Complex.

Legend:

X - represents a nucleophile of one of the amino

acids of the enzyme.

weo

-
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Figure 3
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more, FAUMP has alsc been used in establishing that the
dUMP hydroxymethylase reaction mechanism is analogous to
the mechanism of thymidylate synthetase (29).

As illustrated in Figure 4, the addition of a nucleophi}e
of thymidylate synthetase to the 6-position of dUMP is the
primary event in the enzyme.catalyzed reaction (26). The
resultant carbanién reacts with CH2—H4folate to produce a
steady-state intermediate, as proposed by Friedkin (24),
and analogous to the ternary complex formed with FAUMP,

\
cofactor and enzyme. Abstraction of the 5-hydrogen, followed
‘- by 5 sé;ies of steps involving reduction of the one carbon
unif'and.elimination of the nuclecphile, results in the
observed products.

The difference between the steady—stafé intermediate
and the ternary complex is that the steady-stat intermediaté
possesses a proton at the S5-position of the nuéanéidQ
which is abstracted in a subsequent step. On the other
hand, the ternary complex possesses a stable fluorine atom
at the corresponding position. This fluorine afom ﬁfevents.
proton abstraction, thus trapping the comﬁlex and leading
to inhibition of the enzyme. FdUMP, therefore, behaves as a
‘quasi-substrate' (23,26) in the reaction. That is, it
enters into the catalytic reaction, jﬂst as the normal
substrate, up to a poidt where the intermediate is fogmed
which can procegd,no further. |

The nucleophile of thymid&late synthetase that aftacks

dUMP in the normal enzymatic reaction and FAUMP in the

i
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Figure 4

Proposed Mechanism for the Thymidylate Synthetase Reaction.

Legend:
R = 5-phospho-2'-deoxyribosyl
X - represénts a nucleophile of one of the amllgf

acids of the enzyme.
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Figure 4
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formation of the ternary complex has been known for some.
time to involve a sulfhydryl group. It has recently been
demonstrated by protein degradation studies on the tefnary
complex that the most likely candidate for the nucleophile
is cysteine (23). ‘ -

CFSdUMP has alsc been shown to be an irreversible
inhibitor of thymidylate éynthetase. Reyes and Heidel-
berger (30) proposed that this inhibition was due to the
formation of a covalent bond between the carbon cdrrying
the CFB—group and an amino acid near the active site of the
enzyme. As depicted in Figure 5, this nucleophile adds to

the 6-position of CFSdUMP, promoting the expulsion of fluoride

-

}on (F7) and the formation of a reactive exocyclic difluoro-
methylene. The reactive intermediate would then be trapped
By a nucléophilic group of the enzyme to give the acylated
enzyme, thereby inactivating it.

Santi and co-workers (26) have recently démonstrated
that incubation of thymidylate synthetase with CFBdUMP,
"in the absence of CH2-H4f01ate, for twenty minutes results
in SQ% inactivation of the enzyme with possible formation
of a 5-acyl dgrivative of dUMP. From these and model studies
(26), it was proposed that activation of the C-F bond

requires.addition of a nucleophile of the enzyme to the

6-position of the nucleotide. When CH2-H4folate, CFBdUMP

“-and thymidylate synthetase are incubated together, a

difference spectrum similar té that produced by the FdUMP-

CHy-H,folate-enzyme terrary complex is observed (26).
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Figure 5 -~
Proposed Inactivation Mechanism of Thymidylate Synthetase
by CFadUMP.
Legend:
R = 5—phospho—2'-deoxyribosyl
X - represents a nucleophiie of one of the amino

acids of the enzyme.

-

"
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Figure 5
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There is a characteristic incre&se in absorbance at®330 nm
and a decreaée at 261 nm. This decrease in absbrbaﬁce is
in accord with the saturation of the 5,6—éoubde bond of.
the nucleotide. Although preliminary, these resulis
suggest a similar Tectién mechanism between thymidylate
synthetase ana FQUMP or CFSdUMP.’

~Apart from providing valuable information regardjng
the general mechanism of fﬁlate dependent enzymes, “in
particular thymidylate synthetase, fluorcuracil analogues

are currently in use as anti-tumor, anti—wirai and anti-

_fungal agents (31).,

During the past several yearé,tﬁhere has been a
tremehdous increase in thé synthesis and biochemical use
of a variety of active site directed labeling agents (32-

34). .The rationale and general criteria for the design of

such compounds have been given by Rando (35). Briefly,

the q§sign of these inhibitors is based upon the aftachment
of aldhemically_ieactive groﬁp, generélly an electrophile,
to a molecule Whicﬂ haé structural features resembling éhat
of thé enzyme's ﬁormal substrate. The;;esultadt reaction
?f tﬁé molecule.with the active sgite oﬁ théienzyme leads
to covalent bond-formafion and inactivation of the enzyme.

One class of sﬁch compounds includles the «-flucromethyl-.
amino acid aﬁalogues (Baégb]. These substrates are non-
réaptive until fludrine is éxpelled via enzyme catalyzedl

decarboxylative elimination. Highly electrophilic species

would result which are capable of undergoing addition of

5: ‘
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fortuitous%y positioned nucleophilic groups at or near the
enzfﬁe's acti;e site. Stable enzyme—inhibifor covalent
adducts would result, thereby inactivafing the enzyme.

The general scheme for such reactions is as follows:

-

ky Keat Kinh. o f
E + S— ES > EI - > E-1 {(covalently modified)
k ~ .

4

These mechd\ésm—based iphibitors have also been referred

to as suicide substrates, k inhibitors or Trojan-horse

cat

inhibitors (33) because of their mode of action.
Fluo?ine is hard to displace in SNZ reactions, but

can undergo f-elimination from carbanions quite easily (37).

It is therefore necessary for such compounds to-form reaétive

intermediates before such reactions can occur. As an .

example, Figure 6 illugtratés the proposed ipgctivation )

mechanism of gfutamﬂte decarﬁokylase by «;fluoromethfl—

glutamate (36). The first step in this reaction, which is

a common step in all ﬁyridoxal phbsphate—dépendent enzymes,

is the formation of a Schiff base beéween the aldehyde

function of the cofactor and the amino group of'the subSrate.

The resulting reactive intermediate generated within the

edzyme'é active site is unable to dissocidte rapidly from

A

the protein (41). This would lead to covalent bond formation

between the reactive intermediate and a nucleophilic group
of the enzyme, thefeby inactiéating the enzyme.
The above inactivation reaction occurs for about 80%

of the time since nonlethal turnover could also occur.
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Figure 6
Proposed Inacfivation Mechanism of Glutamate Decarboxylase

by a-Fluoromethylglutamate. rely

Legend:
X - represents a nucleophile of ¢dne of the amino
acids of the enzyme.
A - postulated'nonlethal turnover leading to the
formation of fluoromethyl;GABA.
B - postulated nonlethal turnover leading to th?

~

formation of levulinic acid.
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Figure 6
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It was suggested that direct decarboxylation could occur
to form fluoromethyl-GABA or that hydrolysis of the activated

“intermediate could occur to form levulinic acid (36).

Carbon-Fluorine Bond Cleavage

The bond strength of the C-F bond- (448 kJ mo1™ 1) is
among the highest found in natural prodgcts and yet is
cleaved in a number of different enzymaﬁic,reactions,(42).
The cleavage of the C-F bond in CFBdUMP and in theeo{-fluoro-
méthyl—amino acid analogués was seen to be the result of the
formation of reactive intermediates. These compounds were
specifically designed with the purpose of forming such
reactive intermediates, which would react with and irreversibly
inhibit their respective enzymes through covalent‘bond
formation. The relgase of fluoride;~in these and other
examples, might therefore be considered purely accidental
in terms of the normal-role of the enzyme. That is, fhe
release of fluoride is a consequence of the normal enzymatic
reac¢tion mechanism.

In contrast to the above, adventitious cleavage of
the C-F bond has been shown to occur. By the enrichment
culture technique, Goldman (43) has been abie to isolate an
organism capable of rapid growth with fluoroacetate as the
sole source of carbon. A bellffree extract ffom this
pseudomonad waé found to conféin éé‘énzyme which catalyzes
the defluorination of fluoroacetate with concomitant
production of giycollate. fhe enzyme is'Specific for fluoro-

- acetate although it also cata}yzes analogous release of

LY
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haliae from chloroacetate and iodoacetate. The enzyme
was therefore termed haloacetate halidohydrolase (43).
Enzyme reactivity was found to be dependent on thg-
presence of an active thiol group on the enzyme. It was

therefore postulated that defluorination proceeds through

thicester formation (43) as follows:

ENZ-S~ + FCH2COO_——-——) E_NZ—S-—CH2COO_ + F-

ENZ-S—CH2COO— + OH ———3 ENZ-5~ + HO-CH2COO“

An iﬁtriguing possibility is that this enzyme might be

capable of catalyzing reversible formation of fluoroacet%te

from glycollate and fluoride. If possible, this could

give an indication as_to how fluorocacetate is formed in

nature. Unfortunately though, many attempts have failed

to demonstrate the reveéibility of this reaction (44).
Organisms capable of metabolizing fluorobenzoates via

C-F bond cleavage have also been shown to exist (44,45).

A pséudomonad was isolated which could metabolize 2-fluoro-

benzoic acid with cor;ESponding'fluoiide release (44).

The defluorination reaction was found to take place' by

the introduction of molecular oxygen in a one-step process

as follows:

COOH COOH



29
In the above mechanism, 2-fluorobenzoic acid is converted
to catechol, which can be further metabolized by the
orgapiém. Recently, an enzyme has been isolated from cell-

free extracts of Pseudomonas putida and shown to catalyze

fluoride release from difluoro- and tetrafluoro-derivatives
of p-hydroxybenzoic acid, through a similar hydroxylation
type reaction (45).

The defluorination reactions discussed thus far repre-
sent‘the few known examples in both micrabial and mammalian
systems. In contfast to these, the release of fluoride
from fluorocarbohydrates has not been observed to ény great
extent in biological systems, although they ﬁave been used
extensively as bicochemical probes (see next section). One
special case though, is the ﬁydrolytic cleavage of'the>C—F
bond in both galacto- and glucopyranosyl fluorides (46,47).

The D-galactopyranosyl.fluorides were found to serve as

substrates and inducers of the Pp-galactosidase of Escherischia

coli (46). The & - and £-forms are hydrolyzed by &~ and £ -
galactosidasgs, respectively, to D-galactose and F . 1In
either case, the hydroxyl-attack, and thus hydrolytic
cleavage, is on the side-of the substrate molecule for
which 'the enzyme has specificityh‘

| Similarly, & ~-D-glucopyranosyl fluoride was found to pe
hydrolyzed by the action of q—gluéosidase to D-glucose and

F (4?).. The mechanism of o —glucosidase action involves
.
protonation of the glycosidic oxygen followed by nucleo-

philic attack, either from water leading to inversion of
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configuration or by a nucleophilic group on the enzyme
which is then displaced by water to give retention of con-
figuration. The enzyme appears to protonate the fluorine
atom as well as it does the oxygen atom, leading to the
release of fluoride ion (47). cK—D—Gludopyranosyl fluoride
has also been found to be hydrolyzed ﬁy other enzymes such
as sﬁcrose phosphorylase and amylomaltage (47). Recently,
oi— and B-D-glucopyranosyl fluorides have been used as
probes to study the enzyme trehalase (48). As in the
previous examples, -D-glucopyranosyl fluoride is hydrolyzed
by the action of trehalase to&- or ﬂ—D;glqcose and F .
Furthermore, trehalase also catalyzes the reaction of #-D-
glucopyranosyl fluoride with &-D-glucose to give trehalose
and F~ (48).

Fluorocarbohydrates as Biochemical Probes

The ratidnale, synthesis and use of fluorocarbohydrates
as bioéhemical probes have been reviewed in part (6,7,49).
Such compounds have been used to probe the specificity of
hydrogen-bonding sites between D-glucose and the carrier
protein(s) known to be present in the human erythrocyte (50,\_
51) and the hamster intestine (47)}. Reéently, Grier and |
Rasmussén (52) have used 3—deoxy-3—fluoro-D—mannbse and
4—deoxy—4;fluoro-D—mannose as ;robes for studying D-mannose

transport and metabolism in Saccharomyces cerevisiae.

2-Déoxy—2—f1u0r6—D—g1ucose and 2-deoxy-2-fluoro-D-mannocse
have been employed extensively for studies of glycoprotein

biosynthesis and function in chick embryo cells (53,54). .
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Other studies.with fluorocarbohydrates by Taylor have been
primarily concerned with enzyme specificity (55), carbohydrate
transport in synaptosomes from rat brain cortex (56), carbo-

hydrate metabolism in Locusta migratoria (57) and carbohydrate

transport and metabolism in E;'Egli (58) and P. putida (59).

Previous studies (59) demonstrated that 3—dqoxy—3—f1uoro—
D-glucose (3FG) is metabolized by resting whole cells of
glucose grown P. putida, with retention of the C-F bond, to
produce 3-deoxy-3-fluororD-gluconic acid (3FGA). 3FGA can
be further oxidized by whole cells to 3-deoxy-3-fluoro-2-
'Reto—D-gluconié.acid (2K3FGA ) Cell-free extracts from this
ofganism were found to oxidize 3FG completely to 2K3FGA.

It was also shown that the same cytqplasmic membrane bound
enzymes that oxidizes glucose and gluconate, namely glucose
oxidase and gluconate dehydrogenase, also oxidizes 3FG and
3FGA, respectively (59). Furthermore, using cytoplasmic
membrane vesicles brepared from glucose of schinate'grown
P. putida, it was shown that 3FG is transeofted by the same
active transport system as gluccse (80).

Unlike 3FG, 4-deoxy-4-fluoro-D-glucose (4FG) is not
oxidized by whole cells of P. putida. Instead, there is an
immediate release of fluoride ion (61). Incubation of‘a
resting whole cell suspension of glucose grown P. putida
with 2.5 mM 4FG fesults in nearly complete fluoride release

er 24 hours. Thin layer chromatography of the cell

supernatant and intracellular contents failed to reveal the

of any new carbohydrates. On the other hand, cell-
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free extracts were found to oxidize 4FG with the consumption
of 2:g atoms of oxygen per mole of subsprate, which is con-
sistent with the formation of 4-deoxy-4-fluoro-2-keto-D-
gluconic -acid (2K4FGA). In this reaction there is virtually
comp{Fte retention of the C-F bond. Furthermofe, P. putida
is unable to grow on a mineral salts medium with 4FG as the
sole carbon source, although fluoride is released into the
medium (61). Therefore, the defluorination of 4FG could be
.considered purely accidental as a consequence of 4FG being
initially accepted by the cell as glucose. .

These results suggest that cieavage of the C-F bond iﬁ
4FG occurs in the cell envelope fraction or_g; putida and
that the defluorination product becomes covalently attached
to a' protein in the cell envelope (81).

The Cell Envelope of Gram-Negative Bacteria

The cell envelope of gram—negative bacteria consists of
‘two typical membranous structures, outer membrane and.cyto—
plasmic membrane (62). As illustrated in Figure 7, thé‘space

_between the outer membrane and the cytopjasmic membrane is
the periplasmic space, which contains enzymes and binq;ng'
prote;ns as well as the peptidoglycan layer.

Kaback and Stadtman (63) were the first to describe a
method for obtaining transport active cytoplasmic membrane
vesicles from E. coli. Since then, vesicles have been used
extensively to study and better understand the various
bacteri:}/{}ansport systems (64,65). Three distinct classes

of actiVe transport systems for sugars.as well as other
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Figure 7
Proposed Structure of the Cell Envelope of Gram-Negative

Bacteria.

Legend:
BP - binding prqtein
CM - cftéplasmic'mgmbrane
OM - outer membrane
PC - porin’ channel
PG - peptidoglycan
PS - periplasmic space
TP - transport protein
%é - 1ipopolfsaccharide

phospholipid

=0
ol

R



34




35

substrate molecules, in gram-negative bacteria, have been
described (64,65). One class couples the transport of mole-
cules across the cell membrane with chemical modification, a
process referred to as group translocation. The second class
transports molecules against a concentratioh‘gradient with no
change in the transported molecule. The third class, which
élso‘concentrgtes substrate molecules without modification,
is dependent upon the presence of periplasmic binding proteins.
These binding proteins, which can exist in both a free form
or bound to the peptidoglycan layer (66), form reversible
complexes with specific substrates. Binding proteins have
been shown in a. number of cases to be involved in the trans-
location of substrate molecules across the cell envelope
of gfém—negative bacteria (66-68). In contrast to the above
sysfems, not much attention has been given to the outer
membrane as far as transpo;t capabilities are concerned.
At best, the outer membrane was generally regarded as a
rather inert structure that aliows the free diffusion of all
low moleéulér‘weiéht substances.

The separatlon of outer and cytoplasmic membranes was
first achieved in E. coli by Mlura and Mizushima (69). Their
-technlque involves lSOpndlC sucrose densxty gradlent centri-
fugation of membranes obtained by lysozyme and EDTA treat-
ment of whole éells, followed by lysis of the resulting

osmotically fragile spheroplasga"A similar method modified
<
for S. tzghlmurlum was developedﬁby Osborn et* al. (70).

These techniques have led to a greater understanding of the



36

-
L

% -
strugture and function of the outer membrane and outer

P

membrane protéins, esbecially in the enteric bacteria, as
noted by the recent reviews (71-74). |
An incredsing amount of evidence from the enterie
bactefia, E. coli and S. tthimurium, hag led to the general
conclusion that the outer membrane from these organisms
contain two classes of proteins involved with solute
uptake (71,75). The first class of proteins, which form
hydrophilic aqueous channels, are generally referred to as
porins. These proteins vary from strain to strain but
generaily have molecular weights‘in the range of 35v40}000'
déltons.' Furthermore, they allow for the ﬁonspeci}ic free
diffusion of small uncharged.molecules of less than 600
daltons. These pore-forming proteins have»recentiy been
shown by Lugtenberg et al. (76) to be peptidoglycén-associéted.
The other class of proteins behave as transmembrane
bhanneis with solute specificity; These reéeptor proteins
have been shown to facilitatelthe diffusion of maltose and
maltgdextrins, iron-chelated Qerrichrome, iron-citrate
compiexes, nucleosides, vitamin 812 as well as others (71).
Since ﬁost of these nutrients have molecular wé;ghts larger
than the exclusion limit of.the porin channei, specific
translocation proteins are a necessity. uln examples like
. maltose, specific prpteins are required when the subgtrates
are present iﬁ very low concentrations. ) ' -
Recently, Lo has demonstrated, through the use of‘ .

various nonpenetrating proteases and inhibitors (77) and a
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nonpenetrating substrate analogue (78), the involvement of
a cell surface dicarboxylic acid binding pfoteinf(DBP) in
the tfanslocation of dicarboxylic acids aérosé the outer
membréne of E. coli. As illustra;ed in Figure 8, dicarbox-
ylic acid translocation across the outer membrane is proposed
to occur via an outer‘membrane DBP-porin channel cpmplex,(GG).
It is postulatéd that DBP associates with the porin channel

and confers on it the specificity for aicarboxylic acids.
The, absence of DBP leavéé the porin ehannel open, resulting
in enhanced transmembrane diffusion of molecules other than
dicarbdxylic acids. A similar mechanism has been postulated
to exist between the maltose Einding protein and the maltose
pore (lambda receptor) for maltose transport in E. coli (79).
In the ocuter membrane DBP-porin channel complex it is:
postulated that DBP binds to thé porin channel on the outer
surface of the outer membrahe (66). ?his, however, may
not be true in all cases. \It is pqssibie for binding proteins,
in génegal, to cqnfef specificity on the porin channel bf
binding on the inner éurface of the outer membrané, as
postuiatqd-for maltgse tranflocation (79). Alternatively,
binding“?roteins méy be tighfly éssoéiated'within the
porin channél (66).
In contrast to the marked accumulation of'information
on the outer membrane of the enteric'bacteria, that of the-
outer membrane of thé aerobic bacteria, such as ?;'aeruginosa,

has only recently been given bonsideration._ The cell

envedope of P. aeruginosa has been extensively investigated,

L
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Figure 8
Proposed Model of Lo (66). for the Outer Membrane DBP-

Porin Channei Complex.

Legend; .
DBP - dicarboxylic acid binding pfotein
OM - outer membrane .
PC - périn channel
PS - periplasmié space

c%é - lipopolysaccharide

L
2 phospholipid
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in terms of protein (80), peptidoglycan (81), lipopolysaccharide .
(82) and lipids (83). However, good separation of outer and ,
.cytoplasmic membranes was not always possible due to the
hypersensitivity of this and related organisms to EDTA-1lysozyme
treatment (84). Recently_though, several laborafories have
reported the isolation of the outer membrane from P. aeruginosa,
all using different procedures (85-89). As indicated in
Table 1, two to hine major proteins were observed in the
various.outer ﬁémbrane preparations. Some of these,out;}
membrane proteins, in particular the périn protein I, have
been shown to be 'heat-modifiable'. That is, their mobility
on sodium dodecyl sulfatg—polyacrylémide gel electrophoresis
{SDS-PAGE) was determined by the solubilization temperature
(86,90). Other outer membrane proteins (F, H and I) have
been showh to be peptidoglycan—associated‘(91,92). That is,
the protein is tightly, but not covaléhily, associated with
peptidoglycan. The number and moleéular weight of many of
the outer membrane proteins were found to Be dependent cn
the growth and culturé conditions used,'the method of outer
membranelisolation, the method of"electrophoresié ehployed
and the strain used (73,90). -

Permeability studies using reconstituted outer

membrane vesicles indicatéd that the outer membrane of
P. aeruginosa contains porin channels that are perméable
to saccharides of up to 6,000 daltons (93). The molecular
weight of these porin proteing are also within the range

of 35-40,000 daltons. Recently, the P. aeruginosa porin
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Table 1
Nomenclature and Molecular Weight of P. aeruginosa

Outer Membrane Proteins.

Molecular Weight (163)

]

Booth and Mizuno and Matsushita Hancock and Stinnet and
Curtis (85) Kageyama (86) et al. (87). Nikaido (88) Eagon (89)

(95) . E (44) A (43)

I (56) D (50) 1
IT (53) E (45) 3 (74) F (35) B (16.5)
IIT (38) F  (33) 4 (53) G (2D)
1V -(21) G (21) 4 (49) w Q7
v " {16) H (21) 5 (34)
I (8) 6 (23)
E 7 (19)
8 (13)
9 (9.7)
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protein has been purified to homogeneity. in a functional
form (94).

'P. aeruginosa, P. fluorescehs"ahd P. putida belong to
a group of obligate'aeroﬁes which metabolize D-glucose by
‘the Entner-Doudoroff pathway (95,96). The uptaké‘of glucose
. in P, aeruginosa has been shown to involve two distinct
inducible pathways with differing affinities for glucose {97,
98). A ﬁigﬁ affinity (low Km) system with an apparent K :
of 8 uM for glucose is induced-by growth on glucose, but
not by-growth on gluconate,_succinate or bfgrate. This
system is only in;;lved with the active‘transport of glucose
intc the cell and requires an inducible glucose binding
protein (GBP) (67,68). In addition,la low affinity (Km in
the range of 2-7 mM) glucose transport system exists and
is induced by growth of cells oﬁ-glﬁéose or gluconate, but'
is repressed.by groﬁth oq;succinate or citrate (97,98).
The low affinity system is an active transport sygteﬁ of ’
rather broadlspecificity since it not only transpbrts
glucose but ié also capable of transporting u-methyl—D—'
glucopyranoside (x-MeG), 2—déoxyg1ucose and 6-deoxyglucose
as well as others. TFurthermore, gluéose dehydrogenase
activity was required for the low affinity system to.be
operatf@e (97,98); Similarly, glucose is transported in
- glucose grown whole cells of P. putida with a léw and high

-

K -of 1.7 uM and 79 uM, respectively (99). In succinate

grown cells the low Km component was found to be present,

which may reflect the presence of trace amounts of reépressed
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glucose carrier protein (99). The high Km transport system
was found to actively transpor£ glucose, 2-deoxyglucose, 3FG
and ®{~MeG, whereas the low Km_or'high affinity system was
found to transport gldggge\only (99).
When P. aeruginosa is grown on minimal mediﬁm in the

presence of glucose two major outer membrane proteins, D

and E, of very 51m11ar moleculﬂr welghts are lnduced (86 90).

In contrast, the outer membrqne of cells grown on succinate
are only partially induced for these proteins (90). Protein
D is in {act two pol&peptides, D1 and D2,*of whicb protein_
D1 was absent after growth ‘on Sucéinate. Proteins D1 aﬁd D2
could only be separated on gels where the acr*lamlde-concen—
tratlon is 14% or greater (90) Slnce other proteins
associated with glucose transport and metabolism are induced
by growth of c¢ells on glucose (67,68,97,98), it is pessible
that those proteins induced in the outer membrane of P.
aeruginosa are involved in the translocation of glucose
across the outer membrane (90). This would be in the same

way that the lambda receptor is associated with maltose

uptake (79) and the outer membrane DBP-porin channel complex-

is associated with dicarboxylic .acid transport: (66), both
in E. égll.

Hancock and Carey (100) have proposed that the outer
membrane proteln D1 and the periplasmic GBP are co—regulated
components of the P aeruglnosa high affinity transport

system. Protein D1 was shown to reconstitute sucrose and

glucose permeable pores in LPS-phospholipid vesicles (100).
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Furthermore, fhey also proposed that the low affinity glucose
transport systeﬁ involves uptake across the puter membrane
via the por;n protein F. No gvidenééAwas provided to
support these proposals (100).

Therefore, glucose transport inﬂ@hole cells of P.
aeruginosa, and presumably other pseudonomads, méy involve
the binding of glucose to specific proteins associated with

or part of the outer membrane. This interaction allows for

the specific translocation of glucose across the outer membrane.

Objectives

This investigatioh involves the use of 4FG as a bio-
chemical proge to study glucose transport and metabolism
in P. putida. The objectives of this investigation are toé
(a) study and gain insight into the nature and mechanism of
flubride release from 4FG (61).
(b) attempt to determine the site in the whole cell responsible
for the defldorinatioﬁ reaction. -
:(c) attémpt to demonstrate the covalent bond formatioﬁ
proposed (61} to occ between the defluorination product
and a protein.
(d) use these results with a view to obtain an understanding

of glucose transport in whole cells of P. putida and, there-

fore, substrate .transport in general.



CHAPTER 11
MATERIALS AND METHODé
Materialé
Crystallihe 4FG, 4-deoxy-D-glucose and «-Med4FG (51) and
D-[6-2H]4FG (10.8 mCi/mmol) (101) were made in thesé labora-
“tortes. D-[u-*clGiucose (283 mCi/mmcl) was obtained from
Radiochemical Centre (Amersham; United Kingdom). Statzyme
Glucose (500 nm) reagent kit was obtained from Worthington
Diagnostics, Division of Milliporé Corp., (Freehold, New
Jersey). SDS-PAGE kit, ﬁolecuiar weight standards, all other
electrophoresis reagents and Dowex AG 1x8 (200-400 mesh) resin
in fhe chloride form were obtained from Bio-Rad Laboratories
(Richmond, California). Sephadex G-100 resin was obtained
from Pharmacia Fine Chemicals AB (Uppsala, Sweden). Chlor-
amphenicol, rifampicin, lysczyme, pronase, DTT, NEM, ribo-
nuclease A, deoxyribonuclease I, DCIP and PMS were all obtained
from Sigma Chemical Co., (St. Louis, Missouri). Yeast extract,
agar and nutrient agary, were obtained from Difco Laboratories
(Detroit, Michigan). Unless.otherwise stated, all other
carbohydrates, chemicals and reagehté/;;;ghﬁfﬁfhe\giffifﬁ
"grade and purchased from Sigma Chemical Co., or Fisher -
Scientific Co., (Fairlawn, New Jerse&).
The organism used in this study was P. putida (ATCC

-

12633), formerly classified as P. fluorescens A 3.12. The

organism was first isolated by Stanier (102) and has since

been used in many different biochemical and physiological

Lo

studies. The organiém was obtained as freeze-dried samples

from the American Type Culture Collection (ATCC) (Rockville,
' . 45 )\
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Maryland) and maintained routinely on glucose-mineral salts
agar slopes or nutrient agar slopes.
Methods \\

Grdwth and Characterization of P. putida

For growth of P. putida, the semi-defined medium of
Davis and Mingioli {(103) was used throughout these studies:
B
g/L (final volume)

K2HPO4 7.0
KH2P04 ‘ 3.0

(NH,) 580, : 1.0

MgSO, - TH,0 R 0.1
Yeast extract 0.2

Trace solution-A 0.5 mL
Trace solution B 0.5 mL
Carbon source 2.0

. Solutions of trdce elements, made up according to Barnett

and Ingram (104), contained the following:

"Trace solution A

mg/100 mL (stock solution)
FeSO4-4H20 B8O
50 . 80
NaCl 2000

MnSO4-4H
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Trace solytion B >

mg/100 mL (stock solution)

ZnSO,, - TH,O | . 40
CuSO4'5H20 8
C0C12'6H20 8
CaClz(anhydrpus) l 1000
Na2MoO4-2H20 10

&
KI 60

The resulting medium which had a pH of 7.1 was sterilized
. by autoclaving at 121°C for 15 min in a Peltpn and Crane
. Magna-clave, Model MC (G. A. Ingram Co., (Canada) Ltd.,
i —_— :
Windsor, Ontario), without the carbon source. A 2% (w/v) of
carbon source was sterilized by membrane filtration in.a
Nalgene 0.20 u filter unit (Nalgene Sybron Corp., Rochester,
New York) and the appropriate amount added aseptically to
the stérile mineral salts medium to give a final concentration
of 0.7%. P
—-n-‘ i
;he purity of the organism was periodically tested by
a variefy of biochemical tests as described in Table 2.

Preparation of Whole Cell Suspensions

The necessary cell yields were‘achieved by growth of
P. putida in 2 L Erlenmeyer flasks, each containing 500 mL
of glucose-, gluconate-, 2-ketogluconate-, citrate-, or
succinate-mineral salts medium. Inocula for these cultures
were prepared'from 24 h slope cultures, by washing with 10 mL

of sterile distilled water and aseptically transferrigg\an
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Table 2

Biochemical Tests Used in Determining the Purity of P. putida.

Test ] P. putida
Type of growth in Hugh and . Acid production only at
Leifsons medium (1% glucose). top of aerobic tube.

Methyl red. -
Voges Proskauer. ‘ -
" Gelatin liquefaction. -

Indole production. -

Ammonia from arginine. + .
Oxidase. ' . - +

Catalase. . - . +

Growth in Koser's citrate medium. +

Growth on milk agar* (61)-. Growth, no hydrolysis

and no pigment.

*Used)to distinguish between P. fluorescens and P. aeruginosa.
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appropriate aliquot (1 mL) to a 250 ml, Erlenmeyer flask
containing 50 mL of the appropriate 'carbon source-mineral
salts medium. Cells were grown for 8 h, at which time 1 mL
aliquots of the growth solution were aseptically removed and
transferréd to each of the 2 L flasks. Succinate, citrate,
gluconate or 2-ketogluconate grown cells were obtained from
cultures trained for at least six sub-culturesrthrough the
appropriate carbon source-mineral salts medium. Cultures
-were incubated at 30°C in an orbital rctary shaker with
setting at 4 (Lab-Line  Instruments Inc., Melrose Park,
Illinois). Using this procedure, cell yields -in the range of
2.5 to 3.0 g wet weight per L of culture medium were obtained
after 15 h incubation, at which time the cells were in the
late exponential phase. Cells from cultures of 1 L or lgss
were harvested in.a Sorvall Superspeed RCZ—@ ceﬁtrifuge

. . +
(Ivan Sorvall Inc., Newton, Connecticut) at 10,000 xg for
10 min at 30°c. Cells from cultures of greater than 1 L
were harvested in aﬁ IEC PR-6000 centrifuge (Damon/I1EC
Diviéion, Needham Heights, Massachusetts) at 4,200 xg for
20 min at SOOC. In either case, the cells were washed with
énd suspended in 100 mM pétassium phosphate buffer, pH 7.1
(potassium- phosphate buffer), to the desired protein .

concentration.

Preparaticn of Cytoplasmic and Quter Membranes

(a) Cytoplasmic Membrane Vesicles
o The method for obtaining cytoplasmic membrane vesicles

ot

was essentially as that described in (60). Glucose or
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succinate grown whole cells were suspended in 2/3 the

original culture volume in a solution containing in final
concentrations; 2.5% LiCi, 0.75 M sucrose, 10 mM potassium _ .
phosphatef pH 7.1, 10 mM MgSO4 and 0.5 mg lysozyme mL_1

This suspension was incubated for 1 h at 30°C on a rotary
shaker and the osmptically fraga}e spheroplasts were then
_ﬁarvested by centrifugation ét 10,000 xg for 15 min at 4°c.
The pellet was suspended in the smallest possible volume

with 2.5% LiCl in 0.75 M sucrose. The suspension was quickly
~added to 50 voluhes of ice-cold 10 mM potassium phosphate
buffer, pH 7.1, containing 1 mM MgSO4, in a Waring blender

and blended for 10 sec. Deoxyribonuclease I (DN'ase) and
ribonuclease A (RN'ase) were added to a final concentration

1 .nd the mixture was incubated at 25°C

eaah of 20 pg mL™
With gentle stirring for 30 min. This mixture was then .
centrifuged at 40,000 xg for 30 min at 4°C in alBeékman L8-55 -
ultraceqtrifuge (Beckman Instruments Inc., Fullerton,
California) and the pellet suspended‘in‘iceréold potassium
phospbate buffer conta}ning 10 mM MgSO4. Large.fraéments

and whole cells were removed by centrifﬁging the suspension -~
at 800 xg fo¥ 30 min at 4?C. The supe?hatant was theﬁ
centrifuged at 40,000 xg for 30 min at 4°C and the fimal
pellet, cytoplasmic membrane vesicles, was washed twice with

and suspended in the same buffer system and stored at -20%.

(b) Outer Membranes

The isolation of the outer membrane was based on a

modification of the method of Mizund and Kageyamé (B6).

'
a .
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Glucose or succinate grown whole cells (4 g wet weight) were
"suspended in 40 mL of ice-cold 20% sucrose and the following:
ice—cold reagents added slowly with constant stirring; 20 mL
of 2 M sucrose, 10 mL of 100 mM potassium phosphate, pH 7.1,
10 mL of 100 mM Mgso4', 0.8 mgg@g DIT mL™' and 0.5 mg of
1§sozyme mL~ L. ??e suspension was incubated for 1 h at.30°C
on a rotary shaker and after 30 min DN'ase was added te a
final concentration of 5 ug mLJl. Tne enspension wiifpké%-
.‘centrifuged at‘lo,OOO'Xg for 15 min at 30°C to remove the

. Iy e
'Ssmotically fragile spheroplasts. &Cytoplasmic membrane

-

- -

vesicles could beiobtained'from these‘spheroplasts ny the
method described abone Outer membranes were recovered fgom
the supernatant by centrlfugatlon at 100, 000 Xg for 90 min

at 4°C. The outer membrane fraction was suspended in a small
amountfof potassium phosphate guffer and centrifuged at‘SOO xg
for 30 min at 4 OC to remove any’ large fragments., The super—
natant was then centrifuged at 100, OOO xg for 90 min at 4°¢c
and the final pellet, which had a whitish opaque appearance

a referred to as the crude outer membranes, was washed

twice with ;nd suspended in a small volume of the same buffer.
For fluoride reléase studies the outer membranes. were used

immediately, otherwise they were stored at -20°C.

Preparation of Cell-Free Extracts and Cell Envelopes
L

(a) Cell-Free Extracts

Cell-free extraets were produqed by ultrasoniéayion (55).

A glucose grewn whole cell pellet was thoroughly mixed with

an equal eF o ssium phosphate buffer to prodfice a
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thick cell suspension. The suspension was cooled to 4°C
and ultrasonicated for'8—i6 Xx 1 min ﬁeriods using'é Sonic
300 Dismembrator (ARTEK Systems Corp., Farmingdale, ﬁew York)
with setting at 60%. The temperature during uitraéonicatidn '
was maintained at 0-4°C with, the use of an ice-salt bath.
During_ultrasoniéation thg susﬁension turned reddish-brown,
indicating cell breakége and.release df cell cont;nts. The
ruptured cell susﬁénsion was centriiuged at 17,000 xg for
10 min at 4°C. A small dark brown péllet was obtained, -
consisting of unbroken whole cells and large debris. In -~
gbme_cases no pe11e€ was obtained, suggesting a néar complete
.cell Breakagei The reddish §uperﬁ§tant obtained is referred
.-to as the cell-free extract. '

. L]
(b) Cell Envelopes

'Cell envelopes were‘obtainéd directly frém the cell-free
‘extract. ‘éhe cell-free extrépt was centrifuged at 100,000 xg'
for 90 min at 4°C. The red' pellet obtained was washed with
andjsuspénded in potassium phosphate buffer. This is

referred to as the cell envelope suspension and is made up

of -the. cytoplasmic membrane,.outer membrane and the peptido-

Cat

'éiycaﬁ layer. The supernatant obtained after centrifugation
is referred tb as the cell envelope-free supernatant and

‘contains many soluble proteins.

SﬁS-Extractiqn of Cell Envelopes

This méthod is based on the procedure of Mizunc and
Kageyama {(93)., Cell envelopes prepared from glﬁcosé’dr
succinate grﬁwﬁ ﬁhble cells of P. putida (5 g wet'weiéﬂth

-

f('l.‘
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were incubated with 15 mL of the SDS-extraction solution
(2% SDS-10% glycerol-10 mM Tris-ﬁCl, pH 7.8) for 60 min at
30°C or 70°C. The insoluble fraction was collected by centri-
fugatiognat 100,000 xg for 90 min at 25°C. The extraction
was repeatedyonce more with 15 mL of-the SDS-extraction
solution at the appropriate temperatuqeé. Peptidoglycan-
associated protein comple;es (92) were isolated by centri-
fugé?lon at 106,000 xg for 90‘mi; at 25°c; washéd once with
distilled water at 4°C and suspended in a small volume of

-

distilled water. The supernatants from the saﬁe extraction
‘temﬁgratures were combined and p?oteins collected by addition
of 2 volumes ice-cold acetone and centrifugation at 17,000 xg
for 20 min at-4°C. The pellets were suspended in a small .
volume of distilled water. Pepfidoglycan-associated protein
complexes obtainéd by SDS-extraction at 30°Cc were‘further
extracted by incubation with 10 mL‘of the SDS-extraction
solution for 60 min at 70°C or by incubation With 10 mL of
the SDS-extraction solution supplemented with 0.75 M NaCiufpr
60 min at 30°C. Insoluble fractions (predominately peptidé;,
glycan)} were collected by céntrifugatf3ﬁ at 100,000 xg for‘.
90 min at 25°C. Proteins from thé individual supernatants
were collected by addition of 2 volumes ice-cold acetone and
centrifugation at 17,060 xg for 20 min at 4°C. Protein

peliets were suspended in a small volume of distilled water.

Osmotic Shock of Whole Cells

The method of osmotic shock was based on the procedure

of Stinson et al. (67) for the isolation of GBP from P.
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aeruginosa. Glucose grown whole télls (1 g wet weight) were
suspended in 30 mL of 0.2 M MgCl,-0.05 M Tris-HC1, pH 8.5,
puffer. at 25°C. The suspension was incubated for 30 min
with,éonstant stirring and then centrifuged at 16,300 xg for
20 min. The cells were rapidly suspended in 30 mL of distilled
wdter’énd after-an additional 30 min stirring.at 25OC, the
suspension was centrifuged. The pellet was immediately
suspended.in potassium phosphate buffer and tested for
defluorimating activity. The Ssupernatants were éombined and
dialyzed against 2 L of 1 mM MgC12—0.01 M Tris-HCl, pH 7.4,
buffer at 4°C overnight. Proteins were collected by 0-95%
saturatioh with (N]I4)2SO4 and centrifugafion at 17,000 xg
for 20 min at 4°C. The sediment was suspended in a small
amount of‘buffer and dialyzed overnight. This.crude'shock
éxtract was tested for.glucose binding and defluorinating
activities. ’ | " e K

Assay of Glucose Binding Protein

The binding activity of dBPlin the crude shock extract
waé;gstenmined by equilibrium dialysis (67). Dialysis tubing
(Fisher Scientific éo., 1 cm diameter) were filled with 1.0
‘mL of extract (1.0 mg proFein mL_l) and dialyzed at 4°C for 20 h
against 100 mL of buffer containing 2 uM D—[U—14C]g1ucose
(4.02 mCi/mmol). After didlysis, 0.1 mL samples were removed
‘from each compartment for liquid scintillation counting.

Fluoride Release Studies

Fluoride ion was determined by a fluoride ion specific

electrode (Orion Research, Cambridge, Massachusetts) attached
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to a Metrohm Herisau E510 mV/pH meter (Brinkman Instruments
Ltd., Rexdale, Ontaric). A standard curve was constructed
with known amounts of NaF in potassium phosphate buffer
(APPENDIX 1I). The protocol .adopted for determiniﬁg fluoride
ion in the various reaction mixtﬁrééxﬁas.essentially the same. -
The reaction was initiated by adding'ﬂnown'amounts of 4FG to
various whole cell §usbensions (5-8 mg érotein mL_l), al;'iq
potassium phosphate buffer. For inhibition studies, whole
cells were incubated simultaneously with 2.5 mM ;FG,and 5lmM
of the various sugars or 10 mM sulfhydryl alkylating reagents.
The total volume of the suspensions was 3 mL,'but inrsome cases
4 mi'was used. The suspensions were incubated in 25 hL
Erlenmeyer fl@sks'at 30°C on a,rotary shaker. At various
‘time iﬁtervals_fluoride reieasg froy 4FC was determined by
directlﬁ submefging the flﬁoride electrode into the suspen-
sions. After allowing 5 min for equilibration, mV readings
were taken. A similar protocol was used in the presence or
absence of 1 mM DTT with the various cell envelope fractions.
In these cases, however, the total volumes were usually 2 mL
(1-3 mg protein mL_l). Incubation of various 4FG concentrations
in potassium phosphate buffer at 30°C were used as controls.

Rates were determined from the slopes of fluoride release curves.

Pre-Incubation of Whole Cells with Chloramphenicol and Pronase
Glucose or succinate grown whole cell suspensions | -
(10 mL, 8-10 mg protein mL_l) were incubated on a rotary

shaker for 60 min at 30°C in the presence of 1 mg_mL_l chlor-

amphenicol or rifampicin. Appropriate aliquots were then

.
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. removed and used directly in fluoride release studies.
Similarly, glucose grown whole‘cells were pre-incubated

with Pronase (5 mg mL—l) for 30 min atASOOC. After incubation,
aliqpots Were removed and used directl& in fluoride release
studies. The rest of the Pronase treated cells were washed
with potassium phosphate buffer and allowed to recover in
buffer for‘;? min before being used.

Respirometric Studies

The extents and rﬁtes of respiration of glucose and 4FG
by whole cells, cell—free.extracts, cell envelopes and
cytoplasmic membrane vesicles waslcarried(dut by fhe manometric
method 6105) using a Gilson differential respirometer with
eight Zd_lecalibrated reaction flask¥Gilson Medical
Electronics, Middleton,;Wisconsin). Each reaction flask
contained in a total velume of 2 mL; 1.0 mL potaésium phosphate
huffer and 0.5 mL of whole'cells, céll—frée'extract, cell.
envelopes or vesicles in the main compartment and 0.5 mL of
.substrate in the side-arm. Inh the centré well there was
placed 0.2 mL 6f'20% KOH and a folded paper wick to absorb C02.
The reaction was initiated by tipping the contents of‘the '
side-arm into fhe main compartment and the amount of oxygen
consumed was monitored as described in the instruction manual
(Gilson Medical Electronics). The incubation temperature was
30°C and the gas phase air. The number of moles or g atoms

of oxygen consumed per mole of substrate was determined as

shown in APPENDIX II.
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Incubation of Whole Cells with D—[6:3H14FG

-

" Glucose grown whole cells (24 mg protein) were incubated
in the presence of 1 mM D—[B—BH]4FG (7.2 mCi/mmol) in a total
volume of 4 mL at 30°C on a rotary shaker. At appropriate
time intervals the suspensions were centrifuged at 10,000 xg
for 10 min at 30°C to obtain whole cell ‘bellets and super-
natants. The whole cell p§llets were either dialyzed‘against
pofassium phosphate buffer at 4°C for 24 h or ultrasonicated
and centrifuged at 100,000 xg for 90 min at 4°C to obtain a
fraction consisting of the intracelluar contents. For the
determination df the site of the radiolabeled protein(s),
glucose grown whole cells (200 mg protein) were incubated
in the presence of 1 mM D-[6—3H]4FG (7.2 mCi/mmol) in a total
“volume of 20 mL for 24 h at 30°C on a rotary shaker, resulting
in 100% fluoride release. The whole cell pellet obtained by
centrifugation was dialyzed and then fractionated sequentially
by the 'various methods discussed earlier. In some cases,
the whole cell peliets obtained from the 4 mL incubation
mixtﬁres were used in the fractionation. Qgpe specific
activities of the va}ious fractions were determined as out-
lined in APPENDIX III.

Estimation of SH.O and Tritiated-Carbohydrates

A simple micro-procedure for the estimétion of 3H20 and
tritiated-carbohydrates ([SH]-carbohydrates) in the various
whole cell incubation supernatants and intraceliular contents
was used as described by Clark (106). .Yellow plastic pipet

tips (0.5 cm x 5 cm}, designed to fit the Pipetman brand-
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ad justable pipet, were plugged at the small end using fine
glass wool. Each pipet tip was filled to a height of about
4 cm with Dowex AG 1x8 resin in the.borate form. This was
prepared by washing Dow;;fxaklxs ?ZUGV4DO mesh) resin in the
chloride form with 1 M potassium tetraborate, pH 8.5-9, until
the effluent ﬁas chloride free (about 30 volumes were required).
A subsequent wash with deionized distilled water (10 volumes)
was necessary tc bring the pH Fown to 7.5. The columns were
loaded with 25 uL of 1.mM D-[U-1%Clglucose (4.0 mCi/mmo1),
1 mM D—[G—BH]4FG (0.3 mCi/mmol), whole cell incubation super
natants or intracellular contents. aHZO was estimated by
washing the columns with 10 x 0.2 mL aliquots of deicnized
disfilled’water. The effluents were collected directly into
scintillation vials for Eounting. These columns were found
to retard many carbohydrates and some amino acids, which have
been summarized (106). [SH]—Carbohydrates were then estimated
by washing the columns with 25 x 0.2 mL aliquots of 0.25 M
ammonium tetraborate. The effluents were collected:ﬁirectly
into scintillation vials for counting. |

Isolation of Tritiated-Carbohydrates

The supernatants obtained from the 24 h incubations were

combined (about 60 mL). To this was added 0.5 g decolorizing

’

charcoal and the suspension was stirred for 30 min. The
suspension was filtered and réduced to dryness on a rotary
evaporator. The residue was suspended in 5 mL-of deionized

distilled water and then loaded onto a column of the Dowex

AG 1x8 borate resin (106) (1 cm x 10 cm bed height). 3H20
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was removed by washing the column with 20 mL of deionized
distilled water. [SH]—Carbohydrates were eluted by washing
the column with 10 mL of 0.25 M ammonium tetraborate. This
fraction was repeatedly mix?d with iO x 100 mL‘of methanol
and evaporatedq%o dryness on a rotary evaporator to remove
the volatile methyl borate (107). The pH was checked and
adjusted to neutrality with 1 M HC1 and the sample was reduced
to dryness. The residue was suspended in a final volume of
1 mL with deionized distilled water and was analyzed by
chromatography and Fourier tranéform lgFuNMR. To 0.5_mL‘
of this suspension was aaded 1 mL of 1 M HC1 and the solution
heated at 100°C for 10 min. After cooling, the solution
was neutralized with 1 M NaOH. The solution was reduced to
dryness on a rotary evaporator and the residue suspendedﬂin
0.5 mL with deionized distilled wate;. The hydreclyzed
product was analyzed by chromatography.

Chromatography

Thin layer~chromatography (TLC) was performed using
silica gel G 20cm x 20 cm plaétic plates (BDH, Toronto,
Ontario). The plates were developed in ethyl acetate: acetic
acid: water (3:3:1) and the carbohydrates detected by spraying
with a 95% solution of concentrated sulfuric acid in ethanol,
followed by heating at 110°¢ for 10 min.h.Radioactivity on
the chromatograms were determined by placing lcmx 1lcm s
scrapings of the sample lanehoq the dried chromatogram

into scintillation vials for counting. Reducing sugars were

detected by using aniline hydrogen phthalate (108). Sugar-
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" phosphates were chromatographed on Whatman # 1 chromatography
paper in an ascending manner. The paper was pre-washed Gith
2 M HC1, dried, washed with distilled water and &hen dfied
again, Thé paper was developed in n-propanol: concentrated
ammonia; water (6:3:1) and sugar-phosphates detected by the
method of Runeckles and Krotkov (109). The chromatogram was
dipped into a bath of acid-FeCly in acetone (150 mg FeCly-6lig0,
3 mL of 0.3 M HC1 and 97 mL of acetone), air dried and then
dipped into a bath of 1.25% sulfosalicylic acid in acetone.-
Sugar-phosphates appéa?ed on the d£y chromatogram as white
spots in a red-brown fie}d.

Column Chromatography

“w

Column chromatography was performed on a Sephade; G-100
column (0.7 cm x 48 cm bed height). The'resin was pre-
eqd?librated with 0.1 M sodium phosphate, pH 7.2,-0.1% SDS-

. 0.02%.sodium azide buffer. 150 uL (500 ng protein, 6,000

dpm) of the radiolabeled cell envelepe suspension or 150 pL
(150 ug protein, 4,000 dpm) of the radiolabeled peptidoglycan-
associated protein complex suspension were applied onto the
column and fract@ons eluted with the same buffer. The samples
yere heatis at 55°C for 30 min prior to aﬁplication onto the

column. The flow rate was set at 1.2 mL n~! and 0.6 mL

fractiths were collected on a Gilson model FC:BOK micro-
fractionator (Gilson Medical Electronics Inc., Middleton,
Wisconsin) at room temperature. Fractions were then determined

for radioactivity and protein (absorbance at 280 nm). The

molecular weight of the radiolabeled protein was estimated
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by using bovine albumin and'lysozyme as molecular weight
markers (APPENDIX IV). The void volume (VO) was estimated
with the use of blue dextran. Fractions containing the
-highest radioactivities were pocled, lyoﬁhiliied and the
residue suspended in a small amount of distilled water for
electrophoretic analysis. lf‘

Urea-SDS-Polyacrylamide Gel Electrophoresis

Urea-SDS-PAGE was yperformed essentially by the method
of Mizushima and Yamada (110). Gels were prepared by mixjng
in final conéentrations; 8% acrylamide, 0.2% bis-acrylamide,
0.2% SDS, 8 M urea and_O.l M sodium phosphate buffer, pH 7.2,
in a total volume of 40 mL. The polymerization of the gel
was initiated by addition of 60 mg.of ammonium persulfate
and 24 uL of TEMED. The solution was quickly poured into
0.6 c¢cm x 16 cm glass tubes to a height of about 12 cm and
overlaid with aﬂgmall amount of water to foerm a smooth flat
surface. The solution wig enough to make about 10 gels
and polymerization bbcqfréd within 15 min. _ Samples were
prepared by dissoiving 50-100 pug of protein in 100 uL of 1%
SDS¥2%,F— ercaptoethanol;solution; followed by heating at
100°¢ for%% min aﬁd addi£ion of urea (8 M final concentration).
T6 thié was added 10 nL of 0.5% bromophenol blue and 50 or
100 uL of the sdlution applied onto each gel. Therefore,
about 50 ug of protein were usually épplied onto each gel.
This was overlaid with 0.1 M éodium phosphate buffer, pH 7.2.
Electrophoresis was perférmed in.a 15-tube capacity electro-

phoresis cell with the anode in the lower chamber and cathode
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in the upper chamber. Electrophoresis was carried out at
4 -mA per gel for 30 min at room.temperature in 0.1 M sodium
phosphate, pH 7.2, 0.1% SDS buffer. Then the current was
increased to 6 mA per_gel and electrophoresis éontinued for
5 h until the bromopheﬁol blue had migrated to about 3/4
of the gel. This distance was marked with black drafting ink.

Gels were stained for.protein with Coomassie brillant
blue (R-250) ér.for glycoproteins by the method of Fairbanks
et al. (111). 1In staining for protein the failoﬁing pfotqcol
was used; (1) 25% isopropyl alcohol, 10% acetic acid, 0.05%
coomassie blue, overnight,; (2) 10% isopropyl alcohol, 10% .
acetic acid, 0.005% cdoma;sie blue, 6 h, (3) 10% acetic acid
with 0.0025% or less toomassie blue, overnight, and (4) 10%
acetic acid for several days until the background is clear.
The protocol for staining for glycoproteins was as follows; (1)
0.5% periodic acid, 2 h, (2) 0.5% sodium arsenite, 5% acetic
acid, 1 h, (3) 0.1% sodium aréenite, 5% acetic acid, 3 x 20
min, (4) 5% acetic acid, 10 min, (5) 10 ﬁf/;f Schiff reagent
(111) per'gel, overnight, and (6) 0.1% sodium.metabisulfite;
3 x 1 h. In staining for glycoproteins about 200 ug of
protein were usually appliéd_onto each gel. Gels were '
" scanned on a model 4310 scanning densitometer (Ortex Inc.,
'Oak Ridge, Tennessee) or photographed.

For radioactivity determinationg, the gels were sliced
into 0.5 cm sections and placed fntq scintillation vials.
200 uL of H202 were added £b tEe gel slices which were then

incubated at 55°C for 24 h. After digestion of the gei slices,
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the solutions were subjected to radioaétivity counting. The
molecular weight of the protein bands were estimated from a
standard curve prepared with known molecular weight proteins °
(APPENDIX V).

Preparation of 2K4FGA and. 4FGA

2K4FGA and 4FGA were prepared by incubating 10 mM 4FG
with.cytoplasmic membPﬂne vesicles (10 mg of protein} prepared
from glucose and sﬁécinafe grown whole cells, respectivély.
The'formation.of 4FGA was based on the ﬁact that cytoplasmic
membrane vesicles from succinate grown whole cells have a
defective gluconate dehydrogenase complex (éO). The reaction ‘
were carried out in volumes of 3 mbL and the‘oxidationlof 4FG
was monitored on the Gilson differential respirometer. When
complete (about 8 h) the vesicles were removed by céntri—
fugation. The products obtained were analyzed by TLCZ The
concentration of the p;oducts was based on the initial
concen£;;g§on of 4FG and assumifig that the oxidation of 4FG

had gone to cdmpletion.

Liquid Scintillation Counting

Radioactivity was measured on a Beckman LS 7500 liquid ~
scintil®ation counter (Beckman instruments Iné., Fullertqﬁ;‘
California). Tge liquid scintillation'gocktail was prqpared
as fo}lows; 5.5 g of PPO, 0.1 g of POPOP, 333 mL of Triton
X-100 and 667 mL of scintillation grade.tcluene. In all cases,
10 mL of the liquid scintillation cocktéil was added o the-

various samples for raﬂioactiv;ty determinations. Quench

correction curveg}(APPENDIX VI - and VI1) were prepared from
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quenched standards (Nuclear Chicago) using the li-number
concept of quench correction (see manufacturér's manual for
the theoretical discussion.on this concept).

Assay of Enzyme Activities

The method used for assaying the activities of glqcose,
gluconaté and succinate dehydrogenases was based on. the
procedure described by Mizuno and Kageyéma (86). Reacfion
mixtures contained 100 mM potassium phosphate, pH 7.1, 19 mﬁ

KCN, 10 ug of PMS, 20 ug of DCIP and 50-100 ug ?rotein of

outer or cytoplasmic membrane fractions. All reactions were

initiated by addition of 100 mM (final concentration) glucose,
gluconate or succinate in a total volume of 1.0“%L. The
* -

enzyme activities were measured by the decrease in absorbance

dt 600 nm for DCIP at 25°C on a Beckman model 35 spectro-

‘photometer (Beckman Instruments Inc., Fullerton, California)..’

The activities were calculated using an'extinctiqn coefficient.

for DCIP of 10 mM™ cm™t. .

Protein Determination

Protein determihations were by the method of Lowrﬁ et al.

] m— —

: - . \
(112) with bovine serum albumin as a standard. Before the™

determination of protein in whole cell suspensions, the
whole cells were diluted to an absorbance of about 1.0 at

600<nm; This is 'in the range of about 1.0-1.2 mg of protein

mL_l. For colﬁmnjeluates, protein was éstimated by measuring

»

the absorbance at 280 nm.

Estimation of 4FG in Whole Cell Incubation Supernatants

The removal of 4FG from the supernatant-of whole cell

-
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anubatlon mixtures was monltored with the use of the Statzyme

" Glucose (500.nm) reagent. 3.0 mL aliquots of thlS reagent

‘\__,f-._\

. ' . -
were incubated at 300C for 10 min.- To these were added

200 nL of the various whole cell incubation supernatants and

the solutlons incubated for an addltlonal 2'h. After incubation
100 nL of 4 M HCl was added to stop the reaction and stabilize
the color. The absorbance of the solutions were then determlned
at 500 nm. 4FG was estlmeted-from a standard ‘¥urve produced
usiqg'yarious concentrations of 4FG {APPENDIX VIII). o~

Kinetic Treatment of Data

Km and V values were obtained from double reciprocal

" or Llneweaver-Burk plots (113) and were estimated by linear

regreSSLOn of the kinetic data (APPENDIX IX). The K_ and

Vmax values are the average of dupllcate trials.

Fourier Transform 19F—NMR

19F NMR was performed on a Druker pylse NMR spectro—

;meter CXU—IOO 1ﬁ‘the Fourler transform mode . Samples ‘were

exaglned for up. to 50,000 scans. 0. 1 M trlfluoroacetlc acid

o

apd 0.1 M_NaF were used as'sfandards.

. ! .
. S {



CHAPTER I1II
RESULTS AND DISCUSSION
Although fluorocarbohydrates have been used as bio-
chemical probes.in a variety of biological studies, few
examples of defiuorination reactions have been reported.
The défluorination of 4FG by glucose grown whole cells of
P. putida, therefore, represents a rather unique system.
which may have biological significance to the organism.
Initial investipgations, therefore, were concerned with
studying the nature and properties of this defluorination
reaction.
Eué;t When thick whole cell suspensions of glucose grown
P. putida are incubated with, vagying concentrations of 4FG, the
rates of rlUOride release are observed to be virtually
proportxonal to the concentration of 4FG {(Table 3) Fluoride
release was found te be linear for about the first 4 h.
with virtually complete defluorination occurring after
24 h @ncubation”_ In the case of 10 mM 4FG, further incuba-
-_tion re5g1ts in the release of more fluoride from 4FG. A
'ouble'reciprocal plot of the rates.oflfluoride release
Q//jgalnst the concentratlons of 4FG gives an apparent K of

-1

'3.9 mM and an apparen; A of 1 nmol fluorlde mg- proteln

max

‘, ‘min~1 (Figure 9)' This suggests thg¢~ihe defluorlnatlon
reactlon follows Mlchaells-Menten type klnetlcs (114)
Furthermore, the results glve the flrst 1ndlcat10n that the
defluorlnatlon process Ls‘a protein catalyzed reactlon,

: ﬁéich‘fg‘dgbendent‘on:both the concentration ef 4FG and the
amount of whole cell protein,

66
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Table 3

Fluoride Release from 4FG by Glucose Grown Whole

_Cells of P. putida.*

[4FG] v(nmol,fluoride mg protainn1 % fluoride released
{(mM) min~ ") after 24 h
0.5 0.09 100
1.0 0.18 100
2.0 0.30 95
2.5 0.38 95-
5.0 0.54 88
10.0 0.60 o9

*Whole cell suspensions (24 mg protein) of gluldose grown

P. putida Wgre incubated at 30°C in 100 mM potassium

phosphate buffer, pH 7.1, with varying concentrations of

4FG (0.5-10.0 mM) and in a total volume of 4 mL. Rates of

fluoride release were determined from'the slope of the

linear portion of the curves for fluoridetreleége.

Fluo;ide'determinations were as described in the MATERIALS

AND METHODS section.
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Figure 9
Double Reciprocal Plot of Fluoride Release from 4FG by

Glucose Grown Whole Cells of P. putida.

Legend: .

-

Thick whole cell suspensions (24 mg protein) of gluéose
grown P. putida were incubated with various.concenirations
of 4FG (0.5-10 mM) in 100 mM potassium phosphate buffer, pH
7.1, at 30°C and in a total volume of 4 mL. F%uoride
determinations were as described in the MATERIALS AND METHODS
section. fhe Km and Vmax values were estimated by 1i:ear
regression of the kinetic data and are the average of
. duplicate trials. )
Agparent Km = 3.9 mM 4 \\'

. Apparent V ___ =1 nmol fluoride mg protej.n'1 min~t
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Figure 9
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No oxygen consumption, abové the endogenous level, could
be detected in whole cells given 4FG (0.5-2.5 mM) as a
substraté, in accord with preliminary studies (61). On the
other hand, glucose (0.5-2.5 mM) is oxidized extensively
(2.7-3.4 mol oxygen moi glucosé'l). Figure 10 illust?ates
a typical result obtained with 2.5 mM glucose or 4FG as
subsfrates. Unlike 3FG (61), therfore, 4FG is not oxidized
by.g1u005e_grown whole cells of P. putida, instead an
extensive release of fluoride occurs.

In contrast to whole cells, cytoﬁlasmic'membrane vesicles
or cell-free extracts were found to oxidize 4FG and glucose

1 (Table 4).

to the extent of 1 mol oxygen mol substrate”
In the case of 4FG, oxidation was ggnerally complete within

6 h incubation. Furthermore,lnegligible fluoride release
(<1%) could be detected even éfter 24.h incubation., Thin .
layer chromatographic analysis of tﬁe vesicle or cell-free
extract supernatants before and after complete oxidation
indicated that 4FG (RF 0.62) was converted to a slower moving

[
s consistent with the formation

component (RF 0.42), which

of 2K4FGA. Likewise, gluco! (RF .52) was converted to a

slower moving component (RF 0.36J% with the formation of

2KGA. These results afe similar tb those obtained with

3FG (55) and demonstrates that 4FG is a substrate f%f the
cytoplasmic membrane bound enzymes, glucose oxidase and |
-gluconaEg dehydrogenase. Apparent Km values of 21 and 18 mM
and appareht vmax values of 138 and‘117 nmol oxygen mg |

protein"1 min'_1 were obtained from double reciprocal plots

e,

.
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Figure 10

Oxidation of D-Glucose and 4FG by Glucose Grown Whole Cells

of P. putida.

Legend:
A - oxidation of 2.5 mM glucose
W - oxidation of 2.5 mM 4FG -
Each Gilson flask contained:
main compartment; 5 mg whole cell protein in 100 mM
. ‘ potassium phosphate buffer, pH 7.1,
up to 1.5 mL.

side-arm; 5 umol (2.5 mM final concentration)
4FG or glucose in 0.5 mL buffer.

centre‘well; 0.2 mL of 20% KOH and paper wick.
The reaction was initiated by tipping the contents of the
side-arm into the main compartment. Temperature, SOOC;

reaction volume, 2 mL; gas phase, air.
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Table 4

The Rates and Extents of D-Glucose and 4FG Oxidation in

Cell-Free Extracts and Cytoplasmic Membrane Vesicles.

Substrate v{nmol oxygen mg Net oxygen =~ mol oxygen-
oxidized protein min ) consumption mol,subsgiate
< (endogenous oxidized
subtracted)
1 2 1 2 1 2

t
4FG 3.6 2.7 4 23 21 1.05 0.95
(1 umol}
4FG 6.3 5.7 45 48 1.0 1.07
(2 pmol) ’ ..
4FG 11.0 11.7 108 118 - 0.90 1.05
(5 nmol) .
4FG 20.5 21.2 203 212 0.90 0.95
(10 umol)
4FG nd 45.0 nd 424 nd, 0.95
(20 nmol) :
glucose 50.1 91.5 125 118 1.1 1.05
(5 umol)
glucose 95.6 177.0 214 223 0.96 0.99
(10 umol)

nd - not determined; 1 - cell-free extracts; 2 - vesicles.

The preparation of cell-free extracts and cytoplasmic

membrane vesicles and the respirometric studies were as

described in the MATERIALS AND METHODS séction. The rates

-

outlined in APPENDIX II.

"and extents of substrate oxidation were determined as

G
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of the rates of 4FG oxidation against the concentration of
4FG in cytoplasmic membrane vesicles and cell-free extracts,
respectively (Figures 11 and 12). Inr comparison, apparent
Km values_of 0.8 and 22 mM and apparent Vmax values of .y
160 and 105 nmol oxygen mg protei -1 min_l have been pre-
viously determined for glucose &nd 3JFG oxidation; respec-
tively, in:cytoplasmic membrane vesicles_(QQ). These kinetic
values reflect a combination of the various kinetic steps
involved in the o#idation reactions.

Cytoplasmib membrane vesicles prepared from succinate
_gyown cells were found to oxidize giﬁéose and 4FG to the
‘extent of 0.5 mol oxygen mol substraté"l, which is consistent
with the repression of the gluconate dehydrogenase cdmplex (607}.
These substrates are oﬁly oxiéized by the constitutive -
enzyme glucose oxidase. Thin layer chromatograﬁhic analyéis
of the‘supernatants indicated that 4FG was converted to a
slower moving component (RF 0.42), indicating the forpafion
of 4EGA. Similarly, glucose was converted to a slower
moving component (RF 0.35), cénsistent with-the formaticn of
gluconié acid. The'RF‘values for 4FGA and 2K4FGA were
observed to identical in the splvent system used, as were
.the RF values for gluconic acid and 2KGA.

g When giycose grown whole cell suspensions were incubated
simultanéousiy with 1 or 2.5 mM 4FG and various concentrations
of glucose, the rates of f{poride release were found to

decrease with increasing concentrations of glucose {(Table 5).

Although the rates of fluoride release are drastically.
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Figure 11
Double Reciprocal Plet of 4FG Oxidation-by Cytoplasmic

Membrane Vesicles Prepared from Glucose Grown Whole Cells

of P. putida.

Legend:
Each Gilson flask contained:
-

" main compartmént; 2 mg vesicle protein in 100 mM
pctassium phosphate buffer, pH 7.1,
up to 1.5 mk:

side-arm; 0.5 mL 4FG solution (0.5-10 mM final
concentration).

~centre well; 0.2 mL of 20% KOH and paper wick.

o

The reaction was initiated by tipping the contents of the

I

side~arm into the main compartment. Temperature, SOOC;

reaction volume, 2 mL;.gas phase, air. The K and'vmax values

. were estimated by linear regression of the kinetic data /"

and are the average o# duplicate trials. ' )

Appdrent Km = 21 mM

Apparent Viax = 138 nmol oxygen mg protein”
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Figure; 11
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Figure“>12

Double Reciprocal Plot of 4FG Oxidation by Cell-Free Extracts

Prepared from Glucose Grown Whole Cells of P. putida.

.

Legend: .
) . : AN
Each Gilson flask contained: _—
main compartment; 7 mg cell-free extract protein in
‘ 100 mM potassium phosphate buffer,
pH 7.1, up to 1.5 mL.
side-arm; - 0.5 mL 4FG solution (0.5-5 mM final
" ’ concentration). ’
centre well; 0.2 mL of 20% KOH and paper wick.

The reaction was initiated by stipping the contents of the
side-arm into the main com rtment. Temperature, SOOC;

reaction volume, 2 mL; gag phase, air. The %m and Vm?x -

values were,estiméted by linear regressgion of the kinetic
”

data and are the average of duplicate trials.
Aﬁparent Km = 18 mM

.Apparent Vmax = 117 nmol oxygen mg'protein'l min_1

4

'l

,6~
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Figure 12
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Table 5
The Effect of RQ-Glucose on the Rates of Fluoride Release

from 4FG in Glucose Grown Whole Cells of P. Eutida.*

o~

[Glucose] v{nmol fluoride mg protein_1 min'l) r
(mM) : o
1 mM 4FG 2.5 mM 4FG
.0 0.25 0.43
0.5 0.14 0.29
1.0 0.09 0.14
2.5 0.06 0.08
5.0 0.05 ™0.06

*Whole cell suspensions (18 mg‘protein) of glucqsé grown

P, putida were incubated at 3000 in 100 mM potassium. 7

phosphate buffer with 1 or 2.5 mM 4FG + varying - o

concentrations of glucose (0-5.0 mM) and in a total Py
//

volume of 3 mL. Fluoride determinations were as descriﬁed

in the MATERIALS AND METHODS section.
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reduced, there is no effect on the extents of fluoride
release. Once glucose has been metabolized by the cells,
fluoride release continues as in the control cells (Figure 13).
These results suggest th5¥ the defluorination reaction
involves the interac¥ion or binding of 4FG to the same site

as glucose in' the whole cell glucose transport system.

Furthermore, as would be anticipated, these cells have a

™ preference for glucose over 4FG, presumably in the initial

binding step. .

| The important stereo-specific and hydrogen bonding
requirements of 4FG for the defluorination reaction wecie
investigated by using a variety of sugars as.inhibitors. The
specificity of hydrogen bonding sites between glucose and /
the carrier protein(s) in the human erqthrocyte (50,51) and
the hamster intestine (47) have been investigated by this
method . Table 6 ind}catés that the most effective inhibitors
of the defluorination reaction are D—gluéose, D-gluconate
and 2-keto-D-gluconate, suggesting that there is a common
binding site for these substrates. As in'the case of glucose,
once gluconate and 2-ketogluconate are metabolized, fluoride
release continues to completion. L-Glucose, &-Me4FG, D-gal-
actose, o- and ﬁ—MeG} maltose, fructose, sorbitol, A-D-thio-
glucose and 5-thiogludose‘were found to have no inhibitory
effect on the QEfluorination reaction at the concentrations
useh.

The fact that %-Med4FG and &~ and f-MeG do not inhibit

fluoride release from 4FG may suggest the importance of ‘the
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Figure 13
The Effect of D-Glucose on Fluoride Release from 4FG En_

Glucose Grown Whole Cells of P. Eutida.

Legeﬁdf

M- 2.5 mM 4FG -

A - 2.5 mM 4FG + 5 mM glucose
Whole cell suspensions (20 mg protein)'of glucose grown
P. putida were incubated with 2.5 mM 4AFG o 2.5 mM 4FG +
5 m& glucose in 100 mM potassium phosphate huffer, pH 7.1,
at 30°C and in a total volume of 3 mL. Fluoride detefmin—
ations were as described in the MATERIALS AND METHODS

section.

-
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Table 6 - ‘

Y]

. The Effeq£ of Various Sugars on Fluoride Release from 4FG

in Glucose Grown Whole Celis of P. putida.*

2.5 mM 4FG + 5 mM sugar: % Inbibition of fluoride
added to incubate release after
30 min : .60 min

L-Glucose S . ’ 0 0
®-Me4FG .0 0
b—Galactose ' 0] 0
2_Deoxy-D-glucose 57 55
D-Glucose:- L ‘ 81 91
4-Deoxy-D-glucose . 30 - 28
D-Gluconate . d 90 90
2-Keto-D-gluconate .. 90 87
o -MeG - 0 0
p -MeG 0 0
Maltose 0 0’
6-Deoxy-D-glucose 73 T4
Fructose ’ 0 0
Sorbitol - 0 0
f -D-Thioglucose _ - 0 0

o 0 0

5-Thioglucose

*Whole cell Suspensions (15-20 mg protein) of glucose grown
E; putida were incubated at 30°C £n 100 mM.potassium
phosphate buffer, pH 7.1, with 2.5 nM 4FG + 5 mM of the
various sugars, in a total volume of 3 mL: Fluoride deter-
minations were as destribed in the MATERIALS AND METHODS

sect'ion.
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C21 paosition of 4F¢ in the‘defluorination reaction. Alter;
natively, is the realization that these glycosides have a
-much lower binding'affinity for the glucoée transport‘éystem
and, therefore, presumably the defluorinating proteip, thgn
glucose and possibly 4FG. Ip\was found that & -MeG hhd a
1000-fold lowér affinity for the glucose transport system
than gluccse in E;'aeruginosa (98). Fufthermore, glucose.
transport was only weakly inhibited in the presence'of 100~
fold excess of *-MeG. An.alternative explanation may be
that these glycosides are taken up by a transport system
different from glucose. This is supported b& the evidence
for an indﬁpendent transport system for «-MeG in P. putida (99).
The lack of inhiGition of fluoride release by maltose and _
P—D—thioglucose may be explainéd in a similar manner. Further-
more, maltose is not used as a carbon source by P. aeruginosa
(95) and, therefore, presumably P, Eufida.

2-Deoxy- énd 6-deoxy-D-glucose were found to significantly
inhisit fluoride release fme 4FG, indicating thé relative
unimport;nce of the C-2 and C-6 positions of 4FG in the
"defluorination reaction. As might be anticipated 4-deoky—>
D-glucose is a poor inhibitor,_confirming the important

stereco-specificity and hydrogen bonding requirements at the

-

C-4 pos}tlon for the binding of sugars with the D-gluco-
configuration as well as AFG to the protein. The importance
of‘the C-4 position is also supported by the lack of inhi-
bition of fluoride release by D—galacéosé and ﬁy the inability
of whale cells to defluorinate 3FG (61). Galactose is not

-
» -
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used as a source of ‘carbon for growth and energy by P.
aerugiﬁosa {95). Furthegmore, galactose dées not inhibit
" glucose binding to GBR at a 10-fold ekcegs, alphough it does\
at a 100-fold excess (67). The lack of inhibition of fluoride
.re}ease from 4FG by gal&gigge may indicate a poor affinity,

if any, of galactose f?r the defluorinating protein. The

lack of inhibition of iluoride release by sorbitol and

fructose supports the #equirément for the ring strﬁcture of
substrates in thg D—gléco—configuration for tpe initial
binding. Furthermorediffuctose has recently been shown

to bé transported inta.g; aeruginosa by a phosphoenolpyruvate
dependent transport system (115). The lack of inhibition

qf fluoride release by S-thioglucose suggests the importance

of the ring oxygen in the initial binding. i

The above results qﬁggest and provide the first indicafion

that the C-4 position and the ring oxygen of glucose may -

play critical roles in its tfansport in P. putida and pre-
sumably other pseudomonads. In this mechanism, the ring

oxygen and the oxygen of the hydroxyl group at the C-4 position
of glucose may form hydrogen bonds with apprépriate groups
of a protein of the glucose transport system. A similar
type of hydrogén bonding with the oxygens at the C-1, C-3
qgsitions and the-ring'oxygen are‘cbqsidergd to be important
sites for the transport of glucose in the erythrocyte
membrane (50,51). .

Incubation of glucose grown wpole cell suspensions of

P. putida with 2.5 mM 4FG and 10 mM NEM, lodoacetate or
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w.
iodoacetamide results in 100%, 68% or 41% inhibition of
jlﬁoride release, respectively, after 30 min. During this
time there was only a slight decrease in the cells ability
to oxidize glucose, indicating little deleterious effect of
these reagents on the cells. After about 2 h incubation

though, endogenous respiration ceased, indicating irreversible

cell damage. These results suggest the possible involvement

‘of an -SH group on the protein in the defluorination reaction,

which may be involved in the formation of a hydrogen bond.
Additional support is based on the fact ‘that -SH group
participation has been demonstrated in a variety of biological
systems as well as those involved with defluorination

reactions (6,7,23,42). Direct support for -SH group partici-

pation cannot be demonstrated until the defluorinating

protein is isolated in a relatively pure form,

If the defluorination reaction is initiated by a protein
which is‘part of the,glucosertransport system, then growth
of cells on various carbon soufces should affect the cells
ability to defluorinate 4FG. Figure 14 illustrates the
results éf growing cells on glucose, gluconate, 2-keto-
gluconate, succinate or citfate. Cells grown on glhconat?"
or 2-ketogluconate were found to have similar rates and
extents of fluoride release as cells grown on glucose. This
aéain suggests the presence of a common binding protein for
these substrates. On the other hand, the rates and extents

of fluoride release were drastically reduced with cells

grown on succinate or citrate, indicating that the protein
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Figure 14/f -
The Effect on Fluoride Release from 4FG by Growth of

P. Eutida on Various Carbon Sources.

Legend:
m - glucose grown cells

& - giuconate grown cells

® - 2-ketogluconate grown cells
A - succinate grown cells
{1 - citrate grown cells

Cells were grown on appropriate carbon sources as described
in the MATERIALS AND METHODS section. Whole cell suspensions
(15 mg protein) were incubated with 2.5 mM 4FG in 100 mM
botassium phosphate buffer, pH 7.1, at 30°C and in a

total volume of 3 mL. Fluoride determinations were as

described in the MATERIALS AND METHODS section.
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-

_responsible for the defluorination reaction is repressed.

Growth of cells 6n sucéinate or citrate results in a greater
than 90% reduction in the rate of fluoride release. )

Exposure of succinate grown cells to 2.5 mM gluéose
or 4FG for 4 h results in an inc;ease in the cells aéility
to defluorinate "4FG (Figure 15). Glucose was found to cause
about a 4-fold increase in the .rate ‘of -fluoride release.
brésumably, this reflects the induction of various proteins
necessary for glucose transport and metabolism. drowth on
succinate hasvbeen shown to repress the cytoplasmic glucose
carrier and gluconate dehydrogenase activity (60), an
enzyme having a key regulatory function fé} glucoge trénsport
and metabolism. it is intéresting fp,note that 4FG alsﬁ.
appears to be acting as an inducer of the protein, although
;he effect is much less than glucose.

Glucose grown whole cells of P. putida are not only
capable of defldorinating 4FG.but also 4FGA and 2KA4FGA
{Table 7). The rates and extents of fluo;ide rplease were
found to be identical for all three substrates?iwﬂurthermore,
glucose was found -to inhibit the defluorination of 4FGA and
9K4FGA just as effectively as it does 4FG (about 85%.inhib._ition
after 60 miq). Tpin layer chromatographic analysis of the ’
superpataﬁts failed to detecf a-defluorinati&n‘product,
which is consistent with previous results (61). These results
indicate theHimportance of the C-4 position in.the binding.
of sugars with the D—g}uco-configuratioﬁ to the protein.

The fact that fluoride is released from 4FG, 4FGA and 2K4FGA
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Figure 13V :

Fluéride Release from 4FG by Succinate Grown Whole Cells

of P. putida Pre-Incubated with D-Glucosekor 4FG.

' -

»

Legend:

®.- cells ppc-incubated with 2.5 mM glucose for 4 h
A _ celis pre-incubated with 2.5 mM 4FG for 4 h

B - cells pre—incubared-in buffer for 4 h

.Wﬁoie cell suspensions (15 mg protein) of‘sucqinate‘grown
P. putida were pre-incubated wiih 2l5 mM glucose or 4FG

in 100 mM potassium phosphate buffer, pH 7.1, at BOOC for
4 ;'qnd in a total volume of 4 ﬁL.l Cells were then washed‘
with.and suspended in buffer to the same protein concen-
tration and incubatéd with 2.5 mM 4FG. Fluoride determin-

ations were as described in the MATERIALS AND METHODS

section.
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Table 7
Fluorlde Release from Various Fluoro-Sugars in Glucose

Grown Whole Cells of P. putida.*

Fluoro-sugar v(nmol flu?rlde_Tg % Fluoride released
(2.5 mM) protein min (after 24 h)

4G : : 0.65 95

4FGA - 0.65 - 95

2KAFGA 0.65 ' 95

o-Me4FG <0.01 C {1

3FG (61) 7 <0.01 {1

N o

L

*Wholé cell suspensions (18 ﬁg protein) of glucose grown
p. pﬁfida were incubated at 30°C in 100 mM potassium
phosphate buffer, pH 7.1, with various fluoro-sugars
‘(é:5AmM) and in a total volume of 3 mL. 4FGA and 2K4FGA
,‘were-prepared byﬁincﬁbatiné 4FG with cytoplqsmic membrane
ve51cles obtalned from succinate and glucose grown cells,
respectlvely, as described in the MATERIALS AND METHODS

.

section.

."‘..
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together with the fact that glucase, gluconate.and 2-keto-
gluconate inhibit the defluorination'reaction-provides
evidence that there is a common binding ﬁrotein for these
substrates. These'results provide the first indication ;hat
P. putida, and presumably other pseudomonads, possess a
péotein which will bind these sugars with similar affinities,
The uptake of glucose in P. aeruginosa (97,98) and
g;.gutida (99} haé been shown to involve two distinct
inducible pathways with differing affinities for glucosé{

4

A high affinity transport system which is induced by groifh
of cells on giucbse, but not on gluconate, succinate or
ci£rate and a low affinity transﬁort system which is‘induced
by growth of cells on glucose or gluconate, but not on
succinate or citrate. The results obtained suggest that
the protein, which is responsible for the defluorination of
4FG, is presumably a cgmponenf of the low affinity.glucpse
transport systemn. In-support of this, it has been demon-
strated that gluconate (99) and 2-ket6g1uéonate (116) are
acti#ely transported in glucose grown‘whole cells of 2; "
putida. - Hancock and Carey ("L00) have recently proposed that
the low affinity glucose transport system involves uptake
across fhe outer membrane of P. aeruginosa via the porin
protein F. |

Further support for the presence and synthesis of protein
responsible for the defluorination reactioﬁ is provided when

glucose or succinate grown cells are pre-incubated with

chloramphenicol (1 mg mL_l) for 1 h at 30°C prior to their
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exposure to 4FG (Figure 16). The extents of fluoride
release after 24 h were found to be 90% and 18% in the
gluéose and succinate groﬁn cells, respectively. On the
other hand, the extents of fluoride_releage were found to be
11% and 2% in the glucose and succinate grown chloram-
phenicol treated cells, respectively. Similar results
were obtained with rifampicin, although chloramphenicol
was found to be more effective in reducing the extent of
fluoride release. The amo&%t of fluoride réleased in glucose
grown chlofamphenicol treated cells presumably reflects the
amount of endogenous protein present which reacts with 4FG.
Fluqride release continues until all the endogenous proteins
arefséturated and then defluorination stops. Fluoride release
above this level, as in the glucose,gréwn untreated cells,
.is presumably the result of protein synthesis.

To estimate the maximum amount of fluoride release from
4FG, a fixed amount of glucose \grown chloramphenicol freated
~and untreateﬁ cells werelihcubated with various concentrations
of 4FG for 24 h. As demonstrated in Figure 17, the extents
of fluoride release in the untreated cells is virtually@;‘

proportional to the concentrafion of 4FG. There is about
90% or more fluoride release with concentrations of 4FG of.
"5 mM or less.. On the other hand, up to 1.25 mM 4FG results
in the production of 133 nmol fluoride mg proteinﬂl'in.the
chloramphenicol treated cells. This value remains constant
with increasing concentrations of 4FG. Furthermore, more

than 90% fluoride release is achieved with concentrations qf
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* Figure 16
The Effect of Chlorampheniccl on Fluoride Release from 4FG

by Glucose and Succinate Grown Whole Cells of P. putida.

Legend:

m - glucose grown cells

[1 - glucose grown chloramphenicol pre-treated cells

A - succinate grown ceils

- succinate grown chloramphenicol pré—tréated cells
Cells were pre-treated with chloramphenicol as described
in the MATERIALS AND METHODS section. Whole cell suspen-
sions (24 mg protein) of glucose or succinate grown pP.
Eutida pre-incubated in the bresence or absence of chlor-
amphenicol (1 mg mL—l) for 1 h at BOOQ weré exposed to
2.5 mM 4FG. fhe suspensions were lincubated in 100 mM
potassium phosphate buffer, pH.7.1, at 30°C and in a total
volume of 4 mL. Fluoride determinatioﬁs were made as

described in the MATERIALS AND METHODS section.
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Figure 17
The Extents of Fluoride Release from 4FG Against the
Concentration of 4FG for Glucose Grown and Glucose Grown

Chloramphenicoi Pre-Treated Whole Cells of P. putida.

Legend:

~ B - glucose grown cells

‘\ 1 - glucose grown chloramphenicol pre-treated cells
Whgls/;cll suspénéions (24 mg protein} of glucose grown
g_ putida pre—incubatéd inlthe absence or presence of
chloramphenicol (1 mg mL_l) for 1 h at 30°C were exposed
to various concentrations of 4FG {0.1-5 mM). The suspen-
éions were incubated in 100 mM potassium phosphate buffer,
"pH 7:1, at 30° C and in a total volume of 4 mL. Fluoride.
’determlnatlons were as described in the MATERIALS AND
METHODS section. The extent of fluoride release wag

determined after 24 h incubation.

RN
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only 1 mM 4FG or less. The 133 nmol fluoride mg érotein—l
value presumably reflects the amount of endogenous protein
initially present in the cells which can react with 4FG.
It can be calculated (APPENDIX X) from this value that a
maximum of 24 pg of 4FG has reacted per mg of whole cell
‘protein. Fiuoride release above this value, as in the
untreated cells, is the result of protein synthesis.

Fluoride release from 4FG with chloramphenicol treated
cells is irreversible since washing the cells after exposure
to saturating concentrations of 4FG (2.5 mM 4FG for 6 h) and
re-exposure to 2.5 mM 4FG for 24 h results iﬁ only 5% fluoride
release. Under the same éonditions, untreated cells
exhibited 78% fluoride releése.

Although the extents of fluoride release are reduced
by treatment of cells with chloramphenicol, the rates are
not significantly affected. A double‘reciprocal plot of
the rates of fluorihe release from 4FG against the concen-
tration of 4FG yields an apparent Km of 3.6 mM and an
apparent V __ of 1 nmol fluoride mg protein_1 min~ > (Figure 18). .
The values are similar to those obtained in the untreafed |
cells afd demonstrates that chloramphenicol only affects
the defluorination reaction by inhibiting the synfhesis‘of"
more defluorinating protein. ‘

Support for a proposed glycosylétiqﬁ,reaction is based.
.on the fact that no defluorinaiion sugar could be detected
in the supernatants or intracellular contents of cells_

incubated with- 4FG (61). Thin layer chromatographic analysis



100

Figure 18
Double Reciprocal Plot of Fluoride Release from 4FG by

Glucose Grown Choramphenicol Pre-Treated Whole Cells of

P. putida.

Legend:
Whole cell suspénéions (24 mg protein) of glucose

grown P. putida pre—incubated in the presence of chloram-

phenicol (1 mg mL_l) for 1 h at 3000 were exposed to various

concentrations of 4FG (0.1-5 mM). ‘The sugpensions were

incubated ih‘loo,mM pétassium phosphate buffer, pH 7.1,

at 30°C and in a total volume ©f 4 mL. Fluoride determin-

. ations were as described in the MATERIALS AND METHODS

section. The Km and Vmax values were estimated b& linear

regreséion 6f the kinetic data and are the average of

duplicate trials.

Apparent Km = S.é mM

e

Appafent vmax-= 1 nmol fluoride mg protein_1 min

-1
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of supernatants from whole cell suspensions incubated with
5 mM 4FG (88% fluoride release after 24 h) failed to detect
any new metabolites. On the cher hand, TLC analysis of
supernatants from chloramphenicol treated whole éell
suspensions incubated with 5 mM 4FG (35% fluoride release
after 24 h) demonstrated the presence of one large spot
with an RF value of 0.42. This is coﬁsistent with the
formation of 4FGA and/or 2K4FGA, which would result by non-
specific diffusion of 4FG to the cytoplasmic membfane bound
enzymes. . a

Figure 19 is a comparison of 4FG removal from various
supernatiﬁts and fluoride release ffom 4FG against ﬁime in
glucose and succinate grown cells. This removal of 4FG
from the supernatant may be due to the initial binding of
4FG to a protein. After 30 min incubation, about 86 nmol 4FG

e ,

mg protein—l are removed from the supernatant of glucose grown
cells, while 7.4 nmol_fluoride mg protein_1 are released from.
47G. In succinate grown cells, only 9 nmol 4FG mg prt:)tein-'1
are removed from the supernatant; while only 0.02 nmol fluoride
mg proteiri—1 are re&eased: As previously observed, these
residual activities in the succinate grown cells demonstrate -
the répression of protein. The above results indicate that
the defluorinqtion reaction may in fact be a two step
process. The first step presumably involves an initial
rapid equilibrium binding of 4FG to a protein followed by a
slow elimination of fluéride ion. Direct‘support for this

initial binding and events leading to the loss of fluoride
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‘ Figure 19
_ Comparison of Fluoride Release from 4FG and 4FG Removql

from the Supernatant by Glucose and Succinate Grown Whole

Cells of P. putida.

Legend:
E—

e - amount of 4FG removed from the supernatant- of
glucose grown cells

©» = amount of fluoride released from 4FG by glucose
grown cells '

m - amount of 4FG removed from the supernatant of
succinate grown cells

M - amount of fluoride released from 4FG by succinate
grown cells ' '

Whole cell suspe?sions~(20 mg protein) of glucose or succinate

1

grown P. putida were incubated with 2.5 mM 4FG in 100 mM
potassium phosphate ﬁuffery\pﬂ 7.1, af'30°C and‘ln a total
vblume of 3 mL. At 5 min intervals cell suspensions were
centrifuged and fluoride and 4FG were determined in the
supernatants as described in the MATERIALS AND METHQﬁS
section. The results are the average of duplicate trials.

v

LY
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have yet to be deduced.
Figure 20 illustrates the effect of pre-incubating
glucose grown cells with Pronase (5mg mL_l) for 30 min-prior
to theiruexpOSure §0,4FG. There is about a 50% reduction in

the rate of fluoride release ﬁith—eelis treated with Pronase.

If these cells are washed and allowed to recover in buffer
‘for 15 min, full defluorinating alctivi_ty is recovered. Pre-
incubation of E. ggll-witn'Pronase has been shown to inhibit
succinate transport (77). It was Shégeeted that this

inhibition was due to the action of‘Pronase on the outer

U/,membrane assoc1ated DBP Cells whlch were waéhed;and ailowed_.h

to recover 'in buffer regained the ebility to transport
suocinate. It was also denonétrafed thet Pronase‘does not -
penetrate or cause any significant damage to the outer
membrane of E. coli (77). Although the permeaoility and
effect of Pronase on the ocuter membfzne of E; putida has
nof'been investigated the above results suggest that the
defluorinating proteln may be part of or associated w1th
the outer membrane of P. Eutlda. It has been preV1ously

proposed that the defluorinating protein may be part of the

cell envelope (61). . o . : .

In an ettempt to localize the site of the defluorination’

reaction, glucose grown whole cells were fractlonated into
varlous components and each component tested for the ablllty
to defluorlnate 4FG.. As indicated in Table 8,.'the most
probaple»site'of the-defluorlnatlng protein is in the crude

outer‘membrane'fraction. Since an -SH group has been
R - - - \{ -

s

A
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Figure 20
The Effect of Pronase on Fluoride Release from 4FG by

Glucose Grown Whole Cells of P. putida.

Legend:

W - glucose grown cells

® - glucose growﬁ pronase pre-ireated cells'

A _ glucose grown prénase pre-treated and washed cells
Whole cell suspensions (20 mg protef15 of glucose growﬁ P.
Butida were pre-incubated in the absence or ﬁresence of
Pronase {5 mg mL“L)“for 30 min at 30°C as described in
the MATERIALS AND METHODS section. The cellé were then
exposed to 1 mM 4FG or washed and allowed to recover in
buffer for 15 min before exposure to 1. mM 4FG. Cell
suspensions were incubated in 100 mM potassium phosphate
“.buffer, pH 7.1, at 30°C in a totél volume of 3 mL. Fluoride
determinations were as déscribed in the MATERIALS AND
METHODS section. The results are the average of duplicate

“trials. ///</

s
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Table 8 -
Fluoride Release from 4FG by Various Fractions Obtained

from Glucose Grown Whole Cells of P. putida.

- Fraction¥ " nmol fluoride mg protein'l
- ' (after- 24 -h)

Cytoplasmic membrane vesicles 19
Cell-free extract ‘ : 6
Cell envelopes i 22
Spheroplasts . _ 60
Crude shock extract 16
Crude outer membranes , 352

*Fractions (2-6 mg protein) in 100 mM potassium phosphate
buffer, pH 7.1, and 1 mM DTT were inéubated with 2.5 mM
AFG at 30°C for 24 h, in 4 total volume of 2 mL.- Fluoride
determinations and fraction preparations were as described
in the MATERIALS AND METHODS section. The results are

the average of six trials.
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implicated in the defluorination reaction, DTT was added to
the incubates. Although it was later observed that the
ébsence or présence of DTT did not significantly affect

the levels of fluoride release in the various fractions,

it is still possible that an -SH group is involved. .

As in the case of the cytoplasmic membrane vesicles and

cell-free extracts, cell envelopes were found to oxidize
.4FG (1 mol oxygen mol substrate_l) with retention of the

C-F bond. Although spheroplasts exhibited some defluorinating
activity, 4FG was e;tensive}y oxidized ( 0.9 mol oxygen

1)1 This defluorinating activity is probably

mol substrate”
due to the presence of whole cells and outer membrane
fragments in the sphénoplgst suspension. The oxidation of
4FG is the result of the exposure of the cytoplasmic membrane
bound enzymes. S .
Proteins obtained by the osmotic shock method of Stinson
et al. (67) failed.to defluorinate or oxidize 4FG. About
5 mg of:protein was obtained from 1 g of wet weight cells.
. This crude Ehock extract was found to have negiigible amounts
’ of glucose bind}ng activity (0.04 nmol glucose mg protein—l).
The value is about 10-fold lower than that determined for
P. aeruginosa (67)1 The small amount of binding activity
Fin the crudé_shock extract may or may not indicate the
presence of GBP.- In either case, the shocked cells were not
‘affected infthéir apility to defluorindte 4FG. The rates

« and extents of fluoride release were virtuélly identical

to the control cells: It has been previously demonstrated
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that P. aeruginosa produces an inducible shock-sensitive
GBP {(67). Furthermore, this GBP-associated transport system
is considered to be energized by phosphate-bond energy (68).
Ihcubation of P. putida with 10 mM sodium cyanide or sodium
arsenate had no effect on the rates or extents of fluoride
release from 4FG, suggesting that the defluorination reaction:
is not phosphate-bond energy dependent. The above results
indicate that the defluorinating protein is held tightly
within the cell, presumably at the outer membrane level,
and is nét femoved by relatively mild procedures.

The outer membrane is preferentially shed during sphero- .
plast fgrmation and recovered by high speed centrifugation.
Although this method is convenient, the compositicon*of the
released material seems to be significantly different from
the avérage composition of the outer membrane (71). The
method of Mizuno and Kageyama (86) involves the use of
lysozyme, EDTA and Trls—HCl buffer in a hypertonlc solution
to isolate the outer membrane form P. aeruginosa. 1In
applying their method to P. putida, cell lysis was observed
in which the absorbance of .the suspension at 660 nm (117)
drqpped from 0.9 to 0.6 within 60 min. Furthermore, the
suspension became reddish—brown,.also indicating the 1lysis

AN .
of cells. EDTA has been fourd to cause severe damage to

beth the outer and cytoplasmié membranes, resulting in cell
lysis (84,87,118,119). EDTA exerts its lytic effect by
extracting divalent cations (i.e., Mg++, Ca++, etc.) which

anchor a complex of protein and lipopolysaccharide in the
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outér membrane., Furthermore, the lysis of cells by EDTA—‘
lysozyme is far more rapid in Tris-HC1 buffer than any other
.buffer, s;hge Tris has a weak metal binding property (118).
Therefore; ghé/féolation of an outer membrane fraction
was attempted in the absence of ﬁDTA and Tris.

A whitish-opaque pellet was obtained from the sphero-
plast formation medium. About 2 mg of protein per 4 g of
wet weight cells was obtained. This pellet was defined as
crude outer membranes because of the method of isolation
and becausé of the results obtained from specific enzyme
studies and electrophoresis. Table 9 demonstrates that this
fraction has negligible enzyme activities as compared to
the high levels in the cytoplasmié membrane vesicles. In
some casés, no enzyme activity could be detected in the
crude outer membrane fraction even though fluoride release
from 4FG was substantial.

 Electrophoretic analysis of -the crude outer membranes
gives a rather uncomplicated distribution of & major protein
bands (a-f), compared to over 30 major protein bands in the
cytoplasmic membrane vesicles (Figure 21). The apparent
molecular weight of proteins a, b, c, d, e and f were
estimated to be 86,000, 55,000, 45,000, 40,000, 22,060 aﬁd
16,000, respectively. In some cases, proteins ¢ and d
were seen as only one diffuse band. Furthermore, a protein
corresponding to an apparent molecular weight of 10,000
w#s sometimes observed.‘ This protein may correspond to the

lipoprotein isolated by Mizuno and Kageyama (120). The
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Table 9
Enzyme Activities in the Crude Outer Membranes and

Cytoplasmic Membrane Vesicles.

Enzyme , Specific Acfivitya

Crude Outer Cytoplasmic

Membranes Membrane Vesicles
Glucose dehydrogenase T 440
Gluconate dehydrogenase : 4 285
Succinate dehydrogenase {1 . 7

aSpecii‘ic activities are expressed as nmol DCIP reduced mj.n_1
mg protein_l |

Reaction mixtures contained 100 mM potassium phosphate,

pH 7.1, 10 mM KCN, 10 ug of PMS, 20 ng of DCIP and 50-

100 pg of outer or cytoplasmic membraﬁe protein; all in a
total volume of 1.0 mL. All reactions were initiafed by
addition of 300 mM {(final concentration) glucose, gluconaté
or succinate. The enzyme activities were measured by the
decrease in absorbance at 600 nm for DCIP at 25°¢. Specific
activities were calculated using an extinction coeificient
£6r DCIP of 10 mM™* em™l. Outer and cytoplasmic membranes

were prepared as described in the MATERIALS AND MFTHODS

section. The results are the average of four trials,

e
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Figure 21
Comparison of the thor Proteins in the Outer and Cyto-

plasmic Membrarfes Obtained from Glucose Grown Whole Cells

of P. putida.
Legend:

A - cytoplasmic membrane vesicles

B - crude outer membranes

0 - represents the origin cof the gels
Tracings are reproducgions of the densitometer scans of
urea;SDS—ﬁolyacrylamide gels. Arrows indicate the position
of the tracking dye. Samples were prepared and electo-
phoresis performed as described in the MATERIALS AND
METHODS section. The molecular weight of the protein

bands were estimated from a standard curve (APPENDIX V).

Quter Membrane Protein Band Molecular Weight

86,000
55,000
45,000
40,000
22,000
16,000

H ® a4 0 T P
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above results are consistent with those obtéined for EL
aeruginosa (85-89), in which a range of 2-9 proteins were
observed in the various outer membrane.preparapions. The
correspondence of the proteins obtained from P. putida to
those of P. aeruginosa, if any, have yet to be elucidated.
The number, resolution and order of migration of the major
outer membrane proteins depends on the SDS-gel system used,
the method of outer meﬁbrane isolation, strain and culture
conditions (73,90). No bands were observed after PAS-
staining of the gels, which is specific for glycoprotein.
This is in agreement with results obtained for P. aeruginosa (86).

A comparison of the major proteins in crude outer
membranes prépared from glucose and succinate grown cells
showed a similar distribution (Figure 22). The only notice-
able differénce is that proteins ¢ and d seem to migrate as
one band {(c') in the succinate grown cells. Thig difference
may not be significant since proteins ¢ and d were sometimes
found to migrate together as one diffuse band in glucbse grown
cells. On the other hand, protein ¢' was never observed as -
two separate bands. Furthermore, the crude outer membranes
.obtained from succinate grown cells were found to have
reduced levels of defluorinating activity (95 nmol fluoride
mg protej.n_1 after 24 ﬁ), compared to the crude outer
membranes obtained from glucose grown cells (352 nmol fluoride
mg protein_1 aftef 24 h). This indicates the repressign.of
protein responsible for the defluorination of 4FG.’

The protein distribution in the outer membranes -
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Figure 22
Comparison of the Major Proteins in the Crude Outer
Membranes Obtained from Glucose and Succinate ‘Grown'

Whole Cells of P. putida.

Legend:

A - crude outer membranes obtained from succinate
grown cells

B - crude outer membranes obtained from glucose
grown cells

0 - represents the origin of the gels

Tracings are reproductions of the densitometer scans of

urea-SDS-polyacrylamide gels. Arrows indicate the position:

of the tracking dye. Samples were prepared and electro-
phoresis pefformed as described in thi/ﬁhTERIALS AND
METHODS:  section. The moleduldr weight of the protein

)
bands were determined from a standard curve (APPENDIX V).

. i T .
Outer Membrane Protein Band Molecular Weight
‘a 86,000
b 55,000
c ’ 45,000
d 40,000
‘e 22,000
f 16,000
c' 42,000

S
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obtained from glucose o; succinate grown cggls of P.
aeruginosa were observed to be about the séﬁe (86,90).
Proteins D and E, with mglecular weights of 50,000 and
45,000, respectively, were induced by growth on glucose,
and partially induced by growth on succinate (90). Major
differences were only observed when the outer membranes
were eleptroﬁhoresed on geis with concentrations of acryl-
amide ,of 14% or;érg?ﬁer. Undér_these conditions protein
D wés observed as two polypeptides, Dl and D2, of which
protein D1 did not appear aftet_growth on succinate (90).

The results ﬁiséusséd thus far suggest'thé presence of
an inducible repressible protein associated-with the outer
.membrane of P. putida. This protein, which may be involved
with gldcose transport, interacts with 4FG ﬁo cause fluoride
release. It is then possible for the defluorination product
to become covﬁlently bound to the defluorinatiﬁg protein.
Therefore, D—[6-3H]4FG was synthesized (101) as an aid to
confirm and extend the above proposals énd to assist with
the isolation of'the defluorinating.protein and elucidation
of the mechdnism of fluqride release from 4FG.

Incubation pf whole cell.suspensions of glucose grown"
P. putida with 1 mM D—[G;SH]4FG (7.2 mCi/mmol) for 24 h
(100% fluoride release) gave an unexpected result. After
centrifugation, 70% of the radiolabel used was found in
the supernatant with the_remainé%f'in the cell pellet. The

,radiolabéled.material in the supernatant was found to be’

totally dialyzable. After extensive dialysis of the cell

Fad
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pellet, oﬁly about 1% of tﬁe total radiolabel used was
found to remain,cellfaséociatéd. If the proposed glycosyl-
atioﬁ react;on was'occﬁrring, it_wohld have been expéc;ed
that most of the radiolabel would be cell-associated. Ihese

results indicate, however, that~éxtensive release of-radiolabel

)

may occur as a result of the defluorination reaction.

When “the supernatantxwas_reduced to dryness by 1yoghii—‘
" ization or on a rotary evaporator'and'thé residue suspended
to rhe orié}nal vo}ume with distilled‘ﬁgter, a 40-50% reduction
in tﬁe‘disintegrations per minute ﬂdpm)'wag observed. o
Furthermore, a corresponding increase in the dpm was observed
in the soluents collected from both precesses, indicating
the presence of 3H20. To determlne more accurately the
amouﬁt of 3H20 présent, a- borate column (106) was used. This
column has been shorn to retain a rariety of cérbohydrates,
which are eluted with ammonium tetraborate. Any 3H20 would
belinitially eluted with water  (106). Figure 237i11ustrates-
‘the resﬁlfs of applying 25 uL aliquots‘of 1 mM D—[U—146j—- >.
glucose, 1 mM D:{6—3H]4FG.and supernatant fraction to fhe .
borate column. It can be seen that D—[U-14C]glucose and
. D—[G-SH]4FG were retained by the colimn and were only eluted
with ammonium tetraborate. A large peak corresponding to
3H2O was observed by eiutionVOf the supérnatant fraction
with water. Furthermore, a small peak éorresponding to
a trit;aygdicarbohydrate(s) ([3H}—carbohydrate)'was obtained
on elution with ammonium tetraborate. A similar distribution-g

3,

of H20 and [SH] carbohydrate was observed in 'the lntra—
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Figure 23
Estimation of 3H2O and Radiolabeled Carbohydrates on a

-Micro-Column of Borate Resin.

Legend:

® - 25 uL of supernatant (12.3 x 104 dpm applled
onto the column)

A - 25 uL of 1 mM D-[U-Y4Clglucose (20.7 x 10% dpm
applied onto column) :

a4 - 25 uL of 1 mM D-{6- H]4FG (24 4 x 10? dpm applied
onto the column)

The preparation of the borate column was as described in
" the MATERIALS AND METHODS section. 25 nL of 1 mM D-[u-'%c]-
glucose‘(4.0 mCi/mmol), 1 mM D—[6—3H]4FG (0.3 mCi/mmol) or
supernatant were‘applied onto the borate column. 3H2O
was estimated by.elut%on with 10 x 0.2° mL aliquots of
deibhiied diétilled water. Radiolabeled carbohydrates
were'then'estimated by elution with 25 x 0.2 mL aliquots
of 0125 M ammonium tetrabérate .Efffuents were collected
directly lnto 501ntlllat10n vials fgg'radloact1v1ty

. datermlnatlons. The results are the average of duplicate
tr;als.

N ]
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ceéllular contents prepared from the undialyzed whole cell
pelliets. Table 10 summarizes the amaunt and distribution"h
of 3H20 and [BH]-carSohydrate after incubation of whole
cells with 1 mM D—[G—SH]4FG for 24 h. The results indicate”
that about 67% of the total radiolabel used is released i#ﬁ?
the form of 3H207 " Furthermore, about 20% of the total radio-
label used corresﬁonds to a [BH]—carbohydrate. This distri-
bution of radiolabel may result from the mechanism of flucride
release. The remainder of the radiolabel, except for the
1% that remains cell-associated, may be lost as a result
of quenching and/or the assay procgdure. )
Although the results from the borate column‘indicated

the presence of a [BH]-carSohydrate.in the supernatan;, no
carbohydrate could be detected by TLC anélysis.' Concentration
of the supérnatants, followed by jsolation and purification
oof the radiolabeled material with the use of thé’borate
column,*fésulted in the apbearance of a éingle radiolabeled
spot by TLC analysis (Figure 24). The compound was observed
to migrate slower (RF 0.3) than most of the standard suéars
used, indicating-a more polar compound. ™ Furthermore, this
material gave a positive reaction with aniline‘hydrOgen
. pthalate (108),_indicating that it is a.rgducing sugar.

No fluorine could be detected in the sample-by'Fourierl
transform 19F—NMR, consistent with the fact that there

was 100% defluorination. Chromatographic detection by the

acid—FeClS—sulfosalicylic acid reagents (109) indicated that

the isolated carbohydrate is a sugar-phosphate (Figure 25a).:
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Table 10
Distribution of Radioclabel from D-[6—3H]4FG in the

Whole Cell Incubation MixtuTe.*

Fl

s

Fraction Label.présent 3H20 [3H]—Carbohydrate
(%) (%) (%)
o
Supernatant 70 50 : 14
Whole cell pellet® * - 25 17 6
Total " 95, 67 20

*Whole cell suspensions (24 mg protein) of glucose grown

P. putida in 100 mM potassiqm"phosphate bgfferg pH 7.1,

1t 30°C were incubated with 1 mM D-[6-"

H]4FG (7.2 mCi/mmol),
in a total volume of 4 mL. After 24 h incubation'the‘
suspensions were centrifuged to obtain the whole cell
pellets and shpernatanté. ﬁesults are expressed as per-

*

centages of the total dpm used. - .
2pesults are from undialyzed intracellular contents' of

whole cell pellets. 1% of radiolabel was found to remain
cell-bound after extensiver dialysis ér the whole cell pellets.
Fraction bSEpArations and 3H2O and‘[BH]—carbohydrate
determinations were as deécribed in thé.ﬁATﬁRiALS AND

METHODS section.
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Figure 24
Thin Layer Chromatographic Analysis of the Isolated Radio-

labeled Sample and Various Standard Sdgars.

Legend:
S - radiolabeled sample
4FG - 4-deoxy-4-fluoro-D-glucose
GLU - D-glucose
ALL - D-allose
G6P - glucose-6-phosphate .
GlP - glucose-l-phosphate
.IDO - D-idose
. ALT - D-altrose
GAL - D—galaétose
2KGA « 2-ketogluconate
TLC analysis was as described in the MATERIALS AND METHODS
secfion.. Solvent system; ethyl acetate: acetic acid:
water (3:3:1). Carbohydtates were detected by sulfuric
acid spray. The numbers on the left hand column repre-
sents the counts per minute (cpm) detected f}om the *1 ecm x

1 cm squares scraped . from the sample lane..
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Figure 24
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Figure 25a
Chromatographic Analysis of the Isolated Radiolabeled
Carbohydrate by the Sugar-Phosphate Detection Method.

Legend:

G6P - glucose-6-phosphate
GiP - glucose-l-phosphate
S - radiolabeled carbohydrate
PPB - potassium phosphate buffer
Sugar-phosphates were detected on Whatman # 1 chromato-
graphy paper as described in the MATERIALS AND METHODS

section. Solvent system; n-propanol: concentrated

ammonia: water (6:3:1).

Figure 25b
Thin Layer Chromatographic Analysis of the Radiolabeled
Sugar-Phosphate, Hydrolysis Product and Various Standard
Sugars.
Legend: .,
S - radiolabeled carbohydrate
HS - hydrolysis product
4FG - 4-deoxy-4-fluoro-D-glucose
GLU - D-glucose .
ALT - D-altrose
ALL - D-allose
IDO - D-idose
TLC analysis and hydrolysis of the sugar-pHosphate was as
described in the MATERI&LS AND METHODS section. Solvent
system; ethyl acetate: aceticpacid: water (3:3:1); Carbo-

hydrates were detected byssulfuric acid épray.
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Furthermore, hydrolysis of this sugar-phgsphate with 1 M HC1
"resulted in a hHew component (RF 0.5) being produced (Figure 25b).
This sugar-phosphate may be formed by diffusion of the
defluorinating sugdr into the cell and subsequent interaction
with a phosphorylating enzyme. Although the identity of the
sugar has not yet beén deduced, identification may provide
evidence for the mechanism of fluoride release.

The amount of 3

H,0 and total-[SH]—carbohydrates in the
.supernatant and the amount of radiolabel incorporated into
the cells were compared to fluoride release from 4FG with
respect to time (Figure 26). }he formation of 3H20 was
“obéefved to be virtually linear up to 24 h, although a slight
lag is noticeable. On the other hanq, the release of.fluorige
is much more extensive and begins to level'oﬁf after 4 h.
The total [BH]—carbohydrates, which would be a measuremgnt
of both D—[6—3H]4FG and the defluorinatibn sﬁgar, reaches a
minimum vaiue after 4 h and then remains fairly constant.
The incorporation of radiolabel info whole ceils (presumably
by a glycosylation reaction) waé found to follow the same
profile as the defluorinatlon reaction, reaching a maximum
value after 24 h. |

Based on the above results, a mechanism for fluoride
re lease, 3H2O anq [BH]—carbohydrate formation and protein
glycosylation can be proposed (Figure 27). Thus, D-[6—3H]4FG
first binds to a protéin (1) (presumably by fluorine-

hydrogen bonding) which eventually results in the loss of

fluoride. The 4,5-glucopyrancseen {I1) may now either

-
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Figure 26
Determination of 3H2O, Total Tritiated-Carbohydrates and
Fluoride in éhe Supernatants and Tritium-Incorporated into

Whole Cells with Respect to Time.

-Legend:
® - nmol totaI\TSH]—carbohydrates mg protein‘1
A - nmol 31-120 mg protein
A - nmol fluoride mg p]:‘otej.n_l
B - nmol [SH]—incorporated into whole cells mg protein“1

Whole cell suspensions (24 mg protein) of glucose grown
P. putida were incubated with 1 mM q;[G—SH]4FG (7.2 mCi/
mmol) for various time intervals in 100 mM potassium
phosphate buffer, pH 7.1, at 30°C and in a total volume
of 3_mL. J3H20, total jSH]—qarbohydrates anhd fluoride in
the supernatants and'[SH]—inéorporated intd whole cells

were determined as described in the MATERIALS AND METHODS

section.



130

Figure 26
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Figure 27
Possible Mechanism of Fluoride Release from D—[G—SH]4FG
and Covalent AttacQFent of the Defluorination Sugar to

the Protein.’

Legend:
HS-@- protein

A - direct reaction with the -SH group of the
protein resulting in covalent attachment

"B - ring opening leading to prototropy and
tritium exchange with water
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Figure 27
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directly react with the -SH group of the protein or in
.,v‘""
ﬂﬂ§q§§%.cha1n form (II1) undergo prototropy (Iv and V)

'\w{ “’

thefeby allowxng tritium exchange w1th water to oeccur.
Such a rearrangement may possibly provide aiéernatlve
subgtrateé (IIT or V) for nucleophilic attack by the -SH
group. The rates and sequence of these reactions will be
determined by kinetic fagtors. In any event the mechanism
accounts for fluoride release, the formation of “H,0 and
[SH]—carbohydfaté ;ﬁd suggésts that the- covalent attachment
to the protein may be predominately at the C-4 position of
. the sugar residue. ‘Recovery of the sugar residﬁe by‘ .
hydrogenation of the sugaféprotein adduct will be reqﬁifed
fo determine the attachment site(s). To obtain énouéh
sugar—proteiﬁ adduct for this, [14C]—4FG would be required.
In an attempt to isolate the'radiolabeied broteiﬁ(s),
diaIyze&‘QhoIe‘cell pellets conta;ning bound radiolabel were
fractionated. As indicated’'in Table 11, the highest specific
activity of radiolabel was obtained in the cell envelope
fractionﬁ)supporting previous proposals (61). E;ectfo—r
phoretic analysis of the cell enveldpes-revealed a distri-
bution of about Soiﬁajor protein bands. Digestion of 0.5 cm
gel slices with H202 for 24 h at 55°C and subsequent radio-
activity determiﬂqtiﬁn demonstrated that at least 65% of
the radiolabel applled onto the gels was lost. The remaindef"
of the radiolabel was found to be confined within the top
0.5 cm of the gel (Figure 28). Slices of 0.1 em indicated

that the radioiabeled material is at . the 6rigin or surface
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' Table 11

Distribution of Cell-Bound Radiclabel from D—[G—SH]4FG in

Whole Cells of Glucose Grown P. putida.*

.

Fraction nmol radiolabel mg prcvtej.n-1

Dianlyzed whole cells
Cell-free extracts
Cell envelopes

Supernatant of cell envelopes 0.3

'

*Whole cell suspensions (200 mg protein) of glucose grown
P. putida in 100 mM potassium phosphate buffer, pH 7.1,
were incubated with 1 mM D-[6-°HJ4FG (7.2 mCi/mmol) at

. JU”C. in a total volume of éO mL. After 2% I the suspenéions.
e re centrifuged aﬁd cells fractionated as‘described in the
MATERIALS AND METHODS section. The amount of radiolabel
wiund per mg of protein wére determined as outlined in

APPENDIX 1I1. The results are the average of three trials.

T
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Figure 28
Radioactivity Determination.in“Urea—SDS—Polyacrylamide

Gels of Radiolabeled Cell Envelopes.

Legend:

_A - radiolabeled cell envelopes
Gels were sliced into 0.5 cm sections and each section
placed 1nto scxntlllatlon vials. To each vial was added
200 uL of H202 and the suspensions. were then lncubated at
55° C for 24 h. 10 mL of liquid scintillation cocktail
was then added to the digested materlal and rad10act1v1ty
determined. Tracing is a reproduction of the densitometer
scans of the urea-SDS-polyacrylamide gels. 'dels were
sliced beginningnfrom the origin. The arrows indicate
the position,of the tracking dye on the gels. Samples
"were prepared and electrophoresis bér;ormed as described

in the MATERIALS AND METHODS section. The results are

the average of six trials.
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of the gel. .This woild tend to suggest that the radiolabeled
material is a relatively large or uncha;éed>pro£ein. A
protein of about 156,000 daltons or more would be expected
to remain at the origin in the gel system usedQ(APbENDIX V).

No significant protein band could be observed at the
origin. Furthermore, reducing the acrylamide concentration
to as low as 4%, which would allow larger proteins to
penetrate into the gel, was found to have no effgét on the
migration of thé radiolabeled material. Using different -
electrophoretic methods, such as changing the pH of the
electrode buffer, omission of SDS and urea ih the gels and
samples, had no'effect on the position of the radiolabeled
material oﬁ the gels. This may indicate that the radiolabel
remaininglat the origin is probably an artifact rather
than due to the presence of a radiolabeled.pnbtein.

Since 'strong evidence for the presencé of a radiolabeled
protein could not bé deﬁonstrated bylelectrophoresis, the
radiolabeled cell envelopes were subjected to column
chromatography. As illustrated in Figure 29, virtually no
radioactivity could be detected ;n the void volume, ihdicating
tha£ the radiolabeled matérial is nqt as large as implicated
by eiectrophoreéis. Furthermore, about 90% of the radiolabel
abplied onto the column was recovered. A molecular weight
about 38,000 could be estimated for the radioactive peak
using bovine albumin and lysozyme as molecular weight
markers. Thé'peak of radioactivity was found to correspond

to the protein peak, indicating thg presence of a radioiabeled

]



-

. 138
Figure 29
Elution Profile of Radiolabeled Cell Envelopes on a

Sephadex G-100 Column.

Legend:

BA - bovine albumin (molecular weight of 66,000)

L - lysozyme (molecular weight of 14,300)

VO - void vplume .
150 pL of a radiolabeled cell envelope suspension (500 ug
proﬁgin,,G,OOO dpm) was applied onto a Sephadex‘G—loo
coluﬁn (0.7 ecm x 48 cm bed height). The flow rate was

1 and 0.6 mL fractions were collected.

set at 1.2 mL h™
0.1 mL was removeé from each fraction for the determin-
ation of radioactivity. The remainder-of the solutions
were diluted to 1 mL with di§tilled watér and protein
qualitatively measured at an absorbance of 280 nm. The

Vg (6 mL) was dgte}mined with blue dextran. Bovine

albumin apd,lysozyme were used as molecular weight

markers (APPENDIX IV). The radioactive peak corresponds

to a.moleéﬁlar weight of about 38,006. Samples t?eated with

and gel permeation column chromatography performed in the

presence of SDS as described in the MATERIALS AND METHODS

"section.
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Figure 29
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brotein. In 'support of this is the fact that the radio-
labeled.material can be precipitated with trichloroacetic
acid. -Lyophilization of the fraction containipg the highest
radioactivity and subsequeht electrdphéretic analysis gave
similar results as before. Whereas most of tﬁe ra@iolgbel
applied oﬁto the gels was lost,, the remainder was found-at
the origin of the gels. ‘A}thqggh the use of the Sephadex—\H\v””
G—}OO column gave an indipation as to the presence and
molecular weight of the radiolabeled protein, isolation of
this protein could not be achieveqﬁﬁy the.COIUmn. For the
_ isolation of this protein further fractionation of the fraption N
containing the highest radioactivity would be required.
Alternatively, cell envelopes could be further fraction-
ated by the SDS-extraction method of Mizuno and Kégeyama (92).
According to their method, a peptidoglycan-associated protein
complex is obtained by incubation of cell envelopes from
P. aeruginosa with 2% SDS-10% glycerol;lﬂ mM Tris-HC1l, pH 7.8;
extraction solution for 60 min at 30° C, followed by centri-
fugaplon. Slmllar methods have been used by Heilmann (81)

N
and Hancock et al. (91) for P. aeruginosa and Lugtenberg

—

et.al. (79) for E. coli. The proteins that reﬁain peptido-
glycan-associated in B;'aeruginqsa have been shown to
correspond to the outer membrane proteins F, H and T, wifh
cpmolecular weights of 35,000, 21,000 and 8 000, respeétively
Furthermore, proteins F and H were found to form hydrophlllc
aqueous channels in the outer membrane (91,92, 100) Indeed,

proteins attached tc the peptldoglycan are outer, membrane
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proteins which may form or be part of the-pores or hydrophilic
channels through which numerous molecules permeaté (121).
These ;réteins remain attached to the peptidoglycan by trgat—
meﬁt with SDS at or below GOOC, but are removed by heating
above 60°C (92,121). Furthermore, these proteins are
releasgd from the peptidoglycan by treatment with NaCl (92)
demonstrgting that they are not covalently attached to the
peptidoglycan, but held together by strong ioﬁic inter-
actions (121). 1In P. aeruginosa, proteins F, H and I have
been shown to be held together by strong ionic inter-
actions (91,92). '
Thé results of applying the ébofe SDS-extraction procedure
to the radiolabeled cell énvelopes of P. putida are demon-
strated in Table 12. It can be seen thaf the highest
specific activity of radiolabel is in the peﬁtidoglycan—
associated protein complex cbtained by SDS—extractioﬁ of
cell envelopes at 30°C. SDS-extraction of.cell envelopes
at 70°C reéulted in a substantial reduction in the amount of
radiolabel.in the peptidoglycan fraction. ASsopiated with
-this is a greater than 95% release of protein from the
peptidoglycan fraction. hlthough the above comparison§:
uwere from SDS-extractions'carried out on different radio-
labgled cell envelopes, the results suggest that the rédio—
1abeledlprotein is asscociated with peptidoglycan., |
Analysis of the radiolabeled peptidoglycan-associated
protein complex by électrophoresis and column chromatography

1
yielded results similar to the cell envelopes. Although
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Table 12
Ay

L
SDS-Extraction of Cell Envelopes and the Distribution

of Radiolabel from D—[6—3ﬂ]4FG.

. Fraction. - Total Total ﬁg nmol radiolabel
dpm{x10“) protein mg protein
Peptidoglycan-associated 0.5 0.7 5.0

proteins (SDS—extractign of
cell envelopes A at 30°C).

Proteins from supernatant 0.14 3.0 0.29
of SDS-extraction of cell
envelopes A at 30%c.

Peptidoglycan-associated 0.005 0.03 '0.90
proteins (SDS-extraction of
cell envelopes B at 70°C).

"Proteins from supernatant 0.4 4.5 0.56
of SDS—extractionOof cell
envelopes B at 70°C.

Whole cell sﬁsbensions (24 mg prptein) of 4glucose grown
P. putida were incubated at 30°C in 100 mM pofassium phosphate‘
buffer, pH 7.1, with 1 mM D—[6—3H]4FG (7.2 mCi/mmol), in a
total volume.of-4 ﬁL. After 24 h the suspensions were
centrifuged and cell envelopes prepared by-ultrasonication.
SDS-extraction of cell envelopes were as described in fhe
MATERIALS AND METHODS seétion. Cell envelopes A and B refer
to cell envélopes prepared from two different whole cell
incubation'mixtures under the same conditions. The amount of
radiclabel in cell eqyelopes A and B were not determined, but

subjected to SDS-extraction at 30°C and 70°C, respectively.

o — e — A
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most of the radiolabel applied ontQ the gels was lost, the
remainder was found at the origin. This may be due to the
high content of peptidoglycan {E\fhe sample, although ﬁhére
is no evidence to support this effect of peptidoglycaééoﬁ
electrophoresis. An alternative procedure may be to treat
the cell envélopes and peptidoglycan—asséciated protein coemplex
with lysczyme before -analysis. An apparent moleculér weight
of 43,000 could be estimated for thé peak of radioactivity
of the peptidoglycan-associated prptein complex on the
Sephadex G-100 column. Furthermore, this peak corresponds
to the protein peak.

A whitish-opaque .pe'llet, similar to the outer membrane
pellet, is oﬁtained by SDS-extraction of cell envelopes of
P. putida at 300C. Figure 30 is a‘comparison of the protéin
distribution in the outer membrane and peptidoglycan-associated
protein complai isolated from P. putida. The pepti ?glycan—
associated protein complex was observed to have 4 major
proféin bands with apparent molecular weights of 47,000,

,

42,000, 22,000 and 9,000. The 47,000, 42,000 and 22,000
molecular weight proteins were observed-to correspond to the
outer membrane proteins c, d and,;, respectiveiy. These ’
proteihs may in fact form pores or hydrophilic channels iﬁ
the outer membrane. The 9,000 moleéular.weight protein

most likely corresponds to the lipoprotein (120), which

functions to anchor the'oqter membrane tc the peptido-

glycan (92,121). Virtually no difference was observed in

the protein distribution in the peptidoglycan—asséciate&

)
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Figurg 30

-

s

-

Comparison of the Major Proteins in the Crude Outer
Membranes and Peptidoglycan-Associated Protein Complex

r

Obtained from Glucose Grown Whole Cells of P. putida.

B -~ crude outer&membranes
A - peptidoglycan-assoc¢iated protein complex
obtained by SDS-extraction of cell envelopes
at 30°C
0 - represents the origin of the gels
Tracings are reproductions of the densitometer Scans
of ureawSDS-polyacgylamide gels.  Arrows indicate the
position of the tracking dye. Samples were prepared and

‘electrophoresis performed as described in the MATERIALS

AND METHODS section.

Outer Membrane Protein Band Molecular Weight

86,000
— 55,000 -
45,000
40,000
22,000

16,000

- 0D-2 0 T B
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Figure 30
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protein complex obtained from succinate grown cells.

When the SDS-extracfion procedure is carried out at
7OOC, a transparent pellet of similar size to the pellet
obtained by SDS-extraction at 30°C is obtained. This pellet
should be méde up of predomiﬁately peptidoglycan (92;121).

As previously mentioned, greater than 95% of the protein

was found to be released from the peptidoglycan by SDS-
extraétion at 70°C. VAs can be seen in Figure 31, no proteins
could be observed in the penet by electrophoresis, but

could be recovered from the supernatant. Simiiarly, about
80% of the proteins were released from the peptidoglycan by
treatment with fhe SDS-extraction solution supplemented with
0.75 M Nacl at 30°cC. Although some residudl proteins could
be detected in the peptidoglycan ﬁellet,'tﬁe ma jority of

the proteins could be recovered from the supernatant. These
results demonstrate that the peptidoglycan-associated proteins
are not held together by covalent att%chment, but by st;ong
ionic intefac{ions. Eurthermoré, these results indicate that
a peptidoglycan-assaciatéd protein(s) may be involved in the
defluorination reaction with 4FG.

The above SDS—egtraction method may provide a simple
and rapid procedure for the isolétion_ahd identification of
the radiolabeled protein. It may be possiblé %hat more than
one of the peptidoglycan-associated proteins are radiolabeled.
Extraction of the radiolabeled cell envelopes with SDS at
30?0 will yield the “‘peptidoglycan-associated protein complex.

This complex may then be treated with the SDS-extraction
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Flgure 31

Urea-SDS-Polyacrylamide Gel Electrophoretic Comparlson of

- Fractions Obtained by SDS-Extraction of Cell Envelopes

with the Crude Outer Membranes.

‘Legend:

lane

lane

lane

lane

lane

iane

lane

lane

lane

Protein Band

9

cell envelopes

protelns from supernatant of SDS- extractlon
of celi envelopes at 30°¢c

crude outer membranes

pellet obtained from SDS-extraction of
cell envelopes at 30°C

pellet obtalned from SDS-extraction of
cell envelopes at 70°C

proteins from supernatant of SDS- treatment
of peBtldoglycan—assoc1ated protein complex
at 70°C

pellet obtained from 6 »

proteins from supernatant of SDS-0.75 M’
NaCl treatment of peprdoglycan-assocxated

protein complex at 30°C

pellet obtained from 8

HHOAOOR

Molecular Weight

86,000
, 99, 000
45 000
40,000
22,000
16,000

9,000

Mr - molecular welight markers used:

bovine albumin - 66,000
egg albumin - 45,000 ) .

pepsin - 37,500

trypsinogen - 24,000 -
£ -lactoglobulin - 18,400

lysozyme - 14,300
'See APPENDIX V for the standard curve of the above proteins.

Samples were prepared and electrophoresis performed as

described in the MATERIALS AND METHODS section.

‘
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solution'¥or 60 min at 7000 or with the SDS-extraction solution

-

§§pplemented:with 0.75 M NaCl for 60 min at 30°c: This will
result in the release of proteins form the peptidoglycan,

which can be recovered by p}ecipitation with 2 volumes ice-
cold acetone. This fraction may then be further fraétiona?ed
by ammonipm sulfate précipitation, ioﬁrexéhange_chroﬁatography,
column chromatogrdphy or by a combination of these methods.t
Isolétion 6f this protein may provide éwbetter understanding

of the mechanism and precise 1o¢ation of fluoride release.

-



CHAPTER IV
SUMMARY' AND CONCLUSIONS

The defluorination of 4FG in glucose grown whole cells

of P. Qutlda displays saturation kinetics. This defluorination

reaction was found to be effectlvely lnhlblted by sugars
with the D-gluco-configuration. Glucose, gluconate and
2-ketogluconate exhibited the higheét levels of inhibition.

Growth of cells on gluconate or 2-ketogluconate had no effect

[
S

on the defluorination of 4FG. On the other hand, cells
grown on succinate or citrate exhibited drastically reduced
levels of defluorinating activity. Treatment of cells with

chloramphenicol or.pronase indicated the presence and

.sfﬁ?besis of protein requifed for the defluorination reaction.

Fractionation of whole cells indicated that the defluor-
inating protein Way be part of or associatedrwith the outer
mémbrane. The use of D—[6—3H14FG provided evidence for a
possible mechanism of fluoride release in which there is‘
formation of 3 2O and [3H]—carbohydrate and covalent attach-
ment of the proteln by the defluorinated sugar residue.
Extractlon of cell envelopes w1fh SDS indicated that this -

protein may be associated with the peptldoglycan layer and,

"

therefore, possibly 11nked to the outer membrane. A molecular

. weight of aboﬁt 40,000 was estimated for this protein by
column chromatography. Therefore, the mést-iikely candidates
for'this.protéin are the outer membrane proteins c and/or d.
+ This outer membrane protein may form oxr be part of the
porin channel. Furthérmore, the protein may be involved in

the specific translocation of glucose, gluconate or 2-keto-

150
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gluconate across the outer membrane. Such a specific trans-
location systeﬁ may be envisioned to operate analogous to'
the maltose (79) or dicarboxylic acid (66) transport systems
in E. coli.

Future studies may requirg the use of cells defective in
the aSility to defluorinate‘4FG to support the above pro-
posals. Such mﬁtantk may be defective in or exhibit redﬁced
ievéls_of glucose transport. fhe use of 4FG as an inhibitor
of glucose transport may provide further evidence. for the
presence of a common proféinlfor defluorination and glucose

transport. The use of [125

I]-lactoperoxidase as a labeling
agent may provide support for the involvement of an outer
membrane ﬁroteiﬁ in the defluorination’reaction. This
reagent has been shown to label the outer membrane or cell
surface proteins in P. aeruginosa (122), and E. coli (77).
fhe isolation of the defluorinating protein will be
required to determine the mechanismland precise location of,
leOr;de release. This proteih may be isolated in large
- amounts by the“use of aﬁ affinity column or by the use of
antibodies directed against the protein. The protein may

also be isolated by factionation of the outer membranes, but

this will require a large number of cells.



APPENDIX I
Calibration Curve of Voltage Potential Versus Fluoride

Ion Concentration.

Legend:_ ’ S
The calibration curve was constructed with various
6

concentrations of NaF (10~ ~10”Y M) in 100 mM potassium
phosphate buffer, pH 7.1. Fluoride was measured with a
fluoride ion specific electrode {(Orion Research) as

~

described in the MATERIALS'AND METHODS section.
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APPENDIX II

Calculation of Oxygen Coﬁsumption

If A moles of substrate consumed B L of oxygen after
B h incubation, the extent of substrate oxidation.as moles
of oxygen per mole of substrate was calculated as‘followsz

B L of oxygen consumed under the experimental ' ¥
temperature and pressure‘were converted to B' L of
oxygen at STP by the following equation: ) .

B! L(Oé) - B L(0y) 273(P-P,)/(760xT)
where P and Pw were the experimental and water vapour
pressures, respectively,.and T was the experimental
temperature (OK).

Therefore, the number of moles of oxygen consumed
at' STP = (PxB')/(RxT).

From the ideal gas equation; PV = nRT, where P = 101.3 KPa ,

= 27500, V = B'(L of o%ygen consumed at STP) and

8.314 J mol~ Y K1,

!
|

-]
]

_Therefore, the extent of substrate oxidation

_ (PxB')/(RxT) moles oxygen consumed
A moles substrate o~

Alternatively, the extent of oxidation was expressed as
g ‘atoms of oxygen per mole of substrate. This was
palculated-from the following relationship:
1 moie of oxygen is equivalent to'é2 g or 2 g atoms
of oxygen.
The rate of.oxygen consumption was similarly calcdlated

by first determining the rate (aL/min).
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APPENDIX II1

Determination of Radioactivity in Various Sémples

From quench correction curves (APPENDfX VI and VIIi),

the % Efficiencf’of the samples were determined/¥;;h \—-\
the H-number. The dpm of the samples were calculated

from the following expression:

dpm = Cé“ x 100

where E is the efficiency, c¢pm is counts per minute and
dpm is disintegrations per minuté(
Using the relationship that 1 nanoccurie (nCi) of

3

radioactivity = 2.22 x 10° dpm, the amount of radiolabel

in the samples

_ cpm 100 .
77313" o5 x 10° nél

If the specific activity of the radioactive material was

.

A nCi/mmol, then the amount of radiolabel in the samples
per mg of protein

cpm 1

" 9E *32.2 x A x B

(nmol radiolabel/mg protein)

where B is the mg of protein.



156
APPENDIX IV
Molecular Weight Calibration Curve for Sephadex G-100

Colunn.

Legend:

Ve - elution volume

Vg - void volume
The void volume (6 mL) was determined with blue dextran.
The elution volumes were determined as the protein peak
from the elution profilé of the molecular weight markers
or from@the radioactivity peak of the radiolaﬁeled
samples. The pr;paration and operation of the column
was as described in the MATERIALS AND METHODS sectioﬁ.
Molecular weight markers used:

povine albumin - 66,000 t

'lysozyme - 14,300

This resin has an exclusion 1imit\3f\ij0,000 daltons.
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APPENDIX V ’ .
Molecular Weight Calibration Curve for Urea-SDS-Poly-

dcrylamide Gel Electrophoresis.

Legend: .
The relative mobilities were calculated as followsglc

distance of protein band from origin (cm)

relative mobility = distance of tracking dye from origin (cm)

Electrophoresis was performed as.described im the
MATERIALS AND METHODS section.
Molecular weight marKers used:
bovine albumin - 66,000
egg albumin - 45,000-
pepsin - 37,560
}}ypsinogen - 24,000
f-lactoglobulin - 18,400

lysozyme - 14,300
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APPENDIX VI

Quench Correction Curve for [14C]—Samp1es.

Legend:

[140]—§01uene quenched standards containing 190,000

dpm (Nuclear Chicago) were used to constrﬂét the quench
correction curve (%Efficiency versus-H¥numbe?). The
instrument used was the Beckman LS 7500 Tliquid scintillation
counter. The H-number -concept of quench correction was
‘used (see hanufact*rer's instruction manual for theore-

tical discussion of the H-number concept).
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APPENDIX VIEI

Calibration Curve for 4YG Concentration.,

ngend:

AFG concentration wias determined with the Statzyme
Glucose (500 nm) reagent. 3.0 mlL aliquots of this _rcugont
were Lncubated at 30°¢ for 10 min. To these were added
200 11, of the 4FG standard H()luti(.)n!-{. (00.25-5 mM) and the
wolutions tncubated for an additional 2 h. After tncubation
1o ul of 4 M HCL was added to stop.the rcncZon and
alubiilise the color. The absorbance of the solutions

wore neasured at 500 nm,
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- ‘ - APPENDIX IX

Linear Regression Analysis of the Kinetic Data

All 1inear plots were analyzed by linear regre%sion
analysisl It was assumed that the set of data points fit .
' the equation y = mx + b, where x and y are fhe independent
and dependent variables, réspectivley, b is the y—intercebt
and m“the slbpe of the resulting line. ‘

a

The slope and the y-intercept of the regression line

are determined as follows: ~

- .gﬁqr - Efxggz

N

m =

£x? - (€x)?
N

Ly - mEX
- N

a
Additonal data points can be pfcdictcd simply by
choosing some new x or y value and the calculator* computes

a corresponding y or x vilue on the regression line.

v

oy

«

#Tre jimcar gegtezsion fouline was twerforfced on a Tetas

Teztpume st T1.05 progratmatie cascglator

./
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1 APPENDIX X N

Maximum Defluorination in Chloramphenicol Treated Cells

The maximum amount of fluoride release in glucose grown

chloramphenicol treated cells was found to be 133 nmol

fluoride mg protein_l. It can be assumed, thereforé, that

133 nmol 4FG has reacted per mg of protein.

Therefore, 133 nmol x 182 ng 4FG
mg protein nmol

= 24,200 ng 4FG mg pr‘otein"1

24 ug 4FG mg protein_l

Therefore, 24 ng of 4FG has reacted per mg of whole

cell protein.
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