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LIST OF ABBREVIATIONS

Lipoamide dehydrogenase is the trivial name used throughout this thesis

for NADH: lipoamide oxido reductase, EC 1.6.4.3, according to the Report of

the Commission for Enzymes of the International TUnion of Bicchemigtry.

AMP adenosine 5'-monophosphate

ADP adenosine 5'~diphosphate

APNaD?t 3—acetylpyridine nicotinamide adenine dinuclectide

ATP adenosine 5'-triphosphate

BsSa bovine serum albunin

CT charge trangfer

D2O,w diffusion coefficient in water at 20° at a finite protein
concentration

DCIP 2,6-dichlorophenol indophenol

EDTA ethylene diaminetetra acetate

EPR electron spin resonance

FAD flavin adenine dinucleotide, oxidised form

FAI}H2 flavin adenine dinucleotide, fully reduced form

F-8bromoAD flavin 8-bromo adenine dirucleotide

FMN flavin menonucleotide

GDP guancsine 5'-diphosphate

GTP guanogine 5'-triphosphate

Kass association constant of enzyme-substrate (prosthetic
group) complex

KdiSS dissocigtion constant of enzyme-substrate (prosthetic
group) complex

Km Michaelis constant

Ki dissociation constant of enzyme-inhivitor complex

a-KGDC a~-ketoglutarate dehydrogenase complex

L-B Lineweaver-Burk plot

1ips, lipoic acid (oxidised form)

lip(SH)2NH2 lipoamide {reduced form)

1ipS2(NH2) lipoamide {oxidised i"orm)

2 pp apparent_molecular weight

mol,wt, molecular welight




NAD(P)™" oxidised nicotinamide adenine dinucleotide (phosphate)

NAD(P)H reduced nicotinamide adenine dinucleotide {phosphate)
PANADY pyridine aldehyde nicotinamide adenine dinucleotide
PCMB para-chloremercuribenzoate

PDC pyruvate dehydrogenase complex

SZO,W sedimentation coeffiqient in water at 20°

TCA trichloro-acetic acid

Tris Tri(hydroxymethyl) amino methane

max maximum velocity &t infinite substrate concentration.




1. INTRODUCTION

Lipoamide dehydrogenase (EC. 1.6.4.%) is found abundantly in nature
and it has been isolated from a number of micro-organisms, higher
plants and animals., The enzyme isolated from pig heart, originally
known as Straub diaphorase (STRAUB, 193%), was later found to be
identical with lipoamide dehydrogenase (MASSEY, 1958, 1960a; SEARLS
and SANADI, 1960, 1961), The metatolic funciion of this enzyme is
strongly associsted with its occurrence in multi-enzyme complexes., The
oxidative decarboxylation reactions of pyruvate and a-ketoglutarate
occurring in aiimal tissues and micro-organisms are catalysed by
specific enzyme complexes. Such complexes which have a molecular weight
of several millions have been isclated from varicus mammalian sources
(SANADI et al., 1952; HAYAKAWA et al., 1964, 1967) as well as from
Escherichia coli (KOIKE et al., 1960%). Much is known about the archi-

tecture of these complexes, due to the work of REED and collaborators

who separated the individual components of the E, coli complexes and
were also able to reconstitute the system (XKOIKE et al,, 1963%;
MUKHERJEE et al., 1965). The pyruvate dehydrogenase complex of E. coli
congists of 12 molecules pyruvate decarboxylase, 6 molecules lipoamide
dehydrogenase and 24 lipoyl reductase itransacetylase subunits, the
iatter c¢creating the specific binding sites for bhoth other enzymes (REED
and CO0X, 1966. Studies concerning the relative amounts of a-ketoglu-
tarate decarboxylase, lipoyl reductase-transsuccinylase and lipoamide
dehydrogenase in the a-kg complexes and the electron microscopic aspects
of the association have not yet been published.

Though mammalian enzymes have always been isclated from mitochon-
dria, JACOBI and OHLERS (1968) localised the enzyme in spinach chloro-
plasts where probably, as in mitochondria, it is present as part of a
higher organised enzyme complex.

Preparations of lipcamide dehydrogenase from pig- or beef heart
which were homogeneous by other physical criteria, have been separated
into % or 6 active flavoprotein bands on starch gel electrophoresis
(ATKINSON et al., 1962). LUSTY (1963) by chromatography on DEAE-cellu-
loge affirmed this for bheef liver enzjme pPrepared according to MASSEY
(1960b) or under mild conditions using phospholipase A, Similaxr results
were obtained by STEIN et al, (1965%'°) and MILLARD et al. (1969) for
the pig heart enzyme.




LUSTY and SINGER (1964) distinguished between three different
fractions of lipoamide‘dehydrogenase in mitochondria, a free form
(+ 25 %) and two complex-bound fractions, The free enzyme resulted in
three bands upon electrophoresig, A similar distinction has been made
by HAYAKAWA et al, (1968). However, upon electrophcresis the free
enzyme congisted of two bands each one corresponding with either the
enzyme derived from the a-ketogluitarate complex or from the pyruvate
dehydrogenase complex hoth moving as a single band, The two forms are
‘different in ftheir circular dichroism spectrum and with respect to
the NADH induced stimulation of the diaphorase activity (SAKURAI et al.,
1969)., COHN et al, (1968) identified the multiple bands (5-6) as they
occur in Straub diaphorase. The slowest two {or three) originate from
the a-ketoglutarate complex, the other three from the pyruvate dehy-
drogenase complex, In contrast to the enzyme from pig or beef, the
human liver enzyme (IDE et al,, 1967) and the Escherichia coli enzyme
(PETTIT and REED, 1967; COHN et al., 1968) are reported to be homo-
geneous. Recently WILSON (1969) suggested that proteolytic activities

in the Keilin and Hartree preparation are resgponsible for these multiple
enzyme patterns of the pig heart enzyme,

Lipoamide dehydrogenasge has a fairly broad substrate specificity.
MASSEY (1963) suggests that a negative charge on the substrate hinders
the approcach to the enzyme as uncharged derivatives as lipoamide and
lipoanilide have higher turnover numbers than lipeic acid itself., Under
rhysiological conditions the lipoic acid is protein-bound and NAWA et
al. (1960) proved with the Escherichia coli system that the carboxyl

group is linked to an £-amino lysine group of the protein, Studies with

lipoyl derivatives indicated that a greater distance between the
carboxyl group and the dithiolane ring resulte in an increase of the
turnover number {(MASSEY, 1960b; GOEDDE et al., 1963). These last authors
algo synthesised lipoyl derivatives which were inactive but inhibitory
with respect to lipoic acid and some without affinity for the enzyme.
Although SANADI and SEARLS (1957) initially reported the mammalian
enzyme to be stereospecific, more precise data have shown that both
optical isomers are active but that the rate with which the (+) stereo-
~-isomer reacts is much greater (SANADI et al., 1959; MASSEY, 1960b).
The enzyme from spinach differs from the mammalian snd bacterial species
in that the (-) isomer ig much more reactive (BASU and BURMA, 1959,
1960) though in the latter case no absolute stereospecificity is
observed (MATTHEWS and REED, 1963},
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The —COHN2 gide group on position 3 of the pyridiniam moiety of
NADV is important as all modifications with the exception of the
related thiocamide (—CSNH2) are much less reactive (MASSEY, 1963).
Stereospecificity of the NAD' reduction reaction is absent (MAHLER and
CORDES, 1966, pg. 357) though it seems unlikely that the rates are
equal.

Lipoamide dehydrogenase is algc able to catalyse oxidation of
NADH by artificisl electron acceptors, such as 2,6-dichlorophenol
indophenol and ferricyanide {SAVAGE, 1957; MASSEY, 1960) or menadione
(LEVINE et al., 1660; MISAKA and NAKANISHI, 1963). The transhydro-
genase activity has been demonstrated by WEBER and KAPLAN (1957).
Several kinetic data of this reaction have been published by MASSEY et
al. (1960),

Crystals of lipoamide dehydrogenase are only reported for yeast
enzymes (MISAKA et al., 1965; MISAKA and NAKANISHI, 1965). The mole-
cular weights of the enzyme from different sources are in agreement
(gﬁ. Chapter III), and in all cases two FAD groups per dimer are found
(MASSEY et al.,, 1962; KOIKE et al., 1963; MATTHEWS and REED, 1963).
The enzymes from all gources are not only very similsar in physical
properties but they have many other factors in common as well, Some
of the differences will be outlined in the following, The amino acid
composition is only known for the pig heart enzyme (MASSEY, 1963) and
the Escherichiaz cocli B enzyme {(WILLIAMS et al., 1967). The distribution

is very similar except for the half-cystine residues in the Escherichia

celi enzyme which is half the amount of the pig heart enzyme and an
increased number of proline residues which might have implications for
the helical properties. The number of helix-promoting amino acids and
the difference between helix- and non-helix-promoting amino acids 1ia

larger in the Egcherichia coli enzyme (cf. HAVSTEEN, 1966), though no

actual heligal data is known for the Escherichia coli enzyme. The pig

heart enzyme contains 5 to 6 ~SH groups per flavin and two more under
substrate reduced flavin conditions (PALMER and MASSEY, 1962; VEEGER
and MASSEY, 1962), Three -SH groups per flavin molecule are detected
in the yeast enzyme (MISAKA, 1966), A disulfide bridge in combination
with the flavin part iz known to operate in the catalytic centre,
Addition of NADH results in & 2-electron reduction product, which is
called the semiquinone form, and red in color. However, this species is

EPR inactive.
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Dithiol inhibitors as €d°7 or arsenite in combination with NADH
(under anaerobic conditions) stimulate the diaphorase activity while
the lipoate and the transhydrogenase activities decrease {SEARLS et al,,
1961; MASSEY and VEEGER, 1960, 1961)., The red flavin semiguinone
spectrum changes simultaneously intc that of the coclourless fully
reduced enzyme (MASSEY and VEEGER, 1961) which in the presence of Nap™t
ultimately results in a fully reduced flavin -Nap* charge transfer
complex with a green broad band at 720 nm (MASSEY and PALMER, 1962).
Mercurials and Cu2+ are also known to siimulate the diaphorase activity
and destabilise thé semiquinone (VEEGER and MASSEY, 1960, 1962; CASCLA
et al., 1966a’b). MISAKA and NAKANISHI (1963) found no stimulation of
diephorase activity by iodoacetamide, The PCMB-modified yeast enzyme
has altered pyridine nuclectide binding properties in the menadicne

reduction reactions the K for NADH incresses while the affinity for
NAD" decreases (MISAKA and NAKANISHI, 1963), KREGER (1968) reported
semiquincne destabilisation by quinine optochinin hydrochlerides for
the E. coli and the pig heart enzyme., Mercurials as well as these
compounds probably interfere with the NAD+ binding site, thus preventing
development of the charge transfer band. The differences beitween the
enzyme spesies are only gquantitative. The diaphorase activity of the
E, coli enzyme is stimulated more by quinine than the pig heart enzyme
(KREGER, 1968), The arsenite concentration necessary to produce the
reduced flavin spectrum of the baker's yeast enzyme is a tenfold
increase over the usual concentration {WREN and MASSEY, 1966) and mono-
thiocls are better protectors against arsenite in the case of the gpinach
enzyme than in the pig heart enzyme (MATTHEWS and REED, 1963).

The addition @f large amounts cof NADH under anaerobic conditions
results, even in the presence of NAD" in a partially 4-electron reduced
flavin {VEEGER, 1966), This eguilibrium between the stable 2-electron
reduced state is shifted to the 4-electron reduced state by lowering
the pH or the temperature, This phenomenon is also of importance in the
assay, It is known from the work of MASSEY and VEEGER (1961) that the
lag period in the oxidation reaction of NADH with lipoamide is overcome
by NAD+ The differences in substrate inhibition patterns for the
bacterial and mammealian enzymes situdied so far are striking (KOIKE et
al., 1960 s LUSTY, 1963%; IDE et al., 1967). 4 strong NADH inhibition at
concentrations higher than 6 MM is observed for the E. coli enzyme
(NOTANI and GUNSAKUS, 71959). The bacterial catalytic cenire is easily
overfeduced, even by reduced lipoamide (KOIKE et al., 1960; WILLIAMS,
1965), With the pig heart enzyme 4-eleciron reduced flavin states are
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never observed on addition of reduced lipoamide, which might indicate
that the oxidised lipoamide is able to stabilise the semiquinoid state
ag is NAD+. Another possibility might be a difference in redoxpotential
of the bound flavin in the two different socurces as no actual data is
known for the redoxpotential of the enzyme-bound flavin, The redox-
potentials of the NAD+/NADH and lipsz/lip(SH)2 couples are not very
different, -0,32 and -0.,29 V, respectively. The pH-optima of the
different enzymes only show slight differences: bacterial, spinach and
yeast enzyme have a higher pH coptimum in the ¥NADH reduction reaction,
which is caused by & different 2-4-electron reduced state equilibrium
(GOLDMAN, 1959; BASU and BIRMA, 1959; KAWAHARA et al., 1968; IDE et al.,
1967).

The structural differences between lipoamide dehydrogenase from
different genetic origin are procbably larger than generally thought
of, e.g. HAYAKAWA et al. (1967) found no immunochemical relationship
between the E, coli enzyme and the human liver enzyme with respect teo
the antibodies prepared against the pig heart enzyme,

The yeast enzyme is sensitive to trace metals in the presence of
reduced substrate reversibly (MISAKA et al., 1965) but it is less
sensitive when the flavin is in the oxidised state., Moreover, the
lipoate and ferricyanide activities are only partially inhibited while
the DCIP-activity is almost unstimulated (WREN and MASSEY, 1966). The
yeast enzyme is considerably more active with APNAD+ and KaFe(CN)6 as
electron accepiors while the Vmax value of the transhydrogenase differs
from the lipoamide dehydrogenase reaction (1ip(SH),NH, — APNAD™). This
ig in contrast to the pig heart enzyme where the same rate-limiting
step exists {VEEGER, thesis 1960),

MASSEY and@ VEEGER {1961) proposed a "ping pong bi bi" mechanism
for the catalytic action of the pig heart lipoamide dehydrogenase, This
was based on the series of parallel lines obtained in the Lineweaver-
=Burk plots when donor and acceptor concentrations were varied, The
same mechanism is proposed for the yeast enzyme though WREN and MASSEY
(1966) do not explain the convergent lines obtained in the reverse
reaction with NADH as donor and 1lipS, or lipSZ(NH2) as acceptor., Recent
results with other flavoproteins favour ternary complex mechanismg
(KOSTER and VEEGER, 1968: ZEYLEMAKBR et al., 1969; STAAL and VEEGER,
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1969), which led us to reinvestigate the kinetic mechanism of this en-
zyme., Rapid reaction kinetics as measured with the stopped-flow technique
indicate a high reaction rate between enzyme and pyridine nucleotides.

NADH reacts with the enzyme within the dead-time (< 3 msec) of the stopped-
~flow apparatus (MASSEY and GIBSON, 1963) also in the presence of Napt
(VEEGER and MASSEY, 1961) to form another intermediate. Reduced lipoamide
reacts slower,

Another interesting aspect of this enzyme is dealt with in fthis thesis,
namely the importance of the flavin binding site and the flavin compound
for the maintainance of the tertiary structure. Because this thesig is based
to a large extent on papers which are already published every chapter has
its own specific introduction. Therefore in this general introduction the
emphagis is laid on differences hetween iipoamide dehydrogenases, from

different genetical sources and on some of their enzymological aspects,
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2, MATERTALS AND METHODS

2.71. MATERIALS

2.1.1. Enzymes

The purification method used for lipocamide dehydrogenase from pig
heart has been described elsewhere (MASSEY, 1960b; MASSEY et al., 1960).
This procedure ig rather a general one and has been basically used for
lipoamide dehydrogenase from various sources (CHANNING et ai., 19623
KOIKE et al., 1963%; WREN and MASSEY, 1965; MISAKA and NAKANISHI, 1963;
BASU and BURMA, 1960; MATTHEWS and REED, 1963). Apoenzyme preparations
of bacterial lipoamide dehydrogenase have been reported before (KOIKE
et al., 1962; WILLIAMS, 1965), The removal of the flavin without
denaturation of the apoenzyme has met with more difficulties in the
case of the pig heart enzyme (VEEGER et al.,, 1966; KALSE and VEEGER,
1968). The procedure is basically the method used by STRITTMATTER (1961
for cytochrome b5 reductase, viz, an acid ammonium sulphate treatment.

Procedure: 2-3 mgs of enzyme from a concentrated stock solution
made up in 0,03 M sodium phosphate pH 7.2 with 3 mM EDTA, are diluted
with & cold 1 M Trig-HC1l buffer (pH 8.1) to a final volume of 1 mlj
next 1 ml XBr is added and the mixture is kept on ice in a 25 ml beaker,
In the meantime the saturated ammonium sulphate solution is stirred at
room temperature (+ 20°) while the pH is checked before use. The most
critical point is the pH of the solution (KALSE and VEEGER, 1968); if
too low the protein easily denatures, if too high there is no efficient
removal of the flavin, It is better 4o prepare a fraoah goimtisn ance a
fortnight, 1 ml of this saturated ammonium sulphate is added dropwise
within 20 seconds, whirling slightly, This addition results in a slight
turbidity. After 40 seconds an additional 4 ml ammonium sulphate is
added which pfecipitates the apoenzyme. Immediately the solution is
centrifuged for 6 minutes at 18,000 g (temperature 50).

The yellow supernatant is decanted after which the centrifuge
tubes are wiped out carefully with absorbant paper. Adding 1-2 drops
EDTA to the precipitate, the apoenzyme is dissolved in 0.6 ml 0,3 M
sodium phosphate buffer pH 7.6 which is kept between 20 and 250. When
the apoenzyme is solubilised, the solution is immediately placed on
ice and diluted with 0,4 ml of a cold 0.03 M sodium phosphate buffer
PH 7.2 containing 3 mM EDTA to prevent buffer crystallisation. The




apoenzyme is kept on ice, It is critical to use a buffer of a high
ionic strength to solubilise the apoenzyme. The temperature of this
buffer is important as well; no differences however were found varying
the pH from 7.2 to 7.6.

In case the precipitate -has atill a yellow colour it is dissolved
in half its original volume of Tris buffer and KBr after whiok a second
(NH4)2SO4—treatment is carried out.

The individual preparations which are obtained may vary rather.
The flavin content amounts approximately 5 % or less some of which is
not enzyme-bound. The rest activity with lipS2 igs 0.3-3 % while the
DCIP-activity varies between 80-300 % of the original activity of the
holoenzyme,

2.,1.2, Reagents
NAD+, WADPH, NADP+, 5'-AMP, 3,5'-cyclicAlMP, ADP, ATP, GDP, GTP,

edenins, adenosine, PAD, FMN, riboflavin, lipoic acié, bovine serum
albumin and ribonuclease were obtained from Sigma Chemical Coj; NADH,
alcohol dehydrogenase and lactate dehydrogenase from Boehringen and
Sthne; DCIF from the British Drug House. Ovalbumin, acrylamide and
N,N'-methylenebisacrylamide were purchased from Kochlight, blue dextran
2000 and Sephadex G-25 and G-200 from Pharmacia. Amido Schwartz was
obtained from Hartman-Leddon Co, FPhiladelphia and ammonium persulphate
and N,N,N'N'-tetramethylethylenediamine (TMED) from E.C. Company,
Philadelphia,.

The 3=-methyl-, 3-carboxymethyl- and Z2-morpholinoFAD which were
synthesised via their monophosphate esters (CHASSY and MCCORMICK, 1965;
BORY and HEMMERICH, 1967) by condensation with 5-phosphomorpholidate
(MOFFATT and KHORANA, 1958) were & gift from Professor P, Hemmerich,
University of Konstanz,

F8-bromoAD was synthesised by Professor D.B. McCormick (1969)
while the FMN-derivatives were synthesised by Professor P. Hemmerich,

Lipoamide and reduced lipoamide were synthesised according to REED

et al. (1959).
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2.2, MBTHODS

2.2.1. The enzymatic asgay of lipocamide dehydrogenase

The enzyme activity of the overall reaction:

NADE + H' + 1ipS, —> NAD' + 1ip(SH), (1)

2
is assayed spectrophotometrically by recording the decrease in ex-
tinction at 340 nm. The diaphorase activity is 8lso determined spectro-
photometrically recording the reduction of DCIP at 600 nm in the

reaction:
NADH + H' + DOIP ——> WNaD' + DCIPH, (2).
The specific activity with lipoate can be calculated from

AE X diiuntion factor

—_—

addition (ml) protein conc,

The activity with DCIP is obtained the same way but multiplied by
s factor 100 (SAVAGE, 1957).

Procedure: a) lipoate activity. To a spectrophotometer cuvette
which is thermostated at 250 is added: HZO to a final volume of % ml;
2.5 ml citrate buffer (1 M, pH 5.65); 0.1 ml bovine serum albumin (2 %
w/v in EDTA, 0.03 M); 0.1 ml lipoate (0.02 M); 0.03 ml NADT (0.01 M
solution in bidést) and 0.03 ml NADH (0.01 M in water, freshly prepared
every day and kept on ice). The reaction is started by adding enzyme
in en appropriate dilution giving an initial change in extinction at
340 nm, not exceeding 0.2 per minute.

b) DCIP-activity. To a spectrophotometer cuvette which is thermo-
stated at 250, ig added: HQO to a final volume of 2,8 mly 0.5 ml sodium
phosphate buffer (0.3 M, pH 7.2); O-1 ml bovine serum albumin (2 % w/v
in EDTA, 0.03 M); 0.12 ml DCIP (1 mM in bidest); 0.03 ml NADH (0.01 M),
The reaction is started by adding that amount of enzyme which gives an
initial change inextinction at 6oo nm not exceeding 0.25 per minute,
The activities are all based upon the initial rate.

Activities are generally expressed in % activity with resvect to
those of the pure holoenzyme, e.g., lipoate activity + 20 umoles
mg'1min'1 and DCIP-activity 0.7-0,8 umoles mg~1min—?. In the kinetic
experiments the specific activities have been expressed in pmoles NADH

formed or disappearing per minute,
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2.2.2, Gel-filtration

Sephadex G-200 columns were calibrated using alcohol dehydrogenase,
ovalbumin and bovine serum albumin as standard proteins. Void volumes
were determined with blue dextran-2000. The effective pore radius, T,
within the gel was calculated according to the procedure of ACKERS
(1964). Stokes radii and frictional coefficients of lipoamide dehydro-
genase were calculated from the elution volume as determined by activity
measurements (SIEGEL and MONTY, 1966). The buffer used for elution was
a 0,05 M Pris-HC1 buffer (pH 7,5) containing 0.1 M KCl and 0.3 mM EDTA,
unless otherwise stated. The experiments were performed at low
temperatures, 40 to 80. Fractions of 3 ml were collected with an LKB
fraction collector. The absorption pattern of the elution diagram was
registered with a 8300 A Uvicord II at 280 nm. Fracticons collected in
experiments with the apoenzyme were incubated with FAD for 1 hr at room
temperature (gi. ref. KALSE and VEEGER, 19568) before the activities
with lipoate were measured., In the experiment with the recombined
enzyme, the temperature of the column did not exceed 40. The fractions
were &llowed to stand for 1 hr at room temperature before measuring

the activity.

2.2.3, Ultracentrifugation

Sedimentation and diffusion patterns were obtained using an M.S.E.
analytical ultracentrifuge. Molecular weights were determined using
the Svedberg relationship and the apprcach to equilibrium method at
different speeds, as used by TRAUTMAN {1956). Preparations of the apo-
enzyme were extensively dialysed against 0.1 M or 0.16 M sodium phos-
phate buffer (pH 7.6) containing 0,3 mM EDTA.

2.,2.4. Sucrose gradients

The sucrose gradients were prepared with a simple gradient device,
consigting of twe communicating legs equipped with a rotating magnetic
stirrer. The gredient was formed at 40 by mixing one volume sucrose
solution (50 grams with 100 ml buffer or water) with one volume of
sucrose solution containing 20 grams with either 100 ml buffer or water,
The buffer used was a 30 mM sodium phosphate buffer pH 7.2 with 0.3 mM
EDTA. In the cases indicated 0.1 mM FAD was added. The total gradient
was 2.3 ml, while the samples layered on the top of the gradient varied
from 0.2 to 0,4 ml.

The experiments were performed with a M.S5.E. 50 superspeed ultra-
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centrifuge using generally a speed of 45,000 rpm at 40 for at least 20
hours., Samples were ccllected in the cold from the bottom of the tube
by mesns of a M,.S.,E, tube piercer; the fraciions consisted of 7 to 10
drops which were spectrophctometrically anelysed for enzyme activity
and refractometricaily to determine the exact gradient shape. A Zeiss
Abbe-refractometer was used for this purpose,

In some cages the protein fluorescence was used as an analysing
tool for which a Hitachi Perkin Elmer MP2A flucrospectrophotometer was

used,

2.2.5, Light-gcattering

Light-scattering data was chtained with a Cenco-TNO apparatus at
room temperature. Measurements were kindly performed by Mr, Van Markwijk
(N.1.2.0.-Fde, The Netherlands). The molecular weight has been

calculated according to the relation:

R = %- - Ke o~ ! (TANFORD, 1961)

o 1/M + 2Bc + 3002 F oeeen

in which the optical constant K is defined as

2 2 no2 (dn/dc)2

K = 7 cm g_g
N A
A = wavelength of the light used
n = index of refraction of the solvent

dn/de = refractive increment = 0.176 cm3 g_1 for lipoamide dehy-
drogenase in 0,03 M sodium phesphate buffer, pH 7.2 with
C.,3 mM EDTA
%— = ratio of the intensities of the light scattered under the
° angle and of the incident beam, Benzene was used as a
standard., The constant K amounts 2.57 x 10-7 cm2 g_2.
The samples were filtered before use with a 100 my filter and the

values were corrected for contributions of the solwvent.

2.2.6, Fluorescence polarisation

Flucrescence polarisation measurements were performed with a
modified Zeiss spectrofluorimeter, A thermostated cuvette holder is
placed behind the exit siit of the monochromator, the holder having a
polarigser in front of it and an analyser behind, Polariser and analyser
are in a horizontal plane and at right angles to one another. By

rotating the analyser the electric wector of the exciting light is
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either perpendicular to the plane formed by the direction of
propagation of the exciting light and the direction of observation (V)
or in the plane (H). As detector a phototube (IP 28) was used with a
Zeiss FL 56 filter in front of it. Usually 396 nm was chosen as
excitation wavelength for FAD and other flaving, The polarisation of

the fluorescent light emitted is defined by

o - v = Iy
Iov + Iy

vertical polarised emission vector obtained under in-

in which Ivv
flvuence' of the vertical excitation wvector

I horizontal emissdion vector obtained by excitation with

hv

]

the vertical excitation vector.
The method of BAYLEY and RADDA (1966) has been uged to calculate
the fractions of FAD or flavin analogue bound to the apoensyme
assuming that the polarisation of enzyme-bound analogue is the same as
that of FAD itgelf., The fractions of flavin. which are bound enables
cne to calculate the association constants. The number of binding sites
is calculated using the equation derived by KLOTZ (1946)

3 K

1
Dx —n ' nD(1-x)

in which S total enzyme concentration

)

total ligand concentration

fraction ligand bound

number of binding sites

=R B K D
I

dissociation constant of the enzyme-ligand complex.

I

2.2.7. Fluorescence

The fluorescence measurements were performed with a Hitachi Perkin
Elmer MP 2A fluorospectrophotometer which was equipped with a ther-
mostated cuvette holder. The excitation and emission spectra are
corrected for scatter of the solvent, and variations in light intensify

of the 150 W Xenon-light source.

2.2,8, Recombination

Recombination of apoenzyme with FAD or its derivatives was
performed mostly in 0,13 M sodium phosphate buffer (pH 7.6) which con-
tained 0,3 mM EDTA, Samples were withdrawn at the times and temperatures

indicated.
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Preincubation experiments with FMN and FMN-analcgues were performed on
ice unless otherwise stated. The experimental conditions have heen described

in the text.

2.2.9, Berology

Antisera from rabbits were prepared by intraveneocus injections and by
a combination of intraveneous and intramuscular injections, the latter to-
gether with Freund's adjuvant incomplete., After a month intramuscular
injections were lefit out of the immunisation scheme as they had no or little
effect on the antiserum titers., Weekly 1.5-2 mg protein of either apoenzyme
or DCIP-active enzyme and 2-3 mg of either holoenzyme or Cu2+—modified en—
zyme, all prepared from one enzyme siock, were injected. After a month blood
samples were ccllected from the ear veins at regular intervals. The y=
-globulins of ncrmal sera and antisera were prepared according to KEKWICK
(1940).

The antisera titers were determined with the micro-precipitation
reaction under paraffin oil (VAN SLOGTEREN, 1954) by observing this reaction
after one hour incubation at 570. The Ouchteriony agar double-diffusion
test (OUCHTERLONY, 1962) was used to test the homogeneity and the rela-

tionships of the antisera, These tesis were performed in the cold room,

2.2,10. Polyacrylamide disc electrophlioresis

The acrylophore was from Pleuger; the power supply from Shandon. Stock
golutions were made and gel polymerisstion performed as described by
ORNSTEIN and DAVIS (1962) and DAVIS (1964). The system consigted of a fine-
-pore gel (8 %) and a small layer of large-pore gel on top (4 %). The
electrophoresis buffer used was a 5 mM Tris-glycine buffer (pH 8.3-8~5) and
3,5 mA per tube was applied during 3 hrs at 40 C. The amount of protein
applicated varied between 30 and 60 micrograms.

Staining and fixation of the separated bands was performed in a 1 %
Amido Schwarz solution in 5 % TCA during 3 hrs whileéﬁ destaining occcurred
electrically in a 5=7 % acetic acid solution. The gels were analysed with a
Photovglt model 520-A densitometer with reduced slit width,

To obtain & better resolution of protein bands in gels containing
8 M urea, these gels were made in three layers, a 4 % large~pore on top
with a 7 % and a 10 % fine-pore gel beneath {VAN DORT, unpublished resuits).

® L.C, van Loon; unpublished results




3, PROTEIN ASSOCIATION--DISSOCIATION AND THE INFLUENCE ON CATALYTIC

PROPERTIES

3.1, INTRODUCTION

NADH: lipoamide oxidoreductase, E.C. 1.6.4.3% is widespread in
nature and has been isclated from a number of animals and plants, e.g.
pig heart (STRAUB, 1939, SAVAGE, 1957, MASSEY, 1961), dog fish liver
(CHANNING et al., 1962), Escherichia coli (HAGER and GUNSALUS, 1963;
KOIKE et al., 1963), Mycobacterium tuberculosis (GOLDMAN, 1960),
Saccharomyces species (WREN and MASSEY, 1965; MISAKA and NAKANISHI,
1963) and Spinacea oleracea (BASU and BURMA, 1960; MATTHEWS and REED,
1963). Originally many preparations were found to have a high
diaphorase or menadione activity {STRAUB, 1939; SAVAGE, 1957; MISAKA
and KAKARISHI, 1963) which could be lowered drastically by adding EDTA

during the purification, Traces of metal ions, especially Cu2+, are

considered responsible for the modification of activity and spectrum
(VEEGER and MASSEY, 1962; MISAKA et al., 1965). The physioclogical
function consists of catalzing the oxidation of protein amide-linked
dihydroiipoic acid by NAD+, the lipoic acid having been reduced during
the oxidative decarboxylation of pyruvate or a-oxoglutarate (HAGER and
GUNSALUS, 1953; SEARLS and SANADI, 1960). SAVAGE (1957) reported for the
pig heart enzyme a molecular weight of 81,000 haged on sedimentation
and diffussion coefficients, MASSEY et al. (1962) calculated molecular
welghts on the basis of sedimentation and diffusion values or with
Archibald's approach to eguilibrium method, the values varying from
98,000 to 114,000, Approximately the same molecular weight has been
determined for lipoamide dehydrogenase from other sources (WREN and
MASSEY, 1965; METTHEWS and REED, 1963; MASSEY, 1963; KOIKE et al.,1962;
MISAKA, 1966).

The enzyme contains 2 moles of FAD per 100,000 grams of protein,
4 disulfide vicinal to the flavin was demonstrated to be involved in
the catalysis as well as FAD itself (MASSEY and VEEGER, 1960, 1961;
SEARLS and SANADI, 1960). The oxidised enzyme is stable in 6.5 M urea,
but reduction under these conditions with NADE or dithionite denatures
the enzyme, This results in a FAD-free protein with half the mole-
cular weight (41,000-48,000). MASSEY et al. (1962) proposed a model
for the enzyme structure, the main features of which are two polypeptide
chaing held together by the active-centre disulfide bridges close to the

two FAD's. However the data presented in this study and the preceding




one (KALSE and VEEGER, 1968) do suggest an alternative model, namely
a monomer-dimer system in equilibrium, Preliminary data of this study
has been published (VEEGER et al., 1968).

3.2, RESULTS

3.2,1. Gel filtration with Sephadex G-200 columns

The results from the gelfiltration experiments are given in Table
I. The distribution coefficient for alcohol dehydrogenase was used to
determine the effective pore radius of the Sephadex gel, The relia-
bility of this wvalue is supported b& the Stokes radii which have been
found for other proteins, e.,g. bovine serum albumin, and ovalbumin
(HABEEB, 1966)., The r-valueswere found to vary between 188 4 and 200 %
for different columns and at different temperatures. To calculate the
other physical constants which are derived from the Stokes radius, one
must assume that the molecule does not expend or contract under these
conditions. The data show that the apoenzyme differs considerably from
the holoenzyme with respect to its physical properties. Though the
distribution coefficients grne more & function of the Stokes radius than
of the molecular weight, the relation between (K ) 1/3 and the
(mol.wt,) 1/2 is approximately valid. Using lactate dehydrogenase, alcow
hol dehydrogenase, bovine serum albumin, ovalbumin and ribonuclease for
calibration of the column, the wvalues for the mel.wt. of lipoamide
dehydrogenase and its apoenzyme were found to be approximately 109,900
and 62,500, respectively,

3.2.,2, Ultracentrifugation

The sedimentation coefficients for the apoenzyme and the enzyme
reconstituted on ice are given in Table II, Ultracentrifugation studies,
however, are rather limited due to the low protein concentrations of the
apoenzyme preparations (2,5-3 mg/ml), The sedimentation coefficients at
this concentration are much lower compared to the value of the holo-
engyme., The values for the reconstituted DCIP-enzyme are very similar
to those of the apoenzyme and suggest approximately the same dimensions,
On the basis of diffusion coefficients as obtained with Sephadex—-G 200
and with the analytical ultracentrifuge, estimations of the mol.wts of
apoenzyme and the DCIP-enzyme have been made. They are compared, in
Table III, with values for holoenzyme and Cu2+-modified lipoamide
dehydrogenase.

The data clearly indicate a mol,wt. of approx. 52,000 for both
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the apoenzyme and the DCIP-enzyme. Additional evidence comes from the
Trautman plot for the zpoenzyme which is shown in Fig. 1. The non-
~linearity of this plot is partislly due to residual holoenzyme left

in the apoenzyme preparation. The mol.wt, determined by this method

was calculated to be 54,4000, again half that of the holoenzyme., Further
evidence that the mol,wt, of apoenzyme is different from that of the
native holoenzyme comes from incubating apoénzyme with FAD at 250. This
restores the lipoic acid activity and resulfs in a sedimentation peak
with a sedimentation coefficient identical to that of the holdenzyme

itself.

3,2.3, Monomerigation under anaercbic conditions

MASSEY et al. (1962) reported denaturation of lipoamide dehydro-
genase when studied under anaerobic conditions in a 0.03 M sodium
phosphate buffer which contained 6.5 M urea and excess NADH. Anaerobic
denaturation under the influence of NADH and dithionite resulted, as in
the former case, in a flavin-free protein. In both cases the molecular
weight proved to be approximately half that of the holoenzyme. The sapo-
enzyme 1s more easily solubilised at high ionic strength, therefore
three mgs of native lipoamide dehydrogensse were dissolved in 0,15 M
sodium phosphate buffer (pH 7.2) which contained 0,3 mM EDTA and 6,5 M
urea, The enzyme was made anaerobic in a Thunberg cell after which excesgs
of NADH was added. The solution was kept anaerobic at 70 for 30 minutes.
After opening the Thunberg tube, the solution was poured immediately
over & Sephadex G-25 column (10 cm height) which was equilibrated with
0.15 M sodium phosphate buffer (pH 7.2) and 0.3 mM EDTA, On the Sephadex
G=25 column, two fluorescent bands separated: one containing the holo-
enzyme and apoenzyme both migrating through the void volume, the second
one containing FAD which had been liberated., The activities before and
after FAD addition are shown in Table IV,

The return of a relatively high DCIP-gzctivity on ice after adding
FAD as well as the increase in lipoate dehydrogenase activity after
elevating the temperature are phenomena characteristic for the presence
of apoenzyme, e.g., monomerisation (cf. ref. KALSE and VEEGER, 1968).
Menomerisation coupled with an increase in DCIP-activity also takes place
under &anaerobic conditions upon addition of NADH, It is known from
previous studies with this enzyme (gﬁ.ref,‘ MASSEY et al., 1961) that
anserobic addition of NADH to lipoamide dehydrogenase results in the
formation of a semiquinone by the uptake of two reducing equivalents,

with a very small fraction of totally (4-equivalent) reduced enzyme




Fig, 1, Trautman plot of the apoenzyme of lipoamide dehydrogenase at 40.
0.1 M sodium phosphate buffer (pH 7.6) which contained 0.3 mll EDTA was
used. Rotor speeds, Nt——-0,21 000 rov,/ming O0—0, 30 700 rev./min; &—9,
40 500 rev./min. The protein concentration was 2.0 mg/ml; activities with

oxidiged lipcate and with DCIP were 3 % and 25 %, regpectively.



| b1y




Fig, 2. Sedimentation patterns of lipczmide dehydrogenase apcenzynme,
recombined DCIP-active enzyme and anaerobically frozen enzyme. A, Apoenzym
(2.6 mg/ml) in 0.15 M godium vhosphate (pH 7.2) with 0.3 mM EDTA. Temperat:
19.20; rotor speed, 58 400 rev./min; pictures taken at 13 min (I} and 17 m
(IT). B, Recombined DCIP-enzyme (2.6 mg/ml) in C.16 M sodium phosthate
buffer (pH 7.2) with C,3 mM EDTL, Temperature, 50; rotor speed, 55 100 rev
miny pictures taken it 2t 9 min (I) and 14 min (II), €, Anaerobically froz
(6 mg/ml) in 0,03 M sodium phosvhate buffer {(vE 7.2) with 0,3 mM EDTA.
Temperature, 80; rotor speed, 49 500 rev,/min: pictures taken at 48 min (I

and 60 min (I1). Sedimentation is from right to left,
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present at 250. The latter fraction increases by lowering the {emperature
to OO; concomitantly the activity of the preparation wiith DCIP increases.

In Table V the results summarised have been cbhtained by freezing
holoenzyme with a tenfold molar excess of NADH under nitrogen during 5
days. Under these conditions the DCIP-activiiies are much higher than
those obtained at 0° under reducing conditions. The preparations became
colourless during the freezing process and are practically non-fluorescent.
As can be concluded from Table V the differences in activities between the
different treatments are only slight,

It is of importance to known if the four-electron reduced state is
coupled to a monomer structure and permits thé dimer to dissociate to give
an enzyme comparable with the DCIP-active monomer, or whether it may remain
a dimer but with another conformation resulting in a high activity with
DCIFP, comparable with that of the Cu2+-modified enzyme, Therefore, higher
protein concentrations (5 mg/ml) were also frozen under anaerobic conditions
with an excess of NADH. After reoxidation on ice, the preparations were
analysed with the analytical ultracentrifuge. The sedimentation patterns
showed two components in contrast to the oxidised or the oxldised frozen
enzyne. This presumably represents a monomer-4dimer egquilibrium as judged
from the observation that upon incubation at 250, the DCIP-activity which
iz originally high declines, accompanied by an increase cf the lip82~
-gctivity. In Table VI a survey of the results under different conditions
is given.

Pig, 2 gives the sedimentation patterns of the frozen reduced enzyme,

apoenzyme and reconstituted DCIP-active enzyme,

3e244. Light-gcattering

Light scattering has been used to demonstrate that the native holoen-
zyme dissociates upon dilution, even at a neutral pH. In Fig. 3 the mole-
cular weight has been plotted versus the protein concentration, Mépp valuesg
differ slightly in different experiments between 95,000 and 100,000. The
Mapp value decreases below enzyme concentrsationsof 0,1 mg/ml which is
in accordance with the protein concentration st which the liposte activity
declines (g§. VEEGER et al., 1969),‘Extrapolation to zero concentration,
although rather tentative, resuits in a monomer molecular weight of 48,000~
50,000, Amounts of monomer and dimer present can be calculated according to

STEINER (1952) using




Fig. %. Relation between molecular weight (Mapp) and concentration of lipo
amide dehydrogenase., Inzyme (A280/4455=4,9) was dialysed against sodium
vhosphate buffer pH 7.2 containing 0.% mM EDT4A, 098 30 mM, XXX 100 mM, &fCR!
100 mM with 1 mM (NH4)2SO4 or against sodium phosphate pH 8,2 containing
0.3 mM EDTA, %0 mlf (A4d). Light-scattering measurements were done 20 to 30
min after diluting the enzyme at 20°, The corresponding lipoate activities
were determined in the case of the 30 mM phosphate buffer pE 7,2 (AfA) and
pH 8,2 {000).
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Fig., 4., Helation hetweenrn the percentage of dimer present as calculated wit
the Steiner method (see text) and the percentage of lipoate activity. The
experimental data from the different plots in Fig. 3 were used to calculat

the percentage of dimer while the lipoate activities correspond also with

Fig. 3. AMA, % lipoate zctivity; €06, % dimer from Mapp.
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e, M, + 2c,M
M = 17 21
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With the aid of this method (for details ¢f, EISENKRAFT, 1969) association
¢ ;

constants of 3-6x10" 1 mole“1 can be calculated.

The relative lipoate activity and the percentage of dimer present
(see Fig. 4) are fairly well in agreement which is indicative of the
existence of & dimer - monomer equilibrium in which the dimer is the
lipoate~active species.

Similar results were obtained in 30 mM as well as in 100 mM sodium
phosphate buffer (pH 7.2) containing 0,3 mM EDTA. Adding 10 mM (NH4)2SO4
to the 30 mM buffer system results in a ilowering of the Mapp value as
measured in the dimer region (88,000-90,000) which might be due to a 3E:
different optical constant K.

The monomer-dimer equilibrium is pH-dependent as shown in Fig. 3; in
30 mM sodium phosphate buffer pH 8.2 there is no decrease in molecular
weight upon dilution but rather the reverse, a slight increase. The lipoate
activity remains constant over the whole range, ,

The disgsociation of the holoenzyme is neot completely understood. For
instance it is not known whether the enzyme derived from a-KGDC hehaves
identical in this respect as the one from PDC. The enzyme preraration des~.
cribed was stored in a concentration of 10 mg/ml during four months at
—140 which resulted in a partial loss of activity. Dilution of the enzyme
did not result in a further loss of the lipoate activity. The electro-
phoretic pattern obtained was the same z2s known for the frozen enzyme con-
formation (gﬁ. Chapter 8) though conclusions are hard to draw as no electro-

phoretic pattern was made of the original dissociating holoenzyme.

3.2.5. Sucrose_g_radientsaE

A preliminary experiment in which apoenzyme was centrifuged in a
gsucrose gradient with a saturating concentration of flavin resulted in a
partial separation of lipoate activity and DCIP-activity. Previously the
meaning of both activities has been discussed in connection with the
dimerisation reaction, viz. the dimer structure having a high lipoate
activity, the monomer active with DCIP.

In Fig. 5%a the distribution over a sucrose gradient of equal amounts
of apoenzyme, recombined enzyme and holoenzyme from the same sample is
compared. The temperature during the run was kept at approxim. 50 to
prevent apoenzyme denaturation as well as 3total dimerisation,

*rootnote: this part of the work has been fulfilled in collaboration with
ir. Cees de Ranitz.







