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- ﬂ ABSTRACT
< -
THE METABOLISM OF

3-DEOXY~3-FLUORO-D-GLUCOSE

BY LOCUSTA MIGRATORIA
by |

Alexander Dimitri Romaschin -
! ' : .
The toxic effects of 3-deoxy-3-fluoro-D-glucose (3FG) in

Locusta migratoria are investigated b? é preliminary steady
state kinetic characterizﬁtion of the fat body enzymes aldose
reductase and sorbitol dehydfgg;;;;; with respect to their
native ;ubstrates and the fluoro-substrates 3FG and é—deoxy—_
B—fluoro—D;glucitol (3FGL). These studies-indicate that the
aldose reductase ;nd sorbitol dehydrogenése enzymes are
respectively NADPY and NAD' dependent and cézgiyze the con-
version of glucose to sorbitol and sofbitol to fructose. 3FG
is shéwn to be a better.substrate for the aldose reductase
than glucose and 3FGL is shown to be a poorer substrate for
Sorbitol dehydrogenase than sorbitol. "The latter is demon-
strated by a Km (app) of 0.5_M for 3FGL as compared to a
Kmf(app)'of 0.07 M for sorbitol, both at 1 mM NAD*. The

Vmax (app) for sorbitol is eight times‘greater than tha; of
3FGL. A similar effect is observed for both the native and

fluoro-substrates using commercially prepared sorbitol dehydro-

genase. Thege results are consistent with the unfavourable

iii




intrinsic'binding energylof the fluoro-substrate as ptedicted
by the Circé effect proposed by W.P. Jencks. Apart from
being a substf“be 3F§L 1s-a150'sﬁbwp to be a competitive ..
inhibitor of sorbitol dehydrogenase Thislkinetic duaiity‘-
is experlmentally verlfled by adoptlng .8 ter reactant klnetlc
.\scheme ‘The dirreversible toxic effects of a’ 3ﬁG metabolite ,
are detected by radiorespirometric analysts of 14C02‘exptred‘
froo locusts injecteg with 3FG and 6—14C—D-g1ucose‘or l-;4C—_
acetate. The releaee of & high concentration'of‘fluoride.
from a 3FG metabolite 15'5136 observed It is proposed that
| BFG is converted to 3-deoxy-3— fluoro D-fructose (3%F) v1a /
aldoee redubtase and sorbitol dehydrogenase and subsequently
phosphorylated Chromatographlc and NMR ev1dence for this —~
convens1on is cited. The extent of metabollsm of a fluorlnated- !
phosphorylated metabolite derived from 3FG 1s 1nvest1gated

by 3320 production from D-&—H]stG. Ev1dence for the

. metabolism of 3FG as far as triose phosphate isomerase based-

on 3H20 yields ts presented. A bypothetical scheme for con-

.. _comitant "defluorination and detritiation of. _D—B—SH]—SFG is L
proposed. The irreversible toxic effect of 3FG is postulated:

to be via fluoride release from a 3FG metabolite resulting in

the inhibition of enolase and possibly other Mg2+ dependent

enzymes.,

iv
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PART 1 .

ENZYME STUDIES




INTRODUCTION

. The purpose of this study has been to investigate the

in vivo toxicity of,S—dedxy—s—fluoro—Digluéose (3FG) in
Locusta miératoria. Prior to the consiﬁera?}gn of this
problem, it -is proposed to bfiefly highlight the development
ofifhe Story of fluordacetate poisoning. Such an account
.isrimportant in the context of this work ‘since it erresents
the initial focal pGint of interest in the metabolism and

~ -

tox%g;}y of fluoro—analogues..,This study has spanned tﬁree
deééé?g gnd although it is not yet comple;e: a basic under-
stahdiﬁé of fluoroacetate toxicity has been “achieved. Most
'imporéantly,‘however, these‘studiés illustrate the dangef
of applying in vitro biochemical results to the in vivo "
'cquition. The results also illustrate the potential of
fluoroanalogues as biochemical probes.

Biochemical interesf.iﬁ monofluoroacetate was generated

in 1943 when Marais demonstrated fhat it was the toxic

component of the South African plant gifblaar or Dichapetalum

-~

cymosum (1). This plant Qas responsiblg for the death of
many cattle in South Africa, as well as scattered incidents
of human death. 1In 1947, C. Liebecq and R. Peters began

to investigate the action of fluoroacetate in kidney homo-.

’
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5
genates (2)(3). They were able to substantiate the fact .
- that fluoroacetate poisoning resulted in a marked c1trate

an

accumulatlon in virtually all tlssues studled except for
brain. The-Lﬁ% tissue level in rats was about 1079 and
toxicity was'manliested by the onset of convulsions which
subsequently led to death. This toxicity was relatively'
slow to develop, 'requiring several hours In 1953 Peters
established that the toxic metabolite was in fact mono-
fluorocitrate‘and not fluoroacetate (4). This was
demonstrated by the isolation of the metabolite from
kidney homogenates after pre—rncubation with fluoroacetate
and comparisoh“with synthetic racemic fluorocitrate.
Further evidence was based onlthe observation that racemic
fluorocitrate iuhibited respiratiou‘in brain homogenutes,
whereas fludroacetate had no effect.on respiration. }This

~N

was™due to the absence of acetate thiokinase in brain tissue.
\

\ .
The preceding experiment was one of the first examples in

)

which a carﬁon—fluorine compound was instrumental in drawing
attention to tissue specific metabolism.

Peters referred to th onversion of fluoroacetate
(which was itself non—toxij?\to the toxic metabolite fluoro-
citrate as a 'lethal synthesis'. Due to the acidic conditions
used in Peters' isolation of fluorocitrate from the homogenates

\

e

T 2




3 ;?‘

- a racemic mi#tuie of the”four isome}é was ohtained
(ﬁigﬁré'l). Chemigal synthesis of thé same compound
'alsd‘gave such mixtures dué to the lack of stergoépécificitﬁ
.in the synthetic route employed.

Early studies by Peters' group'%s1ng a crude in E&EEE
system (ih which acoﬂitase activity-measurements were coupled
to iso l

rate dehydrogenase and NADH production) demonstrated

that i

oduction of fluorccitrate into the system inhibited

citra stimulateg NADH production (5). In such assays,

50% inhibition of ﬁcgnitase was achieved with as little as
i

10"8 4o 107 racemic ‘fluorocitrate.. It was also shown that

" filorocitrate was toxic\gt a lower dose than fluoroacetate
when injecfed into pigeo;} rat, and rabbit. Ih pigeon, as
little as 1¥pg induced cdnvulsiéns (6).

At thlS stage of the 1nvest1gat10n (1953-54), it was
ev1dent that fluoroacetate was actlv;\ed by a thiokinase
to fofm fluoroacetyl -Cof and subsequently condensed with
oxaloacetlc acid via citrate synthase to form fluorocitrate.
In 1955, Brady.demonétrated~that flioroacetyl—CdA was
considérably lgsé stable th?n ﬁcetyl—CdA\at the pH that
..the citrate synthgse was most active (;5.‘ Saunders, who

first synthesized both di and trifluoroacefic acids, found

no toxic effect upon injedtion of either compound into



Figure 1

Four possible stereoisomers of fluorocitrate
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a1%§%§81.> It was suggestéd that di or trifluodro-

il CHIN

variousa::?ﬁ
acetic ds could no.longer productively interact with

.

eitnértthe thiokinaSe or citrate synthase enzymes. Kun

later%demonst;ated that the Km for iiuoroaqety1~CoA was
identicai'to that of acetyleoA but the Voax was §%5th that |
of the‘nativexsubstrate (9). Thisg could be partially '
rationalized by the advérse inductive effect of flﬁorine '

on the enolizability'of,flubroacefate. Enolization is
presumably a ?ate determining step in thexformation of

the enzymé cataiyzed tranéitiou state (Figure 2).

One of the early problems concerning.the effects of
fluo;géitrate on aconitase was the uncertainty with regard
to the stereochemistry of the toxic isomef. Kun begah to

-ﬁnvestigate this problem in 1961 and was abie to show that
énzymically synthes;zed fluorocitrate from fluoroacetyl-CoA
and oxalow?etic acid was the toxic isomer (10)(11l). All
other isomers had no significant inhibitory effect on

aconitase.

These tests were done on an impure mitochondrial
2+

aconitase preparation which was coupled to a Mn2+ 6f Mg
dependent isocitrate dehydrogenase assay. In these assays,.
fluorocitrate was shown to be a linearly competitive

inhibitor of aconitase.




" Figure 2
Condensation of F—acetyl CoA with oxaloacetic acid catalyzed

by cFtrate synthdse.
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In 1969-70, four significant'advances_were made. (a) Kun
démonstrated £hat the toxié,isomer of fluérocitrate belonged !
tq the“er&thro*pair of enantiomers which were separated from
the diastereomeric threo pair of enantiomers by-hiéﬁ voltage
electfophoresis. The toxic iSomer was shown to be (-) erythro-
fluorocitric acid (or 1R ﬁ 2R 1-fluoro-2-hydroxy-1,2,3 propane
tricarboxylic ﬁéid) by X-ray crystallographic analysis and
comparison to the enzymically synthesized isomer (12)(13).

(b) Sir Rudolph Peters proposed that tné‘ﬁékic action of

fluorocitrate was due iﬁits inhibitory action on mito-

Chondrial:acoqitase‘(l ). There was evidence for the

irreversible ihéétivatién'of;mitochondrial aconifase by
fluorocitrate under a variety of conditions (15).
(¢) Guarriera-Bobyleva and Buffa found-that after in vivo
administration of toxic doses of fluorocitrate, only.the
metabolism of citrate was inhibited in_Whole'mitochondfia,
whereas qisaconitate (which wag also a substrafe for aéonitase).
was oxidized normally (16). (ﬁ) Kun demonstrated that fluoro-
citrate did not inhibit NADPH formation when cisaconitate was
the substrate (ins?ead of citrate) ip the NADP+ dependent
isocitrate'dehydrogenase coupled systeﬁ (12).

'NADP' NADPH+H'

citrate v—._—:‘: cis-aconitate @ isocitrate === oketoglutarate
Aconitase - Aconitase Isocitrate

dehydrogenase



Fnrthermore, Kun demonstrated that fluorocitrate was also

a ‘competitive inhib%tor'o;;Succinate dehydrogenase with a
. =

—4
1(app) of 6 x 10

It is evident ‘from the above dlscu551on‘that a variety
of anomalous phenomena were Qbserved with regard to fluoro-.
01trate tox101ty In partlcular the lack of 1nhib1t10n
of. cls—aconltate utlllzatlon in mltochondrla and in vitro
enzyme systems by fluoroc1trate was particularly disturbing..
ThlS effect was 1ncon81stent with the mechanlsm of aconlrgge
proposed by Glusker (17) The situation was further compll—
cated by the existence of two_isoenzymesidf'aconitase, one
mitochondrial, the other'oytoplasmic. '

| In.1970, Carrel, Glusker and Kun propoéed a mechanism
' for the reversible and: irreversible inhibition of aconitase
whlch was compatlble with Glusker's mechanlsm (18) It was
proposed that the competltlve inhibitory action of fluoro—
_citrate was due to a change in the chelation complex wﬁich"

L 2N -
1R:2R flucorocitrate formed;w1th Fe2 in the active site, as

-..d

compared to the complex formed with citrate. “The non-

‘competitive irreversible component wae via alkylation of
Coe TN .
the enzyme with concomitant irelease of fluoride (Figure 3).

c -

Although Kun and co-workers were abie to demonstrate fluoride

—

release'on pre—incubation‘wifh enzyme, Peters' group was

unable to confirm this observation (19).

coa e

R
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- Figure 3 '
||.:I - /\‘
An early scheme proposed to account for the reversible and - : f
irreversible inhibition of aconitase by fluorocitrate. )/
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F-citrate as inhibitor or inactivator




13
The enigmatic state of the*dﬁbﬁitaée‘problem‘during 1970-72
was aptly described by Kun (19):

"A molecular mechanism' of fluorocitrate
toxicity has to account for the-
irreversible cessation of cell function
in certain specific cells of the nervous
system, known to be the probable -anatomical
organ site of this poison (15). If
. inhibition of aconitase is' the mode of
action of fluorocitrate, irreversible -
inhibition of this enzyme should be
demonstrated at submicromolar concen-
trations of the inhibitor because this
range of concentration is most probably
present in vivo (due to slow rates of
fluorocitrate biosynthesis). Even if
these requirements are met, there is
some uncertainty why aconitase inhibition
should prove fatal, when inhibitors of
other citric acid cycle enzymes cause
relatively small toxicity: eg. malonate
is not a powerful poison, or as stated
earlier, inhibition of malate dehydro-
genase in vivo elicits no detectable
toxic effects."
L X .
Eventually Kun was able to sort out the various anomalous

results regarding the action of fluorocitrate oﬁ aconitage.
Part of the problem was due to the artificiality of
mitochondrial aconitase preparations. It was known for

some time that aconitase interacted with the inner mito-
chondfial membrane. Attempts to purify -the enzymé necessitated
the disruption of this interaction. This resulted in a kinetic
behavior which was not a reflection of the in vivo character-

istics of this enzyme (19).' As demonstrated by Kun in 1974
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.
’

(20), various pregarations of aconitase were susceptible to
' D
time dependent inactivation by divalent cations such as

Mg * or Mn2+, which were necessary constltuen{f of the
Hisocltrate dehydrogenase coupled assay Unawareness of
this complication often resulted in a varlety of 1nh1b1tory
‘patterns which mimicked competitive, non-competitive or
mixed types of inhibition along with highly viriable K,
values. |

'Isolation‘of an electrophoretically pure aconitase
which was fully active for a short time without any o
artificial activators such as cysteine, Fe2+, or ascorbate,
revealed linear competitive inhibition for both the mito-
chondrial and cytoplasm1c~1sozymes These results did
not explain the well known irreversible and highly potent
toxic effects of (-) erythro-fluorocitrate. In fact, later
work by Kun demonstrated that aconmitase in mitochondria was
active at coecentrations of Mg2+ as high as 230mM; cenditions
which would have completely and irreversibly inactiVated the
purified in vitro enzyme preparation (21). Clearly the
results with the improved in vitro preparation still d%é\
not stringently reproducehthe physiological properties d}

this enzyme. This theme has been most poignantly expounded

by E.A. Newsholme, particularly with regard to the regulatory

.y 4
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properfieé of allosteric enzjmés'(22). The dangers of
»extrapolating in’ XlEEQ enzymology to physiological processes-
were palnfully ev1dent with regard to the properties of
aconitase.

Experimental resﬁlts:pertaining to the irreversible
inhibition of citrate-isocitfaté exchange in isolated mito-
‘choﬁdria by“micromolar concentra@ions 6f fluorocitrate ‘
were the first indication of a biochemically significant
event which was compatible with the etiokogy of fluoroacetate
and fluorocitrate poisoning (23)(Figure 4).

Irreversible inhibition of citrate - isocitrate exchange
was achieved at fiuorocitréfe concentrations of 10"6 to 10_8
molar, when mitochondria were pre-incubated for t@q to eight
minutes prigr to the addition of‘citrate. It was suggested
that fluorocitrate irreversibly inactivated the mitochondrial
fricarboxylate trénsport system first elucidated by Chappel
in 1968 (24). Altﬁough this proposal was later disputed by
Chappel and his group (25) (on thg basis of a failure to
observe irreversible inhibition of citrate exchange in
citrate pre-loaded mitochondria), the discrepancy was
reconciled due to the stringent requirement for pre-

incubation of mifochondria with fluorocitrate in the

absence of high concentrations of citrate. In pre-loaded
c



Experimental system used by Kun in suspended liver mito-
chondria to first detect the inactivation of the citrate.

transport network.

. "_"',‘“




citrate< - -citrate or cisaconitat
raconitas¢ ~— Tricarboxylic acid carrier
cisaconitate - Njgocitrate
soliimed S| et ~NADP
dehydrogenase NADPH
o<kéto"glutarate_

LRLTY

Aiter the addition of Triton X-100, the rate of isocitrate
formation from cisaconitate wasquéatly accelerated,
indicating that this reaction catalyzed by mitochondrial
aconitase was limited by the rate of tricarbox&late'
carrier which was operative only in intact mitochondria.
Fluorocitrate irreversibly inhibited citrate or cis-

aconitate dependent isocitrate efflux. This inh

L
1

was relieved by disruption of the mitochon
L

membrane

by Triton X-100,
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mitochondria, the citrate concentration was usually 3--4mM,
Such an artifically high concentration of citrate invariably
‘protected the tricarboxylate transporte¥ from fluorocitrate

-6 to 10“8M. Further

concentrations in the range of 10
experiments by Kun have demonstrated tpﬁ%{ihe rate of o
entry of oxidizable carboxyllc ac1ds into the mltoplast
compartment of lysosome and microsome free mltochondrla

(as measured by 1ncorporat10n of 32P into ATP) was

irreversibly inhibited by pre-incubation of mitochondria

with 50 picomoles of (-) erythro-fluorocitrate per milli-

grgmof mitochondrial protein: Also, the efflux of radio-

abelled citrate generate& in the mitoplast compartmeet of

mitochondria from U—14C—alanine and «ketoglutarate was

{rreversibly inhibited by fluorocitrate (26). Furthermore,

formation of a'stable'covalent adduct, derived from
radiola ed fluorocitrate and mitochondrial membrane
proteins was demonstrated. Fluorocitrate was shown to

- bind to two distinct protein bands extracted from liver
mitoplasts. Fractionation of these pfbteins was achieﬁed
on “Sephadex G-200, corresponding to molecular weights of
175f000 and 71,500. The binding process was shown to be

enzYme catalyzed and activated by Mn2+. Subsequent studies

B
have uncovered an enzyme system extractable from mitoplast

‘2

/__'_,
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membranes which catalyzed the.formation of a 1:1 adduct of ™

citrate and'glutathione-(27). This adduct was shown to be

a thiocester of glutathione. A hydfdlaéé capable of degrading

the adduct was also identified. Both enzymes were irreversibly

inactivated by (-) erythro-fluorocitrate and formed covalent

complexes with this toxin. A éariety of specific enzyme

systems which catalyzed the formation of glutathione-

thicester adducts with succinate, malate, Wketoglutarate
glutamate, pyruvate, 13001trate and glutamlne have been

| identified ?n the inner mitochondriail membrane (27).

The coincidence of fluorocitrate inhibition of citrate
transport in mitochondria with the 1nh1b1t10n of the soluble
c1trate—g1utath10ne synthase and hydrolase systems tends to
suggest that the synthase-hydrolase system may be an integral
part of the mitochondrial citrate transport System. Various
other pieces of evidence point in this direction (27).

Figure 5 gives a brief outline of the proposed transport
netwbrk.

It is evident, therefore, that there may be a ubiquitous
mechanism in mitochondria requiriﬁg oﬁidized glutathione (GSSG)
for the transport of various di and tricarboxylic metabolites.
fhe'function of glutathione in the transport of some amino

acids has been elucidated by A. Meister (Figure 6). The
. P J

o S A
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Figure 5

Wy !
Citrate transport network in the mitoplaét as proposed

1
by Kun. (T
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Figufe 5
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Thioster formation was prevented by the free radical

trapping agent phenazine methosulfate.
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‘Figure 6

Transport stheme for the translocation of amino acids in

intestinal epithelia proposed by A. Meister.
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"Figure 6
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‘?Lf‘importanee'bf'this peptide, which is.present in virtually
all cells at 'a concentration of'a10mM has begun to emerge,
P _

;" Kun has suggested that the glutathione—carboxylic acid-

,/4‘
,f' !

thiocester enzyme system may also serve as a regulator of
a ‘\“=Krebs cycle acids and thereby have profound effects on
‘cellular metabollsm ) _

. During the past decada, ‘there has been an-increase
in the de51gn and use of luoroanalogues as actlve site
dlrected.enzyme labelllnéj;gents (28)(29)(30) These

reagents fall into two categories; 'those known as K affinity
labels and those résgents known as ﬁ at 1nh1b1tors or suicide
substrates (31)

) The K afflnlty labels are substrate-analogues with a
chemically reactlve functlonal group whlch is dlsplaced by
a catalytlcally actlve re51due One of the flrst examples
of such a reagent was tosyl L-phenylalanlneTehloromethyl-
ketone (32) This reagent resembled substrates like tosyl—‘
L-phenylalanineawhich had been used to study the kinetics
of the enzyme chymotrypsin.” This aff&nity reagent was
later shown to modify histidine-57 at the active site and
was one of the first examples of a'highly reactive class

?of affinity labels known as ohaloketones,” This class of

affinity reagents has heen snown to be more reactive in

© s v
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alkylatlon reactions than the haleacetﬁlated amines, both
in hodel studies with good nucleophilee like thiols (33)
and with relatively poor nucleophiles like'carboxy anions
at'the_active site of many enzymes t34)(35)(36)(37).‘ Somel
early studies using bromopyruvate as an affinity label for
the enzyme 2-keto- S—deoxygluconate -6-phosphate - (KthP)
aldolase were done by H.P. Meloche and his collegues (38)

(39)(40)(41)(42)(43) These studles exempllfled the great

 potential of affinity labels as probes for catalytically

important residues at the enzyme active site. One great
advantage of thése affinity labels was their susceptibility |

to sodium borotritide reduction upon ‘alkylation. This was

due to the retention of the keto group in the covalent

adduct. If one used 1—140 labelled bromopyruvate thlS

allowed both 140 and 3H 1abelllng of the covalent enzyme-

"affinity label complex. Double labelling ensured that the-

-~

covalently modified'residue could be isolated and readily.
tagged after profeie hydrelysis. It was later discovered
that 3H labelling was eesential due to the lxss of the 1{140
carboxyl m01ety of pyruvate via decarboxylatlon during
protein hydroly31s (43). Borohydride reductlon of covalently
incorporated ketones‘hes become a_widely practiced procedure;

Not only does this reduction stabilize the_proteip-ligand-

-~
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covalent adduct and other }abilewgroups alpha to the carbonyl,.

‘but it also provides a facile means of quantifying feagent

N

inéorporation by measurement of the extent of radiolabelling.
When testing a putative affipity reagent, it is
important to demonstrate that one is obsefving a bona fide
active site précess. This means thét the binding of the
agent to the actiVe,sité brings catalytically active groups
in a position fQVourable for their attack on the substrate
reactive centre,. nThe binding of a substrate mimicking
affinity label by ;he enzyme will alsoc enhance the reactivity

of the label via entropic factors, induced'fit, strain, stress

and distortion.. In the scheme shown in Figure 7, this means
‘ - . .
that kin‘ would be greatly increased for the enzyme catalyzed
Krn . | .
reaction as compared to the bimolecular inactivation rate

\ .
constant for the collision of an ehaloketone with a free

nucleophile.
Vivid examplés of the enhanced reactivity of an
haloketone’ have beeh_given by Hartman (36){(33). The
) . .
esterification of ZOmM'chlqroacetol phosphate at 25°C,
PH 8.1 by 1mM glutamic acid codid not be demonétrated
after 12 hours. Substitution of glutamic acid by the
enzyme triose phosphate isomerase, however, resulted in
phe esterification of enzyme residue Glu-165 by chloroacetol

rhosphate with an abparent second order rate constant of

*
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) Figure 7

}

Kinetic schemes for a true affinity process and a

--random’b;—molecular collision.
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Figure 7

5 .
Kinetic scheme for an affinity label acting.at the enzyme

active site,

k k., '
E+ 1 =—2> 51 — 2%y E:I'(covalently modified)
kK_4 .
Initial velocity vy = “kin (Eo)(I) Km= k2 * k--1
Km + (1) | . ki
If k,<<k_4, then K. = Ks'//Ks is a\kiue dissociation

constant. kin/Kﬁ is an apparent second order rate constant.

v

Kinetic scheme for a simple bi-molecular collision.

k .
E + I ___E_+ E:I J(covalently modified)

Initial velocity Vi T k2(E)(I) and kz is the second order

;fate constant.

Caa g, oy
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14 x 10 M 'sec™! at. 25°C, pH 7. The difference in
reactivity was lg}geiy_a function of entropiec factors.
Deﬁending upoﬂ-the‘relative gains and losses in internal
rotation, the intramolecular reaction could be favoured
entropically up to 190 J]deg/mol or 13-14 Kecal/mol at |
- 25°C. Such an entropic advantage‘could be visualized by
imagininé that the éffective concentration of the attacking
‘nucleophile was'gfeatly increased in the viciﬁity of the
substrate. o - .

In order to demonstrate truel;ffinity labélling,
several criteria must be satisfied'(41). (a) Inactivation
must be first order with respect to remaining native enzyme. .
(b) A rate saturation effecé_must be observéd with the affinity
label. (c¢) The native substrate should protect égainst
inactivétion.and be competitive with the affinity label.
(d) In the absence of nén specific labelling, the iﬁcorporation
of label should be 1:1 per mole of cétalyt;c éubunit inacti-
vated. ‘Thé?first three criteria may be fésted by applying
a steady-state kinetic rationale analagous to the Michaelis-

Menten approach for competitive inhibition.

K:S
E + S &= ES

ky -+ Kyy
E+ 1 &=El—=oEF - I

k4
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= . Vin

Kin (1 + (8)/KT
(1)

Vin

1 +

If an agent acts as a true afflnlty label, the half time
of enzyme 1nact1vat10n$7? can be shown to be proportional to

l/v when.741n2/k . The minimum half tlme of inactivation

‘at an 1nfin1te concentration of I is denoted T and T is

proportional’ to l/Vin. For a true affinity process, a_plot

<xf3”versus 1/(I) should yield a Straight line. The slope

of the line is determined by Kiﬁ and the concentration of .

any competitive. inhibitor, if present. ) i
\ ' :

7 T [Kin * Xy (]

(1)

+ T (41)
S

Due to the ‘close Structural resemblance of bromopyruvate
to the’ natural Substrate pyruvate Meloche was able to
ascertain® whether the afflnlty label did in fact alkylate
the samé gréup which was responsible for alpha proton
abstraction in the native substrate: Initially, Meloche
postulﬁted that bromopyruvate formed a Schiffs base or

imine complex with an essential amino groub at E?e active
s
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site, similar to the native substrate. He was able tJi, \

'demonstrate that 3-R S—S—aﬂebromo—pyruvate was a substratej
for the 1sotope exchange reaction catalyzed by KdGtp
aldolase The enzyme was found to be stereospecific for

the pro-R tritium. Isotopic excnange with the solvent
occurred . under¥ conditions which resulfeﬁ’?ﬁwsq% incorporation
- of label into an enzyme bound ester _linkage. fhe kinetics
-of detrltlatlon and inactivation were subsequently found

to be consistent with a single mechanism ommntung at the
same site. This claim was substantiated by the demonstration
‘of a constant ratio of inactivation : detritiation as a
function.of var&ing concentrations of'affinitf label.
Furthermore, the half time of maximal inactivation was

shown to be isofemporal with the half maximal rate of-
~isotopic exchange at a fixed inhibitor concentration.

This implied the following mechanism:

K E - I (inactive)
E + I ==2EI

kv

3

E+ P+ “H.O

2

The ratio of exchange to alkylation (kex/kin) was
found to be 1:50 over a wide varijtion in (I). This

dicotomy of action could be'simply viewe& as a probabilistic

‘I

DINY
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event in which the probability of inactivation was fifty
fold emaller'than that of exchange. It also gave a relative
measure of the two rate constants k :geX' The significance
of these findings to the -work presented in this dlssertatlon
w111 be elaborated ‘in Subsequent discussions. As a final
note concerning the studies with KdGtP aldolase, it is
1mportant to add that borohydride reductlon of the esterified
inactivated enzyme in ‘the absence of "protein densaturant
resulted in the cross—linkiné of an N-6 lysyl amino group
'to the carboxy keto- methyl ggng attached to a glutamic
ac1d residue at the active site. -This evidence substantieted-
the fact that the affinity label, 1like substrate, was also-
subject to the formation of an imine complex (Figure 8),
Haloacetol phosphates, including the fluoro analogue,
have been tested as affinity labelling agents for several
-enzymes including aldolase, L-glycerophospﬁate dehydrogenase
and triose phosphate isomerase (33)(44;f 'Chloroacetol and
bromoacetol phosphates did not inactivate aldolase or L-
glyceiophosphate dehydrogenase. Fluoroacetol phosphate was
a substrate for L-glycerophosphate dehydrogenase but was ga
poor inactivator of triose phosphate isomerase when cbmpared

to the other haloacetol phosphates (44). This was primariiy

thought to be due to the poor leaving ability of fluoride,
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Catalytic mechanism of 2- keto—3-deoxygluconate—6-phospha

aldolase (KthP) with the native substrates pPyruvate and
glyceraldehyde-3-phosphate
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which is the most basic of the halides and hence the worst
leaving group ; This is the maJor reason that fluorine is
seldom used a% a leaving group in in 31359 enzyme inactlvatlon
-studies. This consideration is particularly important in

.the case of SNz_réactions at 'soft' satuggted electrophilic

centres where leaving group polarizability is particularly

important. However, this prOpefty can be used advantageously

in‘vivo

One of the problems of haloketone substltuents other
than fluorlne is their susceptibility to non-specific
nucleophilic attack. This deficiency was particularly

evident in the case of bromopyruvate, which ;esultéd in a
high degreéﬂof alky;ation of amino acid residues other than: -
- those at the active site of KdGtP aidolase. In addition,
the stability of the haloketone in agueous media was markediy
affected by the nature of the halosubstituent. Such highly
reactive labelling agents would therefore be very non-specifie
in the physiological milieu of the living cell. For this
reason the relative stability of the carbon-fluorine bond
could be used to invoke some greater measufe of selectivity
in vivo at the expense of reactivity. This is a particularly
important consideration in the design of pharmacological

agents. The strength of the carbon-fluorine bond does not,

however, preclude its rupture when subjected to the,
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environment and forces at the enzyme active sfﬁe 145). ~

An ingenious use of the fluoro substituenf has‘been
investigated by D. Santi in the reaction of Sffluoro—'
2'-deoxyuridylate (FdUMP) with the enzyme thymidylate

synthase from Lactobacillus -casei (46)(47). In this case,.

a 5-fluoro subs#ifuent‘was used to activate the uracil

ring to nucieophilic affack at the six position by a basic
group on the enzyme. The result was the formation of a
stable reversible covalent ternary adduct of edgyme-CHzFAH4-
~ FAUMP (47). This complex was isolated and. a hy@rolytic .

peptide derivative was subjebted to 19

F NMR studies to
obtain information regarding the stereochemistryvof the
native enzyme mechanism (48). The. presence of fluorine
at the ﬁive position eliminated the possibility of proton
abstraction, thought to normally occur at this position
in the native ternary complex (Figure 9).

Another interesting case documented by Santi involved
the use of the 5-trifluoromethyl derivative of 2'-deoXy-
uridylate (CFSdUMP) as an irreversible inactivator of the
same enzyme (48). From model studies it was known that the
CF, group of CF,dUMP was susceptible to hydrolysis. This

was a surprising finding since trifluoromethyl groups were

known to be particularly stable under hydrolytic conditions,




 Suggested Mechanism for

Structure of the FAUMP -

ternary complex, X represents a nucleophile of one 0of the

enzyme amino acids.

Figure Qal

Thymidylate synthase Reaction

1 -(5—phpsphd;2~deoxyribosyl)

"

CH2NHC6H4€O(Glu)

Figure 9b

CH2 -'FAH4 thymidylate synthase

~
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. Figure 9a ]

.
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Figure 9b
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Model studies reve®led that 5—trifluoromethyi-l-methy1—3-

alkyl uraeil (4) was‘susceﬁtible to nucleophilic attack at -

the six position.with coﬁcoqitant formation of a putative,
highly reactive, exoc&elic.difluorometh&lene intermediate °
(B)(Flgure 10). On the ba51s of preliminary studies] it

was proposed by Santi that CF3dUMP 1rrever31b11¥ 1nhibited
thymldylate synthase via a mechanism analagous to the hydroly31s
of (Aﬁ (FIEure 11).

Apart from providing valuable informatio regarding the

genera; ﬁechanism of folate enzymes and in paY¥ticular thymi-
dylete synthase, these fluorouracil analogue* are currenfly
in use as anti- tumour and anti- viral DNA\;gents
“ ., From the preceding discussipn it is evideht that the
feactivity of the carbon-fluorine bond may; under_cerfain
¢ conditions, be greatly enhanced. The most subtle refinement
regarding control over the chemical reactivity of substituent
groﬁps in enzyme catalyéed reactions has been achieved'b§ the
use of kcat or suicide substrates. The salient features of
suicide substrates and_numerous examples of their petential
have been reviewed (49)(50) In the context of thls ~work
it is 1mportant to outline a few unigue features of this

class of affinity agents.

. As opposed to classical affinity reagents which depend
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Figure 10
‘ y

Model studies with 5-trifluoromethyl-l-methyl-3-alkyl

uracil (A);. (B) #'e30cyclic difluoromethylene 1ntgrﬁediate.



Figure 10
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. Figure 11

Inactivation of thymidylate synthase by 5 trifluoromethyl-
,2 -deoxyuridylate (CF dUMP)
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Figure 11
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upon their binding affinity for the enzyme to determine
specificity~and effectiveness, suicide sSubstrates rely.

upon prior_catalytic activatiqn by the enzyme in order to
become chemically reactive. These substrates -are themselves

chemically unreactive and follow the general.scheme outlined

below: |
kl, Keat %in
E+ 8 &= ES—— EI—0E-I (covalently modified)
) ‘

2

- The major advantage of these reagents is their specificity.
Suicide substrates are unreactive to foreign biomolecules.

"For this reason, they can be used with
crude in vitro and in vivo systems without
concern for competing non- spe01f1c reactions.
Furtheremore, since the chemically reactive
inhibitor is generated at the active site,
exgeedingly reactive functionalities can be
used that would not be possible with an
affinity labelling agent. On a more prag-
matic level, these reagents are, in general,
more stable than affinity 1abe111ng agents
because ‘they are relatively chemically
inert prlor to enzyme activation" (49)

A wide variety of these reagents have been developed,
utilizing different mechanisms of activation. General
criteria for the design and evaluation of such reagents

have been given by Rando (49). From a pharmacological

point of view these are currently the ultimate in chemical

A
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weaponry. Several elegant éxampleé of suicidg inhibitors,
_utilizing the carbon—fluorine bond have been published (28)
(29). "The mechanism of inactifation Of-a}anine racemase
froﬁy}; coli by fluoroalaniﬁe as “proposed by Walsh is
parti.c;ula.'rly illustrative of t'hé basic principles odf kca;
inactivators (Figure 12). Both D-fluoroalanine and D-
cycloserine have been ﬁseq synergistically ggainét infections
in expérimental animals (S51). D—cycloéerihe is a nafuraliy
occuring suicide'substraxe (50). Alanine racemase is ‘a
pafticularly important target enzyme in bacteria because
if.is responsible for the p;odﬁction of D-alanine from L-
a;gnine. D-alanine is an eQSential component of the pepti-
doglycan backbone of bacterial cell walls.

’

Prévréus studies Wifh fluorocarbohydrates by Taylor
have be:ﬁ Srimarily confined to enzyme specificity (52),
micrqbial metabolism and transport (53)(54)(55) and carbo-
hydrate transport (56)(57)(58). -Although 3-deoxy-3-fluocro-
D-glucose (3FG) displa&éq several pﬁysiqlogical and bio-:\_
chemical effects in rats (592), it was not toxic even after

Yo
fassive intraperitoneal injections of 5 gram/kg. Some |

" fluorinated compdunds accumulated in the brain and'%estes,

but the majority of the 3FG was rapidly excreted 1nto

urine. It was considered to be of some interest, therefor

i T i aissont
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X ; Figure 12
) .

\
— .

: . T . Ct
Irreversible inactivatlon of pyridoxal phosphate Qgpendent

alanine racemase by D-fluoroalanine,
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Figure 12

O .
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alkylated enzyme
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to examine the efféct-of 3FG on an animal organism which -
had a‘greater degree of water retention than the rat and
which required a smaller dose of 3FG to evoke a phy51ologica1

response It was found that 3FG was toxic to two closely

related locust quc1es, Schistocerca gregaria and Locusta
migratoria, at. an LD50 dose of 4.8 mg/gm by injection o¥ *
by oral-adminiStratioo (60)(61). A iarge portion of the
injected dose was found to be rapidly excreted via.the
faeces and urine suggesting that the in vivd toxic cellular
levels of this fluorosugar were con81derably lower than those
Cindicated by, the LD50 Tox1o1ty was evidenced by a slow
progre§51ve loss of motor activity with death usually
occﬁring between thirty hours and four days. These
éymptoms_suggested the accﬁmulation of a'toxic metabolite
réPiniscent of the 'lethal synthesis' in fluoroacetate
poisoning. This proﬁpted a Quantitative determination.of
neutral carbohydrates in the haemolymph, flight muscle aﬁd
fat.body of the locust folldwing 3FG administration, using
temperature programmed and isotherﬁal gas ohromgtograghy of
tissue extracts. Similar carbohydrate scans had been
reported prev1ous1y for locust flight muscle (62).

Gas chromatography of neutral tissue metabolites

4

feveaied that the 1nJected SFG was absent from all tissues

>

L]
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aftet‘one hour followtng injection. A new metabolite,
however, appeared ip both the fat body and haeﬁol&@ph.
This was identified as 3-deoxy-3-fluoro-D-glucitol (3FGL)
by comparison to synthetically prepared material (60)(61).
After insects were poisoned with a 10, 8 mg dose’ of 3FG
-and twelve hours later haemolymph glucose levels were
raised artificially by a 10.8 mg dose of glucose, the
presence of 0.4-0.5 mg 3FGL per 100 mg of tissue and

0. 3—0 6 mg of D-glucitol or sorbltol per 100 mg of tlssue
' was detected These results suggested that a pathway from
_ glucose to fructose via sorbitol was active in these locust
‘spe01es and that 3FG was a substrate for aldose reductase
(Flgure 13). The fluoro-product of this reactlon,HBFGB?
seemed to bleck the subsequentjcenversion of sorb2tol to
fructose by inhibiting the enzyme sorbitol dehydrogenase
Also a4 precursor-product- relationship was evident between

3FG levels in the fat body and 3FGL levels in the haemolymph,

suggestlng that the fat body Wwas thé site of the convers1on.

Sorbitol metabollsm had been reported in the dlapau81ng .

egg of Bombyx 311kworm (63) and in the mosquito (64), but
its presence and function in adult locusta had never been
previously reported or discussed. No attempt has been made '

in this dissertation to review inseet carbohydrate metabolism

~
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Figure 13

Proposed pathway for 'metabolism of 3FG. (1ll1l1) = 3FG,
<t : ' . '
(1V) = 3FGL, (V) = 3-deoxy-3-fluoro-D-fructose.
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- and regulation sinceimany recent reviews have been directed

toward this subject (65)(66)(67)(68)(69)(70).
-Due to the proposed inhibitory action of 3FGL on
sorbitol dehydrogenase and thelproposed'conversioh of 3FG

A%

to éFGL via aldose reductase, it was-:of considerable

_importance to isolate and study the properties of these

" enzymes in vitro. The presence of the glucose to fructose

pathway in locusta could have prévideq'an_alternative route,

whereby 3FG could enter glycolysis. Other studies had

shown that BFQ w;s ; vernyoor subs%raté for hexokinase

from yeast'(59)(71). The effécts of 3FG on mammalian and

inseet hexokinase or glucokinase have yet to be investigatedl
The objectives of Part 1 of this dissertation are:

a) to_lig%teand partially purify the enzymes involved in }

the metabolism of 3FG.

n

"b) to kineticélly charaétérizﬁe locust, aldose reductase

“and sorbitol'déhydrogenase with respect to the nofﬁal

sybstrates as well a%"3FG and SFGhﬂ

-



-

MATERIALS AND METHODS

Reagents.

All reagents were of analytlcal grade or the hlghest

‘purlty commerc1a11y avallable unless otherw1se Stated. All

aqueous solutlons were prepared using 51ng1y dlStllled de-

..1onlzed water. The following reagents werg used:

mercaptoethanol, dithioerythfitol, Trizma base, Trizma HC1,-

‘NAD+ NADH, NADPt, NADPH, agarose immobilized NADP* and —_—

NAD', sorbitol dehydrogenase (L—iditol:NAD*‘5—oxidoreductase,
sheep liver, EC 1.1.1.14), L-lactate dehydrogenase (EC 1.1.1.27)
and glyoxylic acid were from Sigma (St. Louis, Missouri),

D-sorbitol, D—glucose and D—fructoss_were from BDH (Toronto

H

, Ontario) . Dawex AG 50 WX12 (H*) and AGl - WXB (formate) and

an %PS polyacrylamide gel electrophoresis kit were from
Blorad (Rlchmond, California). Sephadex G—2§ and blue
De#tréh 2000‘were'ffomzpharma¢ia EUppsalangweden).‘ Silica
gel and cellulose Ehi? layer 0.2 mm-chromatography blates

were from Brinkmann and BDH (Torontd, Ontario).
. R *

.
Equipment

FﬂAll PH measurements were performed on an analytical

grade Metrohm model E-510 pH meter and ion potentiometer

T T T e s
T »




using a Fishef c?mﬁlnation PH electrode. Cenf:ifugétionl

was performed on®an IEC model B-60 ultra—éentrifuge and an .
IEC model B-20A preparative centrifuge. Tissue hopogenization
was pérformed-uging a.Polytron hoﬁogenizer with saw. tooth
ﬁgengrator or with a 100 ml ﬁsttef;Elveﬁjem_hbmogenizer with

a 0.013:0.020 cm clearance. All speefrophotohetric measure-
"ments were done on a ﬁéckman‘QV—VIS Acta VI spectrophotometér

with a temperature controller,.

ynthesis of 3-deoxye3-fluoro-D-glucose (3FG) and 3-deoxy-
3-fluoro-D-glucitol (3FGL)

Crystalline, twice recrystallized 3FG was brepared as

previously reported (72). The purify of the material was

19

checked by meiting point, silica gel chromatography, F NMR

and IR. Tﬁrice recrystallized 3FGL was synthesized as
reported (60) and the purit} was checked by silica gel
ch£omatography, Rf 0.55, solﬁqgt isopropanocl : ethyl

acetate : watép : acetic acid?.83:11'5:l v/v aﬂd Rf 0.66,
solvent ethanol : water : ammonium hi@goxide, 80:16:4 v/v,
1gF NMR and IR. No reducing spots were ébtained whén the

chromatogramé were sprayed with the Highly sensitive. reagent

aniline phthallate ( 73%/
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Locust Rearing Conditions

Locusts were.réared under crowded conditionms in a .
temperature aqd humidity controlled environment room, kept
at 30° C and 30% humidity. Diet consisted ‘of local field

'grass and store bought carrots with greens.. Only healthy
adult male locusta age 10-20 da¥s were used\ngoughout
S—

this study.

x.
Injection Procedures and 3FGL Toxicity Study

Male adult locusta age 10-14 days wefe injected with
various conceﬁtrations of 3FGL in a quﬁllvqlume using'a
50‘p1 Hamilton syringe. All injections.were into the haémocoel
and were.maéé usiné a 2 inch 24 gauge needle which was inserted
to a fixed depth of 5 mm through the membr;ﬁous septum at the
base éf the. front fhoracié leg. Ahf loEustJ@hich'wgs poérly-
injected as shown by haemolymph leakage was discarded from‘
the study. Locusta were deprived of food fof eight hours
prior tolinjection. A similar toxicity study using a

western Canadian grasshopper Melanoplus sanguinipes kindly

conducted for us by Agriculture Canada, used abdominal
injection of the same agent in a 25 ul volume. In al{\ '
cases distilled deionized sterile water was used to sprepare

injection solutions.- Control locusta were injected with an

12
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equal_volume'bf water or water plus an equivalent amount of

‘_glucoser Locusta were observed for periods of up to 5 days

~

for tox101ty, durlng which tlme they were fed their normal

diet.

Enzyme ﬁéoiation: Sorbitol Deh&drogenase and Aldose Reductase

A preparation of sorbitol dehydrogenase (EC 1.1.1.14)
from inéect fat body was carried out as follows. Adult

Locusta migratoria,. 10-14 days .old, were stunned at -10°C

for io‘minutes. Fat bodies were dissected oﬁt from 100
locusta and pooled to yield about 15 grams of tissue which
wgs frozen in iiquid nitrogen and stored at -10°C. This
tissue:was homogqniied in a Potter-Elvehjem homogenizer.with
10 volumes of ice-cold 0.05 M Tris buffer, pH 7.5, with 5 mM
mercaptoethanol=  ?he'crude homogenate was filtered throuéh
cheesecloth and fhe filtrate centrifuged at 55,600 X g.
The.protein concentration of the supefnatant was adjusted

to 0.63 mg/ml using'aﬁﬁbmograph‘of Warbﬁrg and Christian (121);
the enzyme;wéé pfécgﬁitated between 40-80% saturation of .
ammonium sulfate and desalted with ajSéphadex G-25 column.

‘In mos£ preparations the spécifié activityﬁof sorbitol dehydro-
geﬁase was increaséd 4-10-fold over that of ‘the crude homogenate.

Polyacfylamide gel electrophoresis of the enzyme preparation

revealed 10 distinct protein bands when performed on 7%

-
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discontinuous gels. In the bresence of d1th10erythr1tol or
imercaptoethanol the enzyme preparatlon malntalned up to

- 50% activity over a 2 week period when - frozen at —10°C

Aldose reductase (EC £.1.1.21) was isolated from

locust fat body by the folloﬁing orocedure Abouf 9.5 grams
. ot tat body uas“homogenlzed in 50 ml of Trls buffer pH 7. 5
with 5 mM mercaptoethanol at hlghvspeed for 10- 15 seconds
with a Polytron homogenlzer. The resultlng homogenate was
. filtered through cheesecloth and spun at 6 000 x g for

30 minutes at 4°C. The enzyue sctive fraction was taken
from the 40-100% ammonium sulfate cut. Desalting was
berformed es previously described It was found that

<

" better yields of this enzyme were obtained using a Polytron'
houogenlzer rather than the Potter—ElvehJem type. Aldose
reductase and sorbitol dehydrogenase were assayed us1ng

0.2 - 0. 01 M glucose or sorbitol as substrates ‘in the
presence of 1.0 - 0.1 mM NAD* or NADPH respectlvely, and

observing the change in absorbance at 340 nm. Spegific =

activity was expressed as micromoles NADH -or micromoles -

Ee—"

NADPH per minute per milligram of Protein unless otherw1se
stated. All assays were in 1.5 ml matched quartz cuvettes

with a final volume of 1.0 ml at 25°C. . S
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Enzyme Kinetics and Derivation

The kinetic parameters KM (app), VM (app) and Ki

ax’
were obtained using Lineﬁeaver Burk double reciprocal plots.
‘The best linear fit was determined by the method of least
squares. The following method was used to derive an
vequation to explain the behavior of 3FGL as an inhibitor #
and substrate o} sorbitol dehydrogenase in the presence of

_%orbitol.

" Reaction Scheme

E = free enzyme, E.3FGL = enzyme ~ 3FGL cgﬁplex,.
E-GL = enzyme ~ glucitol complex, GL = free glucitol,
3FGL = free 3FGL, F = fructose, 3FF = 3—deoxy;37f1udro—

D-fructose. The concentration of NAD* was constant and

. s )
neglected in this derivation.
kl - k3 -
(1) E + 3FGL g E+*3FGl;, —~—>» E + 3FF

k2 :

ky kg S
(2 E+GL —> E'GL —— E +
:k .
5 *
Equation for Initial Vélocity
(1)) x = k5 [E-31.="q1.] + kg {E-GL]

. Mass Conservation equation .

-~
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(ii) [E.] = (E-3FGL] + [E-GL] + [E]

Using the Steady State Appfoximation

(11i1)

T

(iv) et ok fme
. = k4 [E] [GL] -'ks [E..GL] ke [E-GL]

d[E*GLY _
at

Rearranging equations (iii) and (iv) to solve

for [E:3FGL] and [E-GL]

: k .
_ 1
{v). [E-3FGL] = <g_;'k-—2') [E] [3FGL]
. k4 !
(vi) [E*GL] = (k5+k5 [E] [GL]

Substituting equations (v) .and (vi) into equation (i)

)

k4 [E] [3FGL] k¢ [E] [GL] |
v = + =
Kl ‘K

2

x ' ke
K [3FGL] + X [6L] | [E]

(vii) v

- Substituting equations (v) and (vi) into equation (ii)

- [ [3FGL] _° [GL]
E, ( X, + K, + {) [E]

| =0 = k) [E}{3FGL] — k3 [E*3FGL] - K, [E-3FGL]




or

{EJ]

({viil) [El = or37ar A (1 A
1 K X :

Substituting (viii) into (vii)

ky[E.) [3FGL] kg [E_ MEGL]

(ix) v = X, 1GL) + K, [3FGL] -
If we let k3[Et] = vl and kGIEt{ = V2 then
VvV, [3FGL] Vv, [GL] _
) v = [GLT + 2 [3FGL) |
T [3Feln] +K( +.9 [GL] +K(—-—-—-—-—-—+ 1)
) 1| K o2 K-
: N 2 /S . , 1
The classical rate equation for sﬁbstréte'inhibition
' ' | .. ,
is:
(i) max!®}
xi) v =
K (1*'——-[“ )~+ (s}
m Ki

“w

The verification for the use oflgquation (i) is
illustrated in Figure 15a, in which a computer generated
1;ne_using experimentally derived parameters Suﬁstituted
into equation (x) is compared to the line derived from’
direct experimental results. .

Although i1t was not known at the time, a virtuzlly
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identical scheme wae published b& I.H. Segal in 1975
after the present scheme had been verified (74) - F
Kinetic data was 11nearlzed by least squares ana1y51s

A sample calculation is given in Appendix 1.

Enzyme Recycling System’

\.-‘..

A recycling system utilizing sheep liver sorbitol

dehydrogenase and lactate dehydrogenase was used in order
to attempt the'enzymic synthesis of é-deoxy-S—fluoro-D-
fructose.

System 1 = fof native subsfrates, final voluﬁe 10 ml
P—sorbitol 0.04 M, glyoxylate 0.2 M, NAD* 1 mM, sorbitol
dehydrogenase 0.5 mg protein, L—lactate dehydrogenase 2 mg
eM4 iscenzyme, mercaptoethanol 5 mM, pota331um phosphate
buffer pH 7.35, 0.15 M.

S&stem 2 - for fluorosubstrate, final volume 10 ml
., 3-FGL 0.1 M, ,glyoxylate 0.2 M, NAD+ 1 mM, sorbitol
dehydrogenase 0.8 mg protein, lactate dehydrogenase 2 mg
M4 isozyme, mercaptoethanol 5 mM, potaseium phosphate
buffer pH 7.35, 0.15 M.

The following enzyme activities were used:

sorbitol dehydrogenase, 32 ﬁnits/mg proteins,at pH 7 and 25°C;

L-lactate dehydrogehase, 935 unitsjmpg protein at 37°C and . |

1

I O AL R
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nH 7.5. The progress of the recycling reaction was monitored
by the disappearance of glyoxylate u51ng the assay of \
McFadden and Howes (f%) Thirty_microlitre aliquots of |
the reaction mixture were withdrawn at 15 minute intervels
and diluted 30 fold; 30 pl of the resulting dilution was
‘used in the assay system as described All assays were done
in'triplicnte.. The non-iohic‘producté were separated from
the reaction mixture By the following procedure. The
reaction mixture (appro#imately 10 ml) was loaded into a
‘mixed resin column witn a total volume of 15 ml containing
_Dowex AG-1 formate and Dowex AG-50 H*. -The free sugars
were eluted with 50 ml of distilled deionized water and then
lyophilized. Fluoro -Sugars were chromatographed on cellulose
t.l.c. plates using the solvent system, ethyl acetate
pyridine : water, 120:50:40, and on silica gel using the
solvent system ethanol : water : ammonium hydroxide,
80:16:4.. Non fluoro-sugars were chromatograpned on cellulose
using the solvent ethyl acetate pyridine :.water 50:50: 45
and on Whatman #1 filter paper u51ng the solvent phenol

vater, 90:10.

Glyoxylate Colorimetric Assay (75)

To a 5.0 ml solution containing 0.025—0.3‘pmole
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glyoxylate, 1.0'ml of 1 M oxalic acid buffer at pH 1 was
added followed by 1.0 ml of 1% w/v phenylhydrazine hydro—

chloride.- The solution was heated to boiling and cooled

for 5 minutes. After chilliig in an lce bath to approximately

room temperature, 4.0 ml of concentrated HCl was added

followed by 1.0 ml of 5% w/v K Fe(CN)g. After thorough"

mixing, the absorbancy was determined at 520 mm after a

"7 minute incubation. *Colour development was stable for

ahout 1 hour at room temperature.

ey T
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"RESULTS AND DISCUSSION

" A 3FGL toxicity study on male adult Locusta migratoria

(Table 1) indicated that the approximate LD50 for. this
compound was about the same ‘as ‘that of 3FG, namely about

4 mg/gm of locust. A 51m11ar study conducted at -our request

-

at the Agriculture Canada Instltute (London, Ontario) u81ng

the western Canadian grasshopper Melanoplus Sanguinipes

also dindicated ap LD50 of about 4 mg/gm of insect (76).
Preliminar§ experiments indicated that the activities
of aldose reductase and sorbitol dehydrogenase were Present
only in fat body and that the enzymes were NADP+ ang NAD+
dependent respectlvely Attempts to extensively purify
these enzymes using NADP+ and NAD+ affinity columns were
not successful presumably due to the weakening of enzyme
binding as a4 result of the ligand spacer arm. It has been
suggested that g dissociation constant less than 10~ -3 is |
Prerequisite for success in affinity chromatography (77)
Even though the enzyme breparations were not pure, their
Specificity permitted meaningful kinetic analysis in

——
When using steady state kinetic ana1y81s on impure

accordance w1th views expressed elsewhere (78)(79)

enzyme breparations, it ig 1mportant to establish the fact

¥
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-that one is working within the. conflnes of the steady state

'approx;matlon. With pure eQZymes,Ja reasonable general rule

is that’ the concentration of.thé most dilute substrate

solution should exceed thaf of the enzyme at least 1000-fold.

One may verxixwthls assumptlon by plotting 1n1t1a1 ve1001ty
‘agalnst enzyme concenératlon for the most dilute substrate

concentratloq_to ‘be uséd in the assays. An illus

of this is given in Figure 14. The linear portion o

. [ 4
plot obeys a pseudo first orderste law, ie

Vinitial ~ kobs(E)' ‘kobs = kz >( nd order rate
' . ) copstant)
: _ ; X

{

_This fﬁplies that? the (S)i}(E),'and for the duration of

initial‘slépe meaeurements (aboﬁt 39 seeongs); that (S)t=(S)t=0.
For all steadf state kine?}cs, a Protein concént;g;;?g which
was well within the linear portion of\ﬁﬁbh a p%o; was always
chosen ‘ Kinetie-experiments wete'oérfied out at é variety

of protein concentratlons w1th1n the 11near pseudo first

order portion of 1n1t1a1 veloc1ty versus protein concentration

\
"plots and were shown }o glve consagtent results. General '
treatments of this problem have been outllned by Cornish
’“Eewgen (80) and, partlcularly Laidler ($1). For a simple ’
3
.M&chaells Menten type of mechanism Cornlsh—Bowden ‘has shown
o, . ’ '
.“"HM .‘-‘u ' ' 3 '
oo - &\ G . «
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Figure 14
Graph of -locust.sorbitol dehydrogenase activity versus.
protein concentration, assay conditions 0.05 M Tris buffer
pH 7.5, 5 mM mercaptoethanol,.25°C, 1 mM NAD* and 0.01 M
sorbitol. ‘ |
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Figure 14

Vi uMNADH ,10°

L min.

g 1305 174 2475
.mg protein
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that -
v, = V(I - emp  (kyp(®) + ky o KT
Km + (8)
Kip - Ko
E + S ;izi ES > EP

When t is sufficiently large,

vi = V(S
Km + (8)

The Km.(app) for sorbitol in the presence of 1.0 mM

NAD' and locust sorbitol dehydrogenase was 0,06X0.015 M
(Figure 15a). The relatively large uncertainty in the
Km (app) was due to the relatively small loss of ‘enzyme

activity during kinetic analysis which resulted in ah

increased point scatter for the double reciprocal plots.

Any experiments in which the enzyme éctivity dropped

greater than 10% during the duration of kKinetic runs,
~ .

were omitted from kinetic analysis. Such instability

has heen reported for other dehydrogenase enzymes (82),

3FGL was a competitive inhibitor (Figure 15a) with =z

i
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Figure 15a

Kinetic data for locust sorbitol dehydrogenase illustrating
the competitive nature of 3FGL inhibition. o] sorbitol as

substrate, A sorbitol in the presence of 0.1 M 3FGL,

- AY

by

.¥_

® computer generated plot using experimentally determined

kinetic constants substitﬂted into equation (X), Ki (app)
for 3JFGL inhibition = 0.082 M. Temperature = 25°C,
(NAD*) = 1 mM in all cases. | |

Figure 15b

<

" Double reciprocal plot for locust sorbitol dehydrogehase

with 3FGL as substrate [] . K, (app) in the presence of
1 mM NAD* is 0.5 M, temperature = 25°C.
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Ki'(app)'of 0.082 M. It was shown that 3FGL was ﬁ substrate
for fhe'locﬁst sorbito;'dehydrogenaSe with a K (app? of

0.5 M at 1.0 mM NAD* (Figure 15b). The apparény vma; for
sorbitol at this concentration of NAD* was 0.02 uM NADH
rnin_l mg protein_l. It had been reported previously thaf
the Km (app) for a sorbitol dehydrdgenase ffom rabbit'liver
was 0.07 M (83). Kinetic data on commerical sheep'li;er
sorbitol dehydrogenase gavg‘a.Km (apb) of 0.008 M and a

1 -1

Vmax (app) of 0.01 uM NADH min — ml for sorbitol (Figure 16)

For the same enzyme 3FGL had ﬁ Km (app) of 0.07 M and a
N 1

Viax (app) of 0.0035 uM NADH min~! m11 (Figure 16). It
A would appear, theéefor?, that the Km (app) and Vmax {app)
“parametéés 6f 3FGL for both locust and sheqpfliver enzyme
were in a similar direction. In both cases, 3FGL had about
an eightfold lgwer Km (app) :and a considerably lower Vmax.(app)
as compared to the native substrate. fn the case of the locust
enzyme, the Vmax (app) of 3FGL was eight times lower, and in
the commercial‘enzyme three times lower.

Initially, it was considered that 3FGL was acting as a
classical competitive inhibitor (Figfre 15a), but in view
of the fact that BFGL was also a substrate, a ter-reactant

mechanism in the presence of 3FGL, sorbitol and NAD* was-

considered to operate. To account for this behavior and
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Figure 16

Double reciprocal plot for sheep'liver sorbitoi dehydrogenase,
A sorbitol as Substrate in the presence of 1 mM NADT.

K, (app) = 0.008 M, temperature = 25°C,. , O 3FGL as

substrate in the presénce of 1 mM NADY, temperature = 25°¢,

,kh (app) = 0.07 M. Enzyme activity is expressed as

NADH ' NADH : . ;
min - m1 TYather than ﬁ%ﬁ_:—ﬁg due to the inability to

assayigg minute amounts of protein using the spectro-
photometric assay outlined in the Materials and Methods

éection.

S
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rationglize the kinetic results obtained an alternafiye-schemé
was derived in which the concentration of.NAD+ was assumeﬁ to
be constagt and hence neglected (see Mater%als and Method;),
This derivation yielded equatioﬁ (x) instead of equation (xi)

for the initial velocity.

vV, (3FGL) - Vo (G)

(%) v, + '
e K {1¥(G)/K,) + (3FGL) K, (I+(3FGL)/K;) + (G)
(xiy) v, = V(S)

K (I+(1)/K;) + (8)

N

.The form of these two equations was similar,‘excépt that -
.equation (x) involved two catalytic terms. Equation (x) -~
also implied that,qat a constant concentratidn o% SEQL,

as the concentratidn of gluciféi:was decreased, the-egzymé* ‘
began fb switch from oxidizing glucitol with a high Vmax (app)
- to 3FGL with a lower Vmax (app). This resulted in a kinetic
battern identical to «classical competitive inhibition. The
validity of tﬁis approach was established by using the

éxpefimentally determined values for V1 (2:5 p.4 10"3‘pM ) ' i

-1y,

NADH min™* mg '), V, (2.0 x 107 uM NADH min~ ' mg
Kl (0.5 M) andez (0.075 M) in equation (x) and generating ‘

a theoretically derived line which was almost superimposabIe

|
.~ |
- o

ayrviary
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on the éxperimentally determined line for 3FGL inhibition
(Figure '15a). S T
| The higher K for 3FGL compared with sorbitol, for both
the locust and sheep liver enzyme, suggests the possibility
that stereospecific“hﬁdrogen bonding|between the hydrogen.

of the hydroxyl group at C(B) of sorbitol~CL) andaa.receptoq
group on the enzyme is necessafy.formmaximum binding. The
replacement of -OH by F at 0(3) (B).. could eliminate or
change the direction of hydrogen bonding between substrate
and enzyme (88) and hence bossiblx‘afféct the binding

Y

"contribution at this'ﬁosition. -
/

~ - H : gL
I I - |

——(I:3—-O—H ----X—e ~C3—F X—e
a ) B
where’ ® - protein, x= electronegative elem’enf L

It has been suggested by ‘Jencks (87) that part of the total
stfntially available free energy of éubstrate binding is
used for substrate de‘stabilization through distortion,

lectrostatic interactions, and the decrease

desolvation, ;
§. 1.

’
L
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in entropy necessary to produce the reactive substrate

conformation. If we assume that the V values reflect

-

these catalytic parameters then a substrate which has -

fewer specific binding groups may be expected to have less ‘ -
. ' 'S . I‘;f

intrinsic binding energy available for catalytic enhance- =

ment. This may, therefore, be an explanation for the.lower

V.values observed for 3FGL thin'those found for sorbitol.
. . . ‘.Q‘ ) ‘
.'One must, however, concede that an argument such as

the one presented above is somewhat'speculative, and can

only be offered as one possible explanation for the observed -
results. The basis of uncertainty resides ‘in the realization
that stéady state kinetic parameters for bireactant enzymes

do not refiect true dissociation constants or pure rate

-1imiting kinetiq constants in the case 6f Vmax values.
This ‘can be seen from the discussion in Appendix 1.
Attempts by Kun (19), Eisenthal and Harrison (88),
and‘Fdndy {89) to-make some sensexof the efféct of fluoro-

substitution on Km and Vm vaaluesin malate dehydrogenase,

a
citrate synthafe, L-glycerophosphate dehydrogenase have been .

confounded by the-cohplexity and inappropriatenegs ofﬂfhese . o
gross kinetic parameters in sorting out subétituent effects. | “
Figure 17 shows a Lineweaver Burke plot of the locust ’ k

-~ sorbitol dehydrogenase in‘the_thermodynamically preferred

2
. :
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Figure 17 -

Locust sorbitoi déhydrogenase double reciprocal plot in-the

- - ) . N n ‘Q =
thermodynamically favoured direction (fructose——p sorbitol).
Assay conditions were 0.05 M Tris buffer pH 7.5, 5 mM dithio-

>etythrf¥ol and NADH 0.1 mM, 25°C. Fructose was the vﬁrying

: : -  fa ' AaM NAp*
substrate. K_ (app)~ 0.08 M, ngf_fin)'\ro.ozs oin :@;g- .
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direction at pH 7.5'(ffuctose-—c»sonbiﬁol) at 0.1 mM NADH.

- The Km {app) for fructose was 0.08 M and the Vmax (app) was

0.025 uM NAD* min~1 mg-1 protein—l. The similarity of these

kinetic constants to those determined in” the sorbitol to
fructose direction may have had a diagngstic feature,

"A general kinetic feature of dehydrogenases
is that NADH usually binds more tightly than
NADY. The structural features responsible
for this are not clear, although the charged
nicotinamide ring is clearly more hydrophilic
than the reduced form in NADH. The tight

_ binding leads to the dissociation of the

~ enzyme-NADH complexes being largely rate -
determining at saturating e¢oncentrations
of reagents at physiological pH. Further-
more, although the equilibrium constant for
the oxidation- reaction in solution greatly
favours NADY and alcohol, the tighter
binding of the NADH causes the equilibrium
¢onstant fo? the enzyme-bound reagents to be

“less unfavourable.'" (85)

"This phenomenon may result in an equilibrium constant
which is closer to‘unity in the case of locust sorbitol
dehydrogenase ‘than would be predicted by redox potentials
alone.

A preliminary chromatogram of locust sorbitol dehydrb—
genase reacfién products in the direétion 3FGL=~-t>product
indicated the'presence of a component with a different Rf
value th?n either 3FG or 3FGL (Figure 18). Since this
component ran faster than nonufluorosugars it was tentatively

proposed to be 3-deoxy-3-fluoro-D-fructose (BFF).

—_ .
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Figure 18

-

Chromatogram of locust sorbitol dehydrbgenase ;eaction $ixture
with 3-deoxy-s-fiuoro-D—glucitol as substrate. :
3FGL = 3-deoxy-3-fluoro-D-glucitol or sorbitol
t ;,/} 3FG = 3-deoxy-3-fluoro-D-glucose
3FF = putative 3-deoxy—3-f1uoroTD—fructosé
U = unknown material (probably NAD*)
G = D-gluccse
F = D-fructose
S = D-glucitol or sorbitol
The stationar&lphase was silica gel, the mobile phase was
ethanol : H,0 : NH,OH, 80:16:4. y .
Spots were visualized with ethanol : sulfuricJacid spray,

50:50.

~4
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Figure 18
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Attempts to obtain appreciable aldose roductase activity
_ were fraught with difficulty Out of six prepurations only
Jone preparution contained sufficient activity to warrant
preliminary kinetic studies This proparution was obtained
by using a Polytron homogenizer instead/of the Potter
'Elvehjem type. The enzyme was found to be'comparativoly .
unstoble at room temperature under the conditions of assay.
Stable pure breparations of this enzyme have bcen prepared
from liver (80). ’

Preliminury results did indicate, homever, that at a
NADPH concentration of 0.1 mM and o sugar concentration of
100 mM, 3FG gave initial velocities about 2.5 to 3 times
greater than those obtained with an equi-molar concentration
. 0f glucose. This result was . Significant in light of the
previous in vivo gas chromatogrnphic studios which indicated
that 3FG disappeared rapidly from locust tissues and was
converted to 3FGL under conditions ip which no traces of
endogenous sorbitol could be found, The kinetic results
with locust sorbitoi dehydrogenase suggested that 3FGL was
A much poorer substrate than sorbitol for this enzyme,

Therefore, it was possible to rationalize the in vivo

results on the basis of in vitro studies. Accumilation of

3FGL in fat body and haemolymph was g consequence of the
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fnct that 3FG was coﬁiﬁrted to* 3FGL faster thuﬁ\glucdso
.was to gorbitol‘tia ﬁl ose reductqse,‘but at the next step,
3FGL was u- poorer substrate for sorbitol‘dehydrqgenuse and
therefore accumulated. | |

Preliminary in vitro résults also inﬂicated that the
aldosce reductase was operative.in the direction of sorbitol
to élucose; but at a much lower nctivity thun‘the glucose
to sorbitol conversion ﬁnder identical cofactor and sugar
concentrations. The only Michaelis-Menten plot obfained
fo£ aldose reductase in the direction of BFG to 3FGL is
given in Figure 19, The poor qunlity of Fhis plot wué due

. to enzyme stability probiems and precluded the calculation
of any prédise kinetic poarameters.

Figures 20,21 ,22 represént some kinetic studies.which
were done to further characterize the sheep liver sorbitol
dehydrogena§e with the intent of using.it for synthetic
purposes. The pattern in Figure 20 was indicative of the
fact that the enzyme did not satisfy the substituted enzyme

- (ping-pong) mechanism but did obey the equation

. - V. (A)(B) .~ (Cleland)

KinKb + Kb(n) f Ka(B) + (B)Y(A)
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Figure 19

Locust aldose reductase double reciprocal plot with 3FG and

NADPH (0.2 mM) as substratés. 3FG was the varying substrate.

Assay conditions, 0.05 M Tris buffer, pH 7.5, 5 mM dithio-
erythritol, 25°C. |
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4 Figure 19
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Figure 20

) .
Sheep liver sorbitol dehydrogonase double rociprocal plots
at various concontrations of NAD*, pH 7.5, 0.05 M Tris buffor,

"5 mM mercaptoothanol, sorbitol as tho varying substrate.

© = 0.2 mM NAD*
A= 0.5 mu Nap*
® = 1.0.mM NAD*
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1 Figure 20
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Figure 21

Ordinate intercepts from Figure 20 plotted agaiggtﬂthef’"”/

varying constant 1/NAD*.

Intercept"f?dm Figure 21 = 1/V, = 3 x 10° %iﬁﬁﬁﬁﬂﬁ-

5 min - mg - mM
M NADH

Slope from Figure 21 = Kalvl = ] x 10

-4
Ka m 3.3 x 10 M
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Slopes from gigu;e 20 plotted versus 1/NADY .

*

‘Ordinate intercept”in Figure 22 = kb/NI = 1,950 min - mg.

[ ] ' . .
. wn ; ".‘4 }
Sl9pe in Figure 22 = Kial{b/v1 =.1,0¥0 min - mg - mM,

r

K, = 6.5 x 103 y

-4
Kig™ 5.18 x 107% u
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Figure 22

NAD"
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Figures 21, 22 represent Secondﬁry replot functions used to
.calculgﬁe the pa;ameters Kia’ Kﬁ, Ka (78). These'were
‘calculated as Ky, = 5.2 X 10°% M, K= 6.5 x 10™% M, and
CK = 3.3 x 10”%_M{' In an ordered m@ﬁhanism, Kia represented
the true dissoéiation: constant of the E.NAD* complex. Since
many of the most thofoughly studiea dehydrogenases obeyed
this méchanism, it gﬁve a good preliminary indicationt of the
fightness of NAD' binding on.the basis of steady state kinetics
alone. This wag_usefui information to have when attempting
to desién an enzyme recycling'system.

~ From the in vitro kinetic results, it was not difficult
to rationalize why 3FGL was npt substantially more tfoxic
than 3FG. This was likely due to the fact that the rate
1imiting step in the conversion of 3FG to 3FF was the
sorbitol dehydrogenase-step. Oﬁe wou;d'therefore predict
that,éFF would be considerably more toxic than 3FG or 3FGL.

Figure 23 illustrates the enzyme recycling system used

Eo attempt the syntheéis of 3FF. Enzyme recycling systems
have been iused synthetically for some time (since 1960's)
due to their stringent stereospecificity. A thorough
. yreview of this subject has been written (91). One of the

problems in the proposed system was the thermodynamic

unfavourability of the sorbitol or 3FGL to fructose or 3FF



_ Figure 23 o |

Enzyme recycling system used to.attempt the syntbesis of

3FF.

3FGL = 3-deoxy-3-fluoro-D-glucitol or sorbitol

=~ .
3FF = 3-deoxy-3-fluoro-D-fructose
SDH = sheep liver soréitol dehydrogenase. - \Q

LDH = rabbit muscle L-lactate dehydrogenase




6
figure éa
or .S_OE.bitOl ,SDH 5 oF fructose
SFGL ,//” IFF
NAD NADH
lli colate € lyox late‘
glyco [DH .9 yoxy

Standard Redox Couples expressed as midpoint potentials at

pH 7 (E* ). C
L R
NAD'/NADH CE* = -0:320

Fructose/Sorbitol Y = -0.272

o

Pyruvate/Lactate E = -=0.185

of

Glyoxylate/Glycolate E = -0.090



97

conversion. This was gvercome'by coupling the sorbitol'
dehydrogenase reaction to the L-lactate dehydrogenase
cataly;ed conversion of gly;xylate to glycolate which was
thermodynamicallﬁ favourable. Glyoxylate was choéen
insggad of pyruvate due to thé known inhibitory'abortiﬁe
complex formed between pyruvate and NADY as catalyzed by
L-lactate dehydrogenase (92) and also due to the fact that
the glyoxylate/glycolate redox couple was thermodynamically
more favourable than the pyruvate/lactate couple. The
reaction Was-further 'loaded' in the desired direction by
uéihg at least a 50-fold higher activity of L-lactate h
deh&drogenase and at 1eastna two foldlexcess of glyéxylate.
The reaction progress was monitored by assaying the decline
in glyoxylate at 15 minute intervals over a period of two
hours.
Preliminary experiments indicaéed that none of'the
. reagents or products including fructose interfered with
_the assay. Figure 24 demonstrates the linearity of.the
assay over the span of glyoxylate concentrations monitored.
Initially the recycling system was tested using the native
substrate sorbitol (Table 2). It was found that about 90%
conversiop of sorbitol to fructdse was achieved within 1 hour

biééd:npOn‘the.glyoxylate assay. The presence of fructose:

N
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Table 2
Recycling Reaction Progréss

Sgstem 1 0.04 M sorbitol as substrate’

Time Absorbance of Extent of A;;rOQimate #
in minutes " glyoxylate assay reaction % of NAD* recycles
0 0.377 * .007 0 ~ o
15 0.350 t .006 36 £ 8 | 14
3% 0.343% 007 45t g | 18
60 0.303 t ,009 98 * 12 . 39

System 2 0.1 M 3FGL as substrate

. 006 -0

0 0.376 %
30 0.374 ¥ 005 13
" 60 0.372 ¥ 005 3+ 3
90 0.339 ¥ , 000 20 ¥ 5 20
120 0.350 ¥ .009 13 £ 5 13
3
* values given as S.E.M.
(All assays. done in triplicate) v

.- o ) o
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__ Figure 24

Glydxylate Assay

30 ul aliquots of the recycling reaction mixiure were removed
‘and diluted 30-fold prior to assay as described in Materials

and Methods.
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Figure 24

'Absorbance
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[Glyoxylate] M _ -~



101

was confirmed by chromatography on ceiluloée plates, since

4 reducing component which was not prqviousl} present was
easiiy défectnblo with uniline-phthullate spfay. With

3FGL aé 4 substrate, glyoxylate analysis'revealed an overall
yvield of about io%. Subsequent apalysis of products by

: l
19F—Fourier‘truhsform NMR revealed™

a product yield of about 4% (Figurc 25). No-reducing

component was detectable upon either paper, calldiose Qr
silica gel t.l.c. plates, cither before or ufﬁer hea?ing.
Hﬁating was attempted in Brder to regenerate any keto
function Iroh a putative hydrate. It is possible that
insufficient product was present for t.l.c¢ detection.
It is evident, therefore, ‘that the recycling reactlion was
not successful for synthetic purposes. Part of the problem
may have been due to the fact that the enzymes were not
“stable for sufficiently long periods of time under the
imposed conditions to drive the reaction towards completion.
After about 1 hour, enzyme precipitation was visible.
The recycling reaction with sorbitol was fast enough to
overcome:’ this limitati%? but in the case of 3FGL, the
reaction was much slower and could not reach completion
due to time and temperature dependent cnzyme denntufntion.

\ .




Figure 25

_—

1QF Fourier Transform NMRoﬁ_SFQ&lEnzyMB Recycling System

A = 3FGL
B = putative 3FF
C'= fluoride 1 M

D = trifluoro-acetic acid 1 M
—_Conditions used for scans A and B

sweep width = 41,666 Hz
o ~ Rffset = 31,000 Hz
/O 02 = 5700
| 7 AQ = .0492
j W = 50,000 .

/ "8I = 4
’\ )

DW = 12

number of scans = 1,591 {E‘

ratio of peak areas A/B = 15 : 0.6

<€ : M\\{\_,
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,Figﬁre 25
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One would expect that stabilization of these enzymes for

long periods of time by immobilization 6r g more_favou?able.
reaction énvironment would lead to much higher ylelds of the
desired prodﬁct. Improved yields might also be.obtuined

by using much higher concentratioﬁé of.enZydes} This

problem as well as other synthetic routes to 3FF are

currently under investigation. Other dehydrogenase enzymes'
suchrus yeast alcohol dehydrogenase havé been used successfully
in recycling systems for perilods in excess of 24 hours (91).

The NMR results did confirm the aﬁ;earance of d |
fluorinated product which was in accord with the fact that
no fluoride release was detectable for the duration of.the-
.recycling,. )

On the basis of the precedimg results, it was not
possiblé to rationalize fhe to&icity of BFG, or éEGL Sased
Jupon the reversible competitive inhibition of sorbitol
dehydrogenase, This was a similar dilemma to the one.
fdciﬁg the invesfigafors of fluoroacetate apd fluorocifratg
toxicity with regard to the competitive inhibition of .
mitochondrial aconitase by (-) erythro—flﬁorocitrate. Our
problem was further compounded by the fact that we could not

postulate a eritical function for the glucose—&>fructose

pathway in fat body. This pathway 1s present. in mammalian
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‘testes for sperm dependent fructogenesis (92), and has been
reported in udult'rat ﬁepatocytes.(QB) Subsequent
invcstigutions were directed towards locating a possible
site of irreversible inhibition,

&

) \\,z’f e
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INTRODUCTION

. , L . N
It was suspectgd_thgzja'phospholylated metabolite of

. 3FF was acting as a metabolic poison and inhibiting some

energy deriving process. In order to test this'hypothesis,

a radiorespirometric procedure was used which measured the

?4002 from.labelled substrates injected into -locust.

'Using this procedure, it was possible to assess whether the

14CO2 evolution

1

injected ‘poison affected the normal pattern of

from a variety of labelled substrates such as 1- 4C and 6~14C

=

D-glucose and 1-14C acetate. A change in the ﬁéttern of

14002 evolution%@rom such ldbelled substrates upon admininis-
N .

tration of a poison was found to be diégnostic of a particular

metaboiic blockl This typé of -approach has been used to
demohstraté the presence of théhpentose cycle (phosphoglucopate
pathway) in a variety of mammalian tissues, and in inéects,(94)
(95)(96).

By using the }adiorespifgﬁetric methods—it was pdésible
to assesé-the relative impoftance of glycolysis and pentose
cycle, activity in the carbohydrate metabolism of insecté;

14

This was possible using 1-140 and 6-"""C labelled gluzbse

and measuring the 06/01 ratio. In Chefurka's stqdies'(94)

1400 from

(27), CG was equal to. the cumulative recovery of o

106
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6—14C-D-g1ucose over d‘time periocd t, and C1 was equal to .

14 14

CO, from 1-""C-D-glucose over

the cumulative. recovery of
a time period t. The rationale behind such a measurement
~was the following. If the glycolytic route was the sole
pathway for the metabolism of. glucose, the amount of 1‘lcoz
recovered from C-1 ind C-6 should have been equivalent. If _.
some of the g%dbose‘gés metabolized via the pentose pathway,
then C—l of glucose‘would be oxidized more rapidly than C-8
via the G-bhosphogluconate dehydrsgenase enzyme, oftthe
oxidative porfion of the pentose cycle. ‘ (‘
Silva (95) had suggested a more elaborate quahtitation
of pentose cycle activity based.on seveéal assumptionsr Both
the 06/01 rétio and the method suggested by Silva allowed
assessment of pentose cycle activity and were sensitive to
changes in the metabolic status éf the insect, whether
natural or induced. | ” .
The problem with quantitative measures of glucose
utilization was that they reliedlupon inherént assumptions
or conditions which required satisfaction in order that the

results be quantitatively significant. Although the C_/C

g
ratio was one of the most facile techniques for asdessing

1

oxidative glucose utilization, its quantitative use required

corroboration with more tedious techniques such as the
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measurement of 2-14C-g1ucose randomization into glycogen. .
It was decided that the Cg/C, ratio would be used to provide
I? qualitative measure of glucose'catabolism, althoﬁgh like
most radioisotopie quantitations, it suffered from some
limitations. The most serious limitation was the possibility
of preferential dilutidn of the labelled carbon atoms by
endogenous substrate reserves after the label had dispersed
" to metabolites. To tést whether such an effect occurred was
both difficult and unnécessgry in terms of the demands of
our study. It was also necessary to be a&are of the possible
differences in transport and phosphorylation rates of the -
various labelled probes. b

Chéfurka demonstrated that Cg/Cy ratios, taken at
early intervals after injection of radiolabel, gavé good-
éstimates of oxidative glucose utilization. This was’
corroborated by more'sophisticated procedures (94).

What was important in the context of our study was not
a quénfitative estimafioh of glucose f?lization and -the
effect of 3FG on this, but rather a ualitative approach
in which the emphasis was placed on &hethér 3FG affected
oxidative glucose utilization and how:- such a possible effect
may have been diagnostic of a specific metabolic bloek. *

This was attempted by comparing the metabolic effects of

7’




109 . -

known poisons such as fluo&ide*ﬁ@d'cyhhide to those of 3FG.
Usiné this appro#ch, Chefurka demonstrated that many of the
poisons.whiéh acted’on the same metabolié pathways had

similar effects (97). For example, in most éases when the
glycolitic df.TCA pathways were inhibited By a'toxic agent,

there was. usually no increase.in ;4C02 derived frpm C-1 of.

14

glucose, but a depression was observed in CO2 derived

from the C-6 of glucose. ,

In cases where 14002 from C-1 was depr;:;%d, the
depression was less than that of C~6 and recovefed more
rapidly. If the toxic agent was an uncoupler like dinitro-

1

phencl, the rate of 4CO2 recovery from C-]l or C-6 was

~accelerated to double or triple the normal rate. This

14

was presumably due to ~.°C-mobilized from stored glycogen

or trehalose derived from 14C glucose. )

It was important to énsure that all :the injected labels.
affected the insects' metabolism to a minimal extent by “
acting only as tracers and not flooding the endogenoﬁé
metabolite pool with any one specifically %&belleﬂ metabolite.
For this reascon, tracers with the highest specific activity
commercially available were used. A preliminary estimate

‘'of the locust extracellular glucose space was therefore

undertaken before any radiorespirometric studles were attempted
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in order to ehsure that the concentrations of radiolabelled

glucose used did not alter the normal metabolic pattern. ,

hY

.




MATERIALS AND METHODS

.Reagents .
D-(S—SH)—gluc;se (12.4 mCi/mg), D—(1—14C)—glucose

(21.5 HCi/mg), D-(6-14C)-glucose (16.1 pci/mg), (1-14c)-

sodium acetate (704/uCi/mg), (BH)-inulin (average molecular -

weight 5 x 103 g/mole, 139pri/mg), D—(U—14C)-g1ucosé

(217/pCi/mg),'BBOT, OCS (Organic Scintillatiop Cocktail),

ﬁ%s (tissue solubI{zer), scintillation grade tdluene,

CO, mMet (CO, trapping sdlution), borosilicate glass

scintillation vials were purchased from Amersham (Toronto;

Ontario). Aquasol (adueous solublizer) was from New England

Nuclear (Boston, Mass.). Gravimetric grade Céz, 0.18% by

mole fraction in air, high purity helium and'medicél breathing

air were from Bull Welding Supply (Windsor, Ontario). Porapak Q

(120 mesh) and molecular sieve 5A (50-60 mesh) gas chromatographic

adsorbents were from Chromatographic Specialties (Brockville,

Ontario). Ammonium tetraborate tetrahydréte, D-glucose-6-

phoépﬁateL D—fructose—ﬁ-phosphate, ‘ND-glpcose—l-phosphate,

ki o~ .
D—fructose—l,6¢diphosphate, phosphoeno{_Pyruvate, ATP,

glyceraldehyde-3-phosphate (diethylacetal), and 8-hydroxyquinoline
were from Sigma (St. Louis, Missoufi). Polyethylene imine

(P.E.I.) cellulose and silica gel t.1.c. plates 20 x 20 cm

were purchased from BDH (Toronto, Ontario). A Glucostat

111
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ﬁhreagent kit was from Worthington Enzymes (Freehold, New : -
~Jersey). Orion TISAB (total ionic strength adjusting buffer) >

and fluoride standards were frdm Fisher (Toronto, Ontario).

Eguigment . ‘ . ‘_'”' .

"002, 02 and N2 measurements were made on a Hewlett

Packard Mode1‘2000 gas chromatograph equipped with a thefm%l \\\\¥~\
conéuctivity detector. Gas separations were performed bf

injecting 1 ce¢ sambies through a 1 inch OD x 12 inch

Pordpak Q column';nd a % inch OD x 60 inch molecular sieve

5A column joined in series. Scinti

ion counting was
perforﬁéd on either a Nuclear Chicapgo ilux 11 or Mark 11

scintillation spectromefer equipped with a printout terminal.

Freeze clamping tongs_cbnstructed of two“aluminum plates
10 cm in diameter and 2 cm thick were used for tissue
fixation (98). Gas flows were monitored using a calibrated 

rotameter 5-50 cc/min purchased from Union Carbide (Windsor,

Ontario).

Glucose Isotope Dilution Study

Locust haemolymph (4 x 400 nl) was pooled from 40 adult
locusts (10-~14 days after final ecdysis). Locusts were taken

for bleeding 5 hours after feéding: The pooled haemolymph

T
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3
2

14

was thoroughly mixed with 25 ul of “°C ~ uniformly labelied'

glucose solution with specific activity 2179uCi/mg in 1 ml

-\ of water. Duplicate 160,u1 aliquots of this mixture wére

Eremoved and deproteinized with 400 ul of absolute ethanol.

+

ﬁach reéulting occult mixture was spdn down in a micro-

éentrifuge, the supernatant removed and plated on 0.2 mm
cellulose chromatography plates. The plates were developed
for 4 hours in a mixture of  ethyl acetate : pyridine : water,
120:50:40f Each plate was spdtted with a glucose standard
at each end of the sample band to aid the location of
glucese in the sample ther chromatograpﬁy. Two plates

14 14

were also run with 25 ul each of ~“C-glucose from the C-

glucose vial purchased from Amersham in order to determine

-'the bona fide specific activity and test for any radiolysis.

These plates were also spotted with”a/élucosé standard to

‘ald the location of glucose in the sample afte}\?hromatography.>

Afper 4 hours of chromatography, the plates were drieq and
the portion of each plate which was spotted with a glucose
stan@ard was snipped out and s§¥:§e¢ with aniline hydrogen
phthalate spray to visualize how fqr the glucose had movéd.
The sprayed plates were developed in a 110°C oven for
10 minutes and glucose appeared as a brown spot against a

pink background. These snipped out portions)were compared

v
r
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with their parent plates to determi@gﬂhow-fnr glucose had
migrated in the sample. The appropriaté afeas weré scraped’
and thoroughly eluted with 2 mls of dry methanol. The
metpdhol was separated from the cellulose by centrifugatioﬁ ‘

and 0;5 mls of each sample were taken for coupting while

: .
0.2 mls from the same batch were taken for ﬁIﬁcqse assay.

The samples for counting were mixed with 9.5 mls of Scintii—
lation cocktail. Sample counting efficienéylwas determined
by the-sample'channelé ratio method using a set of l.4_(3
quenched standards from Nuclear Chicago (Figure 26).

Glucose concentration was determined using the glucose

oxidase, péroxide, chromophore coupled reaction designed by
WOrthington enzymes (Glucostat). A semi-micro method of
analysis was ﬁsed with the follbwing modrficat;ons (Qé).

- The sample_(ZéO;ﬂJ in 100% methanol was mixed with 1.8 ml

of distillgd water, to_this was added 2 mls of glucostat

}eagent reconstituted as in the semi-micro method according
to the Worth;ngton enzymes handbook (99). The reaction was
allowed ta,proceed for 10 minutes and then terminated by
thé addition of 1 drop-of 4N HCL. All samples and standards
were ruﬁ in duplicate. The following gluccose standards ﬁere
prepared and found to be linear when optical density was

[N

plotted versus concentration, 2 mg%, 5 mg%h, 10 meg%, 15 mg%,

S
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Figure 26

3

140 quench correction-curﬁe for Nuclear Chicago Mark 11

scintillation spectrometer using the sample channels ratio

method. |



80,

70

116

- Flgure 26

% Efficiency

/

‘I

2 3 4 5 & 7

Channels Ratio B/A

(o 0 I




117

-
-

20 mg%, 30 mgk, 50 mg%, and iOO mg% w/v. (Figure 27)
The haemolymph glucose concentripion was calculated
by isotope dilution gnalysis using the relationship
X = y[_S_IL-l (100)

S
where,
x = amount of glucose 1n 400 nl of haemolymph
y = amount of glucose in 25 ul of injected radiolabel
s, = specific activity of 14¢ glucose before dilution
Sy = specific activity of 14C glucose after dilution

The following values for the above parameters were used.

y = 0.0322 mg s
@ . ‘l.
Sy = 134,400 dpm/pg -
Sy = 1950 dpm/pg, 2120 dpm/ng, 2390 dmeyg, 2840 dpmbng

{

Locust Extracellular Fluid Volume Measurements

Tritiated inulin, (25 ml) with an activity of 1.395 x -
107 dpm/25 al, wasginjectéd intrathoracically.'via the mem-
branoué septum at the base of the first thoracic leg into
five locusts. Haemélymph (25 ul) was serially removed from
each locust at 15 minute intervals after 1 hour of inulin

randomization and mixed with 200_»1 of NCS solublizer. The

iocusts were encouraged to remain active during the initial
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(/ ‘ Figure 27

Glucose assay calibration graph using the mSETfied Glucostat

procedure.

~m
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Figure 27
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1 hour a%?domization period to promote haemolymph flow.' An
aliquot of the solublized mixture (1004»1) was mixed with
10 mls of scintillation cocktaii for counting.

The effect of.haemolymph on sample countingreffiéiency

‘was determined in the following manner. dthlicate samples

f H : . = - -
of ha-e'mo‘lymph (5,10,20,25 ul) were pipetted into 200 al

of NCS and water was added to those haemolymph samples

-whose haemolymph volume was less than 25/p1 'in order to

adjust the flnal volume to 25{p1. A second set of duplicate

samples_were prepared identically to-the abpve procedure

" except that the NCS was spiked with a known activity of

inulin (Teble 3). All samples 1nclud1ng those wfthdrawn
from 1ocusts were dark adapted for 8 hours and transferred

in the dark 1nt0 the 501nt111at10n ¢ounter. The samples

were then counted continuously_for 4 hours to make sure

that a stdble, non decaying oohnt rate was achieved This
allowed a.careful estimation of the sample counting
efficiency. | .
- The total extracelluier fluid-volume eas caiculated on
the basis of the equation
X

where, _ ,

y = total dpm injected in the volume vy




- Table 3
Quench Correction Data

Haemolymph samples without labelled inulin

Amount of

Haemolymph - 5 ‘10 - 20 25
Amount of ‘ ' ‘ L

H,0 20 15 ' 5~ | 0
CPM fbadk—

ground radi-

ation and

sample . '
fluorescenqe) . 23 25 118 - 155

. N b
.= Haemolvmph_samples with labelled. inulin

" Amount of

Haemolymph . S ‘ 101 A 20 - 25
'Amount;of' T ‘ )
H,0 7 20 5 5 0
Effic:i:ency 50‘95,."‘ 49% 48. 7% 48.4%
1 a
\

~/
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x = counts recovered in 25.ul after randomization

<
Il

éample vol@me withdrawn after randomization (25 nl)

<
I}

% total extracellular volume'

Radiorespirometric Apparatus

The épparatus wasx§ssemhled as‘igﬁ}ined in Figure 28.‘/
Mngcal alr was passed over the locusts at a flow rate of
17 cc/min as contfolléd by a rotametér. The flow rate_was
constantly checked using a soap bubble flow mefér and stop-
watchs This flow fate‘%a§ maintained throughout all fhe
éxperiments. Injected locusts Qere_placed into a gas tight
chamber C (Figure 28). Air samples were withdrawn'from
septum D every 10 .minutes and CO2 and O2 levels wére monétored"
bﬁ_gas chromatography. _ﬁespi;bd C02 was trapped in vessellEr

-

- which contained 5 mls of CO, mMet. Preliminary investigations
Showed that 2 large adult locusts expired approximately 0.3-
0.4 grams of CO2 per hour while moderately active. The 002
mMet trapping solution had a 002 absorbing capacity of

0.25 gm/ml, so that 5 mls of the solution changed every

30 min, provided sufficient capacity to prevent Saturatioq.
Evaporafion losses in this solution over a period of 30 min,

due to gas flow were negligible, but were constantly

monitored. Duplicate 1 ml samples of the trapping solution
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Figure 28
Radiorespirometric Apparatus

= compressed breathing air
= rotameter (flow meteri
gas tight metabolic thamber

= septum for withdrawal of air samples

M O O wu >
[1}

= gas trapping vial filled with 5 ml of 002 pMet

! ) "

A11 joining tubing was % inch I.D. heavy gauge 'tygon' vacuum

tubi@g.
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- Figure 28 .
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were transferred to 10 mls of OCS scinfillation cocktail and

'éounted. The dpm in each sample were divided by the average

%_002 (mole fraction) to give a specific activity. Expéri-
mental results were expressed as ¥ the standard errony in’
the mean. A sample calculation has been- provided}in

Appendix IT.

Gas Chromatographic Determinations

1 cc gas samples in a gas tight Hamilton syrlnge w1th

a 20 gauge needle were injected immediately into the Hewlett

Packard Model 2000 GC run at a flow rate of 50 cc/min with
'high purity helium as carrier gas at a pressure of 75 psi,.
All columns were run at a temperature of 50°C and the bridge
current was maintained at 250 mA. Both columns contalnlng
Porapak Q (120 mesh) and molecular Sieve 5A (50 60 mesh)
‘"were baked at 230°C for 12 hours prior to use. The columns
were re-bdaked every week to remove adsorbed water and the
columns were repacked every .month. This ensured good
recorder baselines and steady flow rates. GC septﬁe were
replaged every 25 injections. 002 standards were prepared
in gas tight glass bulbs maintained at O C using a Teppler
(mercury diffusion) gas manifold. This ensured that the

CO2 standards were at a higher pressure than atmosphe}ic,

TN
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to prevent outside air contamination when samples were
withdrawn by syringe. '002 levels were measured by peak

heights against cali

ted standards and were sStandardized

internally against ai Oz'peaké to correct for variations

in injection volume?! .All calibrations were linear with

respect to peak height (Figure 29).

Liquid Scintillation Counting

All counting was done to a statistical accuracy of
1% (100)5 Counting efficiency was determined either by the
sample channels‘ratio Or external standard channels ratio
method (100). A'quench correction curve for 14C (Figure 30)
and 3H (Figure 31) was determined using quenched staﬁdards
purchased from G.D. Searle (formerly Nuclear Chicago, Amersham-
Searle). Attenuator and discriminator settings in each channel
were determingdmas described in the Nuclear Chicago Unilux 11

operating manual.

Tritiated 3FG Preparation

D{}PH]-BFG was prepared synthetically by the procedure
developed by Lopes and Taylor (101) with a specific activity
of 17.1 mCi/mg. The crude product was purified by preparative

chromatography ony40 x 20 cm cellulose plates 0.2 mm thick),

\
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Figure 29

Calibration graph for gas chromatographic CO, determinations.
%CO, was by mole fraction in air.
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Figure 29
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Figure 30

14C quench correction curve for Nuclear Chicago Unilux 11

scintillation spectrometer using the sample channels ratio

method. . N S
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Figure 31

Tritium quench correction curve for Nuclear Chicago 11

scintillation spectrometer using the sample channels ratio

“ method.
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Figure 31
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'#-using the solvent system ethyl acetate : butanol : ethanol
H,O, 120:80:30:40, Rf 0.41 and recrystallized. 3FG spots
were detect;d by fluorescence quenching. All solutions were

prepared immediately prior to use.

Assay of 3H20 from Locust Tissue Extract

A simple micro—procedure for the assay of 3H20 from

locust tissues was used as described by Clark (102).. Yellow
-plastic pipet tips (5.6 x 0.5 cm outside diameter)- designed

to fif Oxford brand automatic pipets wére plugged at the small -
end uéing fine glass wool. Edch pipet tip was filled with

6.4 g of wet Dowex AG 1 x 8 resin.in.the borate form. This

was prepared by waéhing Dowex AG'l x 8 (200-400) resin in

———

the chloride form with 1 M potassium borate, pH 8.5-9, until
'fhe effluent was chloride free (about 30 volumes were requifed),
A subsequent wash with water (10 ﬁolumes) was necessary to .
bring the pH down to 7.5. 100 microlitre sgmples of tritiated
locust tissue extract were loaded onto each column. 'Tritiatéd
water was washed through the columns by applying 3 x 0.4 ml
aliduots of distilled water. The effluent was collected in
§cintillation vials an& was dispersed with Aquasol. These
mini—éolumns were found to retard glucose, sorbitol, BFC

3FGL, fructose as well as many other metabolites which have
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been.summarized (102). ‘"All 3H20 measurements’were checked

by differential lyophilization of samples (103); ie, samples .
. - - 9

) - . “.’ e 3
were counted before and after jyophidization. D-[3-H]-3FG
and Ih{3§H] -glucose injected locpsts ﬁere prepared for

H20 measurements by freeze clamping and subsequent powdering

.

-

of tissue at liquid ‘nitrggen temperatures with a mortar and

- pestle. The tissue powder was mixed with 4 mls of 7% w/v

perchloric acid and homogenized at 4°C for 1.5 minutes at *

high speed in a Polytron Homogenizer. _The homogenate was

briefly warmed to ambient temperature and spun at 10,000 x g
in an IEC centrifuge. at 20°C for 20 minutes. 'Thenresulting

supernatant was- used for 3H20 determinations, 100 microlitre

aliquots of supernatant were used -for Dowex-borate estimation,

of 3Héo, while 0.5 ml aliquots were used for differential

lyophilization.

Isolation of Tritiated Phosphorylated Sugars :

The édult locusts, previously starved for 8 hours; were'
each 1n3ected with 35 x 10° dpm of D- E’H] 3FG in a volume

of 20 nl, The locusts were kllled 18 hours later by rapld

freeze clamping at liquid N2 temperature, powdered. in a

mortar and pestle at -196° C and homogenized in 5 volumes ice

cold 7% w/v perchloric acid at high speed in a Polytron

i
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~

homogenizef for 1 minute. The homogenate was immediately

centrifuged at 10,000 x g for 15 minutes at 4°C and the

SUpernatantJhéutralized with 2 M potassium hydroxide solution

at 0°C. The resulting potassium perchlorafe_precip¢tate was

removed by centrifugafion at 10,000 x g for 15 minutes at .

47C.

The resulting néutralized supernatant wé? mixed with

2 drops of 1.6% w/v méthylene'blue. The resulting methylene

blue—perchlofate complex was extracted off with 10 x 60 mls
of choroform (104). The chlofofqrm extract was discarded
and fhe aqueous phasé was passed thrdugh a 25 ml column of
Dowex AG 50 w x 12-HY (200-400) meéh to remove interferig

cations and any residual mefhylene blue. The Dowex AG 50 HY

extract was then concentrated to a final volume of 1.0 ml

-b§ 1yophilizﬁtion and &tored at -20°C until 'ready for use.

This fraction contained the tritiated phosphorylated meta-

bolites which were subsequently chromatographed.

1

Separation of Phosphorylated Metabolites on P.E, I Cellulose
Thin Layer Chromatogr;phlc Plates

The method of separation was that of Newsholme, Conyers
and Brand (105). P.E.I. cellulose thin layer chromatographic
plates (0.1:mm)_were stored dessicated at 4fC.prior to use.

Chromatdgraphic plates stored longer than 2 months were

/
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discarded. P.E.I. plates were prepared for chromatography

in the following way: first they were pre-washed in 2 M

hydroehloric acid followed by B-hydroxyquinoline solution

(15 g/2 litres) This was followed by" several rinses of .

e

glass dlStllled delonlzed water. Samples and standards

(0.002 M) were spotted (1 ul) and the plates were again

. washed for 5 minutes with 95% methanol to remove any non-—

‘phosphorylated substances. The rlates were dried and

developed in 2 N formic acid :0.5 M lithium chlorlde (106)

Phosphorylated material was visualized by the method of

Hanes and Isherwood (l07). ‘Chromatographic plates were

o~
L

prepared for scintillation :counting by cutting into 1 cm2

units, placing each square in 1 ml of 2 N formic acid :

0.5 M lithium chloride, 1:1, for one hour, and then mixing'

with 15 mls of aquasol scintillation cocktail.’

Procedure for Spraying P.E.I. Cellulose Plates -(107)

The spraying'solutioe was prepaved as follows: 5 ml
of 60% w/w perchloric acid,”10 ml of 1 N HCL and 25 ml of,/
4% w/v ammonium molybdate were mlxed together and diluted
to a f1nal volume of 100 ml w1th water. The chromatograms
were then sprayed at a rate of 1 ml /100 cmz. After'erying
the plates were heated for 7 minutes e£ 85°C. The rlates

were then placed in a rack and allowed to regain moisture
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-fpom the air‘fof about 30 minutes. _Afterwards, théy were.
placed in an gir tight jap.containing dilute hydrogen sulfide
gas'for about 5 - 10 minutes. Phosphate esters appeared as

brown spots on a faint buff background.

Preparation of Phosphorylated Metabolites for Fourier
Transform NMR

The crude phosphorylated - tritiatea metabolite extract
(~1 ml) was loaded onto-a 25 ml (1 cm x 8 cm) column of
Dowex AG 1 x 8 borate (102). Tritiated watgr .and glycogen.
were removed by washing with 16 mls of distilled deionized
water. Non-phosphorylated sugars ‘were remoﬁed by washing
" “the column witﬁ 35 mls of 0.2 M amﬁbnium tetraborate. Mono-
phosphorylated metabolites aqd sugaJ; were eluted with 50 mls
of 0.35 M’ ammonium tetraborate (103). This fraction was
ﬂrepeatedly mixed with 10 x 100 mls/of methanol and ebéporated
under reduced pressure to remove/ the volatile methyl borate.
- The,pH was checked and adjustéa'to neutrality with i M
hydrochloric acid and the sample was lyQPhiliZed to a final

volume of a1 ml and transferred to. a NMR tube.

, -
Fourier Transformed NMR of Phosphorylated Material

19 Fourier transformed spectra were obtained using a

high power multinuclear probe on a Bruker 90 M=z Model XP 100
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FT NMR. * The magnetic field was,homogenized_on benzene and
then switched to the 19F resénﬁnt frequency (84.670 Hz). -
The 1 ml sample  of phosphorylated metabolites was buffered
with 0.1 M sodium phosphate buffer pH 7L35 and doped with
trifluoro-acetic acid'toMa final concentration of 1 mM
before plaéing in khe sample compartment. Spectra were
Fourier tréﬁ§?o£med &T%ex/¢g:000 scans. Stand;}ds of

0.1 M sodium fluoride;énd 0.1 M trifluoro—écetic acid were
useé to calibrate chemical -shifts. Computér commands and
Scanning conditions are noted on individual spectra. Line
broadening was used as indicated to improve signal to noise

ratios,

Locust Tissue Fluoride Measurements

Groups of 3 poisoned or control injected locusts were
frozen in liquid N2, powdered and homogenized in 4 mls of
TISAB (orion) for 2 minutes at high speed in a Polytron
homogenizer. The homogenate was spun at 10,000 x g for
30 minutes at 25°C and the supernatant removed for fluoniae
measurement, All beagersrvﬁrﬁﬁ%trics and containers used
in this study were 'nalgene' plastic. All fluoride Standards
were prepared in TISAB and fluo;ide concentrations weré

- determined from a semi-log plot of millivolt potential versus

* fluoride concentrations as shown in Figure 32,
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Figure 32
N

Semi-log plot of voltage potential versus fluoride ion

”concentration for potentiometric fluoride determinations.
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- | RESULTS AND DISCUSSION

Table 4 glves a summary of the results of the determinatiox

of haemolymph glucose levels, These ranged from 373 mg% to

547 mgh with a mean of 465 mg%. lAs shown in Figure 27, it

was possible.to measure haeholymph glucose concehtrations

as low as 1 mg% with reasonable accuracy using the modified
assay procedure. Using the specific activity from Table 4,

it was possible to calculate ;he haemolymph glucose coﬂcen;
tration by isotope dilution anaiysis. Based on the.measure&

values df'sz, the glucose concentrations were caléhlated

.as shown in Table 4. ‘ ‘ -

The datd for the locust extracellular volume determination
is given in Table 5. Since haemolymph contained flavoprotein,
a strongly fluorescing agent, the samples were counted withoﬁt
prior exposure to light for eigﬁt hours. The counting procedure
was repeated over a four-hour interval to ensure that a stable
count was achieved. This'ﬁas done to check for any chemically
induced fluorescence which was time dependent. All samples
were counted immediately after complete solublization in NCé
had been achieved and were counted within 10 hours of haemo-

lymph removal from locusts. A progressive colour darkening

of the scintillation cocktail was noted upon standing longer

141
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Determination of Haemolymph Glucose Concentration

Cellulose
elution
volume

2 mls 2 mls

mls s
counted

- DPM in
sample
x 104

117 135

‘g of '
glucose | 8.75 10
- in cocktail

specific
activity
dpm/ug

(average
of 2 results)

133,700 135,100

glucose level

mg% (avera%e .
s)

of 2 resu¥

* values given as S.E.M.

Samples 1 and 2 represent the

- samples 3 - 6 represent’ the

1
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Table 4

Sample # R
3 4
1 ml 2 mls
0.2 0.5

5.254 10.7

18.5 55

2,840 1,950

37330 547%35

14

14

2 mls

6.57

31

2,120

500£37

2 mls

0.5

5.98

25

2,390

440%35

C-glucose which was undiluted,

C-glucose diluted with haemolymph..
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N Table 5 : )

. ——

Locust Extracelluig? Fluid Volume Counting Data

Locust #
'l 2 3 ., 4 5

Total counts ) SR . ‘
from 25 a1 379,800 ° 697,000 520, 000 646,000 488, 300
withdrawn ‘ - .

(dpm)

Total extra-
.cellular
fluid volume B93 475 645 - 514 690
in nl .

Mass of

locust in - 1.5 1.0 1.03 . 1.35 1.75
gnis

Extracellular -
volume ulfgm 565 . 475 630 380 395
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than twenty-four hours witﬁ a resultant loss of couﬁting
efficiency. After standing for one week at 4°C, the samples
were all deeply yellow coloured with a resultant 50% 1oss‘of
counting efficiency. -

The extracellular fluid_volume was found to vary from
630-380 ul/gm locust. The average v;;ue was 495%P1[ém.
When éombined with the.average haemolymph glucose concenQ
tration, this gave an average extracellular glucose pool
size of 2.3 mg glucose/gm locust. The range of values was
1.4-——»3.47 mg glucose/gm loéust.

As a result of these determiﬂatiohs; the following
concentrations of radiolabelled glucose were used for radio-

respirometric injections: 1—14C—D~g1ucose 0.0164 mg - 7.82 x

105 dpm/30 nl, and 6—14C—D-g1ucose 0.0233 mg.— 8.3 x 105 dpm/
30 ul. These amounts of glucose insured that no perturbation

of .ih vivo glucose metabolism occurred.

The measurement of 14CO2 specifiec activities allowed

one to compensate for variations in locust size and activity.

14

The pattern of COz_evolufion from 1-140 of glucose is given

in Figure 33. It can be seen that-an 8 mg dose of 3EG cauéed

only a slight depression in 14

CO2 levels from C-1. This -
decrease was about 10% of peak specific activities, as

compared to a depression-of about 20% due to the administration
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Figure 33 ' f‘/ﬂ

14C—D—glucose Radiorespircometric Reéults

-
O Control, locusts were injected with 30 pl H20 3 hours
prior to injection with radiolabel, 3 trials. '

% 3FG poisoned, locusts were injected with 8 mg 3FG/
" 30 pl 3.5 hours prior to injection with radiolabel,
3 trials. - . )

*~[§ F— poisoned, locusts were’injected.ﬁith 12 pg F=/30 pul -
- 1 hour prior to injection with radiolabel, 2 trials.

Experimental peints were expressed as the means of several

. experiments. The ordinate represents specific activity of

14002 respired expressed as dpm/% C02.

g
"

% CO, values were expresseﬁ as mole fraction % in air.

I .
. The standard error in the mean for each point are listed

-'below., These were determined as shown in Appendix 11;

Time (in minutes?x-

30 60 90 120 150 180 210 240

o 2.3 2.8 2.6 2.25 1.8 1.3¢ 1.6 0.32
% 2.5 1.21 2.3 3.5 2.3 2.7 | 2.2 1.0
A 2.4 2.0 2.2 '2.1 1.5 2.0 1.0 0.9

All values are x 104 .
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Figure 33 -

"t %k 3FG
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QO Control
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ofuiz,pg F~ in 30 Ml Figure '34 displays the patterns of
14COz.evolution ffsm'6—14C—glucsse under a‘viriéty of
conditioss, It is 1mportant to note that the 1sotope
dilution effect of an 8 mg dose of D-glucdse was v1rtua11y
abollshed when the glucose was admlnlstered 4 hours prior .
to the radlolabel This suggested that- the 8 mg of glucose

was metabollzed within this period of tlme and could no

o +

' longer dilute out the radiclabel. ?his is in direct contrdst_
to the results obtained upos administration of an .8 mg dose

of 3FG at various time 1ntervals .prior to the 1nJect10n of

the rad101abel (Figure 35a) The extent of 3FG inhibition
remained constant at about 50%-at peak specific activity but ,
the onset of 1nh1b1t10n was faster when the 3FG was admlnlstered
at a shorter tlme interval between 3FG injection and radlolabe!'
injection. These results suggested that 3FG was not exertlng
its inhibitory. effect due to isotope dllutlon Oor by competing

B
with the radiolabel for tlssue uptake. The observed results

-implied that 3FG had established a bona fide metabolic block

in glucose degradative metabolism. his idea was also
supported by prsvious observations‘which demonstrated that

3FG was rapidly removed from haemolymph and could not be
dé%écted in haeﬁblymph or other tissues 1 hour after injection.

For this reason, it was uniikely that sufficient 3¥G remained
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X Control,

prior to radiolaeel (3 trials).

o) Glucose

glucose

A Glu‘cose'

glucose
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Figure 34

RN

C-D-glucose Radiorespirometric Results-

locusts injected with 30_pi H,0 1 or 3 hours

4 br., locusts injected with 8 mg/30 ul of

4 hours prior to radiolabel (2 trials).

2 hr., locusts injected with 8 mg/30 ul of

2 hours prior to radiolabel (2 trials).

A

& hr., locusts injected iixh 8 mg/so‘pl of

glucose i hour prior to radiolabel (2 trials).

~Ordinate represents the specific activity of respired 14

as dpm/% Co,,

m.
Xx 2.2

o 2.5
Azs

0.5

All vajues were x 10

>

S.E.M. values for time interval (ig min.)

60
2.3

2.1
2.6
0.4

90

2.2

2.3

2.6"

0.5

4

120
2,2
2.3

2.0

0.6

150
1.9
2.0
1.5
0.9

180

1.7
1.2 -
1.3
0.3 ]

210
1.5
1.5
1.6

0.6

240,
1.0

1.1
1-.4

0.9

270
1.1 -
1.0

‘1.2

1o

1.1
0.9
1.2

142' -

R
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_ /\) Figure 34

' * Control

O Glucose (4hr)

A Glucose (2hr)

@ Glucose (3hr)

30 60 90 120 150 180 210 240 270 300

L N

Tlme |n mmutes :
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Figure 35a

C-D-glucose Badioresgirometric Results

O Cbntrol locusts injected with 30‘p1 H 01or 3 hours

prior to radiolabel (3 trials).

% 3FG 4 hr.

A 3r6 2 nr.

[

4'hours_prior to radiolabel (2 trials).

2 hours prior to radiolabel (2 trials).

® 3FG % hr

% hour prlor to ;ggiolabel (2 trials).

; locusts injected with 8 mg/30 pl of 3FG

’ 1ocusts inJected with 8 mg/30‘p1 of SFG

Ordlnate represents the specific activity of respired 14,

2°

S.E.M. values for time interv
120,

30 60 20

022 23 232
k09 12 13
Aos 11 "1
®06 1.1

1.5

All values were x 104

2.2
0.8
1.0

0.9 -

150
1.9
0.7

1.0

0.8

o

L3

180

1.7

1.0
1.1
0.8

/\

1.6°

1.6
1.3
1.3

2

240
-
1.0
1.4
0.9

1.2

al (in min )
210

270

1.1

1.3
1.0
1.4

», locusts injected with 8 mg/30 pl of 3FG

Cco

2

1.1
1.4
1.0
1.2
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o
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in the extracellular Jluid compartment to exert an isotope
dilution effect 1 hour after injection. . .

Although small doses of cyanide elicited a potent

inhibitory éffect'on 14002 release from C-6 of glucose

'(Flgure 35b), the remarkable ~ability of 1ocusts to detoxlfy

cyanlde levels as high as 45 ug/30 ul as had been prev;ously

rgborted by Chefurka (97) was also bserved One surprising
flndlng, however, was the senti ity of locusts to small levels
of fluoride (Figure 36). A 12 nug/30 ul dose of fluoride
resulted in about 40% inhibition oi,MCO2 reloase frgm C-6

of glucose, Thio waé about the same level of inhibition as
was achieved by a 17 ug/30 ul dose of cyonide Chefurka

prev1ously reported about 40% 1nh1b1t10n of C~6 dependent

CO evolution by 400 ug .of fluorlde in the cockroach

uPerlplaneta americana (97)o To our knowledge this sen31t1v1ty

by locusts to fluoride had not been previously reported.
Since 3FG solutions contained small amounts of fluoride

(alwa&s }ess than 0,008 mg/ml) we injected.locusts with

0.5 pmg F7/30 ul (eduivalent to a 3FG flﬁoride concentration

of 0.016 mg/ml) and found that this level of‘fluoride had

no measurable effect on 14002 vields from either C-6 or C-1

labelled glucose. Figure 36 also showed that 14c02 vields

decreased as a function of 12 hour pre-injection of locusts




- | | 153

Eigure 35b

Tt
L

6-14C-glucose Radiorespirometric Results

~—

O Control as in Figure 35a

% CN~ poisoned, locusts poisoned with 17 ug/30 pl of CN-
1 hour prior to injection of radiolabel (2 trials)

Ordinate represents the specific activity of respired 14CO2
as dpm/% CO, . '}\\_ " '///

S.E.M. values for time intervals (in min.)
30 60° 90 120 150 180 210 240 270 300

©22 23 22 22 19 1.7 1.5 1.0 11 1.1
%08 1.0 15 23 22 25 10 1l.o 1.3 0.8

»

All values were Xx 10%°
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Figure 36 K

14C-D—glucose Radiorespirometric Results

6=

0 Control locusts injected with 30 P H O 1 hour prior
to radiolabel (2 trials)..

A F~ poisoned, 12 J8/30 ul, injected 1 hour prior to
radiolabel (2 trials)

radiolabel trials)

¥ 3FG poisoned, 8 mg/30 ul, injected 1 hour prior to
radiolabel/(2 trials) : '
® SFG piiii//yg/g mg/30‘pl injected 12 hours prior to
Ordinate represents the specific activity of respired 1400
as dpm/% CO,. '

2

S.E.M. values for time intervals in minutes

30 60 90 120 150 180 210

0 2.0 2.5 2.4 2.0 1.5 1.2 1.0
A2s 26 2.3 33 1.9 1.5 1.2

‘ X2.5 2.2 2.0 2,0 1.6 1.0 1.1

®2.1 2.1 2.0 2.1 l.4 l.0 - 1.0

All values were x 104
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Figure 36 -
O Control
A F
20 ‘% 3FG (1 hr)
o ‘, - N ® 3FG (12 hr)
18 f ' sy

30 60 90 120 150 130 210 240

Time in minutes
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with 3FG prior to radiolabel 1nject10n as compared to locusts
pre 1n3ected with 3FG only 1 hour prior to radiolabel 1n3ect10n
This suggested that the metabollc block 1nduced by 3FG 1nten-\
Slfled w1th prolonged exposure.

The above results suggested that 3FG was exerting an -
inhibitory effect somewhere within the glycolytlc or TCA
pathways rather than. the pentose or phosphogluconate pathway
It was also evident that the phosphogluconate pathway did

ake some contribution to the overall oaldatlve glucose
degradatlon Since the CG/C ratlo at peak specific activities
(90 min) was about 0.7. ‘ ’

In order-to further narrow the location of 3FG inhioitlon,
we attempted to measure the effects of this agent as well as
, others on 14COZ evolution from 1- 4C acetate. Locusts were
'1n3ecﬂgd with 2.63 X 10;4 mg acetate/30 Hl with an act1v1ty
of 4, 1 X 10 dgé) As indicated in Figure 37, both an 8 mg
dose of 3FG and a lzlpg dose of fluorlde resulted in an
1ncre§§e in the specific activity of 14C02. On the other
hand, an 8 mg dose of glucose and a 12 pg dosé of cyanide
both resulted in a decrease in the specific activity of

4CO2 evolved. These results could be rationalized on the
basis on the following argument. An inerease in the Specific

activity of 14C02 derived from 1-1%c acetate could re3ult

-
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A

Figure 37

1—14C-acgtate Radiorespirometric Results

O F~ poisoned, locusts were'injected with 12.pg/30,n1 of
F~ 1 hour prior to radiolabel (2 trials) '

sk 3FG poisoned, locusts were injected with 8 mg/30 pl of
3FG 1 hour prior to radiolabel (3 trials)

D Control, locusts were injécted with 30 }.11. of H20 1 hour \gd
" prior to radiolabel (4 trials) | . .

S
e .
N ' Y

A Glucose 8 mg, locusts were injected with 8 mg/30 }11 of ’

glucose 1 hour prior to radiolabel (3 trials)

® CN— poisoned, locusts were injected with 12_pg/304p1 of
CN~- 1 hour prior to radiolabel (3 trials)

Ordinate represents the specific activity of respired-MCO2

as dpm/% qux
j S.E.M. values for time intervals (in min)
"130 60 " 90 120 150 180
0 2.3 2.6 3.0 3.0 1.5 1.6
N 2.6 3.1 2.7 2.0 1.0 1.2
O20 25 2.5 2.0 1.5 1.0
Ai1o 10 2.0 2.0 2.0 . 2.1 ,
® 1.0 2.5 . 2.2 2.‘0 | 1.5 ._ 1.6 (&\

All values were x 104 g \\
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Figure 37

3FrG
Control

Glucose

CN™

Time in ‘minutes
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as a conseqhencewof theEihhibitiongof glucose or glycogen
conversion to acetyl- CoA via glycolysis or by an inhibition -
of fat moblllzatlon ThlS would result in the deorease of |
the endogenous acetate or acetyl- CoA pool 51ze and hence
increase the spe01f1c act1v1ty of the radlolabel Conversely,
an increase in the acetyl -CoA endogenous pool or a block in

the TCA cycle or electron transport chain would decrease the

”

‘specific activity of 1400 derived from C-1 acetate. It is

presumed that the former effect applied in the-case of 3TG
and fluoride and the latter effect in the case of glucose
and cy&nide. Therefore it was likely that 3FG was exerting
its inhibitory effect on a particqlar metabolic'conversion
in the glycolytic sequence. ) ' |

It is important to emphasize that all studies disoussed
thus far involved Only adult male locusts 10-16 days after
final ecdy51s.' Locust age was found to be critical in terms
of reproductability of. radiorespirometric results. Young
adult locusts displayed a_degradative glucose metabolism
which was substantiall& lower in terms of 14COzlyields from
C-6 of glucose. '

The availa.b_ilit;,r of synthetic :D-[3§H]—3FG was fortuitous

in view of the fact that the stereospecific exchange of the

tritium from the C-3 position of fD—[3§H]-—g1ucose with

N

Bt e e, b
<




161

solvent water nad"been used as a measuTe of the rate of
fructose-6-phosphate phosphorylation and for estimation
of substrate recycling via fructose 1- 6-d1phosphatase and
phosphofructokinase (108). We had hoped to use the yield
of 3H O from D-[3- H] 3FG as a measure of the relative rate -
or extent of '3FG metabolism when compared to identical 6
experiments using D-[3° HJ glucose .

Rose has shown that the pro-R c-3 tritium of dlhydm\*yacetone

phosphate derived from the 3 posltion of glucose waS'excnanged

. with solvent water (109)(110)(111) The extent of this

‘-‘exchange is known to be large due . to the pKa of the catalytic

group at the active 81te of'mnose phosphate isomerase (112).
Figure 38 depicts the stereochemistry of the 3H—-(CS) position.
It was assumed that'if appreciable tritium loss occurred from
43}ﬂ 3FG that this was a good 1nd1cation that 3FG was

metabolized at least as far as trlose phosphate 1someraseﬁgh
Table 6 summarizes the results of 3H O release from D-
37 rﬂ -glucose and - 3FG.

The cold'sugars werebzncluded in the injection solution

3

to¢help 'wash' out the labk€l into H,0. This was particularly
important in the. Case of 3FG due to its poor ability to act
as a substrate for sorbitol dehydrogenase as discussed in the

previoq; chapter. Control experiments indicated that nejther
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- Table 6 .
_ | <
3HZO_ Release from ZD-[3§H] -3FG and :D-;[g,-"’H] -glucose I
‘ .6 _— 3 -'-ﬁ ‘

Locusts we injecfed with 6 x 10 dpm of elther 39—

|
"D-glucose (12.4 mCi/mg) combined with 8 mg cold glucose 1ng‘

a volupe of 30~,ul or ‘'with D-_S-H] 3FG zombined w1th ‘8 mg ,»'J \_\)
cold 3FG in a final volume of 30 ,ul 3H20 levels were ;

»
dete;rrnlned as outlined in Materlals and Methods. Errors

.~ =

are quoted as ¥ S.E.M. The-nu.rubér in brackets répfresents

¢ a -

i + . ~ -. - ' N ’
the number of \%rmlnatlons. . , - _
. . X . . ‘
- - ) ’ . : e . |

J
Harvesting Time - Mean % yield of Mea.n % yleld
(hours) 3H20 from D-[334) of , &20 from
. 3FG . ]) 33ul glucose
" g L 0.53 £.0.1 (4) . 87.1 £ 3 (4)
- . N ’ . S
**jﬁé - 2.75 £ 0.4 (4) - . 58 * 5 (4)
\( R T
v ” > 2 )
¢ : '
' 7
5 e 2
\ /
L3 . ¢ v
I « L|
; - Y :
’ . b
¥ \ b
. @ fl 0 Og;? /
Qs - .
“‘ Fy l. N h 'I
v e i ‘ )
S S \ ! ’ 4 - .
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. S
~_ T . ( Figure 38

1

B ) 3 i ) ' )
Stereoéhemig;ry of D-[3-H] —-glucose. TPI = triose phosphate >

O
isomerase.

“~r
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- Figure 38 .
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c=0 '

1
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H—j-—-OH '
CHOPI

aldoldse

Ho.—é T(-pro R exchanged
|

TPI

Hepro S eéxchanged by
aldolase .
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D- [3-H] 3FG or ]) [3-;4] glucose were contaminated with 3H20
.or that 3H20 was released from these sugars upon 1ncubat10n

for 24 hours at 30°C in 0. 1 M phosphate buffer PH 6.8 or 7.5,

It seemed likely, therefore, that.the Slow rate of 3H20 release
in the case of 3FG was due to a kinetic factor, and that 3FG

© was indeed slowly metabolized as far as triose phosphate‘

1somerase

Based on the known mechanisms and Stereochemistry of

. aldolase (113) and, triose phosphate isomerase (114) it was

vlated fluorometabolite (Figure 39). Fondy and co-workers

have shown that fluoro—hydroxyacetone phosphate was an irrever-
sible affinity label for triose phosphate isomerase. 1In order
to test these'possibilities 1t was decided to examine the |
effect of 3FG on the tritlum release of Dp-[3= H] -glucose,

An inhibition of SHZO release would suggest that one or both
of these enzymes were inhibited. The results of this experi-l
ment are summarized in Table 7. The differences. between the
means were not statistically significant at either the 95%

or. 99% confidence limit based on the t test (115) Therefore,

one could not say that a metabolite of 3FG resulted in a

significant inhibition of either of the above eénzymes, although

4

.
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Table 7

Effects of 3FG and F~ on 3H

50 Release from D- \'_3-|-|] -glucose”
Control locusts were injected with.8 mg glucose plus D~[3§H]—'
glucose, 3FG poisoned locﬁsts‘@ere injected with 8kmg 3FG plus
ﬁD1L3§H]—g1ucoée, and F~ poisoned locusts were' injected with
25°ug F: plus D-BéH]—glucose. Locusts were freéée clamped
after .24 hours and HZO 1evels determlned as described 1in

- Materials and Methods. Error limits were expressed as

+ g E.M. Number in brackets is the # of determinationms.
_ Treatment
. Glucose + Glucose*  3FG + Glucose* F- + Glucose™
%50 yields 43 t 2.74% (4) 37 7 2)11% (4) 43.5 * 3.92% (4)

(Glucose * is radigactive glucose)

Statistical Analysis

3FG Glucose

Sum of squares 53.4 90. 3\ /184 2
Pooled Variance \\\\ //// 45.75
Variance of differences 12 22.9
S.E.M. of differences 3.46 ) 4.79

t value 1.445 0.313

t values for 6 degrees of freedom at 95% confidence limit = 2.447,

at 99% confidence limit t = 3.707.
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Figure 39

et

-Hypotheﬁical inactivation mechanism of aldolase by a méfabolite
of $FG.
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Figure 39 .
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tritium release was slightly depressed. It may have been

possible to evoke a .significant effect'by using higher doses
of 3F¢ and harvesting locgsrs after longer periods of
incubation with 3FG.and radiolabel. It aad been sugpested

- by Rognstad and Katz fhat one of the problems associated 37
with such a whole animal study was the possibility that the
modifying.agent'only affected the_mefabolism of 'specific
tissues and that the magnitide of the effect was obscured

'by H20 release from other tlssues (108)

One 90531bility that occurred to us was the specific
enzymic release of fluoride from a fluoro—metabolite. Previous
studies in our.lab had shown that the C-F bond of 3FG and
g%GL was extremely stable at physiological pH and only minute
amounts of F“ were released upon exposure to bas1c conditions
(59).

Subseduent investigations revealed that massive flaorideﬂ

release had occurred in locust, tissues (Table 8). Eight hqurs

after an 8 mg dose of 3FG, the tissue fluoride levels increased-

about 100-fold. After 16 hours a 12 mg dose of 3FG which
resulted in 67% mortality at the time ©f assay, resulted in
-5 tissue fluoride increase of about 130 fold. A 60‘pg,dose
of fluoride which resulted in 100% locust mortality within

13 hours increased tissue,fluoride levels by almost 200~fo1ld.

-

—

~
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Table 8

Cémparison of Tissue F~ levels in Control,
"F- Poisoned and 3FG Poisoned Locusts

Tissués were tredted_as described in Materials and Methods.
The numbers in brackets represent the number of determinations

for each value, 3 locusts were used for each determination.

t error limits represent the standard error in the mean.

Contfol locusts were injected with sterile deionized Hzo‘plus

a fluoride concentration equivalent to that present in the

i

3FG solution (this was usually less than 0.0005 mg F /ml).

. Treatment
Control  F- Poisoned 3rG 3FG
(60 ng/30 nl) (8 mg/30 ul) (12 mg/30 al)

Time of aésay
(hrs after

injection) 8,13,16 13 8 16

% death at

time of '

assay 0% 100% 0% ‘ 67% .

Approx. time _ -

to death (hrs) - 10-13 48-72 ~113-20

Tissue (F~)* 25125 47%1.8 - 22%1.8 32%2, 3

mg/m1 x 1072 x 1073 x 1073 - x 1073%*
(3) (3) (3) : . (3)

-

*¥* Tissue I~ levels were calculated on the basis of the follow1ng
rationale’. Preliminary experiments indicated that no appreciable

F~ loss due to excretion occurred during the perlod of investigation.
'‘Based on this observation the mean total agueous volume of '
locusts was calculated to be 877 ¥ 50 yl/gm locust (3 determinations)
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Table 8 (con'd)

byQF“ dilutidn analysis. This value was used to approximate
- thé tissue F- levels.

-

**Thig value represented a fluoride yield‘of 3.2% when compared
to the total fluoride available for release from 36 ng of
SFq#injected into 3 locusts.
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It seemed likely, therefo;e, that enzymic fluoride release
from a fluoro-metabolite might hate accountéd for the toxtcity
of 3FG ‘and 3FGL. The lower levels of fluoride responsible
for death in the 12 mg 3FG dose gtoqp could be due to the
intracellular release of fluoride, tathbr than the diffusion
of extracellular F--into locust tissues. There is not
sufficient_information available on locust snion‘transport
to make any comment‘regarding the.ease of cellular membrane
penetration by fluoride éllG).

Previous studies on sorbitol dehydrogenase discussed
in this dissertation demonstrated no detectable release of
fluoride from the action of this enzyme on'BFGp; llt‘was
suspected that fluoride was inhibiting the enzyme enolase
(117)(118) due to the 14C02,respiratory patterns obtained

14

with 6-""C-D-glucose and 1-14C-acetate. The potential .

inhibitsry effects of fluoride on other Mg2+ dependent
enzymes could not, however, be discounted (119). Wang and
Himoe have shown that fluoride formed a strong enolase
bouﬁd complex with Mg2+ snd phosphate (118). With rabbit
muscle enolase the apparent dissociatisn constant of
}luotide from this complex was 50 JAM.  They suggested that
fluoride formed a direct coordination somplex'wi'th‘h![gz+

on the enzyme and jAnhibited the reaction by act}&g as an

.-

LW ERSTL L KL S ot
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aﬁalogue of OH™ ion, which was generated during the course
of normal enolase-catalyzed }eaétion. The total body con-
centration of fluoride after 16 hours in locusts injected
‘with 12 mg 3FG was estimaied at about:1.7'mM (Table 8). This
" concentration is about 35 times higher than the apparent
dissociation constant of. fluoride frgm rabbit muscle enolase.
If locust enolase had a similar susceptibility'to fluoride,
its complete inhibition could be accounted for.by the levels
of fluofide present.‘
- 'In order to attempt the identification of a possible

' ﬁetabglite of 3FG which was.susqeptible_to defluorination
and/or\Eetritiatioﬁ, we conducted a ﬁhésﬁhorylated m%tabolite
scan based on the procedure of Newsholme (105)... Since thé -
‘majority of the'fritium label in D-[afq)—SFG was known to
remain attached to a'hydrocarbon‘skeletoh, locusts were
injected with 35 x 10° dpm of D—[aéH]-BFG, which was mixed
“with lohmg‘of cold 3FG to help force the label into the
glycolytic stream. A typical radiochromatographic scan is
depicted in Figure 40. The majority of\the‘SH counts were
found in the region betwé%n glucose-6-phosphate and glycer-
aldehydéKS—phosphate. This radicactivity represented

about 3% of the té%al radicactivity loaded onto the chroma-

tographic plate. The majority of the radioactivity was
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Figure 40
Sample chromatogfam of locust phosphorylated metabolites on
P.E.I. cellulose after injection of. D-[B2H-3FG. : Solvent

system, formic acid 2 N : lithium chloride 0.5 N, 1:1.

G1P = glucose-l-phosphate

F6P = fructose-6-phosphate

FDP = fructose-1l,6~diphosphate
G6P = glucose-6-phosphate

PEP = phosphoenolpyruvate

* Gd3P = glyceraldehyde-3-phosphate .

. _ 3
A = phosphorylated metabolites from D-[3-H]}-3FG treated

locusts as detected by phosphate sensitive spray.

B———3»F = pﬁospholylated metabolite markers.

2

~ The numbers to tpe left of column A represent the 3H counts
Jper minute detected from 1 em x 1 cm squares cut. out of

column A.

x4
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Figure 40 -
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lost when the plates were washed with 95% methanol to .

™ remove non-phosphorylated material,

In order to determine whether ofganically—bound fluorine
Was present in the area marked by raoioactivity‘on the P.E.I.
cellulose plates, we separated the monophosphorylsted meta-

(\}bolites from other locust tissue metabolites uding the

method of M. G Clark (102)(103) The monophosphorylated—
tritiated metabolites were concentrated to a volume of 1 ml
and were subjected to Fourier transform 19r NMR. Flgure 41
depicts the spectrum obtained after_76 000 scans- The -
signal to noise ratio was about-S:l Although no structural
assignments can be proposed on the basis of this ‘spectrum
alone, it was obv1ous that the fluorine signal was dye to
an organlcally—boerg,fluorlne present in a phosphorylated
metabolite(s). * .

Thus far in the investigation of 3FG toxicity in’

Locusta migratoria, it appears likely that 3FG enters

glyecolysis via 1ts conversion to 3-fluoro-fructose with
subsequent phosphorylation of this compound by a hexo-or
fructokinase. Since 3FF or its putative phosphorylated
~derivative are haloketones, these metabolites would be
particularly, susceptlble to nucleophilice attack if correctly

oriented and activated in an enzyme active site. Whether_
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"Figure 41

19F Fourier Transform NMR of a phosphgﬁglated flporo-metabolite

from locusts after 3FG injection.

v 3 v
¢ \ <
A = trifluoro-acetic acid" 1 mM
B = metaboiite . |
c=rF

Conditions uéed‘for scans of A + B

offset = 29,776 Hz -

02 = 5,700
AQ = .0983
)  FW = 50,000
- SI = 8 |
DW = 12

number of scans = 76,000

line broadening = 60 Hz

The broadness of the lines was attributed to the presence of

a small concentration of para magnetic ion(s).
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1

or not such enzyme action results in irreyersible co?alént
alkylation remains to be elucidated. An example of fluoride
release without enzyme indctivation has been despfibed by
Leung and ffey (1201. They ha%e demonstrateﬁ-the reléﬁse

of fluoride from menofluoro-pyruvate by the first enzyﬁe in
the pyrﬁvatefdehydrogeqasé complex. It is evident, howéver,
that é.massive énzyhe'catalyzed release of fluoride from a
3FG metabolite occurs in locusts. ‘This is likely responsible
for locust death due to the irreversible inhibition of J

. enolase. -

It is believed that the most attractive “target sites

for fluoride release are aldolasé or triose phosphate
isomefase. Previous studies By Hartman have shown that
haidacetol phosphates (Br, Cl, I) do not act as active

site affinity agents for aldolase. This was a surprising-
finding sincg both aldolase and triose phosphate isomerase®
share a similar primary proton abstraction step in their
reaction mechanisms. It is known, however, that monofluoro-
h¥5roxyacetone phosphate both deflu&finafes and alkylates
triose phoéphate isomerase. The effect of this compotnd

on aldolase has not been investigated. 8Since the tritium ¢
release experiments demonstrated that a small but significant

3H20 is lost from ,'D—[séH]—BFG, it 'is

~ . R

amount of
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possible that pro-R—aﬂémonofldoro;hydroxyacetone phosphate
~1is formed by aldolase and subsequently detrltlated or de—

- : e .
fluor%pated by trlose éhosphate isomerase. Such a mechanism:

is not unrealistic due to the outcome of similgr experiments

L

> .
conducted by Meloche on 2-keto—S-deoxyphosphogluconahe :

al&ﬂﬂselsing'sHélahelled brémopyruvate: These experiments

were discussed in the’introduction of Part 1. Ne{one has
~R=3{—n ‘
yet 1nvest1gated the p0551b1e detrltlathn of pro<R="f-mono-

fluorohydroxyacetone phosphate by triose phosphate isomerase.

—
It is though§ that such a mechanlsm prov1des a good working

. -

hypothe31s for the mechanlsm of trltlum and fluoride release
e

from D-B“H]—SFG (Figure 42). One cannot, hewever; exclude
the possibility that detritiation and defluorination occur
i a 1 .

on separate enzynes.

¢
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Figure 42

Proposed mechanism for concomitant detritiation and

defluorination of pro-R-3H-monof1uoro-hydroxyacetone )

_ phosphate by triose phosphate isomerase. -

LY
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Figure 42

- Tritium exphange.pathway

\h HZF)Pi .

' Inactivation pathwgf
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Least Squares

Method

APPENDIX 1 _

3

All 11near plots were analyzed by the least squares

method. It-was assumed that the set of experlmental p01nts

fit the equati
dependen% gndl
cept and 'b' i
méthod cﬁooses
éhé\squares of

values and the

equations used

\
on y = a + bx,

"where 'x' and 'y' are the

independent variables, 'a' is the 'y' inter-

S the slope of the resulting line. This

an 'a' and 'b' so that the average sum of

the diffefence"between the experimental 'y'-’

calculated 'y' values is at a minimum. The

to calculate ‘aj and 'b'.d?gﬁ\\\

k k k

E = A¥y)
a n=1 n=1 n=1 n=1

[k X2 - :§ 2] =2

n=1 =1
ok | K K

k E (xp¥p) H.‘E x E Yn i

b = n=1 - n=1 n=1

Z
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171 & ' 1
[§] = X, . . and v = y

. _g‘ )
Sample calculation for uninhibited plot in Figure 15a, k=6

.
X y Xy » X
5 50.0 250 - 25

10 73.9 739 100

16.7 93.0 1,553 278.9

25 105.8 2,645 625

50 163.4 8,170 2,500 _

100 270.0 127,000 10,000 :

(S x) 206.7 (Ey) 756.1 (Ex y) 40,357 (gx ) 13,528.9

¢\ (206.7)(40,357) - (13,529)(756.1) . ' b

: 42,725 - 6(13,528.9) 49.1
b = (206.7)(756.1) - 6(40,357) 5 23
' 42725 - 6(13,528.9) 2.
and y ='49.1 + 2.23(x)

7

Mechanistic and Kinetic Aspects of Dehydrogenase Enzymes

Based.upon twenty years of intense'int?rest and research
in the area of dehydrogenase enzyme mechanisms, it is now |
known that all the deyhdrogenases studied fall into two
general mechanistic categories (84) Those which follow

» _‘. .
an ordered binding mechanism, or those which follow a randog/____////

-

mechanism. Various special .cases exist in each category,

~S

|
|
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such as the Theorell-Chaﬁce the rapid equlllbrlum randoml
partial random and preferred pathway random. Of all the

. dehydrogenases studied{ nome have been found to exhibit a

substituted enzyme (ping-pong) type of mechanism as is '

commonly found in transaminases.

o ky ky kg -k,
E+ A EA T BAB= EPQ= EQ=F
ky Ky kg kg

(Ordered Mechanism)

P
7N 7N
/4

/ —

EAB == EPQ . E
N N7
(Random Mechanism)

~ . i

E = Enzyme, A = NAD+ or NADPt, B = reduced substrate,

g
il

oxidized substrate, Q = NADH or NADPH

In all of the ordered cases studied NAD* or NADH always add

1

on first. The majority of the dehydrogénase enzyme mechanisms

all give the same steady state initial velocity equation (84).

Pa—

In the following discussion, the Cleland notation will be
‘used (78), although the Dalzfel method is equally applicable

Eéﬂd{ The steady state initial velocity equatisp/is

r

/

~ ’ 4
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o v.XAa)(B)

TV T KK ¥ &, (A) i}F By + (B)i/p (Cleland)

-

e 1@ + QA + @B + QAB S
v - ° A B N (Dalziel)

Using the example of an ordered bi-bi mechanism, it can be

shown that K_ (app)

I B
k.(k, + ko)k 2
1874 5777 kl(A) + 1

1

+ k,kek *
klkB(ks + k

37577

72

and in the case of a comparison of two Km (app)'s

k, + k

- 4 5
1
4 - + k k k
‘ Km (app) " _ klks(k + k ) 3577
Km (app) (¥, 7 K5)
. 1 7
r—F + Kokok
1_~:1k3(k5 + k7) 3°5%7
whére (A) is the same in each Km (app) "

This treatment assumes that the introduction of an alternative

substrate only affects those rate constants associated directly

L]
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with the substrate. o oo ‘

+

[N
In the case where one wishes to compare Vmax (app)'s,

it can be shown for the same- mechanism that

/. _ /. ’
Vmax (app) _ X5 [} M) G+ k) + k]
Vmax (app) Kg [kl(A)(k5 t ko) 4 k51‘7]

: ~

o4
14
-

. A
The preceding equations make it obvious that one cannot

make rigourpusly valid remarks by comparing Vméx (Aapp) or
Km (app) values on’the basis of steady state informatipn
alone, since thesg parameters are complex functions of many
individual kinetic rate constants. One furfher handicap in
the case of steady state analysis of bireactant enzymes is
the fact that initial velocity expressions do not directly
reflect the rate constants which govern the interconversion
6f ternary complexes (80)(78). In order to make valid
statements regafqing the effects of substrate substituents
on enzyme binding affinities and catalytic rate constants,
one must employ fast kinetic techniques such as stop flow,
temperature jump, etc. to gi;e a direct measure of individual
rate constants. By éxamining the effects of substrate

substituents on individual rate constants, particularly in

the catalytic step, one can then make justifiable statements
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regardlng the effects of substituents on free energy changes

in the trans1t10n state The- valldity of this statement may

be ea511y demonstrated. If one considers the EAB complex as

a unimolecular species- then ‘transition state theory for a

unimolecular reaction can be applled (85) The first order

rate constant for a.unlmolecular reaction can be written as
. e

= (kT/h) exp (AS7/R) exp (- u/RT)

where AS?E 'AH?é are the entropy and enthalpy of actlvatlon

Comparison of the rate constants of ternary 1nterconver81ons
for a varlety of substrates with different substituents can
give valuable information regarding free energies in the.
-transition state. Unfortunately, such studies are not easily
performed in the case of dehydrogenase enzymes. Such studies

however, have been oarrﬁed'out on chymotrypsin and other
serine proteases which have simpler kinetic-schemes (865.
These substituent studies when combined with binding-stndies
have constituted the basis of ﬁerifioation for the Circé

effect as proposed by Jencks (87).
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‘Calculation of Standard Errors in the Mean

. The standard error in thenmean (S.E.M. ) was calculated

using the relationship

s = \[Sx 2 ®2 -

nn -1
and >(x -'E)z = ':E(xz) - { :Ex)z = §2 (variance)
. n
A sample'calcqlation for control 1400 specific activity

' 2

14C-D;glucose (Figure 33) is given below:

at 30 min'from 1-

% 8.2 x 10%
= x 24.5 x 10%
S(x2) 032.75 x 10°
N2
§£§ 200 x 10°
52 16.4 x 10°
s 4.04 x 10%. .
) . |

. S.E.M. 2=-3 x 10
d . ﬁ\\
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