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ABSTRACT:
The activation of many purif&ed'intrinsic and extrinsic

memprane protelgs by amphipaths has been well document

fhis phenomenon has been studled using the purlf;ed k
glycerol-3-phosphate dehydrogenase of E.col i, ‘{i’uu‘& 3
dehydrogenase supplles reduc1ng equlvalents to’;he elec
.transport chain during aerobic growth on glycerol or =

~ glycerol-3-phosphate. A broad range of nonionic déteféentsr,'
and phbspholipids were found to.actinate the phenazine
methosulfate (PMS)-coupled |
3-(4,5-dihetnylthiazoly172)-2,5—dipheny1tetrazolium bromide
(MTT) reducfasg»activity while the ferricyanide reductase

act1v1ty was unaffected ‘The nonionic detergent Brij 58 was

- found to be the best activator. Activation was not

accompanled by any significant change in guaternary
structure or in the affinity of the enzyme for ifs substrate
‘Lfglyeerolj3-phosphate¢ Alsy, the pH dependence of both
activities was identical. Hewever, the reductase activitiee'
were differentially'inhibited by Cn*’ and'Zn*’. Cupric
snlfate inhibited the PMS/MTT actiyity while zinc sulfate
inhibited the ferricyanide reductase activity. In addition,
whereas the apparent Km for DL—giycerql-3-phosphate, as
measured by either fednctase'assay was unaffected by
activation, the apparent Km for PMS decreased upon
activation while the apparent Km for ferricyanide reﬁained
‘unaffected. Amphipaths appear to be acting at the level of

PMS and seem to-be enhancing the interaction_between this



. ¥
electron acceptor and the enzyme.

A

E.colil fumarate reductase, a termipal electron
transferring ‘enzyme induced by anae;obic growth in the,
presence of )umarate, has been characterlzed The pur1f1ed
enzyme was showp to exist as an af dlmer of 69 000 and
25,000 dalton subunits and bound only 0.15 mg.of Tr;ton'
X-100/mg of protein. The enzyme contained 4-5 moles each. of
nonheme iron and acid labile sulfur and was inhibited by
‘sulfhydryl reagents. Further investigation of the
sensitivity to shlfhyd;yl reagenfs fevealed a séngle
sensitive sulfhydryl group which was located in\Ehe'GS,OOO
dalton subunit. The topology of the 69,000 and 25,000 dalton
subunits in the membrane was studied by
lactoperoxidase- catalysed 1151~ 1od1nat10n and by antibody
titration experlments. The results suggested that both
subunits were located on the cytoplasmic side of the plasma
membrane. |

Further characterization of the purified enzyme
revealed that both catalytic activity and stab111ty at
alkadlge pPH or elevated temperatures were enhanced by
anions. The effectiveness of anions as activators appeared
to correlate with their charge density. Also, reducing
agents potentiated the activating effects of anions. Anions
appeared to mediate their effects through a direct
intef;ction with the enzyme as indicated‘by a) a change in

the circular dichroic spectrum and b)-a decreased

susceptibility to inhibition by the sulfhydryl reagent

vi
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5,5'-dithiobis(2-nitrobenzoic acid) upon activation.
Investigatioﬁ of the membrane*bound‘and Triton X-100
extracted fumarate r,dpctase suggested that it consisted of
four subunits of qolecular weights 69,000, 25,000, 15,000
and 14,100 present in a molar ratio of 1:1:1:1. The’
' prope;ties of the membrane-bound and Triton X-100
solubilized enzymes were quite similar to the purified,
anion activated ;wo Subunit form of theqenzYme. Anions may
be altering the properties of the purified two subunit

"enzyme in such a way that it more closely resembles the

~structurally more complex membrane-bound form.

vii
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1. Introduction

A; Mechanisms of Energy Coupling. ,
All living organisms rgéuire energy for the following
functions: a) mechanical work, b)vbiosynthetic processes and
';c) tranSport of metabolites across cellular and sub-cellular
membranes. In other words living organisms maintain their
complex low en£}pr structures by consuming energy from
their environment.>Wa§}e energy in the form of heat is then
returned to the enQironment where it has a randomizing
effe;t. Planté and%some bacteria convert solar energy into
chemical energy.in the fo;m¥6f glucose. Subseqguent |
degradation of gluéose generates ATP and NADPH. Simiiarily,
in animals anq somJ bacteria, degradation of catabolites
generates ATP and ﬁADPH. Thué all forms of life use ATP and
NADPH, transportable and immediately useable forms of
chemical energy, to maintain life. The Question of how cells
make ATP and NADPH|from glucose was partially answered when
the pathways of intermediary metabolism were elucidated.
NADPH can  be genergted by the oxidation of glucose in the
Pentose Phosphate bathway as well asvby the action of the
enzyme transhydrogpnase. ATP can be synthesized by the
| substrate level ph sphorylatlon of ADP and GDP during
glycolysis and the) Krebs cycle respectively. In animal
tissues the GTP generated during the Krebs cycle can be used
to phosphorylate A&P while in E£E.coli ATP is generated

directly from ADP during substrate level phosphorylation.



However, despite the discovery of substrate level
phoéphorylation it was realized that this process alone
could not meet the energy requirements of aerobic organisms,
Since the discovery of ATP in 1929 the mechanism of its
synthesis has been a major area of biochemical research. In
1940 Ochoa (1), while studying the P/O ratio for the
oxidation of pyruvate, proposed that phosphorylation must
occur not only when the substrate is oxidized during
glycolysis but also during the passage of hydrogen>atoms
along the respiratory chain to oxygen. In 1951 Gale and
Paine (2) demonstrated that glumatate transport in’
Staphylococcus aureus was inhibited\by such compounds as
sodium azide and 2,4-dinitrophenol.’ This observatioh
established a linkvbetween electron transport ;nd/or
oxidative phosphorylation and the active transport of
’glutamate. With the development of methodology for the
preparation of clésed membrane vesicles (3) it has become
apparent that electron flow down the respiratéry chain
drizfs the transbort-of many different metabolites across
‘the bacterial plasma membrane.v | |

Although research during the pastAforty years has shown
that a number of cellular processes are dependent upon a
functioning electron transport chain, the meéhanism by which
the free energy released by electron transport.is conserved
and hSed'has remained controversial. Indeed, it is only in
the past ten years that the chemiosmotic coﬁpling

hypothesis, proposed by Peter Mitchell in 1961 (4), has



gained wide acceptance. This hypothesis will be discussed in
detail in this chapter. The other major hypothéses of energy
coupling will only be briefly discussed here.
1) Chemiosmotic Coupling Hypothesis. d

The chemiosmotic coupling hypothesis of Peter Mitchell
developed from his interest in the couplipg befgeén
metabolic energy and membrane transport. The hypothesis
consists of the following postulates (5);

1) The ATP synthetase is a membrane-bound reversible
protbn translocating ATPase, having a characteristic H*/P
" stoichiometry. | |

2) Respiratory and photoredox chains are membrane-bound
vectoriql{metabolic proton translocating systems, having
cﬁaracteristic H*/2e stoichiometries and having the same
polarity for proton translocation across the membrane during
normal forward redox activity as the ATPase has for ATP
hydrolysis. | | .

3) There are proton—lihked solute porter systems for
osmotic stabiliza;ian:and metabolite'transpoft.

.4) Systems 1-3 are plugged through a topologically
closed insulating membrane, called the couplidg membrane,
that has a non-aqueous‘osmotic barrier phase of low
permeability to solutes in general and to protons and
hydroxyl ions in particular.

Postulate 2 was expanded to define electron transport chains

as consisting of alternating hydrogen and electron carriers

Erranged asymmetrically across the membrane in loops.



Essentially the chemiosmotic céupling hypothesis can be
summarized by pathway 1;

(1) Oxidation—) Afly+ €—> ATP

oxidation and phosphorylation are coupled via a
transmembrane electrochemical potential of protons. The

L electrochemiéél potential or proton motive force is made up
of an electrical cémponentAﬁ and a chemical cdmponenthApH,
as defined in equation 2; s V

(2) DApyq= AW - Zaph | -

2=2.3RT/F and has a value of 58.8 mV at room temperature. .

v

The basic.postulates 6f tpe chémiosmotic hypothesis
have been rigorously tested in the twenty years since its
conception, Moyle and Mitchglld(s) and Thayer and Hinkle (7)
have shoyn that ATP hydrolysis by beef heart mi;oéhondrial
ATPase results jin extrusion of protons. In these experiments
‘an H* /P value of 2 was obtained. Furthermore, EQcoli plasma
membranes containing an ATPase mutatéd in the « subunit
(uncA mutants), do not show ATP dependent mémbrane
energization (8). The proton pumping actiyity of yeast
ATPase, reconstituted into liposomes, has/also been
demqn;trated (9). Mitchell and M6y1e4(10j11)-have,also shown
. proton ext;&sion during mitochondrial electran transport. By
measuring the acidification of the suspending medium
followiﬁg thé addition of pulses-of ox?genated saline to an
anaerobic suspéhsion of mitochondria, t@ey estiméted that
two pfotons were extruded per redox loop. An electrochemical

potential of 230 mV has been measured in,rat liver



mitochondria oxidizing A-hydroxybutyrate in the absence of
phosphate (12).

“ The role of the proton motive force in energizing
bacterial transport systems has been reviewed (12,13). In
general the results agree with Mitchell's hypothesis (14) of
transport being driven by one of the following; a) a symport
with protons, b) an antiport with protons or c) in response
to the electrical potential component of the proton motive
force, However, for symport systems the stoichiometty of
protons/solutes transported has not been completely resolved
(15).

The key requirement of the chemiosmotic hypothesis is
thét the membrane should be largely impermeable to protons
and hydroxyl ions. Mitchell has measured a conductance of
0.5 umho cm~?* for the inner mitochondrial mepbr2ne. This
conductance is compatable’wg;h the chemlosmotic hypothesis.

) ~
The inability of opponents to demonstrate oxidative

phosphorylation in soluble preparations._has added credence
to Mitchell's hypothesis. \\J/////;‘ .

In my opinion the single most convincing piece of
evidence in favour of ATP synthesis being driven by a
gradiént of- protons comes from an“experiment of Racker and
Stockenius (16). In an'elegant experiment they reconstituted
the mitochondrial F.F, ATPase and the light driven proton
‘pump, bacteriorﬁodopsin, into liposomes. They were then’able
to demonstrate ATP synthesis in response to a light pulse. A

similar ‘experiment has been performed using the yeast F,F,



ATPase (9). These'éxperiﬁegts clearly demonstrated that a
proton gradient:couldwdrive the synthesis of ATP by the
ATPase complex. In addition, these experiments éhowed that
,ATP‘synthesis did not requife a physical_interaction between
the respiratorytchain'compénents énd the ATPase.

Although it-is now largely accepted that the high
energy intermediate céup;ing the redox reaétions of electron
‘transport to the performance of energy requiring membrane
~ functions such as ATP synthesis aﬁd membrane transport is an
raélectrochemicél gradiént-of protons,»Figure 1, there is a
considerable amount of controversy surrounding the_ o
hechanisms of generétion and utilization of the proton |
mbtive'force.‘Inherent in Mitéhellfs hypothesis is the ~\\3
requirement for alternating hydrogen and electron carriers
arrange< asymmetrically across the energy transducing
membrane: in a serieé of redox loops. Such an arrangement
would facilitate charge separation between proﬁons and
velectgons and lead to the extrusion of protons from,thé'cell
or organelle and the generation of a gradient of prétons.
Mitchell suggests a H*/2e ratio of 6; two protons being
ejected at each of three‘redox loops. However, topology
studies on the inner mitochéndrial membrane have not
‘confirmed the exiétance of three loops (17) and Mitchell has
since modified his views to accomodate this finding. He néw
proposes a special role for’ubiquinone'and cytochrome b.in’

what has become known as the Q cycle (18).'Tbis cycle

accounts for only two redox loops while still maintaining a
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H*/2e ratio of 6. However, the discovery of the proton
pumping activit; of bacteriorhodopsin (19) and the
@}tochondrial\cytochrome 6xid§se (}0} hagriled to the
s&§gestion that the proton motive force may be éenerated by
a proton pumping activity of the components of the
nespiratory‘chain (21). J \

Another point of contention is Mitchéli's H*/site ratio
of 2. Brand et al (22) have measured a H*'/site ratio 6f_3—4
and suggeét that Mitgbéll's ratio may be low due to the
uptake of a protdﬁ with inorganic phosphate during
mitochondrial respiration.

The mechanism by which a proton ggadient drives the
synthesis of ATP is also unresolved. Three mechanisms have
been proposed: | » -

| a) As proposed by Mitchell (23) ATP synthesis is a
result of the protonation of a phosphate molecule by two
protons followed by é nuéleophilic attack by ADP.

’ 5) Racker (24) has pfoposeé that an interaction betweén
the F, co@ponent of the ATPase and Mg*? induces a |
conformational change in F, which leads to the forma;ion of
a high energy phosphoenzyme iﬁtermediate. Interacti&n
between the phosphoenzyme and ADP leads to the fofmation of

) ATP and a dephosphorylated F,. Protons then displace the

Mg*? ions and alldw the F, to return to the deactivated

g conformaﬁion-ready for another cycle of ATP synthesis. This

mechanism is based on the known mechanisms of Ca*? and

Na‘/K* ATPases, enzymes which are structurally much simpler



than the F,F, ATPase complexes of energy transgucing
membranes.

¢) The third mechanism was proposed by Boyer and his
colleagues (25,26,27). As a result of the effect of
uncéuplers on various exchange reactions catalysed by
mitochondria, Boyer has suggested that the energized state
of the membrane regulates ADP and Pi binding t¢ and ATP .
release from the F,F, ATPase. According to the alternating
qatalytic site model energy is required for the'binding of
ADP and Pi to theDATPase in a manner which favours ATP
formation while release of preformed ATP at a second
catalytic site also reéuires the input of energy. ATP
synthesis per se does not require the input of energy. This
model is indirectly supported by the finding of tightly
bound ADP and ATP on the ATPases from mitochondria,
chloroplasts and bacteria.

2) Other ﬁodels for Energy Coupling.

As originally préposed:by Boyer (28) the conformational
coupling hypothesis requires a physiZal interaction between
the electron transport proteins and the ATPase complex.
deer suggested that the free energy of electron transpdrt
reactions is conserved in the form of high ehergy protein
conformations. This conformationai energy is fransmitted to
the ATPase with the resultant synthesis of ATP. There has‘
never beeﬁ more than circumstantial_evidehce for
conformational coupling andAthe hypothesis has beeh adapted

as a mechanism of ATP synthesis, as described above.
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The first model of oxidative phosphoryiation was the
chemicalvcoupling hypothesis of Slater (g?llfmhefpropbsed -
mechanism is analogous to the substrate level
phosphorylation of ADP during glycolysis. Essentially,
Slater postulated that redoi energy is conserved in the form
of a high energy covalently modified electronicarrier.
Synthesis of ATP is then driven, through a series of high ~
energy intgrmediates,vby hydrolysis of this high energy
bond. Extensive research has failed to find any of the
poétulated high energy intermediates and the hypothesis has
been largely abandoned.

Williams (30) has postulated that during electron
tran§bort protons, generated within the meﬁbrane, are
transmitted via channels to the site of ATP synthesis.
Transmission would be by hydronium ion formation using.water
molecules within the proton channels. ATP formation would be
driven by the removal of;water; a product of the
condensation of AbP and Pi, By the need to hydrate the hig;
energy protons in the vicinity of the ATPase. Although this‘
model is difficult to evaluate it has not beén entirely

discarded.

B. Eledtron Transport Chains of E.col/.

E.cbli is a facultative anaerobe, being able to grow
bgth aerobically and anaerobically. Energy for’growth can bé
derived both fermentatively, via glycolysis# and

oxidatively, using either oxygen, nitrate or fumarate as
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_terminal electron acceptors. A variety of substrates can be
used to provide reducing eQuivalehtS for the respiratory
chain. Thus,ANADH, succinate, malate, D- and L-lactate,
a-hydroxybutyrate, L-glycerol—B—phosphate;:formate,
- dihydroorotate and pyruvate can all be oxidized by primary
dehydrogenases which serve as éompcﬁ%nts of electron
transport chains. The compositions of these chains vary with
the carbon sources available for growth, the growth phaéen
and the terminal electron acceptor preseht. At present the
function of all the redox components found in the E.coli
plasma membrane.is not known. Also, the involvement of some
electron transport proteins in more than one chain is
uncertain at present. Finally, the sidedness of the
cytochrome components in the'aerobiC‘and anaerobic electron
transport chains of E.coli has been deduced large%y from the
sequence of components and the chemiosmotic requirement for
alternéting hydrogen and electron carrigrs arranged
asymmétrically across‘the memprane.

In this section the aergbic and anaerobic electron
transport chains will be described and then the properties
of the primary dehydrogenases and terminal réductases will
be discussed.

1) Aerobic Electron Transpoft Chaihs.

The E.coli aerobic electron transport chain contains
nonheme iron, acid labile sulfur, ubiquinone, flavoproteins
and cytochfomés Dsse, Dssa, b,‘;, a.; o and d (31).

Cytochromes c,,, and cs;s, are also present but are
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considered to be minor components. Cytochr¢meslo and d are‘
the major terminal oxidases, while cytochrome a, appears not
to be kinetically competent as a terminal electron transfer
ehzyme (32). Although the factors regulating the levels of
the different cytochromés are pborly understood, it seems
clear that.in-exponentiai}y growing cells, the major
cytochromes are byss, bse, and o (31). As cells enter
stationary phase cytochromes bss,, d and a, é?pear (31).
Also, Poole and Haddock (33) have found that exponentially
growing«EﬂCOIf,'under conditions of sulfate limitation,
contain cytochromes b;s,, d and a, in addition to bss¢, bss,
and o. The factors responsible for the increased synthesis
of cytochromes b,s;,, 4 and a, as stationé;y phase is
approached or when growth is limited by sulfate are ﬁot
clear.

Figure 2 is a schematic representation of the aerobic
electron tréﬁsport chain as envisaged by Haddoék and Jones
(34). The solid lines represent the pathway that operates
during ekbonential growth, while the broken lines represent
thevpaﬁhway that would operate, along with the second redox
loop from a flavoprotein dehydrogenase to cyfochfome o,
during stationary phase or when sulfate is limiting. The
flavo- and iron-sulfur protéins represented by the box would
vary depending on fhe carbon source available for growth.
The scheme in Figure 2 suggests that under certain limiting
conditions, such as low oxygen or sulfate'in the growth 2.

medium, the segment of the chain between the NADH

N
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Figure 2. The aerobic electron transport chain of E.coli as
proposed by Haddock and Jones (34). The nature of the
flavoproteing Fp, will vary depending on the carbon source
available. Cyt=cytochrome; Q.—ub1qu1none 8; Fe/S=iron- sulfur

protein(s); H hydrogen atom.
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dehydrogenase and the flavoprotein dehydrogenase ceases to
be a proton translocating redox loop. When this happens
reducing equivalents are passed directly from the NADH
dehydrogenase to the flavoprotein dehydrogenase. Evidence
for this uncoupled éathway comes from the demonstration by
" Poole and Haddock (33) that ATP dependent, uncoupler
sensitive reduction of NAD by succinate,‘u
DL-glycerol-3-phosphate or D-lactate does not occur in
electron transport particles prepared from cells grown in
the presence of limiting sulfate.

A different electron transport chain has been proposed
by Downie and Cox (35)', Figure 3. Again the flavo- and
iron—sﬁifﬁr proteins represented in the box would vary
depending on the carbon source' available. The maiﬁ
difference between the two proﬁosed pathways is in the role
" of ubiquihone. In the éeeond scheme, Figure 3, ublqulnone is
1nvolved 1n both redox loops. Evidence for such an
involvement has come from the demonstratlon of Poole and
Haddock (36) of a requirement for ub1qu1none in the energy
linked reduction of NAD by succinate, L—glycerol-B—phosphate
or D-lactate. In-other words energy dependent reversed
electron flow thrdugh redox loop 1 required ubiquinone.-
However, in the same study it was shown that reversed
electron flow through loop 1 was not cytochrome dependent.
Measurement of the H*/O ratio for cells grown aerobically on
different carbon sources indicated a retio of 4 for -

NAD-linked respiratory substrates such as malate and a ratio
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Figure 3, The aerobic electron transport chain of E.coli as
proposed by Downie and Cox (35). The symbols used are as
described in the legend to Figure 2.
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of 2 for flavin linked respiratory substrates such as
succinate (37). These results suggest that the overall
arrangement.in Figures 2 and 3 are correct although tpe
exact sequence of carriers is uncertain at present.

~2) Anaerobic Electron Transport Chains.

a) Electron Transport to Nitrate Reductase.

Anaerobic growth of E.coli on nitrate, molybdenum and a
nonfermentable carbon source results in the inducfion of an
electron transport chain which exhibits NADH, D- or “
L-lactate, L—glycerol-B-phosphate or succinate dependent
nitrate reduction (34,38). If ngWth is in the presence of
potassium selenite then a formate dependent reduction of
nitrate also appears. The formate-nitrate reductase pathway
is the beéf studied electron transpor£ chain in E.coli.
Figure 4 is a schematic represgnpation.of the anaerobic
electron pathway to nitrate as envisaged by Haddock and
Jones (34). The pathway consists of two proton translocating
Mitchell loops. Using spheroplasts prepared from cells grown
anaerobiéally in the presence éf nitrate, Garland ét al (39)
measured H*/NO, ratios of 4 for L-malate oxidation and 2 fof
succinate, D-lactate and DL-glycer61*3—phpsphate oxidation,
Unfortunately, because of Qechnical difficulties, an
.accurate H*/NO; ratio for formate could not be measured.
However, it was determined that the value was greater than.
2.

" E.coli grown anaerobically in the presence of nitrate

contain an NADH-oxidase activity and Fiqure 4 suggests that

’



17

PERIPLASMIC MEMBRANE CYTOPLASM
- SPACE NADH + H*
CNAD’

2 FORMATE
<:;-‘2cot

2 He———

. NO3+2H*
NR |(
NOz +H,0

Figure 4. The E.coli anaerobic electron t ansport chain to
nitrate reductase (taken from 34). Mo,Se is the molybdenum
and selenium containing formate dehydrogenase; : :
MK=Menaquinone; NR=Nitrate Reductase. The other symbol
are as described in the legend to Figure 2.
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the NADH-nitrate reductase péthway uses components of both
the NADH-oxidase and formate-nitrate reductase pathways.
Measurement of the H'/O and H*/NO, ratios for NADH dependent
oxygen and nitrate reduction gave vﬁiﬁes of approximately 4.
This result suggests that malate oxidation by both oxygen
and nitrate involves proton translocation in the NADH
dehydrogenase region of the chain.

Enoch and Lester (40) have purified formate
dehydrogenase and nitrate redﬁctase and found that both
enzymes have a b-type cytochrome associated with them.‘
PolYacrylamide gel electrophoresis in the presence of SDS
indicated that the purified enzymes did not share a common
subunit. This result suggests that two different cytochromes
_ were’involved. Interestingly, in the same study it was shown
‘that formate-nitrate reductase activity could be
reconstituted with preparations of fotmate dehydrogenase,
nitrate reductase and ubiquinone-6. When cytochrome free
nitrate reductase was used no reconstitution of actﬁvity
occured. Menaquinone could replace gbiquihone—s but was only
30% as éffectivg. ‘

Cytochromevbf?{, often referfed to és the y subunit of
nitrate reductase, is Quite'different from the other
cytochromes found in E.coli. In general, heme mutants of

E.coli will synthesise apocytochromes .in the absence of heme

biosynthesis. However, Kemp et al (41) have found that heme

mutants will not synthesize apocytochrome bf?‘ in the

absence of 5-aminolevulinic acid. It therefore seems that
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heme biosynthesis plays a role in regulating the synthesis
of this cytochrome. The scheme in Figure 4 conforms
reasonably well with the present evidence available on the
composition and organization of the electron transport chain
to nitrate.

b5 Electron Trangport to Fuﬁarate.

Anaerobic growth of E.coli on glycerol (or
glyéerol-3—phosphate) and fumarate results in the induction
of an electron transport chain that utilizes
glycerol-3-phosphate dehydrogenase (G3PD) as a primary
dehydrogenase ang)fumarate reductase as a terminal electron
transferring enzyme (34,38). The anaerobic G3PD has been
'purified and characterized and is distinct from the aerobic
G3PD (42). In addition to glycerol-3-phosphate oxidation,
fumarate reduction can be coupled with the oxidation of
NADH, iactate, formate, hydrogen and dihydrooratate.

Figure 5 is a schematic representation of the chain
from the flavoprotein G3PD to fumarate reductase (34). Miki
and Lin (43) have demonstrated glycerol-3-phosphate
dependeﬁt reduction of fumarate in membrane particles
prepared‘from anaerobically grown E.coli. The coupling
reaction was gbolisped by Triton X-160, suggesting the
existance of an organiseé glycerol-3-phosphate
dehydrogenase-fumarate reductase complex in the E.coli

_vplesma membrane. Singh and Bragg (44,45) have shown‘that
cytochromes, although not required for glycerol-3-phosphate

dependent reduction of fumarate, are required for membrane
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energization. The inhibition of electron transport by HOQNO,
a reagent which inhibits electfon transfer between formate
and nitrate by interacting with.the b-type cytochromee in
the chain, has led to the suggestion that a b-type
cytochrome is involved in the glycerol-fumarate chain (38);
However, little is known about the properties of this
cytochrome. The scheme in Figure 5 is fu;ther supported by_
the measurement of a H*/2e ratio of 2 for the
glycerol-3-phosphate-fumarate electron transport chain (46).
3) Pr}mary Dehydrogenases.
a) The Aerobic and Anaerobic Glycerol-3-Phosphate
Dehydrogenases. | | |

The aerobic glycerol-3-phosphate dehydrogenase (G3PD)
- .was initially purified and partially'characterizedcby Weiner
and Heppel (47). Following extraction with 0.1% (w/v) sodium
deoxycholate the enzyme was purified by DEAE-cellulose and
phosphoeellulose chr@matography. The native molecular’weight
was estimated to be 80,000 while PAGE-SDS-analYSis revealed
one major band of molecular weight 35,000 suggesting thaf
the native enzyme was a dimer. The purified prqtein showed a
typical flavoprotein absorption spectrum with a peak at 450
nm. Using membrane permeable and impermeable electron
acceptors as well as the effect of giycerol—B—phosphate on
amino acid uptake in whole cells, spheroplasts and Kaback
vesicles, it was deduced that the active site of G3PD was

exposed on the cytoplasmic face of the membrane (48).
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In a more rigorous investigation, homogenous enzyme,
purified in therpresence of 0.2% (Q/v) Brij 58 was
extensively characterized (49). The purified material
migrated as a single band corrésponding to a molecular
weight of,58}000 on'ﬁolyacrylahide gels in the presence of -
SDS. Analytical gel filtration suggested a dimeric structure
for the native enzyme. Quantitation of the flavin content
indicated 0.5 moles of FAD/mole of 58,000 dalton
polypeptide. The purified enzyme was shown to be capable of
ufilizing»a number of electron acceptors; PMS, DCPIP,
ferricyanide, methyleng blue and menadione were all
effective while Q¢ and Q,, were ineffective. MTT was not
directiy reduced by the enzyme but PMS, methylene blue and
menadione served as intermediate electron acéeptors and
coupled to MTT reduction.

Enzyme activity was inhibited 60% by 10 mM AT? but was
slightly activated by 0.5 mM ATP suggesting that activity
may be regulated by thé level of ATP in the cell.
Quantitative inhibition (93%) was obtained with 0.3 mM
p-chloromercuribenzoate while removal of Brij 58 resulted in
a seven fold loss of ‘activity. Activity could be
reconstituted by the addition of Brij 58, Triton g@%do or
phospholipids. This requirement for amphipaths wiliwbé
discussed further in Chapter II1I. Throughout this study
activity was measured by the PMS/MTT reductase assay.
Intéresfingly,'it was also shown that the detergent-

depleted enzyme could reconstitute with Kaback vesicles

o,
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prepared from a glpD- (the aerobic G3PD) strain, which then
showed,glyceroi—3-phosphate dependent proline uptake.

E.coli possess a second G3PD which functions during
growth under anaerobic conditions. Kistler and Lin (50),
using an E.coli mutant missing the aerobic G3PD, found that
anaerobic growth on glycerol with either nitrate or fumarate
was ﬂqrmal but that growth was halted by the admission of
oxygen., Under the‘same conditions'gfowth Pf wild type cells
continued smoothly. Mutants lacking the anaerobic enzyme but
with normal levels of the aerobic G3PD gréw on glycerol
aerobically and.anaercbiCally’on glycerol plus nitrate but
not fumarate. These results.éuggest‘that the aerobic enzyme
is also present under anaerobiC'conaiEions and can couple
with the electron traﬁsport chain to nitrate‘reductaSe but
not fumarateoreductase. Oon thehother hand, the anaerobic
enzyme appears not to be able to couple with the electron
transport chain to oxygen. The level of the anaerobic_G?PD
was found to be the'samé in cells grown either aérobically’
or anaerobically with nitrate. With fumarate as the terminal
electron acceptom the level-was elevated several fold.

The initial investigation of the anaerobic G3PD was
carried out by Kistler and Lin (51). Following lysis of
mutant E.coli which lacked the aetobic enzyme, the anaerobic
G3PD was found in the solublevrather than the particulate
fraction. Approximately 30% purification was achieved by a

combination of (NH,).SO, precipitation, Sephadex G-75 and

DEAE-cellulose chromatography. Enzyme activity was

-
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o
stimulated by FMN and FAD. FMN was the better activator
although maximal activation required the presence of both
nucleotides. A native molecular weight of approximately
’80,060'was determined.
| Despite the partial purification and characterization
of the anaérobic gnZQMe, its relationship to the aerobic
enzyme was not ciear. In order to establish the differences
between these two enzymes, Schryvers and Weiner (42) have
carried out an extensive purification and characterization
of the anaerobic enzyme. By using an E.coli strain harboring
a ColE1:E.coli plasmid which carries the glpA gene
(anaerobic G3PD) they have been able to obtain levels of
enzyﬁe activity 10 fold greater than that found in the wild
type. By using a combination of (NH,),SO, precipitation,
Phenyl Sepharose CL-4B and Hydroxylapatite chromatography
they have been able to purify the enzyme to homogeneity. The
native enzyme exists as an a«f dimer of 62,000 and 43,000
dalton shbunits. Ethylene glycol was required to prevent
excessive losses of activity during purification. The
'Stabilizing effect of ethylene glycol was shown to be
¢

related to its ability to prevent dissociation of the native
enzyme into its subunits. The purified enzyme contains one
mole of FAD/mole of dimer and one iron-sulfur centre of the
‘Fe S: type. In agreement with the re;ults of Kistler and Lin
(51), Schryvers and Weiner found that enzyme activity was
stimulated by both FMN and FAD. Again, FMN was the better

2

activator.
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b) NADH Dehydrogenase..

Respiratqry NADH dehydrogenase has been purified from
aerobically grown E.coli (52). By cloning the ndh gene into
the multicopy plasmid pSF2124 and incubating transformed.
cells in the presence of chléramphenicol, an inhibitor of
protein synthesis which stops cell division while allowing .
replication of the plasmid to occpé, it was possible to
amplify the level of NADH dehydrogenasg activity 50-60 fold
over that found in wild type cells. All of the enzyﬁe
activity was found in the membrane fraction. However, upon.
further amp}ificafjon of activity to épp:oximétely 80-100
fold over that found in the wild type, a small but variable
amount af activity appeared in the cytoplasm. Purification
was achieved by a combinafion of cholate extraction and
hydroxylapatite chromatography, yielding a hombéenous ehzyme
with an NADH-ubiquinone oxidoreductase specific activity of
+ 500-600 units mg-' and a NADH-ferricyanide oxidoreductase
specific activity of 130-150 units mg-'.

The purified enzyme has been characterized (53).
SDS-PAGE analysis revealed a single species of molecular
weight 45;000 while lipid analysis indicated 2g of
phospholipid/g of protein‘énd one mole of ubiquinone-B/mole
of'enZYmé subunit. The major phospholipid was
phosphatidylethanolamine. Gel filtration in the presence of
SDS removed the bound phospholipid. Quantitation of flavin
content indicated one mole of noncovalently bound FAD/mole

of subunit and no iron or acid labile sulfur was found
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associated with the enzyme. By comparison of the/amino acid
séquence of the purified enzyme.withithe nucleotide sequence
of the ndh gene it was concluded that apart from
postfranslational cleavage of a N-formylmethionine residue,
the mature enzyme corresponds to the entiré coding segquence
of the gene. Thus, NADH dehydrogenase appears not to be
synthesized as a precursor containing a signal peptide. A
cyanide sensitive NADH-oxidase activity could be
rg;onstituted id,membrgﬁes, prepared from a ndh- mutant, by
incubation of the membranes with bhrified enzyme. |
c) Formate Dehydrogenase. i | |

Formate dehydrogenase, induced by anaerobic growth on
formate and nitrate, has been purified and cha}acte:ized
(54). Solubilization with deoxycholate and ammonium sulfate
followed by chromatography on Bio-Gel A-1.5m and
DEAE-Bio-Gel A yigldedua preparation of formate
dehydrogenase which was 93-95% pure. In order to retain
activity it was essential to maintain anaerobic conditions
during the purificatibn. The purified enzyme consists of
,Ehree:subunits, «, B and y, of molecular weights 110,000,
32,000 and 20,000 respectively in a molar ratio of
1:1:0.2-1. A native molecular weight of 590,000+59,000 was
determined by sedimentation velocity measurements.
Compositional analysis indicated that the enzyme contained,
1 mole of selenium, 1 mole of heme, 1 mole of molybdenum, 14
moles of nonheme iron and 13 moles 6f acid labile sulfur per

mole of enzyme. The absorption spectrum indicated the
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presence of a b-type cytochrome in the preparation. No
flavin, ubiquinone or menaguinone were detécted. Activity
could be measured using a number of electron acceptors; PMS,
DCPIP, methylene blue, ferficyanide”and nitroblué
tetrazolium were all effective. Cyanide and azide were found
to inhibit thé different reductése activities to different
extents leadihg Enoch and Lester (54) to conclude that
formate dehydrogenase contains a number of differept
catalytic sites for interaction with artificial electron

acceptors.

..d) Lactate Dehydrogenases.

Bennett et al (55) have demonstrated the ekistance of
two distinct membrane-bound lactate dehydrogenases in
E.coli. Both enzymes can coﬁple with the respiratory chain
and one is spécific for D-lactate and the second ‘is specific
for L-lactate. Both dehydrogenases were present under
aerobic aﬁd anaerobic conditions but whereas the level of
the D—}actate enzyme was constant during growth on various
carbon sourcés the L-lactate enzyme was repressed by growth
on glucose, pyruvate or succinate. Fufthermore, the
membrane-bound enzymes could’be distinguished by a) their
thermal stability and b) their sensitivity to sulfhydryl
reagents. Heatihg at 60°C for 1.5 mins caused complete loss
of the D-lactate dehydrogenase activity while the L-lactate
dehydrogenase was only sligﬁtlyiinhibitea. The D-lactate
enzyme waé inhibited 65% by 0.03 mM p-chloromercuribenzoate

while the L-lactate enzyme was only inhibited 15%. Neither
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enzyme was NAD® dependent. ¢

Futai and Kimura (56) have purified and characterized
the L-lactate dehydrogenase. A combination of sodium cholate
extraction, (NH,) ,S0, precipitation and DEAE-cellulose and
Bio-Gel A-0.5m chromatography yielded 95% pure enzyme.
PAGE-SDS analysis indicated a single polypeptide of
molecular weight 43,000. Both L-lactate and
DL—a-hydroxybutyfaté-wgre rapidly oxidized while D-lactate
was oxidized at only 0;1% the rate of L-lactéte oxidation.
The enzyme was found to contain 1 mole of FMN/mole of 43,000
fdélton subunit. Incubation of inside-out vesicles with
specific anti-body against the purified enzymé caused 80%
inhibition of L-lactate dependent oxygen uptake. This result
suégests that the dehydrogenase is located on the
cytoplasmic sidé of the membrane and is indeed a part of the
respiratory chain.

D-lactate dehydrogenas% has aléo been purified and
characterized (57,58,59). Aé:purffied by Futai (57), the
enzyme consists of a singlé subunit of molecuiar weight
72,000. The enzyme was specific for D-lactate but oxidized
L-lactate at about 14% ;nd DL-a-hydroxybutyrate at about 10%
the rate of D-lactate oxidation. The enzyme was a
flavoprotein containing 1 mole of noncovalently bound
FAD/72,000 dalton subunit. Kohn and Kaback (58) have also
purified D-lactate dehydrogenasé. Their results are in
general agreement with those of Futai (57). However,‘Kohn

and Kaback (58) found that Triton X-100 alters the enzyme's
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pH optimum and apparent Km for D-lactate. Triton X-100
shifted the pH optimum from 7.5 to 8.5 and decreased the
apparent Km from 1.4x10°° to 9x10-* M, Pratt et al (59) have
found that the PMS/MTT reductase activity of the
detergent-depleted enzyme was stimulated 5-6 fold by
amphipaths. The phenomenon of activation of membrane-bound
enzymeS by amphipaths will be discussed further in Chapter
ITI1I.

e) Pyrﬁvate Oxidase.

Pyruvate oxidase was originaliy purified by Williams
and Hager (60). The native enzyme exists as a tetramer of
identical subunits each of molecular weight 66,000. Each
subunit contains one mole of noncovalently-bound FAD.
Thiamine pyrophosphate was also shown to be a rgquiged
cofactor. Enzyme activity, és measured with-artificiél
electron acceptors, could be stlmulated by tryp51n
proteolysis or by the presence of surface- actlve agents.
Also, in this early study it was found that oxygen’couldAact
as an electron acceptor only when a cytochrome-containing
particulate fraction was present. This requ1rement suggested
an 1nvolvement of pyruvate oxidase in the respiratory chain.
More recently an improved procedure for purifying pyfuvate
oxidase has beeh reported (61). fhis'pfbcedure involves_the
use of a thiamine pyrophosphate affinity column. The
properties of the enzyme purified by this procedure were

essentially the same as reported previously (60).
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Shaw-Goldstein et al (62) have shown that -
membrane-bound pyruvate oxidase can feed reducing
equivalents into the electron transport chain to oxygen.
These workers showed that oxidation of pyruvate to acetate
and CO, can drive the uptake of phenylalanine by Kaback
- vesicles. As part of the same study the localization of
pyruvate oxidase on the cytoplgsmié side of the membrane was
demonstrated.

e) Succinate Dehydrogenasé.

Kim and Bragg (63) have solubilized and partially
purified succinate dehydrogenase. The activity of the_
solubilized enzyme was found to be very labile bu£ the
membrane-bound enzyme could be activated fodr-fold by
incubation at 38°C for 15 mins in the presence of phosphate
ana‘succinate. The solubiiizedbenzyme was inactivated by
this treatment. Malonate was a competitive inhibitor Sf the
4membrane;bound enzyme while sodium azide and |
o-phenanthroline were without effect. A molecular weight of
160,000 was determined.

More recently succinate dehydrogenase has been
investigated using crossed immunoelectrophoresis (64,65,66).
Jones et al (64) have identified two polypeptides of
molecular weights 73,000 and 26,00Q as the components of
succinate dehydrogenase. They also found nonheme iron
associated with the enzyme. Owen and Condon (65) and Condon
and Owen (66) also carried out an immunoelectrbphoretic

analysis of Triton X-100 extracts of E.coli membranes



containing succinate dehydrogenase. However, their analysils
revealed seven polypeptides associated with the succinate
dehydrogenase staining precipitin band. Two of ‘the , \

‘polypeptides had molecular weights of 71,500 and 27,000 in

agreement with the results of Jones et al (64). By growing

cells in the presence of '‘C-riboflavin it was shown that

|

the 71,500 dalton 'polypeptide had covalently-bound FAD. The

§
1
b

reason for the discrepency between the results of these. tk
stuaies ié not obviqps since essentially the same
\methoaology“was usedlan both cases,

4) Terminal ReductaSQS.

a) Fumarate Reductase.

Cole and Guest (67,68) have described the cloning and
expression of the fumarate reductase gene (frd gene). Using
lambda transducing phages, into which a 4.9 kb Hind. III
fragment of the E.coli chromosome had been inéerted, Cole
and Guest were able to complement frd mutanﬁs. Following
infection, fumarate reductase activity was elevated 5 fold
and two polypeptides of molecular weights 72,000 and 26,500
appeared iﬁ the membrane of the infected cells.

In another study, Cole and Guest (69) found a 32 fold
amplification of fumarate reductase activity in
ampicillin-hyperresistant mutants of E.coli. The frd gene
lies at 92.8 mins on the E.coli map and adjacent to the ampA
and ampC genes which are the regulatory and structural gehes
respectively for B-léctamase. These hyperresistant mutants

contain multiple repeats of the amp-frd region of the E.coli
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genome. Following anaerobic growth, polypeptides of
molecular weights 97,000, 80,000, 72,000, 49,000, 33,000 and
26,500 were amplified over the wild type level.\
Interestingly, the 72,000 and 26,500 dalton polypeptides
" vere found in both the membrane and soluble fractions.
 Ultracentrifugation on a 10-50% (w/w) sucrose grafient at
150,000g for 16 hrs at 4°C could not pellet the sqluble
act1v1ty Both the 72,000 and 26,500 dalton polypeptldes
cosed1meﬁt7ted together suggesting a functional asgpc1at1on.
The authors concluded that amplification of fumarate
reductase saturates the membrane binding sites and results
in the accumulatlon of a cytOplasmlc form of the enzyme.
Fumarate reductase has been purified to homogenegty and
partially characterized (70,71,72). By a combination of
Triton X-100 extraction and Phenyl Sepharose CL-4B
chromatography, enzymatiCali} active fumarate reductase has
been purified from wila type E.coli and shown to consist of
two polypeptides of molecular weights §9,000_and 25,000
present in a moiar ratio of 1:1. (70). The apparent
Michaelis-Menten constants for the membrane—bound and
purified enzymes were 470 and 410 uM respectively. The
optical properties of the pure enzyme were those of a ﬁ
flavoprotein haviﬁé absorption maxima at 350 and 465 nm. The
presence of an FAb_cofactor, covalently attached to the
large subunit, was subsequently demonstrated (71)., Lohmeier
ef al (72) have succeeded in amplifying the ievel of

fumarate reductase activity 10 fold over that found in wild
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type cells by iq?ntifying plasmids that code for fumarate
reductase in the Clark and Carbon c;10ny bank. Two plasmids
were found to complement frd mutants, pLC16-43 and pLC43-46,
Restriction analysis indicated that both plasmiqs contained
a Hind III fragment 7.7 kb in length. IsolaFion and partial
characterization of enzyme from the plasmid carrying strains
(MV12/pLC16-43 and CSR603/pLC16-43) indicated that the
amplified enzyme was identical to the enzyme isolated from
the wild type strain,

Recently the fumarate reductase operon has been

sequenced (73,74,75). This analysis indicated t L the

operon codes for four polypeptides 04 molecularmgplghts

70,000 (73), 27,000 (74), 15,000 and 13,000 (Mg |
~and 27,000 dalton polypeptides are the catalyticaily‘éctive
subunits. The function(s) of the. 15,000 and 13,000 dalton

| polypeptides is uncértain at present. As a result of the
‘eluc1datlon of the nucleotide sequence of the large subunit
it appears that the sequence of nine amino acids,
surrounding the covalently attached FAD, is{idénfical to the
sequence around the covalently attached FAD moieﬁy of‘beef
heart mitochondrial succinate dehydrogenase (76)."Othef
similarities between tgeSe two enzymes will be discussed in
Chapter IV. The gene coding for the 13,000 dalton
polypeptide lies‘adjacenﬁlto and partially overléps the ampC
or B-lactamase structural gene. SeqQuence analysis indicates
that the C-terminal region of the 13,000 dalton polypeptide

is coded for by nucleotides in the promoter region of the

I »
-



ampC gene and that the'stop~codon lies in the attenuator
region of the ampC gene (75). Also, the nucleotide sequences
of the small polypeptides indicates Phat they contain 70%
hydrophobic amino acids.

b) Nitrate Reductase.

Nitrate reductase has been purified in a number of
laborgtories (77,78,79,54). The subunit composition of the
purified enzyme appears to depend on the method of
solubilization used. If the enzyme is released by heat
treatment of membranes and eubsequently purified it consists
of two subunits, one of molecular weight 142-155,000
(depending on the laboratory) and a second subunit which
varies in molecular weight from 47,000 to 67,000. The
heterogeneity'in this second polypeptide is thought to be
- due to proteolytlc degradation durlng the heat treatment. On
the other hand if the enzyme is solubilized by Triton X-107
then three polypeptides of molecular weights 142,000 (a),
60,000 (B), and 20,000 (y) are obtained (78). The y subunit
is thought to contain heme (40) and may be cytochrome bf?{.
The two subunit form of the enzyme appears te exist as a
tetramer of molecular weight 800,000 (77) in equilibrium
with a 200,000 dalton monomeric form (79). The tetrameric
form_contains 4 moles of molybdenum/mole of enzyme. De Moss
(80) has shown that tryptic digestion of the B subunit to a
subunit of molecular welght 43,000 can cause dlssoc1at10n of

the tetramer to the monomer.
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In a detailed study, MacGregor has examined the reléase
of enzyme by heat treatment of membranes (81,82). Heat
treatment or the absence of cytz?; resulted in proteolytic
cleavage of the B subunit. Also, cleavage of this subgnit
.reéulted in the release of the a subunit from the membrane.
These results havgjggen interpreted to meaﬁ that nitrate
reductase is anchored to the membrane through its g subunit
and that an interaction between the B and y subunits' occurs
within the membrane'which‘prevents proteolysis of the B
subunit. In a later study (83)jit was shown that cytbffi was
~required for quantitgtive incorporation of the « and B
subuniés into the membrane. Antibodf raised against the heat
solubilized subunits (a+B)»precipitated allkthree subunits
from Triton X-100 membrane extracts. The stoichiémetries in
Triton extracts were a,:B,:y.. Recently, it has been shown
that cytbf§‘ and nitrate reductase are under the control of-
the same‘operator-promoterﬁreéion (84). This result -lends
further support to the results of MaéGregor which suggest
that normal incorporation and function of nitrate reduﬁtase

requires thefpresence of cytbf?‘.

C. Thesis Problem.‘;g’

Our épprqachlfo understanding the structure and
function of E.coii electron transport proteins has been to
phrify and characterize individual compongnts with the long
term-goal of reconstituting a coupled electron transport

<
system. In order to facilitate purification and
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characterization we have amplified the levels of fumarate
reductase 10-20 fold over that found in wild type E.coli.
This amplification has\been achieved by two approaches: a)
by introducing a ColE1:E.coli plasmid, which codes for
fumarate reductase, into a recipient strain of E.coli‘and b)
by cloning ‘the fumarate reductase oberon into the vector
PBR322 and introduciné this modified plasmid into a
transformable strain of £.coli. The former approach has
resulted in an 8-10 fold amplification of activity while the
latter approach has increased fumarate reductase levels
15-20 fold over the wild type level. Much of the work
presented in this.thesis was simplified by the enhanced
levels of activity in these strains.

In Chapter III I describe-the results of a study of the
int@raetion between the aerobic glycerol-3-phosphate
dehydrogenase and amphipaths. The importance of
understand1ng such 1nteract10ns is obvious. Amphipaths allow
us to partlally reproduce the membrane environment and
afford us a simpler system to study. By understanding how
proteins behave in this relatively simple éysteh we can
begin'to understand how they function in the membrane.

The bulk of this thesis presents the results of a etudy
of the terminal elecfron tranSfefg§ng ehzyme,'fumarate
reductase. Chapﬁer IV describesf%£e>characterization of the
purified, 190 000 dalton fosm of the enzyme, which is
composedﬁof 69 000 and 25,000 dalton catalytically active

\)

sub %ts. Chapter V deals with the question of the sidedness
. o) \) .
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of’these subunits in the cytoplasmic membrane. This quéstion
is of interest in order to critically evaluate Mitchell's
chemiosmotic requirement for an asymmetrical arrangement of
electron transport components. In Chapter VI I describe the
results of an investigation of the activation of the |
purified enzYme by anions.

At the time of these studies the fumarate reductase
operon had not been sequenced and we weré uﬂqwafe of the
existence of the 15,000 and 13,000 dalton pél}péptldes.
Seqguence analysis indicated that these polypeptides
contained 70% hydrophobic amino acids and when we analysed

membrane polypeptides and Triton X-100 extracts of plasma

membranes on 15% Laemmli gels a species of molecular weight

13,000—15,0093*’ vmpllfled along with the 69,000 and 25,000
fsubunlts. When Triton X-100 extracts were
-&/v) Laemmli gels this low molecular weight
species was# 7o;h to consist of two polypeptides of
molecular weights 15,000 and 14,100 present in an
approximate molar ratio of 1:1. We'hypothesised that
membrane-bound fumarate reductase consisted of three-four
dissimilar subunits of molecular weights 69,000, 25,000 and
13,000f15,000. In Chapter VII I report some data on the
propeftiés of membrane-bound and Triton X-100 solubilized
fumarate reductase..This latter stqu helped to explain some

puzzling results obtained during the characterization of the

purified 100,000 dalton form of the enzyme.
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11. General Materials and Methods.

A, Materiéls.
1) Chemicals.

*H-Triton X-100 (1 mCi/umole), sodium '‘C-cyanide
(7.9mCi/mmole), and sodium *H-cholic acid (14 Ci/mmolé) were
obtained from New Englandeuclear, Boston, Ma. Sodium
('?%1)-iodide was obtained from the Edmonton
Radiopharmaéeutical Centre, Edmonton, Alberta. Acrylamide,
bis-acrylamide, DTT, SDS, TEMED, Coomassie Brilliant Blue
R-250, ammonium persulphate and Bio-Rex 70 were obtained
from Bio-Rad Laboratgries, Richmond, Ca. DTNB, ATP, ADP, and
AMP were obtalned from PL Biochemicals Inc, Milwaukee, Wis.
Dlmethyl suberimidate, PMS, MTT, potassium ferricyanide,
methyl vioclogen, benzyl viologen, iodoacetamide,
p-chloromercuriphenlysulphonate and nonionic detergen%s were
from Sigma Chemical Co; St Louis, Mo. DTSP was obtaineé from=
Pierce Chemical Co, Rockférd, Il1. Phenyl Sepharose CLB@B
and Sephadex G-25 were from Phafmacia Fine Chemicals, \\
Dorval, Quebec. HYdroxyapatite was from Clarkson»Chemiéal\\\
Co, Williamsport, Pa and Whatman Phosphocellulose, P-11 waé\,
from H. Reeve Angel and Co, Clifton, N.J. LKB ampholytes
were from Fisher Scientific Co, Edmonton, Alberta. All
common reagents were of the highest grade available.

2) Enzymes.
Lactoperoxidase (200 units/mg) and ribonuclease were

from Miles Laboratories Ltd, Rexdale Onta:io.

38
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Deoxyribonuclease (4;0 units/mg) and lysozyme (42,700
units/mg) were from Sigma Chemical Co, St Louis, Mo.
3) Strains. |

The strains listed in Table 1 were used.
4) Growth Media. \

All strains were subcultured aerobically in Luria Broth
(85) before inoculationrinto the medium of choice. Stock
strains were stored frozen at -80°C in Luria Broth made 8%
(v/v) in dimethyl sulfoxide. For purification of the aerobic
glycerol-3-phosphate -dehydrogenase an overnight culture of
strain 7 was inoculéfed into a medium containing 10g of
K.HPO,, 1.85g9 of KH,PO,, 10g of7Difco yeast extract and 50
mg of thiamin per litre. Glycerol, 0.5% (v/v) was the carbon
source. Cells}were allowed to grow aerobically in a 300
litre fermehfétor to éarly stationary phase, harvested in a
CEPA continuous flow centrifuge and the cell paste was
frozen immediately in liquid nitrogen and stOréd at -80°C.

For purification of fumarate reductase, MV12/pLC16-43,
CSR603/pLC16-43 or Pfrdé63 were inoculated from overnight
cultures into a medium containing 5.449 of KH,PO,, 10.49g of
K,HPO,, 2g of (NH,).SO,, 3.75g of NaOH, 4.64g of fumaric
acid, 48uUg of MgSO., 5.5ug of MnSO..4H,0, 0.5ug of
Fe;(SO.);, Sug of CacCl,, 0.7% (v/v) glyceroi and 0.05% (w/v)
casamino acids (glycerol/fumarate medium). When
MV12/pLC16-43 was grown the medium was supplementated with
threonine,‘leucine and tryptophan at a level of 20ug/ml

each. Growth of Pfrdé63 was on medium supplemented with
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Table 1

E.coli Strains Utilized.

Strain . Genotype

7 HfrC,glpR,phoA,relA,tonA22.
MV12 »# F*,recA,trpD, thr, leu.
CSRGSE ' : F~,recA,thr,leu,pro,

arg,thi,phr,ara,lac,gal,tyr,
mtl,strA,tsx,SupE44.

HB101 F-,pro,leu,gal, lac,
. thi,recA,strR,g—,m;u
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préline, leucine and thiamin at 20 ug/ml each. Growth was
anaerobic in 19 litre carboys which were filled to the top
with medium and tightly séaled with a rubber stopper. Each
carboy was stirred gently to ensure no sedimentation of
cells occured. The subcultures of CSR603 and MV12 contained
1 unit/ml of colicin E1 while both the subcultures and 19
litre cultures contained 100 ug/ml ampicillin when Pfrdé63
was grown. Growth of CSR603 and MV12 was allowed to continue
tobearly stationary phase while Pfrdé63 was éllowed to grow
to late stationary phase. Cells were harvested by
centrifugation in a Sorvall RC-3 centrifuge and the cell
paste frozén immediately in liquid nitrogeﬁ and stored at

-80°C.

B. Methods.
1) Pﬁrification of the Aerobic Glycerol-3-Phosphate
Dehydrogenase. ‘

‘Step 1 Broken Cell.Fraction

One hundred grams of‘frozenlcell,paste were thawed at
room temperature in 550 ml of 50 mM Tris-HCl, pH 8.0,
containding 50 mg/litre phenylmethylsulfonylfluoride (buffer
A). To this was added EDTA to 10 mM and lysozyme to 0.5
mg/ml. The lysozyme was allbWéd to act for 20 mins at 37°C
and then the sample was diluted to 900 ml with buffer A. The
suspension was frozen in liguid nitrogen and immediately
thawed in a water bath at 37°C. Magnesium chloride was added

to 25 mM followed by deoxyribonuclease and ribonuclease to
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10ug/ml each. The suspension was incubated a further 30 mins
| at 37°C then centrifuged at 40,000g for 30 mins at 2°C. The
supernatant was discarded and the broken célls resuspended *
by homogenization in 800 ml of buffer A and centrﬁfuged as
before. The washed preparation was resuspended by
homogenization in 700 ml of 50 mM Tris-HCl, pH 7.5,
containing 10% (v/v) glycerol and 0.25 M NaCl to yield
fraction 1,

Step 2 Deoxycholate Extraction

Sodium deoxycholate was added to 0.2% (w/v) to Fraction
1 and the suspension was stirred at roém temperature for 20
mins. If the sample became viscous 10 mM MgCl, and 10 ug/ml
deoxyribonuclease were added. The deoxycholate extractykas
centrifuged at 40,0009 for 60 mins at 2°C. The pellet was
discarded and the supernatant (Fraction 2) was made 20% in
ethylene glycol and 0.2% (w/v) in Brij 58 (Fraction ZA).

Step 3 Bio-Rex 70 Chromatography

Fraction 2A was immediately diluted 1 to 3 with 50 mM
Imidazolg—HCl, pH 6.8, 20% ethylene glycol, 0.2% (w/v) Brij
58 (Buffer B) éhd applied to a 6x12 cm (350 ml) column of
Bio-Rex 70 equilibréted in Buffer B. The column was washed
‘with 600 ml of buffer B containing 0;35 M NaCl and activity
was eluted wifh 1 litre of Buffer B containing 0.65 M NaCl.
Active fractions were pooled to yield Fraction 3.

Step 4 Phosphocellulose Chromatography

Fraction 3 was diluted 1 to 6 with 20 mM potassium

phosphate, pH 6.6, containing 20% (v/v) ethylene glycol,
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0.2% (w/v) Brij 58 (Buffer C) and was applied to a 6x7 cm
(200 ml) column of phosphécellulose P-11 equilibrated in
Buffer C. Activity was eluted with a linear gradient of 0.35
to 0.8 M NaCl in Buffer C. Active fractions were pooled to
yield Fraction 4,

| Step 5 Hydroxyapatite Chromatography

Fraction 4 was diluted 1 to 4 with 20% (v/v)-ethylene
glycol and aﬁplied to a 2x9 cm (30, ml) column of
hydroxyapatite5 The colﬁmn was washed with 60 Pl of 5 mM
potassium phosphate, pHA7.5, 20% (v/v) ethylené glycol, 0.2%
(w/v) Brij 58 and then eluted with a linear gradieht of 6 to
60 mM potassium phbsphate, pH 7.5, in 20% (v/v) ethylene
glycol, 0.2% (w/v) Brij 58. Active fractions were pooled and
stored at -70°C (Fraction 5). Fraction 5 was then reapplied
to a phosphocellulose column and eluted with either Brij or
Perchlorate buffers, as described in Chapter III, to give
the Brij or Pérchlorate forms of the enzyme respectively.
Both forms of the enzyme were stable at -70°C for up to 2
years.

2) ?urification of Fumarate Reductase.

) The procedure described below is a slight modification
of that described in (70) and is based on 60g wet weight of
E.coli paste.

Step 1 Preparation of Membrane Fraction

Sixty grams of E.coli paste were resuspended in 300 ml
of 50 mM Tris-HC1l, pH 7.5, containing 50 mM NaCl, 50 ug/ml

phenylmethyi%@lfonylfluoride, 25 mM MgCl,, and 10 wug/ml each
Y ‘ .
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6f deoxyribonuclease and ribonuclease The resuspended cells
were passed twice through a French Pressure Cell, prechilled
to 4°C, at 16,000 psi. The lysate was centrifuged at 15,000g
for 15 mins at 2°C and the membranes collected by
ultracentrifugation of the supernatant at 100,0009/for 2 hr
at 2°C. The membranes were washed once with 50 mM Tris—-HC1,
pH 8.0, 0.15 M KC1l, 0.25 M sucrose and 10 mM EDTA, collected
by ulﬁracentrifugétion and resuspended by homogenization in
50 ﬁM Tris-HCl, pH 8.0, to a density.of‘O.Zg of pellet/ml
(Fraction -1). \

Step 2 Solubilization of Enzyme Activity

Fraction 1 was made 0.5% (v/v) in Triton X-100 and
stifred on ice for 60 mins. Insoluble debris was removed by
centrifugation at 26,0009 for 30 mins at 2°C. The amber
supernatant (Fré;tion 2) was made 17.5% (w/v) in ammonium
acetate, stirred at 0°C for 45 mins and the solution
clarified by centrifugation at 1650009 for 10 mins at 2°C to
give Fraction 3. |

Step 3 Phenyl Sepharose Chromatography

Fraction 3 was abplied to a 4x16 cm (200 ml) column of
Phenyl Sepharose CL-4B equilibrated at 4°C with 50 mM
Tris-SO,, pH 8.0,‘containing 17.5% (w/v) ammonium acetate
and 1 mM EDTA. The column Qas then washed with 1 litré of
equilibration buffer containing 0.5% (w/v) sodium cholate.
This washing step removed a peak of protein which contained
a low level of fumarate reductase activity. Fumarate

reductase was then eluted with a 2 litre decreasing
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concentration gradient from 17.5 to 2% (w/v) ammonium
acetate in 50 mM Tris-SO,, pH 8.0, 0.5% (w/v) sodium cholate
and 1 mM EDTA. Enzyme activity began to elute tdwards the
end of the gradient and was complete after washing the
column with 500 ml of 2% (w/v) ammonium acetate in 50 mM
Tris-SO,, pH 8.0, 0.5% (w/v) sodium cholate and 1 mM EDTA
(Fraction 4). A flow chart for the purification is shown in
appendix I.
3) Cholate Depletion of Purified Fumarate Reductase.
Purified enzyme was depleted of cholate as follows: the
~enzyme solution was made 35% saturated in (NH,),SO,. After
§tirring for 60 mins at 0°C, the precipitated cholate was
removed by centrifugation at 48,0009 for 20 mins. The
protein was then precipitated by making the solution 60%
saturated in (NH,),SO, and stirring for 30 mins at 0°C.
After centrifugation as described above, the dark amber
pellet of fumarate reductase was dissolved in either 0.4 M
potassium phosphate, pH 6.8, or 25 mM Hepes
[N-(2-hydroxyethyl)N-2-piperazine-ethane sulfonic acid], pH
6.8 (to give anion-depleted enzyme). This procedure removed
up to 96% of the cholate present, as judged by the removal
of *H-cholate. N -
4) Enzyme Assays.
All assays were carried out at room temperature.
a) Assays of Glycerol-BfPhosphate Dehydrogenase
1) Activity was measufed by following the PMS-coupled

reduction of MTT at 570 nm. The assay mixture (1 ml)
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contained the following; 43 mM Imidazole-HCl, pH 7.0, 1 mM
PMS, 0.144 mM MTT and the reaction was initiated by the
addition of DL-glycerol-3-phosphate to a concentration of 50
mM. When Brij 58 was used it was present at a concentration
of 0.01% (w/v). The millimolar extinction coefficient for
reduced MTT was taken to be 17 mM-' cm-' (48).

ii) The reaction conditions for the second assay were
the same as those above except that PMS and MTT were
replaced by potassium ferricyanide at a concentration of
mM. The millimolar extinction coefficient of reduced
ferricyanide at 420 nm w;s taken to be 1t mM~' cm~' (86). One
unit of enzyme activity is defined as the amount of enzyme
which will catalyse the reduction of 1 micromole of MTT or
ferricyanide per min-.at room temperature.

- b) Assay of D-Lactate Dehydrogenase Activity.

Activity was measured by following the PMS-coupled
reduction of MTT at 570 nm. The assay mixture (1 ml)
contained; 0.1 M potassium phosphéte, pH 8.0, 0.4 mM PMS,
0.144 mM MTT, 0.01% (w/v) Brij 58 and the reaction was
initiated by the addition of 10 mM D-lactate.

c) Assay of Fumarate Reductase Activity.

i) Enzyme activity was measured by following fhe
fumarate dependent oxidation of reduced methyl- or benzyl
viélogen at 600 or 550 nm respectively, in a Gilford Model
250 spectrophometer equipped with a charf}fecorder. The
standard assay mixture (2.9 ml) contained; 200 mM sodium

phosphate, pH 6.8, 0.5 mM dithiothreitol, 0.21 mM methyl- or
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benzyl viologen, 0.7 mM sodium dithionite and 35 mM sodium
fumarate. The reaction was initiated by the addition of
sodium fumarate. The millimolar extinction coefficients for
reduced methyl- and benzyl viologen were taken as 13 and 7.8
mM®' cm”' respectively (87,8B). One unit of enzyme activity
is defined as the amount of enzyme which catalyzes the
oxidation of 1 micromole of reduced benzyl- or methyl
viologen per min at room temperature.

ii) The succinate dehydrogenase activity of fumarate
;eduC:ase was measured by the PMS- coupled MTT reduction
assay. The assay mixture (1 ml) contained; 1 mM PMS, 0.07 mM
MTT, 0.01% (v/v) Triton X-100 and the reaction was inifiated
by the adaition of various cohcentrations of sodium
succinate. The assay buffer was sodium phosphate, pH 6.8, of
various concentration®. This assay was used to measure the
Michaelis-Menten constant for succinate as a functlon of

phosphate concentration.

e

’ J&f‘;:

‘QV:S) Preparatxon of Kaback Vesicles.
Kaback ve51clés were prepared from strain 7 or

SR603/pLC16 43 as descr1bed by Kaback (89).

76) Preparat1on of Everted Membrane Vesicles. - ;r'
o CSR603/pLC16 43 cells were resuspended to a
concentration of 1g (wet wgt) per 5 ml in 0.1 M potassium
phosphate, pH 6.6, containing 10 mM Na,EDTA and passed twice
through a French Pressure Cell, prechilled to'4°C, at 10,000
psi. The lysate.was centrifuged at 15,0009 for 15 mins at

2°C and the everted membrane vesicles isolated from the
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supernatant by ultraéentrifugaqlonfat 100,000g for 2 hrs at
2LC. The vesicles wvere stofed at —50°C in 50 mM Trfé-sow; pH
8.0,.containing 10 mM MgCl,.

7) Preparation of Spheroplasts.

Freshly harvested CSRGO?{pLC16-43 cells were
resuspended in 50 mM Tris—HCi} pH 8.0, to a concentration of
0.2 §/5 mls. Na,EDTA aﬁa 1ySozymelwere addea to a
concentration of 10 mM and 0.5 mg/ml respectively and
incubated at room temperature for 30 mins. The spheroplasts
were harvested by centrifugation at 1,000g ﬁor 5 mins at
room temperature, resuspended in-0.1 M potassium‘phosphate,
pH 7.5,,c6ntaining 23% (w/v) gucrose and used immediately.
'8) SDS-Polyacrylamide Gel Electrophoresis.

SDS-polyacéylamide gel electroéhoresis was performed
ﬁsiqg the discontinuous gel System 5f Laemmli (90). Slab
geis, 26.5416.5 cm were used with a 20 cm running gel and a
2 cm stacking gel. When gradient gels were used the stacking
gel was omitted. Samples for PAGE-SDS analysis were added to
.&n -equal volume of solubilizing solution (0.1 M Tris-HCl, pH
6.8, 100 mM DTT, 2% (w/v) SDS, 32% (w/v) glycerol and 0.01%
(w/v) bromophenol blue)_and boiled for 3 mins before being.
appiied to the gel. Eiectrophoresis was at a constant
 current of 20 mA in the stacking gel and 30 mA in the
running‘gel. When gradient gels were used electrc_ horesis
was ét a constant curre . - 30 mA.

Alternatively, the fast running gel system of QOvin et

af'(9]) was used. Samples were solubilized by addition to an
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equal volume of solubilizing solution (59 mM Tris, 59 mM

glycine, pH 8.8, 55 mM DTT, 1.1% (w/v) SDS, 45% (w/v)

glycerol and 0.01% (w/v) bromophenol blue) and boiled forg&r

mins before application to the gel. Electrophdresis wasy
constant current of 30 maA.
After electrophoresis, gels wefe stained with 0.25%

(w/v) Coomassie Brilliant Blue R-250 in methanol-acetic

"acid-water (5:1:5 v/v) and destained in methanol-acetic acig

water (7:10:83 v/v). The following proteins were used as
molecular weight standards; cytochrome é; 12,300, .
B—lactoglobuli%§>18;400, a-chymotrypsinogen, 25,700,
ovélbumin, 43,000, bovine seer albumin, 68,000,

phosphorylase B, 92,500, and myosin heavy chain, 200,000

daltons. 5 .

*



I1I. The Effect of Amphipaths on the Flav1n anked Ae:9b1c
Glycerol 3-Phosphate Dehydrogenase of Escherlchla Coll |
A, Introduction.

The aerobic glycerol-3-phosphate dehydrogenase (G3PD)
isolated from‘the cytoplasmic membranerf Escherichia' coli.
has been purified and extensively studied in thisllaboratory
(49). During. this study a number of electron acceptofS”were
identified which coupled with G3PD and could therefore be
used to aseay enzyme activity. These included DCPIP, PMS,
MTT and Ferficyanide. The two assays most commonly used
involved eithervthe'PMS—c6Upled reduction of MTT (a two
electron acceptor) or the direct reduction of potassium
ferricyanide (a one electron acceptor). Both reductase
activities could readiiy~be measured when enzyme purified in
the presence of the nonionic detefgent Brij’58 (denoted as
the ﬁrij form) was used and'resulted in similar turnover
numbers. However, when the enzyme was depleted of é;ij 58 by
replacing the detergent with the chaotropic agent sodiumg@ﬁ%
perchlorate (denoted as .the perchloréfe form) a dramatic
lass of the PMS/MTT reductase activity occured while the
ferr1cyan1de reductase act1v1ty remained largely unaffected.
The loss of activity was reversible and could be restored by
addition of detergent or phospholipid. Although the
phenomenon of activation of membrane- bound enzymes by

amph1path$ has been well documented (92,93,94,95); the

. |

~mechanism(s) is still poorly understood. Therefore the
‘ /

| 50
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differential activation of G3PD was studied in detail. The
appreach taken was to systematically measure. a number of
physical and enzymatic parameters of the Brij and
perchlorate forms of thelenzyme in the hope of gaining a
molecular understanding of amphipath activation.

s
B. Methods
1) Removal of Detergent.

As a final step in the purificétion, the enzyme was
eluteé from?e phosbhocellulose column at 4°C with 20 mM
potassium §;25phate, pH 7.5, 20% (v/v) ethylene glycol, 0.2%
(w/v) Brij 58 and 0.65 M sodium chloride (Brij buffer).‘This
enzyme preparation was diluted with two volumes of 20% (v/v)
ethylene glycol epd 0.2e% (w/v) Brij 58 and reapplied to a
phosphocellulose column equilibrated at 4°C with 20 mM
potassium phosphate, pH 7.5, 20% (v/v) ethylene glycol and
0.2% (w/v) Brij 58. After standing at room temperature for
15 mins to allow the column to thermoequilibrafe the column
was washed with 10 column}volumee of 26 mM potassium
phosphate, pH 7.5, and 20% (v/v) ethylene glycol. The enzyme
was then eluted with 20 mM potassium phosphate, pH 7.5, 20%
(v/v)lethylene glycol and 0.25 M sodium perchlorate
(perchlq;ate buffer). The efficiency of detergent depletion
was measured by assaying the dependence of enzymejgtti$Qty
on 0.01% (w/v) Brij 58 in the PMS-coupled MTT red;ction

assay.
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2)~;hospholipid Titrations.

| Phospholipids were‘dried under nitrogen, resuspended in
water and sonicated for 1-5'mins in 30 sec bursts at maximum
power with the microprobe of a Bronson sonifier. Sonicated
phospholipids wefe‘added directly to the assay mixture to
the indicated final concentration (based on weight).

3) Fiuorescence Measurements.

For measurement of detergent quenching of tryptophan
fluorescence 10 ug of‘detergent—depletea enzyme were added
to 2 ml of 10 mM'potassium phosphate, pH 7.5, and titrated
with Brij 58. Excitation was at 280 nm and the fluorescence
spectrum between 300 and 400 nm‘was measured with a Turner
Model 340 spectrofluorimeter equipped with a scanning
device. At the operating sensitivity of the fluorimeter
, there was no fluorescence contribution by Brij 58. For
measurement of the effect of substrate on endogenous flavin
fluﬁrescence, 25 ug of enzyme in 50 ul of either Brii or
perchlorate buffers were added to 2 ml of 10 mM potassium
phosphate,. th7.5, and titrated with
DL—glycerol—B—phosphate. Excitation was at 280 nm and the
fluorescence spectrum was measured between 400 and 600 nm.
4) Thermal Stabiiity. |

One hundred ul aliquots of G3PD in either Brij (0,35
mg/ml) or perchlorate (0.55 mg,/ml) buffers were incubated at
46°C and samples were withdrawn at various times for assay
of the ?MS/MTT reductase activity. All as-zys were performed

in the presence of 0.01% (w/v) Brij 58.
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5) Chemical Cross—Linkiné.

Cross-linking was performed, using dimethyl
suberimidate as-the’crosslinker, essentially as described by
Davies and Stark (96). Before.cross-linking, the approériate
form of the enzyme was dialysed against either Brij or
perchlorate buffers in which the potassium phosphate had
’been replaced with 0.2 M Triethanolamine-HCI, pH 8.5.
Dimethyl suberimidate wa§ dissolved in 0.2 M
Triethanolamine-HC1, pH 8.5, and allowed to react with an
equal volume of enzyme at room temperature for é hrs. The
enzyme was cross-linked at a final céncent:ation of 0.5 mg
/ml, while the final concentrations of cross-linker was
either 0.5 or 4 mg/ml.

6) Sedimentation Equilibrium Analyéis.

Sedimentation equilibrium analysis of the enzyme in
perchlorate buffer was performed at 7.5°C in a Beckman
Spinco Model E analytical ultracentrifuge at a fotor speed
-of 8,000 rpm. The protein concentration was 1 mg/ml and a
partial specific volume of 0.73 ml/g was assumed.

7) Circular Dichroic.Measurements.

The circular dichroic’spectrum of the enzyme in Brij or
perchlorate buffers was measured between 200 and 250 nm at
27°C in a Cary 60 spectrophotoﬁeter with a 6001 CD
attachment. Brij and perchlorate buffers were used to
establish the basélines for the spectra. Protéin
concentrations‘were 0.34 and 0.55 mg/ml for the enzyme.in

Bfij and perchlorate buffers respectively. Molar

(WA
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ellipticities were calculated as described by Oikawa et al
(97) and the «-helix B-~sheet and random coil components were
determined as described by Chen et al (98), see appendix II.

v

8),jon>E£fects. i aﬁfy

‘i Stocks of zinc- and éipric sulfate at 1 and 0.1 mM
respactively,ftere us«#d. Salts were added directly to the
assay mixture, before the addition of enzyme, to the
indicated final concentrations, ‘
9) Km and Vmax Measurements.

Km ahd Vma x valués were obtained from the Wilkinson

statistical fit (99) of initial rate measurements at varying
concentrations of either DL-glycerol-3-phosphate, PMS or

ferricyanide.

C. Results.
1) Ac;ivation'by Phospholipidsvand Detergents.

Early experiments, performed by Elke Lohmeier and
summarized in Figure 6 and Table 2 , were designed to test
the effectiveness of a number of phospholipids\and" / 3
detergents as activators. Figure 6 shows the effects of a
series of phosphatidylcholines on the PMS-coupled MTT
reducihg activity of the detergent-depleted form of the

enzyme. Only dioieoYl- and dilaurylphosphatidylcholine R

activated effectively. At the te ture of the assay,
24°C, dipalmitoyl- and distearylﬁlosphatidyﬁ?%pline would be
in the gel state while dimyristoylphosphatidylcholine would

be close to its transition temperature. Additional
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Figure 6. The effect of fatty acyl chain length on the
PMS-coupled MTT reductase activity. Activity was measured as
described in Chapter II with the appropriate phospholipids
added. - : . .

0-0, dilaurylphosphatidylcholine; 1
#-@® djoleoylphosphatidylcholine;
4-4, dimyristoylphosphatidylcholine;
®-m, 6 dipalmitoylphosphatidylcholine;
0O-0, distearoylphosphatidylcholine,

!




Table 2
Effect of Detergents on the PMS/MTT Reductase Activity of
G3PD.
Detergent 10 ug/ml 100 ug/ml
None 1.1
Tween 20 2.2 7.5
Tween 40 2.7 8.8
Tween 60 4.8 8.9
Tween 80 2.7 9.4
Tween 85 3.0 10.4
Triton X-100 6.8 12.5
Triton X-114 , 2.6 4.4
Triton 2—165 3.1 7.2
Triton X-102 2.8 5.8
Triton X-305- 3.2 5.5 !
Triton X-45 3.0 0.8
Brij 96 10.7 1.
Brij 58 17.0 20.0
SDS 1.3 0.15
Sodium cholate 1.8 1.6

Sodium deoxycholate 0.9 0

56

Assays were performed as described in Chapter II. Detergents
were added directly to the assay cuvette followed by 1 ug of

detergent-depleted enzyme

units/mg.

. Activity is expressed in
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experiments, performed by Elke Lohmeier, indicated that
there was no particular head group requirement for
activation. These fesults indicated that fluid fatty acyl
chains were required for activation. Table 2 lists a broad
range of detergents which were tested for their ability to
activate. While most of the nonionic detergents activated,
the ionic detergents tested did not activate. The best
activator waé)found to be Brij 58 and this was selected to
study the mechahism of activation. In a similar series of
experiments it was shown that the ferricyanide reductase
activity was not affected by amphipaths. During this survey

\

of activators Elke Lohmeier showed that replacing MTT with

the more readily soluble electron acceptor DCPIP did‘noi

abolish the activation by Brij 58. This éliminated the

possibility thaf amphipaths were acting by simply

solubilizing phe reduced form of MTT which is poorly soluble
in agueous solution.

Although the work of Elke Lohmeier, summarized above,
firmly established the ability of amphipaths to selectively
activéte the PMS/MTT reductase activity of G3PD the
mechanism of this activation was still uncertain. To test
whether thé effect involved a direct interaction between
enzyme and activator, endogenous tryptophan fluorescence,
which is a go&d probe of environment in the vicinity of this
chromophore, was measured as a function of activator

concentration. Quenching of fluorescence was seen in the

same concentration range of Brij 58 as activation occured,
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Figure 7. No shift in the emission maximum (350 nm) was
.seen. The decrease in fluorescence may have been due to a
direct interaction between G3PD and Brij 58 which resulted
in the exposure of a normally buried tryptophan to a more
polar environment (100). However, the possibility that the
quenching was due to a change in the environment of a
surface exposed tryptophan cannot be ruled out. Further
evidence of a direct interaction between G3PD and Brij 58
came from thermal stability studies. Incubation of G3PD, in
perchlorate buffer, at 46°C resulted in 50% inhibition after
29 mins, Figure 8. On the other hand, G3PD in Brij buffer
was not inhibited by 50% until after 80 mins incubation at
46°C. Interestingly, a break’océured in the activity versus
time pfofile for the enzyme in perchlorate buffer. The break
occured after 21% of the activity had been lost. The break
suggested two species of G3PD with different thermal |
stabilities: the more stable species may represent
aggregrated G3PD which may be dissociated to the less
thermally stable dimerie G3PD. The perchlorate form of the
enzyme used in this study had a 4 fold dependence on Brij
58.'Typically, detergent depletion resulted in a 3-5 fold
dependence of the PMS/MTT reductase activity on Brij 58.
2) Effeét of Activafion on Quaternary Structure. '

Purified G3PD migrates as a single band corresponding
to a molecular weight of 58,000 on polyacrylamide gel
electrophoresis in the presence of sodium dodecyl sulphate.

Sedimentation equilibrium analysis of the perchlorate form
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Figure 7. Correlation between Brij 58 mediated quenching of
tryptophanr fluorescence and stimulation of PMS-coupled MTT
reduction. Quenching of tryptophan fluorescence was
determined as described in the methods section by measuring
the relative fluorescence at 350 nm. Actiyity is plotted as
3 percent stimulation above a base of 2.5 units/mgq.
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Figure 8. Thermal stability of G3PD at 46°C in the presence
and absence of 0.2% (w/v) Brij 58. The protein
concentrations were 0.35 mg/ml in the presence and 0.55 mg/1
in the absence of Brij 58. ’
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ot the enzyme indicated a native moleculariweight of

v e

Coa sl

119,000 sugggSting ah a, dimeric structure!'alke Lohmeiﬂt,
using énalygicnl'gel filtration, estimated the native
molecular weight of the perchlqrate férm of G3PD to be
120,000. Since sedimentation equilibrium and gel filtration
data are anamolous for proteins containing bound detergenf,
the effect of activation on dnaternary structure was probed
using the bifunctionalﬁ;ross—linking reagent dimethyl
suberimidate. Dimethyl suberimidate is a bis alkylimidate
which cross-1:.ks primary amino groups separated by 11 R or
less (101). Figure 9 shows the cross-linking pattern
obtained using dimethyl suberimidate at 0.4 and 5 mg/ml de
a protein concentration of O.SVng/mly4Identical patterns
were obtained for the perchlorate’and Brij forms of the
enzyme. Suprisingly a majo;xSénd of 177,000 daltons appeared
in addition to the 125,000 dalton dimeric G3PD. A possible
explanation for this high’molgéular:weight band éame from a
study of lactoperoxidasevcqtai&ged iodination of purified

G3PD followed by electrophqresis on a 20% polyacrylamide

_ fast running gel in the presence of sodium dodecyl sulfate

(91). This experiment revealed two bands of radiocactivity,
Figure 10. One band Eorrespbnded to G3PD with a molecular
weight of 58,000 while.the1other labelléd band corresponded
to a polypeptide of.apnroximate'm;lecular weight 12,000,
This low molecular weight band stained poorly with Coomassie
Brilliant Blue. The 177,000 dalton species may result from

cross-linking of several molecules of this low molecular

-t
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ABSORBANCE AT 550 nm

- ©  DIRECTION OF MOBILITY === @

Figure ‘9., Densitometric scan of the SDS-PAGE electrophoretic
pattern of G3PD cross~-linked by dimethyl suberimidate. (A1) -
‘Enzyme in Brij buffer cross-linked at 4 mg/ml dimethyl
suberimidate., (A2) Enzyme in Brij buffer cross-linked at 0.5
mg/ml dimethyl suberimidate. (B1) Enzyme in perchlorate ,
buffer cross-linked at 4 mg/ml dimethyl suberimidate: (B2)
Enzyme in perchlorate buffer cross-linked at 0.5 mg/ml ‘
dimethyl suberimidate. The protein concentration was 0.5

mg/ml .

Vs
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Figure’10. Lb peroxidase catalysed '?*®*I-iodination of GBPD
in Brij buffar. /A stock of sodium ('2°I) iodide was ~
- neutralized and reduced as described in Chapter V. To 100 ul
‘of G3PD (0.5 mgyml) was added 1 mCi of sodium iodide, H,0,
to 0.2 mM (prepared by dissolving 30 ul of 30% H,O, in 4.5
"ml of 0.1M potassium phosphate, pH 7. 5) and 1 unit. of
lactoperoxidase (also prepared in 0.1 M potass1um phosphate, |
pH 7.5). The reaction was allowed to go for 60 mins at room
temperature and stopped by the addition of 50 ul of 0.4%
acetic acid. After extensive dialysis to remove free iodide,
the sample was electrophoue51sed according to the method of -
Jovin et al (91) in 10 cm long tube gels. After staining and
destalnlng the gels were sliced into 3 mm pleces and counted
in an LKB 1270 Rackgamma II.
‘ A

#
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weight polypeptide to dimeric G3PD. The possibility that

) G3bD‘existed as a trimer seemed unlikely in view of the

sedimentation equilibrium and gel filtration data; no

species other tlgn the dimeric form was detected by either

approach. In summary, the cross-linking data suggested that
activation by Brij 58 did not involve any rearrangement of
guaternary structure. |
3) Effect of Activation on Secondary‘Structure,
One of the most likely mechanisms of ac?ivaiion was
that of conformational change. In otder to test thls
p0551b111ty I examined the effect of activation on the
secondary structure of G3PD. Circular dlChrOlC spectra er
the Brij and perchlorate forms of G3PD were measured iné;he
far ultraviolet. The percentages of a-helix, B-sheet and
random coil determined from the spectra were respectively;

25.7, 10.4, and 63.9% in the absence of Brij 58 and 23.9,

16.2, and 59.9% ifjthe presence of Brij 58. The most -

+sensitive index of conformational change is the change in
’ s {

«-helix and a difference of 1.8% is of borderline

significance. Therefore, I concluded that activation of the
PMS/MTT reductase activity is not accompanied by any large

change in secondary structure. However, I could not

"definitely rule out the possibility of a small change in

secondary structure resultlng in actlvation. B
4) Effect of Activation on Substrate Binding.

Advantage was taken pf the flavoprotein nature of G3PD
to measure substrate binding to the Brij and perchlorate

wr”
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forms of the enzyme. Quenching of flavin flﬁorescence at 500
nm was followed as a function of DL-glycerol-3 phosphate
concentration. The quenching profiles were almost identical
for both forms of the enzyme, Figure 11. Apparent
dissociation constapts of 19.5 and 17.1 dh were’measured for
the Brij’and perchlorate forms respectively. This result
suggested that amphipaths were not activating by altering
the affinity of the enzyme for its substrate.
5) Effect of pH on the Reductase Activities of Activated
G3PD. I - &,' -
Since amphipaths were not acting by altering the

affinity of the perchlorate form of thé?fﬁ,yme for its

substrate it was postulated that activatﬂ*n might involve an

increase in the affinity of G3PD for the felectron acceptor

/
PMS. Such a hecbanism might‘inveive a ?pall conformational
change, not detectable by circular diyﬁroic measurements,
which would more readily facilitate 4MS gindingf If indeed
the binding sites for the electron ac'eptors PMS and '
ferricyanide‘were different and if different amiﬁo acids
were involved in acceptor binding and fzéuction at these
sites, then the pH profiles for the PMS and ferricyanide
reductase activities might be expected to be different. In
order to test this hypothesis, the pH dependence of both
redﬁctase activities was measured in the range 6—91 The
results of these measure;ents are shown in Flgure 12. No

dlfference was found between the pH dependence of the

PMS/MTT and ferr1cyan1de reductase activities. ThlS result

'; .
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Figure 11. Fluorescence titfation curves of G3PD.
Fluorescence measurements were carried out as.described in
the methods section with increasing amounts of
DL-glycerol-3-phosphate. The quenching of fluorescence at
500 nt is plotted-for the Brij ®-@ and perchlorate ®-® forms

of G3PD. "~
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O—p PMS / MTT assay
00 Ferricyanide assay

Figure 12. The pH depéndengempﬁ the PMS/MTT and ferricyanide
reductase activities of”GSPﬁ%ﬁEnzyme in Brij buffer was used

‘and assays were performed‘as described in Chapter II in the

presence of 0.01% (w/v) Brij 58 except that the assay buffer
was varied as described below. All buffers used were at a
concentration of 50 mM. Tris-HCl, pH X;Q; Hepes, pH 7-8;
Imidazole-HCl, pH 6-7.5; Cacidylate, p &5%6.5.
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suggested that the nature of the aminovacids<invoived in the
reductase reactions are probably the same for both electron
acceptqré. However, the possibility of PMS and ferricyanide
binding aﬁ different sites could not be ruled out.
6) Selective Inhibition 6f the PMS/MTT and Fe;ricyénide
Reductase Activities, .
'In order to persue the possibility of diffdrent binding
..sites for PMS and ferricyanide an attempt was made to
inhi%ﬁt one of thé two reductase activities of the activated
enzyme. In one approach a broad range of heavy metal ions
was tested for their effectiveness as inhibitors. Cupric 
sulfate was found téwf;hibit the PMS/MfT reductase activﬁ%y
while zinc sulfa;e inhibited the férricyanide reductase
activity of the activated G3PD. Figures 13 and 14,show the
effects of titrating the activate&“enz}me with githeg,cupric
sulfate or %inc sulphate. Concentrations of cupric sulfaté
as low as’ 3 UM caused 88% inhibition of the PMS/MTT reducing
aclﬁvity while the'ferricyanide reducing activity was
unaltered by concentrations as high §§’10 uM. On the other
hand, Fiqure 14 shows that 50 uM zincksulfate’completely
iqhibited the ferricyaniée reduciné‘activity while the
PMS/MTT reducing activity was only inhibited 27%. Sim{iar
ion inhibitions were found for the enzyme in the absence of
activating amphipath, although the PMS coupled reduction of
MTT wasi&ery low. The possibility‘tﬁat these specific ion
inhibitigrs may be related to an inhibition of substrate
~ﬂ%glyceroi—3;phosphate) binding was eliminated by measuring

-
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Figure 13. Inhibition of activity by cupric sulfate.
Actiafty was measured in the presence of 0.01% (w/v) Brlj 58
as described in Chapter II
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Figure 14. Inhibition of activity by zinc sulfate. Activity
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the apparent dissociation constants for the activated enzyme
in the presence or absence of 40 UM cupric sulfate. Values
of 19.6 and 17.5 uM were obtained in the presence and
absence of inhibitory cation respectively. Both reducing

activities could "be pﬁ§tected from the inhibitory effects of

~copper and zinc ions in the assay mixture. The presence of

500 UM cysteine overcame 52% of the inhibition by cupric
sulphate. Higher concentrations of cysteine caused reduction
of the PMS and MTT. The presence of 50 UM cysteine overcame

78% of the zinc inhibition of the ferricyanide reducing

activity. The addition of DL-glycerol-3 phosphate, PMS or

ferricyanide to the assay mixture before addition of cupric

or zinc ions did not protect against inhibition. The

differential effect of copper and zinc ions suggested that

G3PD may have different binding sites for the electron

acceptors PMS and ferricyanide.

A number of control experiménts were performed to show
that the ion inhibitions were not dug,to i;terference with
the assafs.

a) When the PMS/MTT reduction assay was.used to measure
the a;tibity of D-lactate dehydrogenase in Kaback.vesicles,
50 uM cupric‘suifate was required to-.produce 88% inhibition.:
This indicated that the inhibition of G3PD by 3 UM cupric
sulfate .was not due to interference with the assay.

b)‘Sincé potassium ferroéyanide‘phelates cupric ions

(102) it was possible that the lack of inhibition of the

ferricyanide reductase activity by cupric sulfate was due to
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chelation of the cupric ions by potassium ferrocyanide which
is produced by reduction of potassium ferricyanide. This
possibility was eliminated by (1) the lack of any‘turbidity
in the assay mixture upon reduction of potessium
ferricyanide in the presence of cupric sulfate and (2) when
the succinate dehydrogenase activity of fumarate reductase
was measured by the ferricyanide reduction assay, 10 and 30
UM cupric sulfate caused 30 and 50% inhibition
respectlvely These results make 1t unl;kely that the
.pota551um ferrocyanlde produced durlng thetgssay chelates
the cupric ions presence.

c) When the ferricyanide assay was used to measure (e
succinate dehydrogenase activity of fumarate/reductase, 30
and 100 uM zinc sulfate caused 12 and 43% inhibition
?ﬁgieepectively. This result inéicated that zinc sulfate was
npflinterfering with the ferricyanide assay. Interestingly,
the succinate Sehydrogenase activity of fumarate reducfase,
as assayed by the ferricyanide assay, was inhibited by both
copper and zinc ions. This finding strongly suggested that
the selective inhibition of the reductase activities of G3PD
was not due to ihterference with the assays caused by coppgr
and zinc ions.

d) The above controlg make it.unlikely that the

selective inhibitions were due to chela: .1 - the Cu*? or

Zn*? ions by PMS or ferricyanide.
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7) Effect of Activation on the Apparent Michaeli.s~-Menten
Constants.

Table 3 lists the apparent. Km and Vmax values for
DL-glycerol-3 phosphate in the presence or absence of Brij
58. The maximal velocity, as meaSufed by the PMS/MTT
reduction'assay)nwas increased three-fold by the presence of
Brij 58 while the Vmax for the ferricyanide assay was
essentially unaffected by amphipaths. Interestingly, the
apparent Km values for DL4glycerol—3—phosphate were quite
different when determined by the ferricyanidé and PMS/MTT
reduction assays. One possible explanation for the
difference in apparenthm was that the binding sites fqr PMS
and ferricyanide were different. However, it was also \
pQ§Sib1e that both elecﬁron acceptors bound to the samé site
but with different affinities. _

Measurement of the apparent Km for PMS is difficult
because of the auto-oxidation of reduced PMS by oxygen. In
other words there is no Quantitative transfer of elgctrons
from PMS to MTT. Therefore, measuring the rate of MTT
reduction as a function of PMS concentration does not
generate é‘conventional apﬁa;ent Km. However, if we assume
that the perééntage of reducéd PMS oxidized by air is //

\ .
independent of PMS concentration, then what I -have called -

K'm is a useful measure of the dependence of enzyme turnover

on PMS concentration. Not.éuprisingly,_the K'm for PMS is
reduced by activation; this result is in-agreement with the

postulate that amphipaths act by increasing the
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Table 3
. A
The Effects of Aﬁphipaths on the Kinetic Constants of G3PD.

Vmax Km(mM) K'm(mM)
Enzyme Assay (u/mg) DL-G3P Ferricyanide PMS -

PMS-MTT  2.5:0.2 1.89+0.4 - .0.21¢0.04
| PMS { MTT+ 7.3+0.5 2.4%*0.6 - © 0.08%0.01
y - Br.j 58 B

: o

Ferricyanide 15¢1.7 11.4%1,6 ~0.12%0.03 -

Ferricyanide 12#%.6 10.2%2.4 0.13£0.04 -
+Brij 58 - e

(DL4G3p =_DL—Glycerol-§~¥hOSphate‘.

The concentration of Brij 58 was 0.01% (w/v).

4 Orrly -ta em1c mixture of glycerol 3- phOSphate was

- commerélally available. It has been' shown that
D-glycerol-3-phosphate does not affect the activity of G3PD

(Welher, J.H., unpublished data)
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accesgibility of some enzyme binding site for PMS. The

‘ a co e
apparent Km for ferricyanid® " S‘”Ot altered by activation,

. d : . ) )
However, the Km values measuf® for ferricyanide are subject

to COnsxderable error. The 25%3Y is performed at 420 nm and

i
we measure directly the redUCt On of ferricyanide. Since the,

, rri - -
extinction coefficient for fe Cyanide is 1 mM"' cm™ ' as we

£ ; : . .
decrease the concentration 0f ~Sfficyanide the difference in

. . anin .
optical density at the begif” 9 and end of the reaction

c
decreases and therefore the 2° Ufacy of the measurement also

n io : .
decreases. Although some caut’®N Must be exercised in

interpreting some of the dat? ‘N Taple 3, these results

t i . .
support the hypothesis that activation results in an

; 3
increased interaction betwee” ~-'D and PMS.

D. Discussion. \

As our concepts of the stflucture of biological

. . e R ! \ .
membranes have changed frof th€ largely static Junit membrane

model of Davson and Daﬂ1elll,<103) to the dynmamic fluid

mosalc model of Singer “and Nlcbols°“ (104), ;ﬁ,awarenesg of

+
[
|

/
r . . / L. R
the role of lipid-protein jnt€*actions in membrane function

has developed. The Singer Nlcholson model env1sages a

biological membrane as a se? of 1lipjq molecules into which

are embedded proteins. AccOrdl '9 to this model, membrane

Protelns can be d1v1ded 1nt°‘ﬂ © classes dependlng on the

conditions required for thelf xtraCtlon: intrinsic or

fre oy . . ;
integral protelns which requlr drastic disruption of

membrane structure for thei’ release and extrinsic or i
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:peripheral pr&teins which can be ?Emoygg?hithout destruction
of the lipid bilayer.'THe imﬁb;taht.contributicﬁ_éf this.
model'is'tpat_it depiqps‘biologiéal membranes as dynamic
structures in.which lateral motions of boﬁb lipid and
'pratein molecules can'occuf,as well.as'interactioqﬁ‘between

-

thesé compohents. ’

Even before this model was proposed membrane
blochemxsts had recognlzed a dependence of
membrane assoc1ated act1v1t1es upon the phy51cal state of
Vmembrane.lipids.‘By comparing the Arrhenius plots of |
succinate dehydrogenasg aétivity in a#etoné extracted E.col i
membranes géfgre‘andyafter inéﬁbaéions with dispersions of
léipids,.ssfahani'et al (105) showed that the break points in
'A;rheniug plotélwere dependent upon phospholipid
composition. Experiments of this typé have‘been\performed by
many investigatbrs(ios,107,108)_and suggest that the "
‘physical state of membraheliipids affects the:catalftic
activity‘of membranélbound enzymes. Tha\fact that many
purified membrané-proﬁeins arﬁ\found to have phospholipid
assoc1ated w1th them lends further support to the suggestlon.
that lipid-protein 1nteract10ns occur llthln membranes.
However, the most direct evidence for lipid protein
interactions comes from experiménts i; which purifiéd
proteins, membranes or cellular organelles are depléted of
lipid with a resultant loss of enzymatic activity |
{105,109,110)._ Readdition of lipid generally results in a

return of activity.
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Exper1ments of the type outlined above Have resulted in
“wlde acceptance of the concept that lipids:- regulate membrane

functlon through thelr 1nteractlons with membranJ proteins. .

H
v

-However, as the methodology used to probe 11p1d prote1n
1nteractlons has become more sophisticated, a controversy
has‘developed over the possible existance of boundary.
vlipid(111,112,113,114);’The term "boundary lipid" is used to
‘describe a discréteispecies:of‘lipid which may occur within

3

biological membranes\and\is distinCt fromethe bulk lipid in

that 1t 1nteracts d1rectly w1th protelns embedded within the.

bllayer and as a result is. less moblle than the bulk 11p1d
The eilstance of boundary 11p1d has been probed u51ng
_soph15t1cated phy51caL technlques such as electron sp1n
resonance (esr) and nuclear magnet1c resonance (nmr)
spectroscopy These techniques w1ll\nomabe descr1bed here;
it sufflces to say that esrt studles tend to support the
-existance of boundary 11p1d whlle nmr generally fails to
detect an 1mmob11e lipid phase in biological membranes
(112,113).

However,:despite the controyersy over boundary lipid
few biochemists would ggspute a role for lipid in regulating
the act1v1t1es of membrane protelns When one con51ders the
'actlvatlon of enzymes by amphlpaths a number of possible
me:hanlsms come to mind: a) Amphlpaths may be acting by
‘Rsolublllzlng e1ther the substrate or product of the

‘reaction. Substrate SOlUblllty has been reported to be a

problem when studying enzymes of lipid or glycolipid
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: (blosynthes1s. It has been shown that,glycosyltranséerases,

«involved in the blosynthe51s of llpopolysaccharldes in the

cell envelope of the gram-negative ‘bacterium Salmonella
'typhlmurlum, are activated by phosphollplds. However, this
actlvatlon seems to involve an interaction between the
llpopolysaccharlde substrate and the phosphollpld rather

than an interaction between the glycosyltransferase 7nd the

' phosphollpld activator (115) Thus it seems’ that substrate

solubzllzation is responsible ;or the epparent'aceivation of
enzymic'activity.'The sdbstrete for‘GBPD'is |
L—glycerol—B—ph&sphate which is ‘readily water soluble. The
possibilityiof product solﬁbilizatioh,by amphipaths‘wée
ruled out by replacing MTT with the readily“water‘soluble
electron acceptpf DCPIP. This latfer experiment was
pegformed by Eyke,Loﬁmeie;. b) Enzyme solubilization by
amphipath is agother possible mechanism of activation. This
mechanism is supported by the ebservation that many
detérgents activate at concentrations close to their
critical miceilar concentrations (116);’Phospholipids on the
other hand, ectivate at concentrations of 0.1-2 mM whlch are
‘con51derably above their critical micellar concentratlons
(116).»E.Coll pyruvate oxidase aépearS'to be an exceptlon to
this rule; phospholipids and‘deeergents bind to high
affinity sites:in honomeric form and probably act as »

allosterlc affectors (117,118,119). Umbreit and Stromingeg

(120) have shown that D-alanine carboxypeptidase, isolated

, from B.subtilis membranes, could be activa:ed by detergents.
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‘The :elative effectiveness of detergents as activators

corresponded to the effectiveness of the detergents in-

'eolUbilizing’membrane-bound enzyme activity. However, the

]'autho:§~did not fry to correlate activation with avghange in

. i V
quaternary structure. This.mechanisﬁ‘seems'unlikely in the
ase of the aerobic G3PD since its guaternary structure, as
) : v )

measured by cross-linking, is not affected by'Bfij 58. The

fact that different nonionic detergents activate to

~ different extents suggests that a simple rearrangement of
: , “y - , , A

quaterﬁary st;ucture was not involved in activation. Also,
the hydrophilic iinphilic'balance number of Brij 58
indicates that it is. a poorer sdlubilizer than Tritoﬁ X~-100
(70)._;) The third and ﬁost'gbvioue possibility,‘but{
unfortunately the most difficult_to measure,'is fhat of
conformational change. in oniy a very few cases has it been
poSsible_to direetly demenstra;e a confbrmational‘change
upon activation (121). Howevef, conformational -change has

been inferred from indirect evidence such as an increase in

g thermal'stability‘(93), or achagge in the apparent Km

(93,121).
In this study I examined a number of propertles of the
Brij and perchlorate forms of G3PD The quench1ng of
tryptophan fluorescence upon activation may be due to a,
conformational change wh1ch exposes a buried tryptophan to a
more polar env1ronment. The dlfferentlal inhibition of the |
two reductase activities by cupric and zxnc ions suggests

that the binding sites fq£ PMS andqferficyanide may be

A M



differenl; Ihterestingly, the‘different;al inﬁibition by
cyanide of the different reductase‘activitie; of formate

" dehydrogenase from E.col/ has led Enoch and ﬂester (54)
conclude that this enzyme has a distincf binding site for
each of its @ttificial electron aceeptorg. The possibility
~of'differeﬁt/binding sites for PMS and ferricyanide ie
further supporte by the different apparent Michaeiis-Menten
constants for DL- glycerol 3-phosphate as determined by the
PMS/MTT and ferriqyanide assays. Finally the decrease in K'm

.. for PMS‘upon activation suggests that amphipaths increase M

\
ithe interaction between PMS and G3PD. Taken together the

~Jresults descrlbed in this chapter 1nd1cate that amph1paths

act at the level of the electron acceptor PMS, and suggest
'tﬁat activation is mediated by a conformational change which

increases fhe interaction bethZn PMS and G3PD.

| In a previous study the apberent Km for DL-glycerol-3

phosphate was measured by following{proline uptake in Kaback

vesicles (48). An apparent Km of ZjﬁM Qas obtained. fhis
‘indirect measurement suggests that the appafpnt Km for

DL- glycerol 3 phosphate determined by the PMS/MTT assay may
J\)' be- a phy51ologlcally relevant number. It is therefore

; poss;ble that amphlpaths'are'generatlng a physiologically
relevant‘binding site for an electfon.acceptor.'Thie
suggestien is not iﬁcqnsistent with the results of other
workers. Ragan and Racker (122) have shown that when L
mitochondrial complex 1 is depleted of more than 50% of its

phospholipid it loses its coenzyme Q reductase activity
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while the fe;rityénide réductase activity is uneffected.
Reconstitution oftthe.depleted complex with phospholipid b
regeheréted the éoenzyme Q reductase activity similarly,‘,
Rossi et al (123) have shown that extractlan of coenzyme Q,,
'from the 1nner m1tochondr1a1 membrane results in a loss of
PMS/MTT reductase act1v1ty of succ1nate dehydrogenase at one
of the two b1nd1ng sites for thlS electron acceptor. They
concluded that the presence of coenzyme Q.o is required for  g
the normal functioning of,oﬁe of the twobbinding sites for
phenazine methosulphate These results suggest that
amph1paths may affect phy51ologlcally relevant activities
and that the phenazine methosulphate b1nd1ng site may be of

phy51ologlcal 51gn1f1cance ' : c ‘ “w

v : &

3
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IV. Molecular Properties of Fumarate Reductase.

A. Iatfoduction.

o .
et

As part of puf overall goal of ;pcyqf ’qﬁting the

glycerol/fumarate electron transporgiﬁégap;Q££?§QOllf
- RN )

'fumarate reductase has been-purified J%d part%ﬁlly
characterized in this labora;?ry (70,71,72). However, the
previous studies were somewﬁaf incomple;e'and did not
address such Qquestions aé.the quantitation sf the
interaction of the purified enzyme with detergents, the
iron-sulfur content or the nature of the amino‘acid‘residues
'gssgntial for actiyity. I felt tﬁat a more extgnsive_
characterization was'réquired‘before any successful
reconstitution of an électroq transporf chain involving.
fumarate reductase couid“be attempted. I have therefore

extended the previous studies and my results are presented

in this Chapifz;;/// /

B. Methods. .
‘1) Dimethyl Shberimidate Cross-Linking of Fumarate
Reductase; * /
Cfoss—linking was performed as described by Davies ahd
stark (96). Fumarate reductase, in 400‘mM potassium
phosphate, pH 6.8, was made 60% (by saturation) in ammonium
sulphate, and the précipitated p}otein redissolved in 200 mM
t;iethanolaﬁine-HCl, pH 8.5, and dial}sed against this

buffer for 17 hrs at 4°C to remove ammonium sulphate.

82



D?methyl suberjmidat; was taken up'ip 200 mM triethanglamine
titrated to pH 8.5 with and alloﬁed to react with an equal
volume of fumarate reduct;se‘ét‘room temperature for 3 hrs.
Tng enzyme was cross-linked at a final concentration of 5
mg/ml; while the f1na1 concentratlon of dlmetZyl suberimidate
was also 5 mg/ml. : ' k Cl

2) Isolation of Subunits for,Aminokhcid Analysis,

The enzyme subunits were 1solated by Kelly Dabbs us1ng,
the procedure- of Ziola and Scraba (124) Samples contalngﬁgﬂ;
fumarate reductase labelled with Remazol Brllllant.plue,by
the procedure of Griffith (125) were used to ﬁollow\
migration of the subunits during the isoiatidﬁfsteps.

3) Amino Acid Analysis. |

’ Samples of the separated subunits were dlalysed at 24°C
for 24 hrs against 50 mM ammonium b1carbonate, pH 7. 5 to
remove SDS. Aliquots conta1n1ng 1 nmole of 1nd1v1dual |
subunits were lyophylized in 10x75 mm pyrex tubes. TRe
samples Qere_subjected to acid hydrolysis in 6N HCl at 110°C
in evecuated, sealed tubes for periods of 24, 48; 72 and 96
hrs (12%). Samples containing 2 nmoies of subunit weret
subﬁected to performic acid oxidation fqllowed by 24 hrs

acid hydrolysis for determination of cysteine (127). The

W

\hydrolysateé were evaporated to dryness, dissolved in 0.1 ml

of 0.2 M sodium citrate, pH 2.2, and chromatographed on a
Durrum Model D-500 Amino Acid Analyser. The values of serine
threonine, valine and isoleucine were determined by

extrapolation of the amino acid/leucine or amino
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acid/alanihe ratios to zero time. In each case the values
were ip‘good agreement .. The dumber of tryptophan residues
vere detgfmined, by Kelly Dabbs, as described by Edelhoch
(128). = ‘ »)

N-Términal analysis of the separated subunits of
fﬁmarate reductase was perfpfmed by Automated Edman
Degradation using a Beckman Model 890B sequenator. This work
was ﬁerformed by Mike Carpenter in the léboraﬁory of Dr
L.Smillie. o | |
4) Two Dimensional Polyacrylamide Gel Electrophoresis.

The first dimension electrofocusing was performed in
slab gels as described by O'Farrell (129) using 15x16 cm
glass plates. The composition of the gel was as follows:
acrylamide 5.3% (w/v), bis-écrylamide 0.16% (w/v); urea BM}
Nonidet P-40, 2% (v/v); ampholytes, pH 6-8, 1.6% (w/v), pH E
3-5, 0.4% (w/v); ammonium persulphaté 0.01% (w/v) and TEMED
0.07% (v/v). Twenty five ul of purified,_cholate-depletéd
fumarate reductase (1 mg/ml) w#s made 8M‘in urea and added
to an equal volume of lysiF buffer (urea 8M; Nonidet P-40 2%
(v/v); ampholytes, pH 6-8, 1.6% (w/v), pH 3.5-10, 0.4%
(w/v); and B-mercaptoethanol, 5% (v/v)). Fifty ul of lysis
buffer were added to each well and the gel was pre-runvat
200V. for 15 mins, 300V for 30 mins and 400V for 30 mins.
After pre-running, thg wells were emptied;and the samples
applied. The gél was then run at 360V for 16 hrs and at 450V
for 1 hr. The cathode electrélyte was 0.02 M sodium

hydroxide, which had been degaésed by stirring under reduced

¢
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pressure for 6 hrs. The anode electrolyte was 0.Q1 M

phosphoric acid. After electrophorésis one s;rip\of gel was

cut put and frozen at -80°C. The pH gradient'wasxgéisuréd as
follows: a strip of gel was cut info 3 mm piecé; and‘
incubated in 1 ml of‘degaésed waﬁer af’roomvtempe;ature for
18 ﬁours‘and the pH was measured. The rest of the gel Qas .
fixed by shpkinglfor>20 hrs‘aé 37°C in 1 litre of 10% (w/v)
trichloroacetic acid. This treatment was followed by
stain{ng for 1 hr at 37°C in 1 litre bf Coomassie Brilliant
Blue R;EEQ (1.mg/ml) in ethanol-acetic acid-water (9:2:9
v/v) and the gel was destained invefhanol-acetic acidfwater
(25:10:60 v/v). For identification of the baﬁds, the strip
of gel which had been frozen was thawed, incubated in
electrophoresis buffér-for 20 mins at room temperature and
placed on top of a Laemmli gel (15% (w/v) acrylamide in the
running gel and 5% (w/v) in the stacking gel). The strip of
eiectrofocusing gél:was\héld in place with stacking gel. The
gel'was run,'sﬁéined and dest;ined as ‘described in Chapter
1. | \

5) Triton X-100 Binding. _

*H-Triton X-100 binding was determinedvas describéd by
Clarke (130) using 5-20% (w/v) sucrose gradients. Two
Hhundfed ul of cholate-depleted fumarate reduétase’kO.SG mg
of prgtein) in 0.4 M potassium phosphate, pH 6.8, was made
2% (v/v) in Triton X-100 and dialysed against 0.1 M so&ium
éulféte, 0.01 M Tris-SO., pH47.5, and 2%-(;/v) Triton‘kEiOO

for 24 hrs at 4°C. After dialysis the sémple wasvdiluted to

P
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"w,_eo'o ul with dialysistbuffer and 150 ul aliquots (0.14 mg of
bfatein)‘applied to 3.9 ml continuous sucrose gradients
- cqptaining:-5-20% (w/v) sucrose; 0.1 M sodium phosphate; 0,01
M Tris-SO,, pH 7.5, and 0.05%, (y/v) ’ﬁ—Tritqn X -100.
Centrifugation was at 210,008@ f6r 15 hr at 4°C in a Beckman
SW-56 rotor. The gradients were fractionated into 15 drop
fractions and 50 ul counted for tritium using 5 ml of
Aquasol, in a Béckmén LS—230'liquid scintillation counter. A
counting éf{icienéy of 53.8% was determined using;tritiated
proline. Using the internal standard method no difference in
quenching was foundbasla function of sucrose concentration.
Protein was determined by the method of Lowry et al (131)
using Biorad protein standard. |
6) Treatment of Fumarate Reductase with Sulfhy?ryl Reagénts.
| Twenty millimolar énd 0.04 mM stock solutions of
iodoacetamide and DTNB»respectiQely, were'prepa:ed in 100 mM -
potassium phosphate, pH 8.0. One hundred ul aliquots of
these stocks were added to equal volumes of cholate-depleted
fumarate reductase.(z mg/ml) in 0.4 M potassium phosphate, |
pH 6.8, and inCubated at 36°cC. Five’ul aliquots were
withdréwn at the indicated tiﬁes and assayed fo; fumarate
reductase activity. ‘
‘Quanéitation of the sensitive sulfhyd?yl group(s) ;as
performed as follows: 0.21 mg of cholate-depleted enzyme%in
130 Ul of 0.2 M sodium phosphate, pﬁ 6.8, was added’to an
equal volume of 0.4 mM DTNB in O.ZVM’sodiuﬁ phosphate, pé
6.8, in 0.5 ml quartz cuvettes. The reagents were mixed $y
o / ) |

J

]

|

|
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r;pid'in¢ersion and the cuvette was placed in a'Giltord 250
spedtrophotométer. The absorbance at 412 nm (132) was set to
zero within 10 sec of mixing and the increase in absorb-

ance was followed with time, It was assumed that rhp

increase in absorbancé during thq/flrst 10 secs of the
reaction was the same as that r¢corded dur1ng the second 10
secs ang thi's assumption enabléd the‘change“‘n absorbance to
be measured from zero time. yée calculation of sulfhydryl
grOups modified was performed as descrlbed by Ellman (132)
‘using an extlnCt}on coefficient for the anion of DTNB of

13.6 10° M~ em-' . In anpidentical experiment to that
described above 0.21 mg of engxme in 130 yl of sodium-
phosphaté, pPH 6.8, wés mixed with an equalvvoldme of 0.4 mM
DTNB in 0.2 M sodiqm phosphate, pH 8.0, and incubated atf.
room temperéture,,%hreg;ul aliquots wbre diluted into assay
buffer at the ind#&ated times and assayed fpr‘fumarate
reductase activit&. | |

7) Identification of the Subunit containing the Essential
‘Sulfhydryl Group. ;

‘For 1dentxf1cat1on of rhe subunit contalnlng the .
essential sulfhydryl group, 0 21 mqg of cholate- depleted
enzyme in 130.ul of 0.2 M sod1um phosphate, pH 6.8C/wés\
added to an equal volume of 0.4 mM DTNB in 0.2 M sodium
phosphate, pH 8.0. The reaction mixture wds incubated at
room temperature for 2 min énd then}passed‘down a2 ml

Sephadex G-25 column under pressure to rapldly separate the

DTNB- mod1f1ed enzyme from the unreacted DTNB The column was



88
b

pre-equilibrated in 20 mM Tris-HCl, 200 mM sodium phoSphate,
pH 9.' and eluted with the same buffer. Six micromoles of
,sodiUm teC- cyanide (7.9 mCi/mmole) in 50 ul equilibration
buffer was then added to the DTNB-modified protein and the
reaction mixture was incubated at room temperature, After 30
mins’ incubation the reaction mixture was applied to the 2 ml
Sephadex G-25 column in order to separate free from bound
“C-cygnide. An aliquot of the eluted protein was then
sgpﬁe;ted to elécttophoresis on thelfast running gel system
of Jovin et al (91) as described in Chapter 11 except that
a) dithiothreitol was omitted from the solubilizing buffer
and b) solubilization was by incubation for 60 mins at room
teméerf&ure.‘Followiﬁg electrophoresis strips of gel were
sliced into 3 mm pieces and incubated at 50°C for 4. hrs in
0.5 ml of 94% NCS Tissue Solubilizer. After incubation, 17
ul of glacial aietic acid ﬁnd 10 ml of Aquasol were added
and the samples were counted for '*‘C. The remainder éf the
gel was stained énd dgstained as described ih Chapter II. In
control experiments 0.21 mg of fumarate reductase was
treated exacfly as described above'egcept that instead of
dilution with 0.4 mM DTNB in 0.2 M sodium phosphate, pH 8.0,
the samﬂle was diluted with buffer alone. The results are
‘presented as the '‘C-labelling profile in the sample treated
with DTNB minus the baseline '*‘C values established with the
¢ontrol experiments. The baseline value was, on average,‘120

¥
cpm.
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8) Effect of p-Chloromercbriphenylsultonate on the Visible

Lid

Absorgtxon Spectrum of Fumarate, Reductase.

g

The visible absorpt1on spectrum of the- cholate depleted
':enzyme (0.78 mg/ml) in O.Q/ml ofy0.2 M sodium phosphate,/pH
6.8, was méésured at room temperature in a Gilford 2600
spectrophotometer equipped with a Hewleft Packérd 7225A
plotter u51ng 0.2 M sodlum phosphate, pH 6.8, as a blank.
Seventy4f1ve ul of 20 mM p- chloromercur1phenylsulfonate in,
0.1 M sqdlum phosphate, pH‘B.O, was then added and the
reaction mixture incubated at ro;m Eemperatgre for 2.mins.
After incubation, the spectrum was agaip measured- using 1.5
mM‘p—chlqromercu;iphenjlsﬁlphonate in 0.2 M sodium
_phosphate, pH.6.8, as the blank.

9)'Irqn=Sulfur Content.

L.

‘ Non-heme iron was determined as déscribéd in method A:
| of Brﬁmb§ and Massey (133). Acid labile sglfurAwés'

determined, by Kélly Dabbs, as déscribed‘by KingAandfMofris
(134).

:C. Results. .
1) éuaternary'sprhcture‘of Fumarate Redgctase;

One of the first questions of interest was the
quaternary structure of the Hhtive énzyme.'To probe this I
used the bifmnctional‘éross—linking reagent dimethyl
suberimidate. Following cross-linking a single new band

appeared on PAGE-SDS gels corresponding to a moiecular

- weight of 100,000, Figure'15. Sincé the staining ratio of .
. X o
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Figure 15. Densitometric scan of the SDS-PAGE
electrophoretic pattern of cross-linked (A) and non
cross-linked (B) cholate-depleted fumarate reductase. The
final concentration of both cross-linker and protein was. 5

- mg/ml.
/
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“the 69,000 and 25,000 dalton bands (approxghately 3/1ém
remained unalgered\following cross-linking, the,100,006
daltbn species must consist of the~69,000 and 25,000 dalton
species in a 1:1 molar ratio. Sedimentation equilibrium
sfudies yielded a molecular weight of 97,700 for the native
‘enzyme while analytical gel filtration experihents,
performed by Peter Dickie, indicated a native molecular
weight of 100,000 for the cholate form of the enzyme.
2) Amino Acid Composition and N-Termini of the Separated
Subunits. |

The amino acid compositions of the separated subunits
of fumarate reductase along with the amino aciakcompositions‘
of the corresponding subunits of spccinate dehydrogenases
"ffom beef heart mitochondria a;a'Rhodospiﬁillum rubrum are
listed in Table 4. The proportions of hydrophobic amino
acids (from Capaldi, 135) are 48.2 and 49.3% for the large
ahd_sméll subunits of fumarate reductase respéctively. These .
proportionS‘a;e ﬁot signifiéantiy different from the
hydréphbﬁic content of soluble or other membrane proteins
which usually contain 45-55% hydroph&bic;amino acids (135).
N-Terminal analysis'of the 69,000 and 25,000 dalton subunits
wés performed by Automated Edman degradation in.
collaboratfon with the laboratory of Dr L. Smillie. Figure
16'showsﬁthe N-terminal sequence of the small subunit. The
unknown ahino acid X was shown to be lysine by sequencé

analysis of the fumarate reductase gene (74). Attempts at

v ~

sequencing the large subunit were unsucS%sﬁful suggesting



o g2
/ 3
o
o
3
)
\ .
TAKLE & ‘
. Mnino Acid Compogition
Amino Acid Composition Was Determined As Described In The Methods Sectiom
Larxe Sobupice Seall Subunite
B. ocold R. rubrum SDR Beef Neart SDX L. col4 M R, rubrum SDN  .Beaf Reart
(residues/ (residues/ (residues/ (residues/ (residuss/ {znsidues/
69,000 grams) 60,000 grams) 70,000 grems) 23,000 grama) 25,000 grams) 27,000 grems)
! Aspartate/ : . .

. Atparagine 62 52 s? 25 24 28
Threontne 38 40 38 1 1 14
Serine 23 v 21 . 37 12 9 14
Glutamate/ Y -

Clutest 77 5 87 R 21 2%
Proline 25 .28 30 13 v . 14
Clycine 67 53 - 65 . 15 16 14
Alanine 67 66 : 39 23 21 20
Valine k1] 1} s 12 14 7
Methionine 20 13 14 3 T 6
Isoleucine 22 28 i 10 12 17
Leucine 53 ' “ ‘ 33 _ 20 1 20
Tyrosine. 14 - 16 21 v 3 11
Phenylalanine 20 19 22 7 ? ]
Lysine 32 ‘ 20 26 14 13 20
Bistidine 19 18 17 s 3 ' 3
Argintne LTI 3% ) C . 14 12
Cysteine 9 N 14 14 11

Tryptophene 7 [ . 6 . 2 6. 4

E




-

HN - Ala- Glu- Met - Lys-Asn- Leu - X - Tle -+ -

/
-~ Figure 16. Amino terminal sequence of the 25,000 dalton
subunit of fumarate reductase. The sequence was determined
by automated Edmdn degradation of the purified subunit.
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that the N-terminué was blocked. This conclusion was
confirmed by gene sequence analysis (73) which indicated"
that the N-terminal amino acid of the largé subunit was
methionine followed by glutamine. The methionine was
pfobabl§ cleaved off as‘a post-translational step leaving
glutamine as the N-terminal amino acid ip the purified
enzyme. Under mildly acid conditions glutamine can cyclize
to form a pyrrolidine derivative (136) and a blocked
N-terminus. | -
i) Two Dimensional Eiectfophoret;c Analysis of Fumaraﬁe
Reductase. | ‘
Isoelectri¢ focusing analysis of fumarate reductase in
the presence of urea and the nonionic detergent Nonidet P-40
gave 2;major bands of isoelectric points 6.0 and 6.5, Figure
17. Thé\pH.gradient was from 7.7 to 5.0. The band of pI 6.0
was yellow in color suggesting that it was the 69,000 dalton
subunit. Positive identification vas made by electrophoresis
of the bands from the fifst‘diﬁension electrofocusing gel
into a ;econd dimensional PAGE;SDS gel. The band of pI 6.0
was identified as the 69,000 dalton éubqnit while the band
of plI 6.5 was- identified ;s the 25,000 dalton subunit. The
electrofocusing analysis indicated that.tbe native enzyme
could be dissociated into its subﬁnits by 8MMurea and 2%
(v/v) NP-40. Oh staining a strip of the electrofocusing gel
for/activity, using the PMS/MTT assay for the succinate
ééhydrogenase actiyity of fumarate reductase, no activity

could be detected. This result suggested that either the
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Figure 17. i

Two dimensional electrophoresis of purified
fumarate reductase. The first dimension electrophoresis was
performed as described in the methods section. The pH
gradient was from 7.7 to 5.0. The second dimension was a 15%
(w/v) Laemmli gel (90). The molecular weight standards were
the a« and B subunits of purified fumarate reductase, 69,000
and 25, 000 daltons respect1vely and RNase at 13,000 daltons.
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dissociated subunits were inactive or that the‘B M urea 53?///
denatured the separated subunits with resultant loss of
catalytic activity.
4) Triton X-100 Binding. ‘ .

As digcussed in Chapter I, the fumarate reductase
operon codes for four polypeptides. IW add1t1on to the
69, 000 and 25,000 dalton catalytic subunlts ‘there are 2
hydrophob1c polypeptldes of molecular weights 15,000 and
13,000 dal;oﬁs. In this section the results of a study of
the binding of Triton X-T00 to the 69,000 and 25,000 dalton
suburfits are presented. The results suggest that the
catalytic 8ubunits are largely extrinsic to the hydrophobic
bilagef. The approach taken was that of Clarke (130). Enzyme
wés made 2% (w/v) in Triton X-100 and dialysed against
buffe; containing 2% (w/v) détergent for 24 hrs at 4°C. The
dialysis was to ensure that the interaction betwegn protein
and detergent had reached equilibrium. The sample was then
applied to a 5-20% (w/v) sucrose grédient which was 0.05%
(w/v) in *H-Triton X-100. Figure 18 shows a tyéical
 sedimentation profile. A single major peak of protein was-
‘féund which was coincident with a peak éf,radioactivity.
Both the 69,000 and 25,000 dalton subunits were present in
the major peak. Quantitation from fouf gradienﬁs indicated
that 0.15+0.03 hg of detergent was bound per mg of protein.
'Sinée the ¢oncéntration of detergent was above its critical
micellar concentration of 0.016% (130) this must represént

the maximal level of biﬁding possible.
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Figure 18. Binding of Triton X-100 to cholate-depleted
fumarate reductase after sucrose gradient sedimentation.
Triton X-100 binding was determined using 5-20% (w/v)
sucrose gradients as described in the 6ethods section.
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Clgrke (130) has examined Triton X-100 binding t6 a
‘number of membrane proteins and found a range from 0.2-1.,1
mg of detergent/mg of protéiq. The level of binding found
for fumarate reductase is therefore at the lower limit. The
possibility that Triton X-100 binding is hindered by chblate
~which may remain bound even 3£ter depletion seems unlikeiy
in view of the large excess of Triton X-100 used. This
possibility is further diminished by the finding of Clarke
that an excess of Triton X-100 can displace bound SDS from
the minor red cell glycoprotein found in band 3. The results
of this section are consistent with the postulate that the
catalytic subunits are not embedded in the hydrophobic
bilayer, ‘

5) Inhibition of Fumaraﬂe Reductase by Sulfhydryl Reagents.
The sulfhydryl sensitivity of fumarate reductase was
examined using iodoacetamide and 5,5'-dithiobis(-2-nitro
benzoic acid) (DTNB). As shown in Figure 19, fumarate
reductase acti§i£y can be quantitatively inhibited by 10 mM
iodoacetamide or 0.02.mM DTNB.>In a series of experiments -
the percent'inhibition obtained wifh 0.02 mM DTNB varied
between 85 and 100%. Semi-iogarithmic plots of activity
versus time were linear indicating first order kinetics,
Figure 20. In substrate protection experiments 5 mM fumarate
gave only moderate protection against inhibition.by 0.02 mM
DTNB. The time required for 50% inhibition was increased
~ two-fold by the presence of substrate. This moderate

‘protection may mean that fhe sensitive sulfhydryl group(s)
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Figure 19. Sulfhydryl sensitivity of fumarate\Feguctase.
Cholate-depleted fumarate reductase was incubated with .p—~CMB
or DTNB at 36°C as described in the methods section..The
activity of the untreated enzyme was 550 units/mg. e-e; DTNB
treated enzyme; 0-o, p—CMB treated enzyme. S

.
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Figure 20. Sulfhydryl sensitivity of fumarate reductase.
Cholate-depleted fumarate reductase was treated with p-CMB
or DTNB at 36°C as described in the methods section. The
activity of the uninhibited enzyme was 550 units/mg. e-e,
DTNB treated enzyme; o-o, p-CMB treated enzyme.
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is located at th? active site but is not directly involved
in the binding of fumarate. The inhibition by DTNB could be
reversed by dithiothreitol., When fumarate reduétase, which
had been inhibited 93% by 0.2 mM DTNB, was incubated with 2
mM dithiothreitol at room temperature for 10 mins, 88% of
the original activity returned.
6) Quantitation of Sulfhydryl Groups Essential for Activity.

Slnce the modification of sulfhydryl\groups w1th DTNB
can be quantltated by monitoring the jincrease in optical
density at 412 nm (132) I decided to follow the
disappearence of enzymatic activity as a function of
sulfhydryl groué modification. In identical exberiments the
titration of .fumarate reductase with 0.02 mM DTNB was
 followed by monitoring either enzyme activity or sulfhydryl
group modification, Figure 21. A strong correlation was
found between the hodification of one sulfhydryl group and
loss of 85% of the enzyme activity. When sulfhydryl group
modification was:measured over a longer period of time it
was seen that the essential sulfhydryl group was far more‘
reactige towards DTNB than the other sulfhyEfyl groups‘which
werevapparengly not required for\activity.l
7) Subunit Lécalizaﬁﬁbn of the Essential Sulfhydryl.

when DTNB—modiEied proteins are reacted with cyanide,
the’cyénide’anion Eanfdisplace the DTNB from it's binding
site on these'proteins (137). I have useé this reactlon to
determlne the subunit localization of the single éen51t1ve

sulfhydryl group. When fumarate reductase,’ which had been
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Figure 21. Quantitation of the sensitive sulfhydryl group of
cholate-depleted fumarate reductase. Enzyme (0.21 mg) was

" incubated with an equal volume of 0.4 mM DTNB, at room

- temperature, as described in the methods sectlon. One
-hundred percent activity was 540 units/mg.
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treated with DTNB under conditions which labelled only the
essential .sulfhydryl, was reacted withbsodiuml“c—qyanige,
and fraétionated by polyacrylamide gel electrophoresis in

the presence of SDS a peak of radioactivity coincident with

the 69,000 dalton subunit was seen, Figure 22. No labelling

of the 25,000 dalton subunit occured. However, a second peak

of radiocactivity was seen which was coincident with a
Coomassie~Brilliant Blue staining baﬁd of approximate
molecular weight:38,000; This band was probably a cleavage
pfoduct of the large subunit since incubationvqf gyan;de
mod;ffed protein ét alkaline pH results in the‘cleavage-of
the peptide bond at the aminb terminal side of the modifiedﬂ

cysteine residue (137). This cleavage product was

reproducibly seen when the DTNB-modified protein was treated

with either cold or '*C-labelled sodium cyénide. In control
experiments in which fumarate reductase, which had not been

treated with DTNB, was incubated with either cold or

'4C~labelled sodium cyanide no cleavage product was seen on

Stained gels nor were there any céunts above the background

- level seen in the 69,000 or 25,000 dalton subunits.

8) Visible Absorption Spectrum and Iron-Sulfur Content.

’The visible absorptibn spectrum of native fumarate
reductase is shown in Figure 23. The strucgureless nature of
the spectrum between 400 and 470 nm..(trace A) suggests the
existance of bverlapping iroﬁ-sulfuf and FAﬁ chrqmatophores
(138). In agreement with the spectral data, assays of

non-heme iron and acid labile sulfur gave values of 4.5+0.2
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Figure 22. Localizatibn of the sensitive sulfhydryl group of
fumarate reductase. Cholate-depleted enzyme was labelled
with '‘C-cyanide and the radioactive label identified by
SDS-PAGE analysis as described in the methods section. .
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Figure 23. The visible absorption spectrum of ‘
cholate-depleted fumarate reductase (A) before and (B) after
treatment, with 1.5 mM p-chloromercuriphenylsulfonate.
Incubation was at room temperature and the reference blank
contained 1.5 mM p-chloromsfcuriphenylsulfonate.
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and 4.010.1'per mole of enzyme ;espectively; Further
evidence for the exlstance of an iron-sulfur centre(s) came
from a study of the effect of p- chloromercuriphenylsulfonate
on the visible absorptlon.spectrum of the enzyme. Upon
incubation of fumarate reductase at room temperature for 2
mins with 1.5 mM p-chloromercuriphenylsulfonate the
structureless nature of the spectrum disappeared and a peak
of flavin absorption appeared, Figure 23 (trace B);'Unlike
DTNB and iodoacetamide, p-chloromercuriphenylsulphonate
destroys iron-sulfur centres in proteins (138) and theo
appearance of a well resolved absorption peak for the FAD
moiety suggests that the iron-sulfur centre(s) had been
destroyedt The subunit containing tge iron-sulfur centre(s)
has not yet been established. However, brlmary sequence data
(73,74) suggests that the centre(s) is located in the 25,000
dalton subunit. While there is a random dlstr1bution of
cysteihe residues in the 69,000 aalton subunit, clustering
of cysteine residues, similar to that seen in a ferredoxin
from Peptocoécus aerogenes (139), occurs in the 25,000
dalton subunit, Figure 24. The P.aerogenes enzyme contains
.two centres of the Fe,S, type. One centre is composed of
residues 18, 35, 38 and 41 while the secend is made up of
residues 8, 11, 14 and 45. Although there is cohsidetable
conservation of cysteine residues in fumarate reductase and
the ferredox1n the replacement of a cystelne resxdue at

p051t10n 208 by a valine suggests that fumarate reductase

may contain a single centre of the Fe.,S, type.
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P.aerogenes Ferredoxin

8 mo 14 | 18
-SER-CYS-ILE-ALA- -CYS-GLY-ALA-CYS-LYS-PRO-GLU-CYS-PRO-
35 38 41 45

- SER-CYS-ILE-ASP-CYS-GLY-SER- -CYS-ALA-SER-VAL-CYS-PRO-

'E.coli Fumarate Reductase (25,000 dalton.subunit)

| 149 1 15 159
- ~GLY-CYS-ILE-ASN-CYS-GLY-LEU-CYS-TYR-ALA-ALA-CYS-PRO-
205 208 211 215

~SER-CYS-THR-PHE-VAL- GLY TYR ~CYS-SER- GLU -VAL-CYS-PRO-

Figure 24. Comparison of the probable iron-sulfur.centres of
the 25,000 dalton subunit of fumarate reductase with those
of a ferredoxin from Peptococcus aerogenes. (139). The
numbering is from the amino terminal end of each proteln and
conserved residues are underlined.
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D. Discussion.

In this chapter I reported a number of molecular
_properties of the purified, choiate‘depleted fumarate
reductase. The. native enzyme exists';svan-aﬂ‘dimer of 69,000
and 25,000° dalton subunits. The enzyme diésdciates into its
subunits in the presenéé of 8M urea and 2% (v/v) Nonidet
P-40. The isoelectric point of the Iaige subunit is 6.0
while that of the small subunit is 6.5. The enzyme binds
only 15% of it's own ﬁeight of Tritoh” X-100 suggesﬁing that
it is located extrinsic to the hydrophobic bilayer. The
active site of the enzyme, which contains a single sensitive
cysteine residue, is located in the large subunit while an
iron-sulfur centre(s) appears to be located in the small

subunit.

ﬁﬁring our charactérization“of the E.col | :fumarate

.reductase two reports appeared;aescribing the properties of
fumarate reductase from-Vibrio“succinogenes (140,141). The
properties report?d in these papers show a number of
striking similér?ties to those réported here for the E.coli
:en2yme. Thé'V.succinogenes eniyme exists as an ab dimer of
79,000 and 31,000 daltoh‘subuﬂits (146). The large subunit
contains one mole of covalently—bouna FAD (140) as well as a
single sensitive_sulfhydryl gtoup (141). Aithough extraction
from the membrane\reqdires Triton X-100, the burified enzyme
binds only 0.1 mg of detergent/mg of protein and bbth

subunits contain non-heme iron and acid labile sulfur. Also

the V.succinogenes enzyme catalyses a weak succinate

-~
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‘ dehydrogenase actiQity; the ratio of fumarate reducti?QVEo
succinate oxidation being 0.01 (140). _ <
In addition to similarities to‘the V.succiinogenes
enzyme £.colj fumarate reductase also has a n mber of
properties which are similer’to those~df the succinate
dehydrogenases from beef heart mitochondria (142,143, 144)
and Rhodospirillum Pubrum‘chromatophores-(145). A strong
similérity was found between the\amino'acid and subunit
compositions of all three enzymes, Table 4. Also, all three
enzymes have an FAD moiety covalently- bound to the large
subunit (142, 145) and all contain non-heme iron and acid
labile sulfur (143,145). Similarly to the mitochondrial
succinate dehydrogenase (144) the E.coli fumarate reductase
is markedly stimulated by anions (see Chapter Vi). The
similarity in structure and properties of the E.coli
fumarate reductase to those of fumarate reductase'from
V. SUCCInogenes and the succinate dehydrogenases from beef
Aheart mltochondrla and Rhodosplrlllum rubrum. chromatophores
probably reflects the hlghly specialized function as well as

the similar enzymatic activities of these proteins.



V. The Sidedness of Fumarate Reductase in the Cytoplasmic

membrane of Escherichia coli.

A. Introduction.

The study of the sidedness or orientation of membrane
proteins has,’in tﬁe past few years, become an areé of
intense investigation. One reason for the interest in
'sidedness is the proposél of three distinct mechanisms for
the biedenesis of membrane proteins; The Signal Hypothesis
of Blobel (146), The Membrane Trigger Hypothesis of Wickner
(147), and the Hairpin Loop Hypothesis of Englemann and
Steitz (148). Cléa:ly, a‘criﬁical appraisal of these
postulated mechanisms requires a knowledge of the sidedness
oﬁ a number of membrane proteins. One‘of-the earliest
inQestigations of sidedness was that of glycophorin, the
major glycoprotein of the red cell membrane (149). In this
_ study a combination of prdteolytic enzymes and labelling
reagénts was used to demonstrate the transmembranal nature
of this protein. In general membrane protein sidedness has
been probed using a) lactoperoxidase catalyéed
"23571-1abelling (150), b) by labelling with group specific
but membrane impermeable reagents such as diazobenzene
sulphonate (151), c) by crossed immunoelectrophoresis (150),
d) by analysing the binding of ferritin labelled antibodies
to membranes (152) and e) by £hé use of membrane permeable

£

and impermeable electron donors and acceptors (87). The
. '//
latter technique has been most useful in the investigation
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of the sidedness of electron transport proteins.
A knowledge of protein sidedness has been pa;ticularly
useful in energy transducing membranes such as the inner
mitochondrial and bacterial plasma membranes. The now widely
accepted Chemiosmotic Coupling Hypothesis of Mitchell (5)
requires that electron transport chains consist of
alternating hydrogen and electron carriers»arrénged across
the membrane in a loop. The investigatibn of the sidedness
-of mitochondrial electron transport proteins has provided
strong support for the chemiosmotic hypothesis (17). E.coli
electron transport chains have also been studied. The
,transmembrénal localization of both hydrogenase and formate
dehydrogenase has been demonstrated (150,153). The « and B
subunits of nitrate reductase were shown to haQe a
cytbplasmic localization and the y subunit was shown to be
located onvthe periplasmic side (154). We are now beginning
to develqﬁ a picture of the sidedness of some of the E.coli
electron transport components. The anaerobic
*glycerol/fumaratg electron transport chain shown in Figure 5
is based largely on the chemiosmotic hypothesis which -
predicts the arranéement of electron transport proteins into
loops which span the membrane. In this chapter I describe
_ expefiments which were designed to probe the sidedness of
fumarate reductase in an E.coli plasma'membrane with

amplified enzyme activity.



112

B. Methods.
1) Preparation of Broken Cells.

MV12/pLC16-43 was grown anaerobically on glycerol
/fumarate medium as described in Chapter II. Cells were
harvested, washed twice in 200 mM sodium phosphate, pH 6.8,
and resuspended in this buffer to a protéin concentration of
51.5 mg/m). A/1.8 ml aliquot was made 1% (w/v) in Brij 58
and sonicated for'S mins in 30 sec bursts at maximum power
with microprobe of a Bronson sonifer. During sonication the
cells were kept on ice.

2) Lactoperoxidase Catalysed Iodination.

| Everted membrane vesicleé.were prepéred from
CSR603/pLC16-43 as described in the general methods chapter
and resuspended in 0.1 M potassium phosphate, pH 7.5,
containing 23% (w/v) sucrose, to a protein éoncentratioh of
18 mg/ml. Spheroplasts were also prepared from
CSR603/pLC16—43 as described in the general methods chapter.
Following lysozymg—EDTA digestion the spheroplasts were
isolated by centrifugation at 1,000g for 5 mins at room
temperature ‘and resuspended by gentle swirling in 0.1 M
potassium phosphate, pH 7.5, containing 23% (w/v) sucrose,
to a protein concentration of 6.1 mg/ml. The intaétness of
the spheroplasts was judged by a) the ten-fold decrease in
optical density, at 600 nm, when the spheroplasts were
transferred from 23% (w/v) sucrose to distilled water and b)
the lack of noticeéble viscosity whén the spheroplasts were

gently squirted through a Pasteur pipette.
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Sodium '?*I-iodide was obtained as a solution
containing 3 mCi in 30 vl of 0.1 M sodium hydroxide pH 13.
This solution was neutralized by the addition of 15 ul of 1
M potassium phosphate, pH 6.6, followed immediately by 45 ul
of 10 UM sodium sulphite. The. iodine producea by
neutralization was reduced with sodium sulphite to give a
neutralized solution of sodium '?*I-iodide containing 3 mCi
in S0 ul. To 100 ul of everted membrane vesicles (0.9 mg of
protein) was added 66.6 UCi of sodium 125-iodide, hydrogen
peroxide (preparedvby dissolving 3 ul of 35% H,0, in 4.5 ml
of 0.1.@ potassium phosphate, pH 7.5, containing 24% (w/v)
sucrose)'to a final concéntration of 0.2 mM, and one unit of
lactoperoxidase (also prepared in 0.1 M potassium phosphate,
pH 7.5, containing 24% (w/v) sucrose). The reaction was
allowed to go for 60 mins at room temperature and was
stobped by the addition of 900 Ul of 0.4% (v/v) acetic acid.
Spheréplasts'ﬁere labelled exactly as described for everted
membrane vesicles except that 0.6 mg of protein and two
units of lactoperoxidase were used. Also, the reagtion was
allowed to go for 30 rather than“60 mins. The shortened
incubation was found necessary because of the taendency of
thé spheroplasts to lyse-after 30 mins incubation. After the
reactidn was quenched by the addition of acetic acid each
sample was dialysed against three litres of 0.05 M sodium
acetate, 0.5 M NaCl, 1*mg/ml bovine‘serum albumin and 0.2
" mg/ml sodium azide for two days to remove the unreécted

iodide. Following dialysis, each sample was solubiliied and
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analysed in a 10% (w/v) acrylamide-0.28% (w/v) bisacrylamide
tube\gel using the fast running system of Jovin et al (91)
asdeEpfibed in the general methods chapter, stained,
destained, sliced and counted in an LKB 1270 RACKGAMMA II.
3) Prepakation and Purification of Anti-Fumarate Reductase
Gamma Globulin.

Gamma glpbulin was prepared and purifi%d Sy Mark Ehrman
as described in (155).

4) Titration of\}n@arate Reductase with Anti-Fumarate
Reductase Gamma Globulin. .

To 2.5 ml of 0.2 M sodium phosphate, pH 6.8, were added
either 2 ug of pure fumarate reductase, 1 Og of fumarate
reductase ,in broken cells, 1.3 ug of fumarate reductase in
Kaback vesitles, 2 ug of fumarate reductaée in everted
membrane vesicles or 2.3 .ug of fumarate reductase in whole
cells followed by varying amounts of anti-fumarate fedq¢tase
gamma globulin or anﬁirATP citrate lyasezgamma globulin.\For
calculation of the amount of membrane-bound fumarate
reductase a specific activiﬁy of 550 units/mg was used. The
stock anti~fumarate reductase gamma globulin was 28.7 mg/ml
in protein while the stock anti-ATP citrateilyase gamma
globuliﬁ was 30.8 mg/mluin protein. After i?cubation at room
temperature for 5 mins, benzyl viologen, soéium dithionite
and fumarate were added and the change in optical density at
570 nm was measured using a chart record?r. Incubation of

entyme in the absence of antibody did not result in éhy loss

of activity.
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C. Results, ‘ ‘
1) Sidedness of the Active Site of Fumarate Reductase.

A common approach to the study oﬁkthe sidedness of the
active site of membrane-bound enzymes involves the use of
membrane impermeable substrates'(87). Fumarate reductase
activity can be measured using the largely impermeable
electron donor reduced methyl viologeﬁ (87). When the
fumarate redﬁctase activity of whole and broken cells was
measured using this electron donor, the specific activity
increased from 0.17 to 1.3 units/mg upon breakage of the -~
cells. Since the molecular weight of methyl viologen is 257,
it can pass ffeely through the outer cell wall and the
increase in specific activity upon breakage is due to
removal of the barrier imposed by the intact inner membrane.

Hence, the 7.6 fold increase in specific activity suggests

that the active site of fumarate reductase is located on the -

cytoplasmic sidg of the inner membrane.

As a control the membrane impermeable electron aJceptor
ferricyanide was used to assay for glycerol-3-phosphate ’
déhydrégenase act?vity in both whole and broken cells. Both
the aerobic and anaerobic enzymes are presént in
anaerobicaliy grown cells and both enzymes are located on
the cytoplasmic side of thé membrane (42,48). The séecific
activity increased from 0.11 to 0.89 units/mg onn breakage

of the cells.
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2) '**I-lodide Labelling of Everted Membrane Vesicles and
Spheroplasts.

One of the classic approaches to the study of mgmbrane
protein sidedness involves the use of membrane impgrmeable
labelling reagents. We have taken advantage of thé increased
levels éf membrane-bound fumarate reductase in E£.colj strain
CSR603/pLC16-43 and used lactoperoxidase catalysed
iodination as a probe of the sidedness of fumarate
reductase. Since lactoperoxidase is membrane impermeable,
only tyrosine residues‘exposed on the membrane surface
accessible to the enzyme will bé labelled. At the level of
sodium iodide used in this study no significant chemical
ldbeliing should occur(156). Figure 25 shows the ‘'?3*I-iodide
lagelling patterh of everted membrane vesicles and
spheroplasts. Because of the elevated levels of fumarate
reductase whole membranes could be fractionated by
polyacrylamide gel electrophoresis, in the presence of
sodium dodecyl sulphaté, and counted for radioactivity. When
spheroplasts were used, no significant amounts of label were
found in either the 69,000 or 25,000 dalton subunits. On the
other hand} both subunits were labelled when everted
membrane vesicles were use%. Interestiﬂgly} no significant
labelling of ﬁhe OmpC and F geﬁe products (porins) occured.
This is consistent with the findings of Birdséll and
Cota-Robles (157). These workers found that during the
preparation of spheroplasts\by lysozyme-EDTA digestion the

outer cell wall rolls up into a ball which is largely



0 o 20 - 30 40
N + SLICE NUMBER

spheroplasts and everted Wembrane vesicles. Iodination was
performed as described in the methods section. ®-m,
labelling profile for‘§pheroplasts; -0, labelling profile
for everted membrane vesicles.

Figure 25. Lactoperoxida%g;:atalysed '*%I-iodination of
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inaccessible to membrane impermeable reagents. A similar
mechanism probably accounts for the low levels of label
found in the everted membrane vesicles‘in the 35,000 dalton
region.

These resullts suggest that both subunits are exposed on
the cytoplasmic surface and do not span thé membrane. This -
result is supported by the Triton X-100 bindiné study -
reported in Chapter IV. Fumarate reductase bound only
0.1520.03 mg of detergent/ﬁg of protein. A transmembranal
protein+would be expected to bind considerably more than 15%
.of its own weight of detergent(130). The lactoperoxidase
cat?iysed iodination approach'is subject to the criticism
that in order to label a.fransmembranal protein tyrosine
rédidués must be exposed on both sides of the membrane.
‘Hoﬁeﬁer,fsince fumarate reductase contains 21 moles of

s

tyrosiné per mole of enzyme it seems unlikely that a

t;éhsmembranal arrangegent would not be detected by the

igdination approach.

3) Inhibition of Fumarate Reductase Activity by Antibody.
A third approach which has been used to probe the

~

sidednessrof fumarate reductase involved the étudy of the
effect of anti-fumarate reductase gamma globul.:a on
membrane-bound enzymatic activity. Figure 26 shows the
inhibition profile for fumarate reductase acfivity in Kaback
vesicles, everted membrane vesicles, whole cells, broken
cells and pure enzyme. As a control for non-specific {
inhibition; all preparations were titrated with antibédy
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Figure 26. Inhibition of fumarate redugtase activity with
anti-fumarate reductase antibody. o-o,"Burified,
cholate-depleted enzyme; O-a, broken cells; a-a, everted
membrane vesicles; eo-eo, Kaback vesicles; m-#, whole cells.
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against rét liver ATP citrate lyase and any inhibition
obtained was subtracted froﬁ the inhibition found with
anti-fumarate reductase antibody. No greater ghan 5%
inhibition was found with the control antibody. All.membrane
fractions tésted contained approximately the same amount of
fuma:ate reductase. Close to complete inhibition was found
with pure enzyme. Broken cells, prepared by sonication of
whole cellé in the presence of 1% (w/v) Brij 58, were
inhibited by 70%. The inability‘té completely inhibit the
activity in broken cells may have been due to protection
afforded by the detergent,—Brij'58. Everted membrane
vesicles were inhibited by only 55%. The less than complete
. inhibition may have resulted from‘stabilization of the
enzyme by the membrane or alternatively some antigenic sites

may not have been accessible to the antibody. Twen

percent inhibition &as found with Kaback vesicies.,r-f
vesicles are supposed to have the same orientation as the
plasma membrane in the‘intact cell. However, most workers
believé that some "flip-flop" of protein occurs during the
preparation of thesg vesicles(31,48). When the fumarate
requctase activity of the Kaback vesicles was measured using
the impermeable electron donor méthyl viologen, 56% of the
activity present in the intaqt vesiélgs could be detécted.
This indicated that considerable "flip-flop" héa occured and
probably accounts for the 25% inhibition of activity.
Approximately 8% inhibition was found with whoie cells and

this probably resulted from cell lysis. Although the
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interpretation of the antibody titration data is the subject
of some speculation, in view of thevless than complete
inhibition of membfane—bound and deterent solubilized -
activity, it‘generally supports the conclusions of the two
previous sections and suggests that fumarate reductase is

located on the cytoplasmic surface of the E.coli plasma

membrane.

D. Discussion.

Our investigation of the éidedness of fumarate
reduétase was part of a larger study aimed at understanding
the properties of the membfane—bound and soluble forms of
thié enzyme. In particular our Triton X-100 binaing data
(Chapter IV? did not support the contentation that fumérate
reductase was an integral membrane protein.'Also, work by
Wikstrom (20) indicated that mitochondrial cytochrome
oxidase is a proton pump; a similar function for fumarate
reductase would reqguire that it span the membrane. In
addition, the chemiosmotic coupling hypothesis requires an
asymmetric distribution of alternating hydrogen and electron
carriers arranged across the membrane in a loop (5). A
”proton gradient could never be generated by the anaer&bic
glycerol/fumarate electron transport chaih if the terminal
electron acgeptof, fumarate reductase, was located on the
periplasmic surface of the plasma membrane (see Figure 5).
Our results are consistent with the chemiosmotic coupling

s

hypothesis and suggest that fumarate reductase is located on
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the cyteplasmic surface of the E.coli plasma membrane.
During the course of fhe work described in this‘chapter, the
laboratory of Dr W. Konings independently deduced the
sidedness ?f fumarate reductase (158). Their‘results are in

agreement with those described here.



Vi. Effects of Anions on Fumarate Reductase.

~A. Introduction.

It is now becoming increasingly ciear that a large
number of intrinsic membrane proteins require phospholipids
-or nonionic detergents for activity. This phenomenon was
| discussed in Chapter III in relation to the aerobic
glycerol-3-phosphate dehydrogenase from E.coli. During Peter
Dickie's initial characterization of purified fumarate
reductase, a protein which reqﬁires nénionic detergent for
extraction from the membrane and is therefore classified as
an intrinsic membrane protein, he:notiCedhthat amphipaths
did not affect the turnover rate of the enzy&e. However, a’
marked!increase in activity'Wés observed when enzyme
activity was measured in theﬂpresence of phosphate.
Interestingly, membrane-bound (everted membrane vesicles)
fumarate reductase was not stimulated by phosphate. Indeed,
based on the quantitation of fumarate reductase acEivity in
the presence of phosphate before and after membrane
solﬁbilization, no dramatic increase in aétivity was seen
(see appendix I). This suggests that the membrane-bound
enzyme is already in the activated state. We hypothesised
that phosphate may be mimicking some membraneJcomponent and
decided to study the effects of phosphate on a number of

properties of cholate-depleted purified fumarate reductase.
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B. Methods.
1) Titration of Fumarate Reductase-with Anions.

Assays of fumarete reductase were performed'as,
described in Chapter II exéept that 25 mM Hepes, pH 6.8 ,
was used instead of 200 mM sodium phosphate, pH 6.8, as the
assay buffer. One molar stocks of salts, titrated to pH 6.8,
were added to the assay mixture to give the final
concentratione indicated. The order of addition was alwajs
assay buffer, anion, enzyme, benzyl viologen, dithionite and
fumarate. Purified enzyme, which had been cholate depleted
and taken up in 25 mM Hepes, pH 6.8, was used. Succinate
dehydrogenase activity was measured as described in the
generel methods chapter except that sodium phosphate, pH
6.8, was used at various concentrations as the assay buf fer.
2) Thermostability of Fumarate Reductase. |

Cholate*depletei/ggparate reductase (2.1 mg/ml) in
either 200 mM sodium phosphate, pH 6.8, or 25 mM Hepes, pH
6.8, was incubated at 40, 45 or 50°C. Aliquots were
withdrawn at the specified times and assayed for fumarate
reductase activity in 200 mM sodium phbephate} pH 6.8.

3) $tability of Fumarate Reductase at Alkaline pH.

Fifty ul of cholate—depleted fumarate reductase’ (1
mg/ml) in 0.4 M sodium phosphate, pH 6.8, was app ied to a 2
ml Pasteur pipette column of Sephadex G-25 eq ibrated with
20 mM Tris-HCl at a pH of 7.9, 8.2, 8.6 or 9.0. The column
was eluted with the equilibration buffer and fractions

containing fumarate reductase combined. These operations
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usually took 8-9 mins. At 10 mins an aliquot was assayed for
fumarate reductase activity and this value was taken as 100%
activity. Aliquots were‘taken at the specified times and
assayed. The percent inhibition was calcuiated relative to
the activity at 10 mins. First order rate constants for
inactivation were calculated from the slopes of
semi-logarithm plots of activity'versus time (see appendix
irr). |
4) Effect of Alkaline pH on the visible»AbSOrption Spectrum
of Fumarate Reductase.. )

Cholate-depleted fumarate reductase (0.12 mg/ml) in 20
mM Tris-HCl, pH 8.2, was incubated at room temperature and
ité absorption spectrum between 350 and 600 nm measured
after 8, 13, 22, 30, 40, 55, 80, 108 mins incubation. The
spectra were measuréa in a Varian Cary spéctrophotometer
using 20 mM Tris-HCl, pH 8.2, as a blank.
5) Circular Dichroic Spectra &f Fumarate Reductase.

The far ultraviolet specéra of fumarate reductase in 25
mM Hepes, pH 6.8, or 0.4 M sodium phosphate, pH 6.8, were
measured at 27°C in a Cary 60 spectrophotometer equipped
with a 6001 CD attachment. The appropriate buffer blanks
were used to establish the basélines for the spectra. Molar
ellipticities were measured as described by Oikawa et al
(87) and and thefa-helical} B-sheet and random coil
components determined as described by Chen et al (98); (seé

appendix II).
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6) Titration of Fumarate Reductase with DTNB.

Cholate-depleted fumarate reductase (300 wg in 0.15 ml
of 25 mM Hepes; pH 6.8, or 270 ug in 0.15 ml of 0.4 M sodium
phosphate, pH 6.8) was added to an equal volume of 40 uM
_DTNB in 25 mM Hepes, pH 6.8, and .incubated aL room
temperature. Aliquots were withdrawn at the specified times
and assayed for fumarate reductase activity. Rate constants
for the modification of fumarate reductase by DTNB were
calculated from the slopes of semi-logarithm plots of
activity versus time (see appendix III).

7) Measurement of the Michaelis-Menten Constants and Maximal
Velocities.

Apparent Km and Vmax values were determined from the
Wilkinson (99) statistical fit of initial rate measurements
of fumarate reductése or succinate dehydrogenase activity in
sodium phospﬁape, pPH 6.8, buffer.of varying concentrations.
At least 10 different concentrations of substrate were used

for each determination,

C. Results.

1) Stimulation of Fumarate Reductase Activity by Anions. ,
The original study carried out by Peter Dickie showed

that phosphate éﬁimulated fumarate reductése activity. I

first wanted to see if other anions could replace phosphate.

Table 5 lists the stimulatory effects of a broad range of

mono- and divalent anions at concentrations of 50 and 200 mM

and in the presence of the reducing agent dithiothreitol.
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Fumarate Reductase by Anions.

Fold Stimulation

Activator 50 mM 200 mM
Sodium Phosphate 5.20 5.86
Sodium Azide 5.20 5.80
Sodium Citrate 4.20 5.80
Sodium Acetate 3.44 5.23
Sodium Sulfate 4,16 4.73
Sodium Chloride 2.25 3.74
Potassium Nitrate " ND 3.52
Sodium Formate - 2.58 3.50
Sodium Nitrite 2,90 2.40
Sodium Sulfite 1.00 1.32
Sodium Borate 1.00 1.00

ND = not determined.

2 ug of enzyme, which had been taken up in 25 mM Hepes, pH
6.8, following cholate depletion, was used per assay. Stock
salt solutions, titrated to pH 6.8, were added directly to
buffer before the-enzyme to the indicated final
concehtration. The assay buffer was 25 mM Hepes, pH 6.8
which contained 0.5 mM DTT.

the a

*



128

Although most anions tested could activate fumarate
reductase, the chaotropic anion berchlorate gave 68%
inhibition at a concentration of 500 mM, while potassium
cyanide gave 54% inhibition at a concentration of 4 mM. The
data in Table 5 indicated that activation was not a simple
ionic strength effect (cf phosphate and sulfate). Sincé
phosphate was found to be one of the best activators it was
chosen for further detailed study.-Figure 27 presents the
stimula;ion of fumarate reductase as a function of phosphate
concentration in the presence and absence of 0;5 mM
dithiothreitol. In the absence of reducing agent 300 mM
phosphate was required for maximal stimulation. However;
when dithiothreitol was present, maximal activation was
achieved by 50-100 mM phosphate. Interestingly,
dithiothreitol alone did not activate the enzyme indicating
that it acts to potentiate the anion effect. In independent
experiments Peter Dickie showed that other reducing agents,
glutathione and B-mercaptoethanol at 0.05 and 10 mM
respectively, could also potentiate the stimulatory effects
of anions. It can also be seen in Figure 27 that phosphate
had no significant stimulatory effect on membrane-bound
fumarate reductase in the presence or absence of 0.5 mM
dithiothreitol.

Stimulation by anions was virtually instantaneous
(within 20 sec) and was not affected by the presence of 0.1%
(v/v) Triton X-100 in the assay mixture. Also activation was

reversible; enzyme in 0.4 M sodium phosphate, pH 6.8,
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FOLD STIMULATION
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Figure 27. Stimulation of fumarate reductase activity by
phosphate and dithiothreitol. The assay buffer was 25 mM
Hepes, pH 6.8. One molar potassium phosphate, pH 6.8, was
added to the assay mixture to the indicated final
concentrations. m-m, activity in everted membrane vesicles,
prepared from MV12/pLC16-43, in the presence and absence of
0.5 mM dithiothreitol. 0-0, activity of cholate-depleted,
purified enzyme in the absence of 0.5 mM dithiothreitol.
®-#, activity of cholate-depleted, purified enzyre in the
presence of 0.5 mM dithiothreitol. Activity is expressed as
the fold stimulation above a basal value of 40 and 100
units/mg for the membrane-bound and purified enzymes
respectively.
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diluted into Hepes buffer gave a level of activity
characteristic of the anion deficient enzyme. The inability
of Hepes to activate is probably related to the pH at which
assays were performed; at a pH of 6.8 Hepes (pKa= 7.55)
would be largely in the protonated form. The o;der of '
addition of components to the assay mixture was important;
the following order was found to give maximum activation and
was used throughout this study, buffer, anion, enzyme,
benzyl vioclogen, dithionite and fumarate, Table 6. Although
the extent of activation depended on the order of addition,
phosphate gave significant activation even when added last
to the assay mixture, Fuqarate, on hﬁi other hand, showed a

¥

more rigid dependence upon the orcﬁéwa addition; when

fumarate was added last only a 1.8A activation occurred
at a concentration of 200 mM. However, when added before the
enzyme, fumarate was'a good activator giving 4.4Jand 5.7
fold activa;ion at 50 ;nd 200 mM respectively.

I next investigated the ability of a series of
phosphate esters to activate. The best aétivator found was
pyrophdsphate1 Figure 28. A 6.5 fold stimulation océured at
7 mM. The adenine nucleot%des AMP, ADP and ATP‘were also
found to be effective activators. The order of potency as
activators was ATP>ADP>AMP. Interestingly,
o-phosphorylethanolamine, the anionic head group of the
major phospholipid class in E.coli, gave 5.2 fold

stimulation at a.concentration of 19 mM. The results in

Figufe 28 suggest that activation depehds upon the charge
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Table 6

The Dependence of Activation on the Order of Addition to the
Assay Mixture. :

Order of Addition . Fold Stimulation
Hepes,P(200mM),FR,BV,Dith,Fum. 5.5
Hepes,FR,P(200mM),BV,Dith,Fum. 4.9
Hepes,FR,BV,Dith,P(200mM),Fum. 4.4
Hepes,FR,BV,Dith,Fum, P(200mM) . 3.2
Hepes,Fum(ZOOmM),FR,BV,Dith. | 5.7
Hepes,FR,BV,Dith,Fum(200mM). _ 1.8
Hepes,FR,Fum(30mM),BV,Dith. 3.4
Hepes,FR,BV,Dith,Fum. : 1.7

Hepes = 25.mM Hepes, pH 6.8.
P = Sodium Phosphate, pH 6.8.

FR Fumarate Reductase.

BV Benzyl Viologeh. : A

' Dith = Sodium Dithionite.
Fum = Sodium Fumarate, pH .6.8.

9 .
The concentrations of dithionite, benzyl viologen and .
fumarate were as described in Chapter II unless specifigd
otherwise. Two ug of enzyme was used per assay. e
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Figure 28. Stlmulatlon of cholate-depleted fumarate
reductase by phosphate esters. The assay buffer was 25 mM
Hepes, pH 6.8, which contained 0.5 mM dithiothreitol.
_PhoSphate‘esters, titrated to a pH of 6.8, were added
directly to the assay mixtures to the indicated final
. concentrations. Activity was measured during titration with;
'0-0, sodium pyrophosphate; @ -&, ATP; O-0, ADP; 6-e, AMP; and
4-4, potassium phosphate. Act1v1ty is expressed as the fold
st1mulat10n above a basal level of 100 units/mg.
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density of the activator. The polyanion dextran sulfate was
unable to stimulate reductase activity at concentrations of
bound sulfate equivalent to concentrations of sodium sulfate
which gave actiyétion. Anion stimulation therefore seems to
be a function of the size of the non-anionic portion of the
molecule relative td that of the anionic portion as well as
the total nﬁmber of hegafive charges on the activator.
Although anions clearly enhance fumarate reductase

activity, the use of an artificial electron donor such as

—

reduced benzyl viologen may be cauéing artifacts in the
assay. To address this possibility fumarate rgduct?se from
the pig intestinal parasite Ascaﬁisilumbricoides, which haa
been partiélly purified by Bernie Lemire/, was-assayedausing

another artificial electron donbr, reduced methyl viologen.

>

No more than a 20% stimulation of activity was found in the
presence of 200 mM concentrations of various anions. |
However, with the E.col/i enzyme activation by ani%ps
occurred whether methyl- oribénzyl viologen was used.“Also,
the finding that membrane-bound fumarate reductase was not
activated by anions strongly shggesgs that anion activation
of the E.colj enzyme is not anwaréifact of the use of benzyi
viologen, I have also found that the chblate form of the
enzyme shows the sap@9aependgnce 6f‘activity upon anions as
does thec;holate-dégléted form. Although choléte is anionic
at pH S;BMits Qplky cyclohexane rings probably preclude it

from acting as an activator.
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2) Effect of Anions on Thermostability.

In order to see if anion actiQation';esulted in a
modulation of the physical properties of fumarate reductase,
I examinea a number of physical properties in the presence
and absence of anions. One of the first properties 1
examined was the ability to résist thermal dénaturation. A

striking difference was seen when the thermostabilities of

AN
oty

pPH 6.8, and 25 mM Hepes, pH 6.8,vwere compared, Figure 29.

purified fumarate reductase

ﬁ &UQ¢mM potassium phosphate,

' Fifty percent inhibition occured after 2.5, 23 and 65 mins
at 50, 45 and 40°C respectively in Hepes. In 200 mM
potassium phosphate, pH 6.8, conditions under which

activatiéh is approximately 70%, no éignificaqt loss of

In thermal stability.

3) Effect of Anions on the Stability of Fumarate Redugtaée
at Alkaline pH.

During the cyanide labelling experiments described in
Chapter 1V, I hoticed that enzyme activity was lost very
rapidly upon incubation at room temperature in 20 mM
Tris-HCl, pH 9.0. I therefore decided to examine the effect
o% phosphate on the rate of loss of activity at alkaline pH.
The stability of fumarate reductase activify in the pH range
7.9 to 8.6 was examined in the presence and absence of 200

mM sodium phosphate. Figure 30 compares the rates of loss of
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Figure 29. Thermostability of fumarate reductase.
Cholate-depleted fumarate reductase was incubated in either
25 mM Hepes, pH 6.8, at 40(o), 45(R) or 50°C(A) or in 200 mM
sodium phosphate, pH 6.8, at 40(e) or 45°C(a),
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Figure 30. Stability of fumarate reductase at alkaline pH.
Cholate-depleted fumarate reductase was incubated at room
temperature in 20 mM Tris-HCl, at pH 7.9(o), 8.2(4) or

8.6(e). Assays were performed as described "tn Chapter II.
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reductase activity in 20 mM Tris+HCl at pH values of 7.9,
8.2 and 8.6;(when activity was assayed in 20 mM Tris-HCl, pH
7.0, a level of activity characteristic of the deactivated
enzYme was found). Since it took 8-9 mins to get the énzyme
into the appropriate buffer, the data in Figure 30 are based
on an activity of 100% at 10 mins. By extrapolation of
semi-logarithm plots of activity versus time it was
estimated that the following losses of activity had occured
by 10 mins: 9.8, 30.6 and 48.3% at pH values of 7.9, 8.2 and
8.6 respectively. From the data in Figure 30 it can be seen
that the rate of loss of activity increased markedly when
the pH was increased from 7.9 to 8.2 whilé the increase was
less dramatic in the pH range from 8.2 to 8:6. Rate
constants for inhibitién'were extracted from semi-logarithm
plots of activity versus time (see appendix III) and these
are presented in Table 7 along with the half-times of
inhibition. When 200 mM sodium phosphate was breseht in the
Tris buffer no loss of activity occured upon iﬁcubation at
room temperature for up to 60 mins at pH values as high as
9.0. |
,Iﬁjorder to further examine the stabilizing effects of
anions experiments vere performed to exam{%e the following
possible mechanisms of inactivation:

a) At alkaline pH essential sulfhydr roups may be
oxidized. The oxidized sulfhydryls may th. 2late heavy

metal cations which would be inhibitory to ziuzyme activity.

In order to test this hypothesis enzyme was incubated at a
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Table 7

Stability of Fumarate Reductase at Alkaline pPH in the
Absence of Anions.

pH Half-Life(mins) k (sec™])

-4
7.9 64 1.8 x 10
8.;// 18 6.4 x 10"

- 4
%s ) 10 11.3 x 10

/

/7

-

Half-Life is the time required for loss of 50% of the
starting activity.

138
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pH of 7.9 or 8.6 in 20 mM Tris-HCl which contained 1 mM
dithiothreitol to reduce any oxidized sulfhydryls. Again
first order kinetics of inhibition were found with rate
constants of 2.2 10-* and 12.1 10-* sec”' at pH 7.9 and 8:6
respectively. Therefore oxidation of sulfhydryl groups seems
not to be responsible for inhibition at alkaline pH.

b) The iron-sulfur centre(s) may‘be destroyed by
alkaline pH. This possibility was examined as folléws;
fumarate reductase was incubated at room temperature in ZQ
mM Tfis-HCl, pH 9.0, in the presence or absence of 200 mM
sodium phosphate. After 35 mins incubation the sample
incubated in the absencerf pﬁosphate had lost 95% of its
reductase activity while the sample incubated in the
presence of phosphate retainéd 100% of its activity. The
.samples were then chromatographéd on a.2 ml column of
Sephadex G-25 to sepafate the iron, which would have been
released ﬁpon destruction of the iron—sulfur centre(s), from
the protein. An assay for non-heme iron on both samples
indicated that the samples incubated in the presence of
phosphate had 4.5 ﬁoles of iron per mole of enzyme while the
sample incubated in the absence of phosphate had 4.6 moles
of iron per mole of enzyme. It thefefore seems that
inactivation is not due to destruction of the iron-sulfur
centre(s). This result was-confirmed by measurement of the
visible absorption spectrum of enzyﬁe incubated in 20 mM
Tris-HCl, pH 8.2. Figure 31 shows the visible absorption

spectrum between 350 and 600 nm as a function of time of
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Figure 31. Effect of alkaline pH on the visible absorption
spectrum of fumarate reductase. Cholate-depleted fumarate
reductase was incubated at room temperature in 20 mM
Tris-HCl, pH 8.2, for 8(1), 13(2), 22(3), 30(4), 40(5),
55(6), 80(7), and 108(8) minutes. Spectra were mwasured in a
Varian Cary spectrophotometer using 20 mM Tris-HCl, pH 8.2,
as a reference blank.
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incubation. During the first 55 mins of incubation
absorption between 400 and 470 nm decreased by about 10% and
then remained constant for up to 60 mins further incubation.
Although the absorbance decreased on the same time scale as
inactivation occured, the structureless nature of the’
spectrum remained. This result suggests that destruction of
the iron-sulfur centre(s) and FAD moiety are not responsible
for inactivation. However, the decrease in absorbance upon
inactivation may be due to a change in the environment of
the FAD and iron-sulfur chromatophores.

c¢) Another possible mechanism was inactivation
éesulting from destruction of the active conformation of the
protein. Such a mechanism is plausible since deprotonation
of essential residues could have occured at alkaline pH. To
probe this possibility we measured the far ultraviolet
circular dichroic spectrum of enzyme incubated in 20 hM
Tris—-HCl, pH 9.0, for 50 mins in the presence orAébsence of
200 mM sodium phosphate. The percentages of a-helix, B-sheet
and random coil respectively were 29.5, 10.5 and 60% in the
presence of phosphate and 26.0, 11.7 and 62.3% in the
absence of phosphaté. As a control for any conformational
change dhe to Tris-HCl, a sample was incubated in 200 mM
sodium phosphate, pH 6.8, at room temperature for 50 mins
and its far ultraviolet circular dichroic spectrum was
measured. The percentages of «—-helix, B-sheet and random
coil respectively were 29.6, 11.2 and 59.2%. Thus it seems

that inactivation 1is not accompanied by any large change in
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conformation. However, the 3.6% decrease in a-helical
content may be significant. In this regard it was
interesting to eﬁamine the effect of fumarate on the rate of
inactivation. I measured the first order rate constant for
inactivation of fumarate reductase during incubation in 20
mM Tris-HCl, pH 8.6, in the presence and absence of 1 mM
fumarate. At this concentration fumarate is acting as an
substrate ratﬁer than as an activating anion. The rate
constant decreased from 11.3 10-* to 2.1 10-* sec”' upon
inclusion of substrate during the incubation. Thi§ result
may be interpreted to mean that substrate helps to stabilize
the enzyme in its active confo;mation. A similar role can
probably be attributed to acti§ating anions.

4) Effect of Anions on the Circular Dichroic Spectrum |
Fumarate Réductase.

In order to examine the possibility of anions
activating by inducing a conformational change in the
protein, the far ultraviolet circular dichroic spectra of
the enzyme in 400 mM sodium phosphate, pH 6.8, or 25 mM
Hepes, pH 6.8, were measured, Figure 32. The percentages of
a—helik,lﬂ-sheet and random coil respectively calculated
from these spectra werel30.1, 12.9 and 57% for the activated
enzyme}and 34.8, 17.4 and 47.8% for the deactivated enzyme,
Thus, upon activation, the a-helical content decreased by
4.7%. This result is suggestive of a conformational cﬂange

occuring upon activation.
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Figure 32. The far ultraviolet circular dichroic spectrum of
cholate-depleted fumarate reductase in 25 mM Hepes, pH 6.8,
(4-4), or 400 mM sodium phosphate, pH 6.8, (o-o). The ;
approprlate buffer blanks-were used to establlsh the

baselines.
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5) Effect of Anions on the Sulfhydryl Sensitivity of
Fumarate Reductase.

Although the results of the previoﬁs section were
suggestive of a conformational change being induced by
anions they were not conclusite. I therefore decided to use
another approach to probe the conformation of the activated
and deactivated enzymes. The approach chosen derived from
the work presented in Chapter IV which demonstrated the
existance of a single sulfhydryl group which was essential
for fumarate reductase activity. Essentially I decided to
examine the sensitivity of the activated and deactivated
enzymes to inactivation by the sulfhydryl reagent DTNB.

'Figure 33 shows the linear first order kinetics of the
inactivation of reductase activity by 0.02 mM DTNB. The
first order kinetics were surprising since DTNB was present
in only a two-fold molar excess over protein. However, it
was 1nterest1ng to find that the rate of 1nact1vat10n in 25
me Hepes was significantly faster than the rate in 200 mM
?sodlqm phosphate. In three 1ndependent experlments the rate
B of loss of act1v1ty of the deactivated enzyme was 2.3 to 2.8
fold faster than the loss of activity of the actlvated '
enzyme. From the data in Figure 33 pseudozlirst order ‘rate
constants for inactivation were calculated to be 5.6 10" M~
sec”' for the deactivated and 2.1 10' M- sep“ for the
activated enzymes (see appendix III). In a similar
experiment to that shown in Figure 33 the rate of

modification of sulfhydryl groups was followed. Identical
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Figure 33. Sensitivity of fumarate reductase to inhibition
by 0.02 mM DTNB. Cholate-depleted fumarate reductase in

either 25 mM Hepes, 'pH 6.8, (0-8), . ~ 400 mM sodium .
phosphate, pH 6.8, (o-o0o), was added .o an equal volume of
0.04 mM DTH" 'ncubatlon was at room temperature and assays

were perfo: .+ as described in Chapter 1II.
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rates were found for the enzyme in 25 mM Hepes and 200 mM
sodium phosphate. This result is not surprlslng 51nce there

are probably a number of surface exposed CY S

;n both forms of the enzyme. The equal rates}T?”éySteine
modification suggest that the différenf rates of inhibition
are not an artifact of differences in DTNB reactivity .
because of the different ionic strengths of the incubation
mixtures. Quantitation of sulfhydryl group modification
indicated thét at 20 UM DTNB the deactivated enzyme was «
inhjbited 85% after one mole of sulfhydryl had been modified
per mole of enzyme. However, for the activated enzyme 85%
inhibition otcured aftér{two moles of sulfhydryl had been
:modified per mole of enzyme. These results are consistent
with the hypothesis thaﬁ in the deacﬁivated énzyme the
sensitive cysteine is acce551ble to DTNB and competes
effectlvely Wwith the other access1ble sulfhydryls for the*
low levels of DTNB avaglable.'ln the actlvated enzyme\the
sensitive cysteine is;less accesible to DTNB;and competes
less effectively wit@fthe other accesible cysteine residues
and as a result is m&dified at a ‘'slower rate. The results
presented above are cgnsistent with the idea that anions
induce a conformational change in fumarate teductase.A
Howéver, the poésibility,that anions bind at the active site
and protect the essential'sulthdryl cannot be ryled out.

‘ s
6) Effect of Anions on the Catalytic Parameter§ of Fumarate

k]

Reductase.
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To further pursue the gffect§ of anion's on the
catalytic activity of fumarate reductase, I meg%;red the
Michaelis-Menten constants for both fumarate (fumarate |
reductase activity) and succinate (succinate dehydrogenase
activity) as a function of phosphate concentration. The Km
for fumarate was found to be independent of phosphaté
concentration, Table 8. An average value of 420 uquaé
determined. However, the Km for succinate was dependent on
phosphate concentration Figure 34 ahd Table 8. The Km for
succinate showed the same dependence on phosphate \
concentration as did ‘activation of fumarate reductaée
activity in-the absence of reducing agent (cf Figure 27).
The Km increased from 20%3 to 1514110 UM as .the phosphate
concentration increased ffom 0 to 400 mM respectively. The
maximal velocity of the‘succinate dehydrogenase activity
remained relatively céhst;;t as the phosphate,concentration
was increasqd, The succinate dehydrogeﬁ@%e assays at 0 and
700 mM wererperformed by Pgtgr bickie. @?&

The signifidance of- the increase in the éﬁ‘for
succinate is uncertain. Although membréne-bound fumarate
reductase is not activated by anions, I have found:that‘its
Km for succin%té increases from 531t102\uM in 50 mM
phosphate toiH763t161 UM in 200 mM phosphate. This result
suggests thaﬁ the effects of phosphate on the maximal
velocity of #umarate reductase activity and'the Km for
succinate aré probably distinct and unrelated to one

another.
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The Effect of Phosphate on the Km and Vmax for Succinate and

Fumarate.

L

Succinate Fumarate
Phosphate(mM) Km(uM) Vmax Km(uM) . Vmax
<0 | 20*3 3.360.12 40040  110£25
50 40020 4.6£0.08 44060  415%47
200 958100 3.6£0.13 400%35  570%50
400 | 15142110 3.7£0.12 414t34  524%34
700°  1660%120 5.0%0.17 ND ND

Vmax is in units/mgq.

The zero phosphate assavaas done in 25 mM Hepes, pH 6.8.

ND = not determined.
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Figure 34. Lineweaver-Burk plots of the succinate ,
.dehydrogenase activity of fumarate reductase at various
concentrations of sodium phosphate, pH 6.8. o-o, 50 mM
sodium phosphate; 0-0, 200 mM sodium phosphate; #-4, 400’ mM
sodium phosphate. * .-
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D. Diocussion. "

There are only a smail number of reports in the
literature which describe a modulating role for anions in
enzymatically catalysed reactions. It has been shown that
yeast bhOSphogyycerate kinase binds anions and as a result
has a decreased susceptlblllty to inhibition" By DTNB (159).
In this study it was shown that the enzyme contalns a single
anion binding site and that the affinity of anions for this
site depends on their charge. The more higoly charged the
anion the tighter the binding. The authors suggest that
anion binding induces a conformatlonal change 'which reduces‘
thg accessibility of a single thiol group to modification by
DTNB. Anions also result in an increased rate of substraté
turnover (160) and a decreased susceotibility of the enzyme
to proteolysis (161). However,'in contrast to the results
with fumarate reductase, the modulating effects of anions on
- yeast bhosphoglycerate kinase occur at concentrations of
0.01-1 mM for the most effectiye anions.

Beef heart succinate dehydrogenase has also been shown
to.bevaCtivated by anions. Kearney et al (144) showed that,
in contrast to our work with fumarate réductose, both
membfane—bound (electron transport particles) and pﬁrified-
‘succinate dehydrogenases were activated by onions aod PH.
Membrane—bound‘succinate dehydrogenase could be activated by
lowerlng the pH from 7.4 to various values in the range 5 8

to 7.0. This activation was enhanced by the presence of

monovalent anions. In contrast the purified enzym uld not
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be activated by lowering the pH in the absence of added
anions. In a subsequent ‘communication, Ackrell et al (162)
showed that the lack of activation of purified succinate
dehydrogenase was d&e;to the presence of bound oxaloacetate
which was displaced by added anions. However, these authors
.afgo show=7 that activation occured twice as fast as
oxaloacetate release suggestlng that anlon activation is not
mediated through a release of bound oxaloacetate.
Interestingly, activation of both purified and
membrane—hound succinate dehydrogenase was time dependent
whereas with fumarate reductase activation was
iAstantaneous. .

In this chapter I described the effects of anions on a
number of properties ef cholate-depleted fumarate reductase.
The most obvious and easily measured effect of anions is
activation of fumarate reductase activity. This activation
is rather hon—specific:in that a range of different enions
activate, although to varying extents. Total charge density
seems to he_the main criterioh for activation; Bhe more |
highly charged anions being the best activators. Ahions also
have a dramatie stabilizing effect on the~en2yme.»Both
resistance to thermal denaturation and inactivation at

lkallne pH are 1ncreased by anions. Anions therefore seem
to maintain the enzlme in an active conformatlon Another
effect of -anions is the dramatid@%ncrease in the apparent Km

for succinate. This effect seems to be distinct from the

other effects of anions since it eccurs w1th the
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membrane~-bound as well as the purifie’enzyme. The circular
dichroic and DTNB titration data suggest that activation méy
be mediated through a conformational change in the protein.
The activation of many intrinsic membrane proteins by
amphipaths is easily reconcileable with the hydrophobic
environment in whicﬁ they function in vivo. However,
fumarate reductase is not activated by amphipaths and only
binds 0.15 mg of Triton X-100/mg of protein. During the
purification of fumarate reductase, which involves Triton
X-100 sol@bilization and Phenyl Sepharose CL-4B
chromatography, there is no dramatic increase in the total
number of units of fumarate g#¥uctase as assayed in the
presence of 200 mM sodium phosphate, pH 6.8,nand‘0.5 mM
dithiothreitol (see appendix I). This resuit coupled with
the finding that the membrane-bound enzyme is not stimulated
by phosphate, suggests that thé\membrané—bound form of the
enzyme is iﬁ the activated state and thatﬂanions may be
Laltering the properties of the purified enzyme in such a way
that it more closely resembles the membrane-bound form.
Anions may be mimicking the effect of some membrane
~component other than the hydrophobic environment. One
possibility is that the membrane-bound enzyme is actiyated
by an interaction with phospholipid head groups. In this
regard the activation of fumérate reductase by
o—phoéphoryleéhanolamine is interesting. A secona
possibility involves the 13,000 and 15,000 dalton

polypeptides which are encoded by the fumarate reductase
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operon. These polypeptides may interact with the 69,000 and
25,000 dalton catalytic subunits within the membrane and
anions may be mimicking this interaction. This possibility

Qillvbe discussed further in Chapter VII.



VIiI. The Effects of Anions on Membrane-Bound and Triton

X-100 Solubilized Fumarate Reductase.

A. Introduction.

During the characterization of fumarate reductase some
conflicting results were obtained. Although the
cholate-depleted, purified enzyme was readily soluble in
aqueous buffers and bound only 15% (by wgt) Triton X—100,
its solubilization from the membrane required nonionic
detergents. Also, nonionic detergents did not affect the
catalytic activity of the purified enzyme while anions had
dramatic effects on the activity and stability of the
purified enzyme. A possible explanation for the apparent
anémaldus behaviour of the 69,000 and 25,000 dalton |
catalytic subunits became evident as a result of the
sequenéing of the fumarate reductase operén (73,74,75). The
very hydrophobic'13,000 and 15,000 dalton polypeptides may
be subunits of the membrane-bound and Triton X-100
sélubilized enzymes. Such an interaction may bind the
.catalytic subunits to the membrane and modulate the physical
and catalytic properties of the enzyme.

In this chapter I describe some data on the Triton
X-100 solubilized and membrané—bound enzymes. The membranes
used in this studY“were prepared from an E.coli strain |
harboring a blasmid whiéh we have called pfrd63. This strain
was produced by inserting the Hind III fragment (fumarate

reductase operon) from the ColE1 plasmid pLC16-43, into the

154
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cloning vector pBR322. This modified pBR322 was then
inserted into a transformable strain of E.coli and resulted
in a dramatic amplification of the level of fumarate
reductase activity in the transformed cells. This cloning

work was performed by Joel Weiner.

B. Methods.
1) Preparation of Membrane Vesicles and Triton X-100
Extracts.

Everted membrane vesicles were prepéred as described in
Chapter II and stored at -80°C in 50 mM Tris-HCl, pH 7.5.
Vesicles were transferred to the agpropriate'buffer by
centrifugation at 160,000g for 15 mins at room temperature
in a Beckmann Airfuge and resuspended in the appropriate
buffer. Triton X-100 extracts were roufinely prepared as
follows: membrane vesicles were harvested by dehtrifugation
at 160,000g.for 15 mins at room béﬁperature and resuspended
in either 200 mM sodium phosphate, pH 6.8, or 25 mM Hepes,
pH 6.8. The'suspension was made 1% (w/v) in Triton X-100 and
solubilization was allowed to proceed on ice for 30 mins,
Insoluble debris was removed by centrifugation at.160,000g
for 15 mins and the supernatant was passed down a 2 ml
Pasteur pipette coiumn of Sephadex G-25 equilibrated En the
appropriate buffer. The eluted protein was then used to
study the effects of anions on enzymatic activity and

thermal stability.
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To study the stability of membrane-bound enzymatic
activity at alkaline pH, vesicles were harvested by
centrifugation and resuspended in 20 mM Tris-HCl, pH 8.6,
incubated at room temperature and assayed at various times
for fumarate reductase activity. To study the stability of
Triton X-100 extracted enzyme at alkaline pH, membrane
vesicles were resuspended in 25 mM Hepes, pH 6.8, extraéted
as described above and passed down a 3 ml Pasteur pipette .
column of Sephadex G-25 equilibrated in 20 mM Tris-HCl, pH
8.6, and eluted with this buffer. Zero time was taken when
the sample was applied to the column and the first asééy was
usually performed within 6 mins. Ail assays were performed
using 200 mM sodium phosphate, pH 6.8, as the assay buffer
unless otherwise stated.

2) Growth of E.coli HB101/pfrde63.

HB101/pfrd63 was grown anaerobically in 12 ml cultures
on glycerol/fumarate medium as described in Chabter 11
except that no subculture was- prepared and the cells were
inoculated directly from thawed, frozen cultures into the
growth medium. Cultures were harvested afterJdiffetent
periods of growth and the membrane and supernatant fracﬁions
separated and assayed for fumarate reductase activity and
protein. For aerobic growth, cells were inoculated directly
into 20 ml of glyceroi/fumarate medium in 100 ml Ehrlenmeyer
flasks and growth was allowed to proceed in a shaking water

bath. In all cases growth was at 37°C.
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3) Chemical Cross-Linking.

Everted membrane vesicles were harvested by
centrifugation at 160,000g for 15 mins at room temperature,
resuspended in 200 mM triethanolamine-HCl, pH 8.5, made 0.5%
(w/v) in Triton X-100 and incubated on ice for 30 mins.
Insoluble debris was removed by centrifugation and various
aliquots of a 20 mg/ml stock of dithiobis(succimidyl
propionate) in dimethyl sulfoxide were added to 100 ul
aliquots of supernatant and the reaction was allowed to go
for 1.5 mins at room temperature. The final concentration of
cross-linker was either 2.2 or 0.9 mg/ml while the final
protein concentration was 4 mg/ml. The reaction was stopped ﬁ
by thé éddition of an excess of 1 M Tris-HC1, bH 6.8. The
cross-linked material was precipitated with (NH\);SO. and
the pellet taken up in Laemmli solubilization solution (see
Chapter II) and dialysed for 60 mins at room temperature
against this solution to remove the (NH,),SO,. The sample
was solubilized by boiling for 3 mins and analysed on a
5-15% (w/v) acrylamide Laemmli gel as described in Chapter
II. A frozen strip of first dimension gel, which had not
been stained, was thawed, incubated at room temperature for
10 mins in Laemmli electrophoresis buffer (90) which
contained 50 mM DTT,and placéd on top of a 15% (w/v) Laemmli
gel. The second dimension contained a 2 cm stacking gel,
prepared as described in (90) except that the
acrylamide-bisacrylamide was replaced with 1%b(w/v) agarose

~and DTT was added to 50 mM. Electrophoresis, staining and

-
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& 3
destaining were performed as described in Chapter II. w
| W

vgc; Results, |
1) Anaerobic and Aerobicﬁzxpression'of Fumarate Reductase in
E.coli HB101/pfraes.

Table 9 lists the levels of fumarate reductase activity(
found in the membrane and superﬁétant fractions preparéd
from anaergbically or aerobically grown E.coli HB101/pfrde63.
During anaerobic growth the membrane became saturated when a ’
specific activity of 70 was attained. Following saturation

©i the membrane, fumarate reductase activity began to appear

in the cyﬁoplasm; It therefore seems that the membrane can

/
~olerate a 16 fold increase in fumarate reductése over that

found in the wild type before becoming saturated.
Interestingly, aerobié groch of HB101/pfrd63 resulted i
derepressioﬁ ofkfumarate reductase synthgsis and the
appearance of fumarate reductase acpivif; in the membran
fraction. A s;hilarfresult was obtained by Cole and Guesg
k163). They'fédhdlfhat a 13 fold amplification of fumarate
reductase activity resulted in aerobic expression of enzyme
T \
activity. Howgygr;'these workers found an aerobic level that
was 50% of thévanaerobic level (based on specific activity)
while I have found that the aerobic level is only 10% of the
anaerobic'levei.‘The aerobic expression is probably a result

of a gene dosage.effect which results in the titration of

the repressor.



Table 9. -
. Aerobic and Anaerobic Expression of Fumarate Reductase in
: HEB101/pfrdé63.
: Membrane Fraction Supernatant
Strain OD Total Units SA . Total Units  SA
1a)
HB101/ 0.28 2.6 4.8 . 2.4 5.2
pfrdé3 * - g
0.56 13.7 70 3.4 4.3
1,12 14.3 70 14.7 10.1
HB101/ 1.00 2.4 4.3 0 0
pBR322 ‘
(B) -
HB101/ 1.10 1.3 7.1 0 0
pfrd63
HB101/ 0.81 0. 0 0 .0
" pBR322
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HB101/pfrd63 is strain HB101 which Ras been transformed
with pBR322 containing the fumarate reductase operon.

SA = Specific Activity.

(A) =

(B) = Aerdbic Growth.

Anaerobic Growth,

At

\
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2) PAGE-SDS Analysis of‘a Triton X-100 Extract of
HB101/pfrdé3 Plasma Membranes. |

Figure 35 is a densitometric scan of a 8-22% (w/v)
gradient Laemmli gelﬁéf é‘Triton X-100 e&tract'of
HB101/pfrdé63 plasma membranes. Four“majo: polypeptides of
molecular weights 69,000, 25,000, 15,000 and 14,100 were

present in a molar ratio of 1:1.2:0.8:1.4 respectively. When

' 13 . {,,"‘ ‘;\
two other gel slices, from the same gel, were scanned apd f“\

X .

& 'Q. ,
Yol

RS

the peaks.quantitated, molar ratios of 1:5.3:0.8:1.3 and
1:1:0.8:1.1 wege found for the 69,000, 25,000, 15,000 and
14,100 daltons bands respectively. We have analysed Triténv
extracts én.a number of different gel syétems: a) .when a 15%
Laemmli gél\was used, three major bands cdrresponding to
moleculér(weigh£s of 69,0b0, 25,000 and 13-15,000 were founa,
in a molar” ratio QQ 1:1:2 respectively. b) When a 10-25%
(w/v) Ornsfeiﬁ-Davfg%éél"(TG&);ygggused, three major bands B ¢
gjrrespbnding to moleculér weid%ts of 69,000, ZS,QQO and

P
i +

‘VQOO vere present in a molar ratio of 1:1:1.7

flpectively. c) When a 10-25% (w/v) fast running gel system .
of Jdvin et -al (91) was uged,”t?rea major bands

corresponding to molecular weigﬁts ofA69,000, 25,000 and

15,000 weré-found iﬁ a mdlar ratio of 1:1:1 reéﬁectivély. .
For some unknown reason the low molec;lar wéight
,polypeptides‘behave énamolouély on the.latter gel system. In
ge%f;al thesevfesults suggest that amplification of fumarate
rédﬁctasé activity results in the amplification of four

polypeptides of molecular weights 69,000, 25,000, 15,000 and

o
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Figure 35. Densitometric scan of an 8-22% (w/v) gradient.
Laemmli gel of a Triton X-100 extract of HB101/pfrd63 plasma
membranes. Molecular weights were calculated from
semi-logarithm plots of molecular weight (using the
molecular weight standards listed in Chapter I1I) versus RE.
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14,100 present in an approximate molar ratio of 1:1:1:1,
Most gel systems tested were unable to separate the 15,000
and 14,100 dalton polypeptides.

3) Chemical Cross-Linking of the Triton X-100 Extract.

One of the first duestions of interest was the
guaternary structure of fumsrate reductase in the Triton
extract. To address'this question I cross-linked the Triton
X-100 extracted material with the cleavable reagent
dithiobis(succimidyl propionate), (DTSP). This reagent
cross-links~primary‘and secondary amino groups separated by

12 R or less. Figure 36 shows the first and second dimension

gels. Although considerableﬁffaéaking‘of ¢ross-linked
material occurred, .a broad bém;; ranging in molecular weight
frdm l09,600 to 12%,600‘was gﬂtndvon the first dimension
gel. When the cross-linked ﬂeterlal was cleaved with

dithiothreitol and run on glsecond dimension gel three major

e
s

bands, correspondlng to m\lecular»welghts of 69,000, 25,000
and 13,000 were foungd to ek components of the cross—linked
material; When the strip of ‘second dimension gel,
immediately beneathvtﬁe cross—linked complex on the first
dimensien gel, was scanned for Coomassie Brilliant Blue
stained protein a molar ratio of 1:0.85:1.2

(69,000:25, 000:13 000) was found. In a’second independent
experlment a molar ratio of 1 0.72:0.85 was found. These
results were obtalned u51ng 2.2 mg/ml DTSP and ¢ mg/ml
proteln. An 1dent1cal result was obtained when the

cross 11nker cencentration was decreased to 0.9 mg/ml while

’;
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Figure 36. First and second dimension gels of the
cross-linked Triton X-100 extract of HB101/pfrdé3 plasma

" membranes. The molecular weight standards were; the a and 8
subunits of purified fumarate reductase, 69,000 and 25,000
daltons respectively , and RNage at 13,000 daltons.
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the protein concentration was kept ét 4 mg/ml.rThese results
suggest that theATriton-x—100.extracted material consists of
a complex of the 69,000 and 25,000 dalton subunits and a
third subunit(s) of\approximate molecular weight 13,000
present in a molar ratio of 1:1:1 respectively. At present
the relationship betweeh the 133000 dalton band and the
15,000 and 14, 100 dalton bands seen on 8-22% (w/v) Laemmli
gels is uncerta1n. The 13,000 dalton band may beiléﬁppgéihof
one or both of the 15,000 and 14,100 dalton polx. :;; ags

\l

4) Effect of An1ons on Catalytlc Act1v1ty

examine the effect of phosphate™Wfftithe catalytic activity of

the Zm&ton X-100 extracted enzy;e,’TaBle 10. The effect of-

phosphate on the membrane-bound enzyme was included for

cdmpletenesé. It can be clearly seen that the presence of

the 15,000 and 14,100 dalton polypeptides “Wbolishes the
ability of phosphate to activate enzyme acgiv}ty. It is
tempting to speculate that anions iﬁieract with the
catalytic subunits in such a way as to mimick the
1nteract10n og %%ese subunw“s with the 15,000 and/or 14,100
dalton. polypeptides. P
5) Effect of Anions on St&pg}ity at Alkaline pH.

Anotheyr property, of the two subunlt form of fumarate
redetase which is di’matlcally altered by anlons is its

stab111ty at alkallne pPH. When enzyme actlylty in Triton

. X-100 extracts or membrane vesicles was measured as a

kY



Table 10

The Effect of Anions on the Catalytic ‘Activity of

Membrane-Bound and Triton X-100 Solubilized Fumarate

Reductase.

&,

165

bt
Assay Buffer Enzyme SA(u/mg)
Hepes Triton X-100 Extract 172
Phosphate ~Triton X-100 Extract 164
"Hepes Membrane-Bound 62 v
Phosphate "Membrane-Bound 68

W e

Hepes = 25 mM Hepes, pPH 6.8.

Phosphate = 200 mM sodium phosphate, pH 6.8.

SA = Specific Activity (units/mg).

Both the Triton X-100 extract and the membrane ve51cles were
prepared in 25 mM Hepes,.pH 6.8, before assay.
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4

function of time of incubation in 20 mM Tris-HC1, éﬁ 8.6, no
loss of activity occured, Figure 37. Again, this result-
suggests that the low molecular weight polypeptide(s) alter
the pH stability‘of Fhe catalytic subunits in such a way
that it is quite similar to the anion activated two subunit
enzyme. at élkaline pH.

6) Effect of Anions on Thermosfability.

h I next investigated the thermostability of the Triton

X-100 gxgracﬁéd¢and membrane-bound enzymes in 25 mM Hepes,

pH 6.8, or 200 mM sodium phosphate, pH 6.8, Figure 38. As

expected the mémbrane-bound enzyme was éomplete}y stable for.
up to 60 mins at 46°C in the absence of anions. Suprisingly,
Triton X-100 extracted enzyme was.thermolabile at 46°C in
the absence of anions. Fifty pércent of the aqtivity was
lost after” 19 mins at 46°C énd this rate of loss of activity
is similar to the loss of activity of the two subunit form
of the enzyme in the'abéence of apic {50% of the activity

was lost after 23 mins at 45°C). In presence of 200 mM

#+ sodium phosphate, pH 6.8, no loss of activity occured after

60 mins at 46°C.

D. Discussion,

In Ch;pter VI I reported the marked activating and
stabilizing effects of anions on the purified, catalytica&ly
active two Spbunit form of fumarate reductase. In addition,
I suggested that anions may be mimicking an interaction

between the cataiytic subunits and some membrane component
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Figure 37. Stabili}y of membrane-bound or Triton X-100
extracted fumarate reductase at alkaline PH. Incubation was
at room temperature in 20 mM Tris-HCl, pH 8.)%. The membrane
vesicles were 6.6 mg/ml in protein and had a specific
activity of 59 units/mg. The Triton X-100 extract was 1.65
mg/ml in protein and‘gad a specific activity of 167
units/mg. :
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Figure 38. Thermostability of membrane-~bound and Triton
X-100 extracted fumarate reductase. The membrane vesicles
were 6.7 mg/ml in protein and had a specific activity of 58
units/mg. The Triton X-100 extract in 25 mM Hepes, pH 6.8,

- was 1.43 mg/ml in protein and had a specific activity of 180
units/mg while the Triton X-100 extract in 200 mM sodium
phosphate, pH 6.8, was 0.72 mg/ml in protein and had a
specific activity of 171 units/mg. All incubations were at

45°cC,
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other than the hydrophobic environment. The 13,000 and
15,000 dalton polypeptides are an obvious possibility; they
are encoded by the same operon as the 69,000 and 25,000
dalton subunits and contain 70% hydrophobic amino acids.

In this chapter I described the effects of phosphate on
some properties of the membrane-bound and Triton X-100
solubilized fumarate reductase. Extraction of HB101/pfrde3
everted membrane vesicles with 0.5% (w/v) Triton X-100
resulted in a fractioﬁ highly enriched in fumarate reductasé
-activity (seé“F{gure 35).'Wef@stimate that fumarate
reductase is 75% pure (based on a four subunit enzyme) in
the Triton extracts. However, the speéific crivity of the
Triton extracts was only 170 (units/mg) while tha
pure enzyme was 550 (units/mg). Thishmayﬂmean that §o of
the membrane-bound enzjme is inactive,. fﬂgs could arise from
an inability of cells to attach the covélent FAD or the
non-heme iron td all of the amplified enzyme. The Triton
#xtracts contain four major polypeptides of molecular
weights 69,000, 25,000, 15,000 and 14,100 present in a molar
ratio of approximately 1:1:1:1 respectivgly. However, when
the extract is cross-linked with DTSP, the crfoss-linked
complex contains three major polypeptides of molecular
weights 69,000, 25,000 and approximately 13,000 present in a
molar ratio of 1:1:1 respective'v. This result is a little
surprising since it suggests thzt theLTriton extracted
material exists as a aBy trireor while the extract actually

contains four rather than three distinct polypeptides. It is
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possible that cross-linking of the two low molecular weight,
hydrophobic polypeptides to the catalytic subunits was not

quantitative due to the presence of tightly bound lipid.

Whatever the explanation it seems certain that Triton X-100

extracted fumarate redﬁctase has a more complex quaternary
structure than the purified aBf dimeric form.

I next investigated the effects of anions on the
activity and stability of membrane-bound ahd Triton X-100
extracted fumarate reductase. Phosphate was ineffective at
activating the membrane-bound and Triton solubilized
enzymes, both of which were gquite stable at alkaline pH in
the absence of phosphate. However, while the membrane-bound
enzyme was stable’forbup to 60 mins at 46°C in the absence
of phosphate; the Triton solubilized enzyme was unstable at
46°C in the absence of phosphate. Activity was lost ‘at about

the same rate as that seen for the anion-depleted two

shbunit enzyme. The presence of 200 mM sodium phosphate, pH

'6.8, stabflizéd the Triton solubilized enzyme againstm
thermal’denaturation.

| Thet results of this chapter suggest that Triton X—AOO
solubilized and perhaps membrane-bound fumarate reductase
exists as a complex of diss%milar subunits of molecular |
weights 69,000, 25,000, 15,000 and/or 14,100. The purified
diherié form arises as a result of dissociation of the loﬁ‘
moleéﬁlar weight polypeptide(s) subunit from the qétalytic
subunits during purification.iAtzpfesent iE is not known

whether the 13,000 dalton species, seen on the secona
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dimension gel of cross-li;ked fumarate reductase, consists
of one or both of the small molecular weight polypeptides
encoded by the fumarate reductase operon. The stabilizy at
alkaline pH and the lack ofvstimulation of enzymatic
activity by phosphate suggests that a\similarity may exist
between the membrane-bound and Triton X-100 extracted

fumarate reductase and the anion activated af dimeric form.



VIII. Conclusions.
The studies reported in this thesis were directed'
’ »

towards developing an understanding of the prope%tieéiof two

E.coli electron transport proteins, the aerobic

9lycerol-3-phosphate dehydrogenase and fumarate reductase.

In my early studies I examined the effect of amphipaths on

the activity of G3PD. This enzyme was particularly

‘interesting since its PMS/MTT reductase activity was

activated by amphipaths while its ferricyanide reductase was

unaffected. The results suggested that amphipaths may belw'

‘generating a site of interaction between G3PD and PMS.

DL-glycerol-3-phosphate deﬁendent quenching of flavin
fluorescence suggested that activationgdid not involve a
change in the affinity of the enzyme fbr its substrate
L-glycerol-3-phosphate. This conclusion was confirmed by the
inabidity of Brij 58 to significantly change the Kﬁ for
DL-glycerol—3—phosphate, as détermined'py the PMS/MTT aséay.
However, tﬁe Km for DL—glycerol—3—phosphate,;as détermingd
by the éMS/MTT assay, was significéntly differe?f from thg
Km determinedbby the ferricyanide reductasetassgy. This |

suggested that the sites of interaction of PMS and

4ferricyanide'with G3PD may -be different., This postulate was

supported by the differential inhibition of the two

reductase activities by Cu*? and Zn**® ions. In summary the

results o{;thisfgtudy suggested that amphipaths activate

G3PD by increasing the interaction between the enzyme and

-

“the electron acceptor PMS. To date research in the area of

e

172 - .
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anphlpathic modulation oi\yemhrane protelns has generated no |,
general rules or mechan1sms of activation. A plau51ble
general nechanlsm would 1nvolve a conformational change
"which alters éhe afflnlty of the enzyme for its substrate(s)
and/or product(s) The l1m1t1ng factor to date has probably
been the lack of technology for measurlng "small
-conformatlonal chenges ;n protelnsrA o T -

" The. bulk of this thesis reports the results of studies
on the terminal electron transferrlng enzyme, fumarate

B
rreductase. Characterlzat1on studles 1nd1cated that the

! ~

pur1f1ed enzyme consisted of~twovdissimilar subunits of
‘molecular weights 69, 000 and. 25,000 present 1n ‘a molar ratlo
of 1:1. The purlfled enzyme contalned 4 to 5 moles each'of
‘nonhemeylron.and acid labile sulfur, probably present as an
iron-sulfur centre of the Fe4s4 type in the smal}l subunlt
However identification of the prec1se nature of the
.iron-sulfur center(s) will require further work. The
purified enzyme was also shown to contain a 51né1e sen51t1ve
sulfhydryl resxdue which was lgﬁated in the large subunlt.b'
| xplcture of the rol:s of the subunlts 1s now beglnplng
to emerge. “The 25 000 daltgn sybunlt probably 1nteracts w1th
.other components of the electron transport chain and serves
to channel electrons from the chaln to the act1ve sxte of
fumarate reductase wh1ch is probably located in. the largeL
subunit. This model }s 51m11ar‘tokthat proposed for beef"
‘heart mitochondriel succinete dehydrogenase (164,l65,166)

(other similarities between these enzymés-were discussed in
A o . o _ )
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Chapter 1IV). Succinate deﬁydrogehase_has three iron-sulfur :
centres: -two, S1 and S2, are.iocaeed in)the FADveontaiﬂihg
‘léeéé_§Ubunit ﬁhile the third\\SB is loeAyEd in the émall
subunit. Reduc1ng e&u1valents are passed fkom the actlve
‘site; in the large spbun%t ‘via- FAD ‘81 aﬂd SZ to the 53
‘eenp}e in the small subunit and from there down the electroh'
transport chain.. |

FurthervghareQFerizatige of the purifiedlenzyme X
\iq@icated thag‘thé*eapalytic'aEEivjty‘énd»stabjlity of
fﬁmarate reductaSe'were“markedly enhanced by ahfens. TheA

’ bt W £
membrane-bound and Triton X-100 solubilized enzymes showed

-

“'similar properties to the purified, anion activated enzyme.

Interestingly, amplification of fumarate reductase activity
. p : ,

- was accompanied by an increase’in the level'ef*féﬁ?

\ [

polypeptldes, of molecular welghéf 69,000, 25 000, 15,000° .
and 14, 100 in the,membrane fraction. Cross llnklng‘studies

suggested that the Triton solubilized enzyme had a more
: ~L LY \ ’

_complex quaternary structure than the”purified enzyme.

However, at this‘time we .do not know whether one or both of

the lbw molecular ﬁeight polypeptides are associated with

. »the 69 000 and 35 000 dalton subunlts. . *

x The 15 000 and 14, 100 dalton polypeptldes appear to be
.
requ1red for the blndlng of the catalytic. subunlts to the

plasma¢membrane1 Bernie Lemire has produced a clone;

s

_ HBJOT/pffdf17, which contains pBR322 into which a piece?of

the\ﬁuma:atefreductase‘operon, which codes for the catalytic

4XQJsubdnitsﬂ has been-inserted. When HB101/pfrd117 was grown
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anaerob;cally whole cell fumarate reductasd act1v1ty was
elevated‘several fold. howeveéy onl§ the wild type level of
act1v1ty was found in the membrane fractlon. The- rema1nder
was found in the supernatant fract1on. Thls result stronglj
suggests that the catalytlc subun1ts are not capable of
b1nd1ng to the- membrane in the absence of the low molecular
weight polypept1des. We are no; developlng a p1cture of
membranewbound fumarate reductase- the catalytic subun1tst‘
‘are largely exposed to thevfytdplasp and are,anchored to_the
membrane through an 1nteractlon with one or both of the low
molecula; weight polypept1des. This model is supported by
‘ the topology study repovted in Chapter V .as, well as the very
hydrophoblc nature of the low molecular we1ght polypept1des
and the f1nd1ng that the catalytlc subunlts bound only 15%
of their own welght of Triton X-100. Aga1n a 51m1lar model
is emerglng for beef heart m1tochondr1al succ1nate
dehydrogenase. Merli et al (167) and Girdlestone et al (168)
suggest that the 70,000 dalton subdnit of guccinate
dehydrogenase is‘largelyrexposed‘to the cytoplasm and'is

anchored to the membrane through an interaction w1th the

27,000 dalton subunlt The smallusubunlt 15‘1n‘turn anchored

'\*\p'to the membrane through an interaction with two other low

molecular weight polypeptideS‘which are cbmponents of
1comp1ex II: and at least one of wh1ch appears to be - requ1red
'for succ1nate ub1qu1none reductase activity (169)

Future research should be dlrected towards giinlng a

deta1led understandlng of the interaction between the anchor

Vs
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polypeptiQe(s),and the catalytic‘subunits. Methods need to

be developed to purify the low mOlecular_welght polypeptides

"in a non denatured form. Once this is achieved there are a

¢
e

number of interesting experiments which can be undertaken:
a) it should'be'possible to reconstitote an anion |
insensitive fumarate'reductase activity|by-reconstitutingra
3 or 4 subunit enzyme from the-anion sensitiyeicatalytic |
Subunits and the puritied low molecular welght polypeptides,
b) it should be possible to reconstitute the‘mUlti—subunit
"enzymehinto'liposomes as a first stepvin reconstltutingva
coupled electron‘transport chain and-c) a detalledv
Vcross—linking sthdy should be undertaken to precisely
.establish the quaternaryvstructure;of theimu1tl-subunit
'enzyme; Experiments should also be undertaken to try to
establish whether or-not the low molecular welght
polypeptldes merely anchor the catalytlc subunits to the
membrane or whether they also mediate electron transfer from
menaqulnone or cytochrome b to the catalyt1c subunlts. At
present the cytochrome b component of the glycerol fumarate
electron transport chaln is being: pur1f1ed in Dr Weiner's
laboratory.‘The membrane bound enzyme should also be studled
" to develop a detailed picture of the topology of the

multi- subunlt enzyme. The question of topology 1s important
Since a transmembranal arrangement would open the way for
experiments,to establish whether or not éumarate;reductase;

like mitochondrial cytochrome oxidase (20), is a proton’

pump.

N

-
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. » ‘ 1 . Appendix I.

The followingrflbw“éhart is taken from a typical

¢
v

purification using~Pfrd63. All_assays were done in 200 mM

._sdaium phosphate,»pﬁ 6.8 and 0.5 vadithiothreitol.ﬁ

"Fréction:  Total Units % Recovery  SA
Crude Cell® - 120,000 S 100 . 80
" Envelope .
Triton X-100 118,600 98.8 . 170
Extract, -
<
Ammonium’ 105,400 . 87.8 . 180

Acefate Sup

Phenyl 68,000 56.7 550

Sepharose

Sa = Spécific Activity (units/mgqg).
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Appendix I1I. )

Y

Molar ellipticitfes were calculated from‘the observed
elllpt1c1t1es, measured 1n a Cary 60 spectrophometer
equipped with a 6001 CD attachment, using the follow1ng
eguation; |

[0] = Q x MRW

10xCx1

[Q] = Molar ellipticity at a given wavelengthe

Q = Measured ellipticity at a given wavelengtﬁ.

MRW = Mean Residue Weight; a value of 115 was used.

1 = Length of the light path through the sample. In this
case it.was 0.05 cm. .

C = Proteln concentratlon in mg/ml

A plot of molar elllpt1c1ty versus: wavelength was then'
constructed (cf Figure32).

The percentages of a-helix, B-sheet and randomncoil
were then calculated using the eguations given below.
Essentially the.percentages of a-helix and B-sheet were
calculated by inserting the values for the molar
ellipticities at different wavelenéths into the appropriate
equatiens. This generates three values each for the
percentages of a-helix, B—sheet and rendom‘coil (by
subtraction). The_values reporteﬁ/in the text were the

average values, all values were in good agreement.
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quatibn 1; Values of [Q] taken at gﬂO'énd'ZZS nm.
(((Qay +-2200)%1276)+((Q, , ++264)x5990) ) 204373560 = a.
- ((Qs,4-2200)-(ax24100))%5990 = §. |
Equation 2. Values of [Q] taken at 215 and 2£0 nm.
(((Q,,,+669)x7860)5((Q;,,+188©)x10009$)%106021360 = a.
((Qa,s+669)-(26369xa))+10009 - 8. =
‘Eqﬁation.3. Values of [Q] taken at 220 and 225 nm.
(((Q2:0+1800)x1276)+((Q;,,+264)x7860))7267595840 = «.
(Qu14+1800)- (31300xa) 57860 = B. |
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/ i
Appendix III,

-  a) The réte:cons;ants'for‘inactivatién of fumarate
reéuctase at alkaliné pH were calculated as follows;
semi-logarithm plots of-activity.(units/mg) versus time gave
stralght 11nes 1nd1cat1ng flrst order klnetlcs. The slopes
of these 11nes weré mult1p11ed by 2. 303 to give the flrst
order rate CQnstants shown in Table 7. ‘

b) The pseudo first order Eété‘constants for the )
inactivaFiOn of fumarate reductase with DINB in the presencé'
| and absence of phosphaﬁé were calculated as follows; the
slopes of liﬁeaf'piots of activity (units/mg) versus time

(Figure 33) vere multiplied by 2. 303 and d1v1ded by the

) concentratlon of DTNB (20 uM).



