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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,




-6 -

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.




- 13 =

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.
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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.
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In the case of the apoenzyme, the gradient shape was determined first
before adding excess FAD to the samples, The activities with DCIFP were
measured after 10 min. incubation on ice. From Fig. 5a it is obvious that
the apoenzyme is normally symmetrically distributed. The curve of the
lipoate activity is slightly asymmetrical caused by a dimer rest-activity
superimposed on a partial lipoate activity caused by a dimerisation in
the apoenszyme fractions after addition of flavin, The lipoate aciivities
were remeasured after elevating the temperature to 220; the position of
the band is as expected identical to the original DCIP-activity curve. The
band position of the apoenzyme is completely different from the holoenzyme
which is used as a reference. These results suggest that the apoenzyme has
another density than the holoenzyme as centrifugation for 24 hrs 45.000 rpm
is enough to agsume the system to be in equilibrium, Morveover, it is clear
that the apoenzyme itself does not associate without FAD. In & sucrose
gradient to which FAD ig added there exists a monomer-dimer equilibrium
(Fig. 5b); the DCIP-active monomer is partially converted into dimer even
at low temperatures., Although there is no exact identity between the
positiong of the apoenzyme and the FAD-apoenzyme monomer complex the
lipoate activity in the flavin containing gradient corresponds to the holo-
enzyme position., This dimer activity is asymmetrical and skewed to the
monomer side due to the equilibrium,

The experiments as described above using a sucrose gradient with
flavin were performed in bi-distilled water (pH 5,8), Using 30 mM sodium
phosphate buffer (pH 7.2) results to a large extent in a protein association
during running in the presence of FAD, even at low temperatures., Pre-
sumably this is due to a pHueffect ag the pH-optimum for return of the
lipoate amctivity is near to pH 7.2 {(see Chapter V) in combination with
ionic strength,

Another remarkable point is that the DCIP-activity which is still
stimulated, sometimes greatly overlaps or even coincides with the lipoate
activity while only this DCIP-activity curve is skewed to the monomer side
(Fig, 6), This is strongly suggestive for the existence of a dimer con-
formation which still has a high artificial activity with DCIP in ‘between
the DCIP-active monomer and the ultimate dimer structure fully active with
lipoate (gg. Chapter V).

Preincubation of apoenzyme with FAD and subsequent centrifugation of
the recombinstion mixture on a FAD-gradient at 5o elso separates the
lipoate ~ and DCIP - activities, The position of the lipcate activity

corresponds to the holoenzyme posgition, the DCIP-activity to the monomer
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position {Fig, 5b,¢),

The holoenzyme was also studied in a gradient containing 100 pM FMN;
the lipoate activity was found back in the region corresponding to the
dimer and no indication was obtained that a FMN change for FAD occurs in
the holoenzyma, An apoenzyme which was regaining its lipoate activity very
fast upon recombination was kept for 4 hrs at 25O with FAD before running
it in a FMU containing gradient. The monomer DCIP-activity was hard to
detect but the lowered lipoate activity (gﬁ. Chapter V) proved to be due
to a dimer., Although no quantitative data is available this indicates at
least that part of the recombined eniyme regains its original properties
{cf. Chapter V).

In Fig. 7 the results are given for the apoenzyme distribution after
recombination during 16 hrs with FAD or FMN at room temperature. Excess
of flavin was removed by sieving the recombination mixtures on & ghort
Sephadex G-~25 column (8 cm height, @ 0,5 cm). The fluorescent samples were
centrifuged on sucrose gradients which did not contain any flavin., The
fractions were analysed for fluorescence properties and lipoate activity.
In the case of the FAD-recombined enzyme the protein fluorescence coincides
completely with the flavin fluorescence and also the lipoate activity,
This indicates that the flavin is firmly bound to the protein after such
a long preincubation time (gﬁ. binding forces of flavin binding in Chapter
V), The FMN apoenzyme recombination mixture exhibits an intensive protein-
-fluorescence with a maximum not corresponding with the density of the
FAD enzyme but coinciding with the monomer position. Moreover, the fluor-
escence excitation spectra show a double peak identical to the patterns
obtained with the apoenzyme. No lipoate activity is present under the
maximum of the protein fluorescence while incubation with excess of FAD
in that region partially restores the lipsz—activity. This means that the
I'MN is reversibly bound and split off during the run to be distributed
over the whole gradient., In the dimer region there is a weak detectable
flavin fluorescence corresponding with a low lipoate activity. As the
relative 520 nm flavin fluorescence emission intensities upon 280, 360 and
450 nm excitation are practically the same as in the FAD exXperiment we
asgume that this fluorescence is due to FAD which was left in the apoenzyme.

Moreover, nc lipoate activity with FMN has been found.




Fig, 5., Distribution of apoenzyme, recombined enzyme and holoenzyme over
sucrose density gradients., Condition: 22 hrs at 5O at 45 000 rpm. 4, Apo-
enzyme (0.15 mg) digtribtution over a sucrose gradient assayed by adding ftc
the fractions excess FAD on ice during 1C min before determining the DCILP-
~activity (eee) and lipoate activity (+++)., The lipoate activity waes remes
sured after elevating the temperature (ALE) during 30 min. E. ALpoenzyme
(0.15 mg) distribution over a buffered sucrose gradient containing 100 M
FiD assayed by measuring DCIP-activity (eee) and lipoate activity (+++).
C. Holoenzyme (0.07 mg) distribution over & buffered sucrose gradient as

measured by the lipoate activity (++4+).
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Fig. 6. Distribution of recombined enzyme and holoenzyme over a buffered
sucrose gradient, Apoenzyme (0.2 mg) was centrifugzed for 20 hrs on a sucr
gradient containing 100 UM FAD, 30 mlf sodium phosphate buffer pH 7.2 and
0.3 mf BDTA, Temperature approx, 70. From the mpecombined system the lipoa
activity (44A) and the DCIP-activity (##8) were measured,?rom the holoen-

zyme (0,2 mg) the lipS,-activity was determined (+++),
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Fig, 7. Distribution of I'MN- and FAD recombined enzyme over a buffered
sucrose gradient after removing excess of flavin by Sephadex-G25 sieving,
i, Apoenzyme (0,17 mg) was preincubated with 100 uM FAD during 20 hrs at
room temperature,and run for 20 hrs at 4% 000 rpm(5o). The fractiocns were
analysed for protein fluorescence at 350 nm emission wavelength (#0@),
flavin fluorescence emission &t 520 nm (00G0) and lipoate activity (+++).
B, Apoenzyme {ocoo) was preincubated with 100 uM FMV during 20 hrs and run
under the same conditions ag A, Lipoate activity (+++) determined after

addition of excess flavin to the samples and incubation at rocom temperstur:
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FPig. 8. Influence of urea on the different conformations of lipoamide dehy
drogenase, The DCIP--activities of the different forms of enzyme were mea-

sured, 0—0, DCIP-enzyme (monomer); &—", frozen enzyme; LI—I, Cu2+—modifi
enzyme; A—A, native holoenzyme {with DCIP). X—X, activity with oxidised

lipoate of native holoenzyme. The different enzymes were incubated with ur
for 10 min on ice before samples were withdrawn and the activity measured :
described under METHODS. The protein concentrations varied between 0,3 and
0.5 mg/ml. The reconstituted DCIP-active enzyme and the frozen enzyme were

allowed to stand for 15 min on ice after thawing before use.
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3,2,6, Sensifivity of the different enzyme conformations to urea

It is ¥nown that incubation of the normal oxidised lipoamide
dehydrogenase with 6.5 M urea only results in & small decrease in
activity with lipcic acid and with DCIP, The Cu2+-modified engyme,
however, is less stable; 10 minutes incubation with & concentration of
4 M urea results in a 60 % decrease of activity.

The apocenzyme itself is very seneitive to urea; a concentration of
1 M largely prevents recombination with FAD as can be concluded from
the small increase in fluoregcence polarisation and the small
enhancement of the DCIP-activity, This explains the relatively small
restoration of DCIP-activity after reductive urea-treatment. The recon-
gstituted DCIP-enzyme is also urea sensitive though much less than the
apoenzyme itself,

The frozen enzyme which has high DCIP-activity behaves in s
similar way as the DCIP-activé enzyme. In Fig. 8 the regults of urea-

-treatment upon the forms of lipoamide dehydrogenase are given.

3.3, DISCUSSION

The sedimentation coefficients for the holoenzyme and for the

Gu2+—modified enzyme are identical. An s value of 5.8 8§ was

calculated from experiments performed inzg:T M sodium phrosphate buffer
(pH 7.2). Since the protein coucentration dependency of the sedimentation
constants is very small for this enzyme, the discrepancy between this
value and those reported previously (SAVAGE, 1957; MASSEY et al., 1962)
is rather small. The values as described here are similar to those for
the E.coli enzyme (KOIKE et al,, 1962)., The differences in values for
the mol.wts reported in the literature are mainly due to differences in
diffusion coefficients. SAVAGE found a D,,  velue of 6.08 x 10" Temsec™
while MASSEY reported 4.63 x 10~ T en?sec .

The diffusion coefficients based on present Sephadex G-200

7

1

experiuents are 5.07 and 5.19 x 10 om’sec”! for the holoenzyme and the
Cu2+-modified enzyme, respectively. These values are more in agreement
with those of Massey and practically identical with the values reported
for the E.coli enzyme.

Several independent methods, viz. gel filtration, sedimentation
and diffusion, and approach to equilibrium centrifugation, give ample
evidence for a mol.wt. of the apoenzyme of approximately 52,000. This
value is in fair agreement with the value Massey described for the in-

active, urea-treated* protein (gof. MASSEY et al., 1962). As has already
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been marked in this paper, it is possible to demonstrate the presence
of apoenzyme under the anaerobic conditions used by Massey. Cne must
take care to choose a buffer with e high ionic strength and not to
expose too long the formed apoenzyme to the 6.5 M urea., Therefore the
apoenzyme can be made both under anaerobic and under aercbic conditions
(cf£. ref. KALSE and VEEGER, 1968).

The present results indicate that the model described by Massey
for lipoamide dehydrogenase in whieh two disulfide bridges are
considered responsible for the association of the two polypeptide
chaing, is rather unlikely, The consequence of such a model would be
that it mist be agsumed that either the digulfide bridges mugt be
opened to form sulfhydryl groups under aercbic, acid conditions which
is very unlikely, or that an exchange must occur in which the inter-
peptide S-S5 bridges are replaced by two intrapeptide S-S bridges. If
an interpeptide S-S5 bridge is replaced by an intrapeptide one by
acid-(HH)ZSO4,

ghow a mol.,wt., equal to that of the holoenzyme, since after preparation.,

it is difficult tc understand, why the apoenzyme does not

it is dissolved in neutral buffer, in which a reversed exchange to the
original interpeptide bridges counld be expected in that case. But even
accepliing this possibility one needs the binding of FAD to the apo-
enzyme plug elevated temperature for the sulphur exchange.

Although this mechanism cannot be completely excluded, it is in my
opinion more logical to explain the results by a4 simpler mechanism i.e.
the association, without sulphur exchange, of two molecules of DCIP-
-zactive monomer to the lip82~active dimexr, 7

It accounts for the observed second order rate of return of the
1ipS,-activity {(ef. ref, KALSE and VEEGER, 1968), which is much more
difficult to envisage in case of an exchange of S5-8 bridges, Further
arguments can be found in Table VI, where it is shown that in the
presence of a large excess of arsenite monomer is still present., In the
case of an interpeptide 5-5 bridge thie would be impossible since
arsenite would connect the reduced peptides. The most important
argument in favour of an asscciation is the observation that the FAD
containing monomer is very active with DCIP (KALSE and VEEGER, 1968).
This phenomenon cannot be explained at all by the original model of
MASSEY et al. (1962)., The results are summarised in Scheme I,
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In a previous paper (cf. ref, KALSE and VEEGER, 1968) evidence
for the existence of conformetions II, III and IV, with their activities
and mol,wts hag also been given and does not need discussion,

A few remarks need to be given in connection with the mol.wts of
conformation V and VI, ¥o actual evidence indicates that {reezing of
the oxidised holoenzyme leads to a monomer with DCIP-activity. Héwever,
the strong dependence of the formation of these forms on the protein
concentration as well as the similar values of the association constants
for FAD-binding by the apoenzymes prepared by acid (NH4)ESO4and freezing
and the ures sensitivity support this. As 2 counter argument the resulis
with Cu2+-modified enzyme might be taken, indicating that this protein is
a2 dimer, However, there is the posgibility, that at the very low protein
concentrations of the assay (1-5 ug/mil) dissociation does occur,

The present results show that under reducing conditions freezing
causes monomerisation, This is accompanied by an increase in DCIP-
asctivity in comparison with reduction ax 0° without freezing. It is
posaible that the DCIP-activity of the enzyme reduced by NADH at 0° in
the absence or presence of arsenite (gﬁ. ref, MASSEY and VEEGER, 1960)
reflects the presence of monomer. Experiments in this laborafory have
gshown that the conversion of VII into VIII by lowering the temperature
in the presence of an excess of NADH, as can be followed by the
2-NAﬁ+charge transfer band at 700 mu (cf. ref.
VEEGER and MASSEY, 1962) is slow and takes several hours. On raising

appearance of the FADH

the temperature to 250 the reverse reaction is much faster, This
indicates that this process is directed by conformetional changes rather
than shifts in equilibrium,

STEIN and CZERLINSKY (1967) have reported that addition of NADH
to lipoamide dehydrogenase results in a S-shaped titration-curve, Our
own results (cf. ref, MASSEY et al., 1962) have never shown such a
relationship, It is possible, that the presence of NCIP-active enzyme
like the frozen enzyme, is responsible for this. A gradual conversion
at 250 into the native enzyme during the titration can lead to such a
result, because it can be expected that the frozen enzyme, as the
Cu2—modified enzyme will show & spectral response at 450 and 530 mp

which is different from that of the native enzyme.
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Table IT

Sedimentation coefficients of the apoenzyme of lipoamide dehy-

drogenase and the enzyme recombined on ice., The apoenzyme and

the reconstituted enzyme were extensively dialysed against
0.1 ¥ or 0.15 M sodium phosphate buffers which contained 0,3 mM
EDT4 (pH 7.2). Rotor speed 55,000 rpm, temperature as indicated.

Preparation Protein . Temperature 850,y
concentration o ’
1.2 mg/ml 12 4.0
Apoenzyme 2.3 mg/ml 7.8 4.4
Apoenzyme 2,6 mg/ml 19.5 4.2
Reconstituted 2.6 mg/ml 3 3.8
DCIP~enzyme 2.6 mg/ml 6.8 2.7




SNTBA UTBLIOOUR TIIFE

(LG61L) HOVAYS *JFoa

¥

FEE

(2961)°¢ 18 32 XESSYN ‘JFox _

0% v¥ 8¢ - gvr*9 swfzue~JI100
Pe1nlT}SUCOOY
005 ¥4 000464 AR £2x06"9 98°9 suAzusody
009°40! 8°¢ - 61°G smAZUS
POTITROU-, 1)
£3002° V8 A #9079 -
0087201 x5 £9°Y -
008°201 8§ - 1o*¢ QmAZUSOTOH
#AnJTIYULD xapay
-ex}In~q ~deg-q afnyTIjwensIs Iy 002-9 xeopeydeg
a‘s a‘s nfoz oes/ mo™ 02 #fog
0 peg/ _wo notieIedex
W W JOI /5 a J0L /5 a T3 d

*(1961) SYITE °Jox 03 SUTPIODOO®
02q t(9961) AINOW PU® TEHEIS °JOI o} PUTPI00OB PSYETNOTED SBA
*¢l*0 °q o3 peumssw ST A *(II STQ®BL ©98) UOT}BIUGWIPESs PUB WOTSOIFTP

—

&
pP918INOTED SEBM 93NJITIJUIDBITTN s

35
002-p xepeudag z03 " O¢q
yroq JIo0J pesn eXsa sInjersdwse)] swes oyl pU®R IsIIng awss ayj swlzus~-JTHE 9] puB emfLzusodw 9yl IOJ
fusAT® 0STB 9X¥ HIUSTOTIFOOO UOTIBIUSWIPSS PUB HAUITOTIIOOO UOTENIITP IOJ SonTBA 81, *owizus-

-II00 pue swizueodw ‘ewizus pPaTITPOU- _n) swizZusoToy sspusBoxpiysp opTuwodT] JO JUSTSM IBINOOTOW

+2

III oT4®By




Table IV
Apoenzyme formed on ice under anaerobic conditions in 6.5 M ura-.
The percentage of the original activities with lipoic acid and

DCIP are given. The experiment was carried out as described in

the text,
| LipS, - ac -, DCIP - adt,

Experiment 1 !
Holoenzyme ‘ 100 100
Column fraction 8 24
Recombination during
6 minutes on ice with FAD 5 267
Experiment 2
Holoenzyme 100 100
Enzyme fraction . 1 not determined
Recombination during 4 1/2.
hours on ice with FAD ; 0.1 136
30 minutes at 25° f 22 not determined
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Table VI

Sedimentation coefficients of lipoamide dehydrogenase under

different conditions. Holoenzyme (4-5 mg/ml) anaerobically
frozen in 0.03 M phosphate buffer (pH 7.2) and 3 x 10"4 M EDTA

with a threefold molar excess of NADH and the additions given

in the Table, After thawing the samples were oxidised by oxigen.

Addition ’Tempeiature st,c BZO,W
trace NADase 1.7 3.5 = 1.9 6.1 - 3.3
Lipoamide none 8.3 4,1 - 2.3 5.7 = 3.2
dehydrogenase sodium arsenite
(4-5 mg/ml) (10_2M) + trace
+ NADH NADase 5.7 3.6 - 2, 5.5 = 3.4
none 5.9 14,0 - 1, .1 =~ 2.8
NADT (2x1073) 7.0 3,9 - 2, .8 = 3.3
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4. APOENZYME AND RECOMBINATION PROPERTIES WITH FLAVINS AND OTHER

NUCLEOTIDES

4.1, INTRODUCTION

The recombination of the apcenzyme of lipoamide dehydrogenase
with FAD was studied and some of +hs chrracteristices of this process
delineated in a preceding paper (KALSE and VEEGER, 1968) These
included chenges in polarigation and intengity of fluorescence as well
as activities on both the artificial substrate, DCIP and the more
natural substrate, lipoic acid, One of the features of the apoenzyme
was the almost instantaneous binding of the FAD deduced from a rapid
increage in polarisation, To obtain more detailed information about
the seguence of the reactions following the attachement of the flavin,
recombination with analogues of FAD has now been examined. The
3-methyl- and 3-carboxymethylFAD, compounds alkylated at the 3-imino
pogition in the isocalloxazine system of the flavin-adenine dinucleotide,

were used for this purpose.

4.2, RESULTS

4,2,1, Restoration of activities

The effectiviness of 3-methyl- and 3--carbexymethylFAD relative
to FAD in restoring the diaphorase sctivity can be seen from the data
in Fig, 1, In comparison to activities with FAD, those obtained with
the 3-methyl-analogue are reasonably high, whercas those with the
3=-carboxymethyl~derivative low. For example at 710 MM concentration,
the 3-carboxymethylFAD shows only 5 %, but the 3-methyl-derivative 60 %
of the activity restored by FAD, A similar experiment with 2-morpho-
linoFAD showed this compound to be inactive™. In Table I the maximum
values of the specific activities in the diaphorase and lipoate dehy-
drogenase reactions are given after incubation with FAD and its
3-gubstituted-analogues. As seen previou~ly (KALSE and VEEGER, 1968),
the maximal diaphorase activity is ~btained in the first few minutes
after incubating the apoenzyme with PAD on ice, Again both the
5-methyl- and the 3-carboxymethylFAD's partially restore the DCIP-

-activity: both analogues are less coenzymatically active than FAD;

% The 2-morpholinoFAD as well as 3-alkyl-derivatives are essentially

inactive with D-amino acid apoenzyme (ref. CHASSY and MCCORMICK,
1965; and KOSTCR, unpublishad results),




Fig, 1. Effect of coenzyme concentration on the restoration of diaphorase
activity. The solutions contained varying amcunts of FPAD (0), 3-methylFAD
(A), or 3=-carboxymethylF:il (CO with 5 WM apcenzyme, U.3 mi EDTA and 0,13 I
sodium phosphate buffer (pH 7.6). After 5 min incubation at 0°, samples

vere withdrawn and activities measured with DCIP.



Ol

%% activity D

CIp

) V4
07 (™)

-1 00¢

1514




Fig. 2., Restoratiion of diaphorase sctivity as affected by time and tempera

ture of incubation of apoenzyme with 3-methyl- {0) or 3-carboxymethylFiD (

Solutions countained 14 WM each of flavin and apoenzyme, 0.3 M EDTA and
0.13 M sodium phosphate buffer (pH 7.6).




Ui

0S

°/, actvity DCIP
N

Q
-]
-

008

.9l

AR




_25_

the 3-carboxymethylFAD is least active. _

The amount of lipSQ—activity restored after raising the tem-
parature, indicates that the analogues are coenzymatically less
functional than FAD. The %-methylFAD restores only 15 % of the
gctivity obtained with the same amount of FAD, the 3~carboxy-
-methylFAD is essentially inactive,

The recombination with the derivatives is strongly temperature
dependent as is the case with FAD itself, Fig., 2 shows the results
obtained at two different temperatures. Over the temperature range
from 0° to 250, a practically linear increase in DCIP-activity to a
plateau is found in the presence of 3-carboxymethylFAD, The properties
of 3-methylFAD are in between those of PAD and the 3-carboxymethylFAD:
the increase of activity with DCIP is egtill fairly linear a% 00, while
at higher temperatures it shows gimilarities with the behaviour of FAD
(cf. ref, KALSE and VEEGER, 1968). Both the analogues have in common
with FAD that the DCIFP-activities reach a plateau followed by a
decrease; the decline in acbivity is fasier at higher temperztures.

Activation energies for the temperature-~dependent increase of the
DCIP-activity upon recombination of apcenzyme with either 3-methyl- or
3-carboxymethylFAD, have approximately the same values ( 5500 cal.-
mole—1). These values are obtained from ithe slopes of the Arrhenius
plots (Fig. 3).

4.,2,2, Fluorescence changes

The fluorescence - pH profiles of FAD and its 3-alkyl-derivatives
are given in Fig, 4. As with TAD, both 3-carboxymethyl- and 3-methyl-
~FAD exhipit maxima for fluorescence intensity near pE 2.5. In every
case the fluorescence decreases towvard neutral pH with a midpoint at
pH 3.5 indicative of the pKa for protonation of the 6-amino group of
adenosine {(LONG, 1961). Relatively low fluorescence is seen from
mildly acid to slightly alkaline solutions in which these flavins are
intramolecularly complexed (CHASSY and MICORMICK, 196%). Thus the FAD
analogues like FAD are presented as internally complexed species to
the apcoenzyme. The fact that the fluorescence characteristics of the
derivatives are very similar toc those of FiAD, justifies the assumptions
made for the calculation of the association constants i.e. show the
same increzse in fluorescence upon binding tc the protein.

The patterns for change in polarisation and intensity of fluores-

cence for the binding of the methylFAD at 20°% are givern in Fig. 5. The




3. Arrheniug plots of the rates of restoration of DCIP-aciivity with

Fig.
the 3-methyl- (0) and 3-carboxymethylFAD (£}, Solutions contained 14 uM ea
of flavin and apocenzyme, 0.5 mlM EDTA and C,12%2 M godium phosphate buffer

{pH 7.6). Activities with DCIP were measured after 5 min at the given tem—

peratures and cerrected for the residual activity of the holoenzyme.
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fig., 4. Effect of pE on the fluorescence intensity of FAD and its 3-alkyl
analogues. Solutions were 10 Wil in #4D {0), 3-methylPid (A), or 3-carboxy-
methy1FAD (7)) with 0.1 M buffers of KC1-HC1 (ph 1); glycine-HC1 {(pH 2 and

Z): sodium acetate (pH 4 and 5); sodium phosphate (pH € and 7).
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polarisation increases rapidly within the first minute; then keeps
increasing, but at a much slower rate. The intensity also increases
rapidly in a way comparable to the changes in polarisation, The
recombination with 3-methylFAD is very similar to that of FAD over

the whole range studied; however, the polarisations are somewhat

less. The relatively small increase in polarisation which characterises
the 3~carboxymethylPAD sgstem, indicates that the affinity of this
derivative for the protein is lower than FAD or the 3-methyl-analogue.
This low affinity of 3-carboxymethylFAD, in combination with a lower
activity of saturating concentrations for the activity with DCIP
provides an explanation for the shape of the saturation curve of Fig. 1.

The fluorescence npolarisation as well asg the intensities of the
free flavin-analogues were determined. The 3-carboxymethyl- and the
3-methylFAD do not differ from FAD with respect to polarisation. All
the p values found were betwsen 0.028 and 0.032 and are practically
temperature independent. A sample of apoenzyme (DCIP-activity 80 %b,
lipsz—aotivity less than 3% %) was reconstituted with excess 3-methyl-
FAD, precipitated with ammonium sulphate, and extengively dialyzed
against 0.03 M sodium phosphate buffer (pH 7.2) which contained 0.3 mM
EDTA, The polarisation cf fluorescence of the FAD bound to this re-
constituted enzyme was 0.37 determined at 100. This is in fair agree-
ment with values obtained for the FAD-containing lipoamide dehydro-
genase (0,%8), This reconstituted enzyme showed a lipS,-activity of
17 % and a DCIP-acivity of 330 %, indicating that the physiological
activity is also partially restored. The value of 0.37 was used for
the polarisation of both the bound 3-methyl¥PAD and 3-carboxymethylFAD
in the calculations, The association constants are average values from
at least four independent experiments using different flavin :apoen-
zyme ratio's, Using the method of KLOTZ (1946) it was calculated that
1.0 - 1.2 moles of flavin-analogues were bound per 50,000 grams of
apoenzyme, a value which is close to that obtained with FAD (gi. ref.
KALSE and VEEGER, 1968),

The absorption specirum of the purified 3-methylFAD containing
enzyme has maxima around 454 mu and 350 mp and minima arcund 470 mp
and 330 mM, Since it shows a shouldegeﬁg%egnd 485 mu it is not
gignificantly different from that of the TAD enzynme.

Fig, 6 shows that the sedimentation patterns of reconstituted
3-methylFAD~containing lipoamide dehydrogenase maintain a very sharp

peak which is asymmetrical and skewed to the side of the meniscus. The




Fig. 5., Change in intensity (%) =znd polarisation {(#) of Iluorescence upon
binding of FAD (B) and its Z-methyl analogue (4) to linoamide dehvdrogenas
apoprotein, Solutions contained 2,% Bl each of flavin and aposznzyme, 0.3 m

o]
EDTA and 0.13% M sodium phosphate bulfer (pH 7.6) at 207,
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Fig. 6. Sedimentation of 3-methyl¥id reconstituted lipoamide dehydrogenase

in 0.03 M godium phosphate buffer (pH 7.2) with 0.3% mM EDTL, Rotor speed:
. - f‘ﬁo - _ - 1

55 360 rev./min; temperature 12 . Thotographs ftaken aflter 24 min (A) and

39 min {(B}. Sedimentstion direction, from right to left,
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rather low ionic strength may be partially responsible for this effect.
Se&imentation coefficients were calculated from the top of the peak.

At 7°, 12°, and 17° the respective values are 4.%, 4.9, and 5.2 S. An
averege 500,w value of 6,0 S can be calculated from these results.
Extrapolation to zero protein concentration was not possible, as there

was insufficient materisl available.

4.%, DISCUSSION

The present finding that the apoenzyme of lipcamide dehydrogenase
is able to recombine with FAD-analogues is of real significance for
studying flavin-protein interactions. Up to now, FAD-analogues have
been tested for their coenzymatic functions almost exclusively on the
epoenzyme of D-amino acid oxidase, However the resulis now obitained
emphasise that one cannot appraise coenzyme function on the basis of
only one enzynme.

Replacement of FAD by the two 3-alkyl-derivatives in the lipoamide
dehydrogenase resulted in reasonably active compexes with the
artificial suhstrate DCIP. 45 to physical properties, the 3-methyl- as
well as the 3-carboxymethylFAD do not differ very much from FAD, e.g.
the redoxpotentials are the same (MCCORMICK, 1959). Spectral and
fluorescence behaviour are also practically the same. Apperently the
equilibria between the internally quenched complexes of the 3-alkyl-
—analogues and their open fluorescent forms, evidenced by fluorescence-
-pH profiles, are similar to that of FAD {MCCORMICK, 1969). This
suggests that replacement of the 3-imino hydrogen of FAD by a sub-
stituent which is larger or negatively charged does not markedly
influence the ability to form an intramolecular non-fluorescent complex,

The increase in fluorescence polarisation upon addition of the
3~alkyl-analogues, as with FAD, reflects the binding process, HMoreover,
since the unbound flavins are less fluorescent than when bound, the
increase in their intensities must reflect an opening of their intra-
molecular complexes upon association with the enzyme. The analogues
cannot fully replace ¥AD, This is not surprising as the association
constants have been shown to be different. From the midpoints of the
saturation curves {see Fig. 1) one can only calculate the association
constants approximately, as the maximal obtainable velocities are
vncertain, These are assumed for the DCIP-activity to be 2000 % and
1300 % of the value of holoenzyme for the FPAD and the 3-methyl-derivative,
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respactively. However the latter value is quite uncertain, since
gsaturating concentrations of the methyl-derivative were not applied.
The fact that 3-substituted flavins are able to bind to form an
active enzyme indicates that the 3-position is not involved primsrily
in the binding to the protein as has been proposed previously

(THEORELL and NYGAARD, 1954) for other flavoproteins (cf. ref. VEEGER
et al., 1966),




Table I
Extent of reskaration of diaphorase and lipoanmide dehydrogenase
activities with FAD and its 2-alkyl-analogues., Sclutions con-
tained 13 uM each of flavin and apoenzyme, 0.3 mM EDTA and
0.13 M sodium phosphate buffer (pH 7.6). Activities with DCIP
ware measured after incubating 5 minutes at Oo; those with
lipS2 were measured after 30 minutes incubation at room

temperature. Activities are expressed in comparison with the

holoenzyme.
Specific activities

DCIP Lip82

% act, % act,

None 170 9.9
FAD 1600 69,2
32=MethylFAD 1100 20,2
3-CarboxymethylFAD ! 780 10,6




Table II
Association constants of FAD and its 3-alkyl-derivatives with
diaphorase at different temperatures. Sclutions contained
varying amounts of flavin with 1.9 yM apoenzyme, C.3 mM EDTA
and 0.13 M sodium phosphate buffer (pH 7.6) at the
temperatures indicated. Fluorescence polarisations were

measured and values for Kass calculated as described in the

texto
X x 1077
ass
10° 20°

FAD (Table II vef, _

KALSE and VEEGER, 1968) 3.3 2,0
3-~MethylFAD 1.1 1.1
2-CarboxymethylFAD 0.3 -
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5. APOENZYME STRUCTURE AND MORE FLAVIN BINDING ASPECTS

5.1 INTRODUCTION

The apoenzyme of lipoamide dehydrogenase can be prepared under
both amercbic and anaerobic conditions (KALSE and VEEGER, 1968; VISSER
and VEEGER, 1968), It has a mol.wt of 52,000, half that of the holo-
enzyme., In previous studies (KALSE and VEEGER, 1968; VISSER and VEEGER,
1968% VISSER et al,, 1968) the recombination process in particular has
been investigated. This process depends on at least three reactiocns,
i.e.

1) binding of the flavin molecule with the protein which leads to
opening of the intramolecular complex between the iscalloxazine ring
end adenine moiety of FAD and the formation of a DCIP-active monomer;
2} the transition to a complex which is less activiifB1P ana which can
be trapped at low temperstures; -

3) the temperaturs-dependent dimerisation which determines the return
of the lipoate activity.

It has been shown in our laboratory that the apoenzyme used in
our studies differs from that prepared with guanidine-HCl as described
by BRADY and BEYCHOK (1568,1969). Recently STRITTMATTER (1967) showed
that several distinct conformations of cytochrome b5 aporeductase exist,
Evidence will be presented here for the apoenzyme and the DCIP-active
enzyme of lipoamide dehydrogenase existing in several forms, The
recombination process is in fact a continuous change in protein structure
ending in the dimeric holoenzyme, Binding studies of flavin derivatives
and other mclecules to the apoenzyme of lipoamide dehydrogenase
demonstrate that interactions of the protein and the flavin are based
on multiple binding forces as has already been postulated by several
authors (THEORELL and NYGAARD, 1954; THEORELL, 1958; WALAAS and WALAAS,
1956) for the binding mechanism of FAD in flavoproteins.

5.2. RESULTS

Acidification of a holoenzyme preparation with a saturated
ammonium sulphate solution (pH 1.5) precipitates the apoenzyme, As this
method is rather severe and in fact based upon more or less reversible
stages of protein denaturation it is not surprising that the properties
of different apoenzyme preparations may vary considerably. For instance

in the case when the acid smmonium sulphate solution is added guickly
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without complete and intensive mixing, the rest activity with lipoate
of the precipate will be rather high (20-25 %); in other preparations
the lipoate activity will be low while the DCIP-activity is stimulated
600 to 800 %, Combined with the previous observation (KALSE and VEEGER,
1968), that the FAD monomer has a high DCIP-activity this suggests

that monomerigation occursbﬁiﬁrgissociation. In general the rest-
-activities with lipoate and DCIP as compared with the holoenzyme are
4-8 % and 150-200 %, respectively. However, the milder one treats the

preparation, the better the return of lipoate activity.

5.2.1, Stability of the apoenzyme

The ability of the apcenzyme to recombine after ageing on ice for
prolonged times is givern in Table I, The main effect of standing
concerns the return of the lipoate activity e.g. the dimerisation,
although the maximum activity with DCIP also diminishes. Furthermore
the DCIF-activity of an aged apoenzyme decreases less after elevating
the tempersature than with a freshly made preparation, These observatias
indicate that although the structure of the apoenzyme gradually alters
the FAD-binding site is much less affected. Sometimes a sm&ll increase
(10 o0 15 %) in recombination ability with FAD is noticed during the
first hour. On standing on ice in concentrated (1-2 mg/ml) solution
this is observed by means of fluorescence - polarisation and DCIP-
-activity measurements., A process of refolding of a fraction of the apo-
enzyme, comparable with the observations made by STRITTHATTER (1967),

with cytochrome b, reductase, might be responsible for this phenomenon.

Dialysis of ghe apcenzyme for 2-3 hours against sodium phosphate
buffers (30 mM or 150 mM pH 7.5) always results in apoenzyme pre-
parations which are upon addition of FAD 20-40 % less active with
lipoate and DCIP.

In contrast with the holoenzyme the apoenzyme is thermo-labile
(Fig. 1A). The inactivation which is reflected in the loss of
restoration of the DCIP-activity is temperature-dependent and promoted
by low concentrations of urea. At 50 the half time of inactivation at
zero urea concentration is approximately 300 min. while the values for
apoenzyme incubated with 2 M and 3 M urea are about 15 min. and 2 min.,
respectively.

The inactivation is also dependent on the protein concentration.
At 0.4 mg/ml the apoenzyme after an initial decline in restoration
capacity is almest completely stable at 00—50 for at least one hour.

However, at 0.1 and 0.05 mg/ml the inactivation reaches 20 % and 40 %




Fig, 1., A, Stability of lipcamids dehydrogenase apoenzyme under different |
conditions., Stability of apcenzyme incubated at different concenirations
at 50 in 50 mM szodium phogphate bhbuffer (pH 7.2) containing 0,3 mM EDTA.

L sample of the incubation mixture was added to the assay cuvette, to whi
5 UM FAD was added and the DCIP-reaction was mezsured at 250. C00, 0.7 mg
AbA, 0,05 mg/ml; xxx, 0.1 mg/ml in the vpresence of 2 M urez; 98, 0.1 mg/
in the presence of 3 M urea. B, The stability of the apoenzyme (0.4 mg/ml)
at different incubkation femperatures,; incubated and assayed under the con

diticens of Fig. 14,
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respectively after sianding at 5° (Fig. 1B) for 50 minutes.

The apoenzyme withgtands freezing at - 140 for several days.
Prolonged frecezing promotes irreversible structural changes in the
apo-protein reflected in a proportional lovering of the restoration
of both the DCIP and lipoate activities. In general the results vary
somewhat but the tendency is that both bovine serum albumin and (Nﬁ432304
protect  which also protect the holoenzyme against inactivation during
freezing. Apoenzyme which is frozen for 1 month after recombination
with FAD on ice in the presence of urea (1-6 M concentration range),
has lost gall its activity in contrast to the control which still shows
considerable activity.

The recombination process was mainly studied in sodium phosphate.
The pH-profile is curved with an optimum velue between pH 7.2 and 7.5;
increase of lonic strength accelerates the pH-dependent reiturn of the
lipoate activity, but the maximal activities at low and high ionic
strength only differ slightly.

The urea-sensitiviity of the DCIP-activity of the reconstituted
enzyme has been mentioned previously (VISSER and VEEGER, 19683).The
apoenzyme itself is also very urea-sensitive as demonstrated in Pig. 1A.
However some features need more attention. In Table IT and Fig., 24
the influence of urea on the FAD binding as measured by fluorescence-
-polarisation has been surveyed. The apocenzyme incubated for a short
time with urea, even in concentrations as low as 2 M, is not able to
bind the TAD effectively as can be concluded from the lowered
polarisation of fluorescence of the flavin. However, if the flavin is
added prior to the urea addition, ithe polarisation of the recombined
enzyme decreases slightly and rather slowly. This means that the
binding of the flavin rapidly induces a protein conformational change
which largely protects the flavin binding site itself against unfolding.

Although the flavin-protein interscticn iz little affected, the
function of the catzlytic centre is more easily disrupted as the
activities with DCIF are strongly influenced, At 2 M ures thig activity
is about 70 ¢ inhibited (cf. ref. VISSER and VEEGER, 1968? Fig, ),
which indicates that the protein does underge conformational changes.
The results of Table II and Fig, 1 seem to be contradictory as the
half times are different. However, the techniques used are quite
different. In the fluorescence-polarisation experiments the amount of
PAD is limited. The stability experiments contain an excess of FAD
vhile upon measuring, the samples are #iluted in the assay which

drastically lowers the urea concentration,
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-Addition of PCMB to the apoenzyme decreases the FAD-binding
capacity. In Fig. 2B the Kass value is given for flavin binding to
the apoenzyme which is incubated with different amounts of PCMB. The
influence of PCMB on the restoration of the DCIP-activity is also
shown, An amount of 1 mole PCMB per mole of apoenzyme incubated for
approximately 30 minutes results in 35 % inhibition of the DCIP-
—activitiy while amounts of 2 and 4 moles PCMB/mole protein results in
60 % and 90 % inhibition, respectively. These values fairly well agree
with the percentage of lipoate activity which returns upon elevating
the tesperature under these conditions. This behaviour is not very
different from that of the holoenzyme. Binding of 1 and 2 mclés of
phenylmercuric acetate per mole of enzyme gives almost the same loss
of lipoate activity (CASOLA and MASSEY, 1966), which has been ascribed
by PALMER and MASSEY (1962) and by VEEGER and MASSEY (1962) to two
fast reacting SH group. '

The addition of 50 MM L-cysteine to a recombination system without
PCMB containing 6.4 M apcenzyme and 100 uM FAD at 20° conpletely
prevents the return of any lipoate activity (Ei' ref. CASOLA et al.,
1966). On the other hand, addition of dithiothreitol does not stimulate
the return of the lipoate activity as has been stated by BRADY and
BEYCHOK (1968).

5.2,2, Apoenzyme fluorescence

The apoenzyme shows a strongly enhanced protein fluorescence
(280 nm excitation) as compared with the holoenzyme. At the emission
maximum (330 nm) the increase is approximately 20-fold. The position
of this maximum indicates s rather non-polar environment for the
tryptophan groups (TEALE, 1960), In the holoenzyme the protein
fluorescence is mainly quenched due to binding of the prosthetic
group and the connected energy-transfer to the flavin (VEEGER et al.,
1969) though influence of other factors like proiein conformational
changes cannot be ruled out. The excitation spectrum (Fig. 3%A) of the
apoenzyme shows a double maximum, at 282-284 and 290 nm, while the
holoenzyme shows only one peak at 287 nm. Lipoamide dehydrogenase
contains 7 tyrecsyl, 2 tryptophyl and 13 phenylalanyl residues per mole
of flavin {MASSEY, in BOYER et =l., 1963). According to several authors
(WEBER, 1960; COWGILL, 1964; KONEV, 1967) in protein fiuorescence the
contributions of the tyrosyl residues are gemrally small compared with

those of the tryptophan residues., However, studies with the holoenzyme




Pig, 2. A, Influence of urea on the binding of FAD. Apoenzyme (5 uM) and
FAD (% uM) were incubsted at 10 in 30 mM scdium phosphate buffer with

0.3 mM EDTA; the apoenzyme was preincubated during 5 min with various ureg
concentrations. After 30 min recombination, the Kahs values were calculats
from the fluorescence pelarisation as previcusly described (ref. 1). B.
Influence of FPCMB on the binding of FAD 000, as Pig., 24 with wvarious PCOMI
concentrations relative to the monomer concentrations., AAd, & pM apoenzymnd
preincubated with the relative amounis cof PCMB indicated, during 30 min.
Samples were withdrawn and the DCIP-activity determined in an assay cuvett

to which 4 uM TAD was added.
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ig., 3., A4, Fluorescence of lipoamide dehydrogenase apoenzyme. Excitation

spectrum in 30 mM sodium phogphate buffer (pH 7.2) containing 0.3 ml EDTA
Fmission wavelengbh 330 nm; excitation slit 4 nm; emissgion slit 3 nmy 2XX
apoenzyme 0,04 mg/ml; 000 holoenzyme 0,33 mg/ml. B, Fluorescence emission
spectrum of a 0,1 mg/ml apoenzyme solution; excitation wavelength 280 nmj
excitation and emission slits % nm., Temperature 50. The spectra are not

corrected for lamp specltrum and photomultiplier sensitivity.
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show (VEEGER et al., 1969) that the tyrosyl contibution to fluorescence
with respect to that of the tryptophans is relatively large. Difference
fluorescence spectroscopy (WEBER and YOUNG, 1964; SUELTER, 1967) shows
that in the apoenzyme the coa*ribution of the tyrosyl fluorescence with
respect to that of tryptophyl residues is relatively small, Urea (4 M),
shifts the emission wavelength to 340-345 nm (cf, ref, TEALE, 1960)
which indicates a change from apolar to pelar surroundings of the
tryptophyl residues, On addition of urea the excitation spectrum is
quenched and the 282-284 nm maximum is reduced to a shoulder at urea
concentrations > 4 M. The tyrosyl fluorescence contribution is affected
by 4 M urea to the same extent as the tryptophan fluorescence.

The absorption spectrum of the apoenzyme shows a maximum at 277 nm
with two shoulders at 282 and 292 nm., The mein peak is probably due to
tyrosine absorbance while it is likely that the shoulders belong to
the tryptophan groups though a contribution of S-S5 bridges cannot be
excluded (STEINER and EDELHOCH, 1961; LEHRER and FASMAN, 1967).

The apoenzyme fluorescence studied ag a function of temperature
shows discontinuities around 12° and 170 when the temperature is in-
creased from 50 to 250. However, this process seems 1o be irreversible
as upon lowering the temperature no return to the original emission

level occurs.

5.2.3. Influence of halogenide~-ions on the recombination

As ¥XBr is ugsed in the preparation procedure of the apoenzyme, its
infiuence, if any, on the recombination process is of importance. In
Fig. 4 the influence which potassium halcgenides have on the recom-
bination process on ice with respect to the DCIP-activity is given. The
order of magnitude in which the potassium salts are interfering with
the level of the DCIP-activity is KBr ¢ KC1 < KI. A second peint of
interest is the shift in the time necessary for the DCIP-activity to
reach its lower maximum value i.,e., from approximately 5-8 min. to
11-15 min,

At higher flavin concentration (60 uM) the difference in activity
between the untreated and the salt-treated recombination gyatems dis-
appears although there ig still a distinct difference in the $ime at
which the maximum of the DCIP-activity is reached, The return of the
lipoate activity is diminished in the presence of low flavin congen-—
trations. The DCIP~activity remains high which indicates that
denaturation is not important. Furthermore none of the potassium

halogenides (60 mM) interferes with the return of the lipoate activity



Fig. 4, Influence of potassium halogenides on the recombination of lipoami
dehydrogensse apoenzyme with FiD, Apoenzyme (8 ul final concentration) was
preincubatéd on dice in 30 miH phosphate buffer pH 7.2 containing C.3 mll EDI
#®8, no addition; 000, &0 mM XBr: XXX, 60 mM KCT and Akk, 60 mM KT. After
10 min FAD was added (10 uM final concentration) and samples withdrawn to

measure the DCIP-activity at the times indicated,
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when a saturating concentration (100 uM) of flavin is used.

In Table III the influence is summarized of several halogenides
on the polarisation of a recombination mixture as well as on its
DCIP~activity. Bromides and iodides are well-known flavin fluorescence
quenchers (cf. ref, WEBER, 1948) which causes an increase of the flavin
polarisation as the life-time of the excited state declines. The
polarisation in the systems with bromide is enlarged while the DCIP-
~aptivities are less than in the control. On the other hand, iodides
cause a markedly reduced DCIP-activity while the polarisation is only
glightly higher than in the conirocl. Thus due to interaction of the
flavin with the halogenides, especially I-iocns, the flavin binding is
partially prevented; nevertheless the polarisation is increased and
actually reaches almogt thé same value as that of the control. The
increase in fluorescence polarisation is not due to binding of the
flavin to an inactive form of the enzyme, since this cannot explain
the observation that in the presence of halogenides the maximum

activity can be obtained at saturating concentrations of FAD,

5.2,4, Effect of protein concentration on the hinding with FAD

In previous papers (KALSE and VEEGER, 1968; VISSER and VEEGER,
19683)evidence was presented that the return of the lipoate activity
is due t¢ a dimerisation reaction as the apoenzyme has half the mol.wt.
of the holoenzyme, while futhermore the returm of thig activity fits a
second order reaction rate, The dimerisation is promoted by increase of
temperature which prolably causes an increase in hydrophobic inter-
actions (Ef' ref. SCHERAGA et al., 1962), Fig. 5A demonstrates the
return of the lipoate activity at 250 usging different apoenzyme concen-
trations with excess of flavin. The influence of the protein concen-
tration on the dimerisation is clear; the lipoate activities in this
experinment reach constant levels within 3C minutes, The activities with
DCIP are still high at that time especially in the case of the lowest
protein concentrations {Fig. 5B)}. It is therefore unlikely that the
levelling off of the lipoate activity is caused by denaturation of un-~
reacted apoenzyme but rather due to an equilibrium between the liposte-
-inactive monomer and dimer,

Assuming an equilibrium between these species and using the level
of the lipoate activities to calculate the actual fractions monomer and
the fully active dimer, one nmight calculate the association constants
at the different protein concentrations. The association constants

obtained vary with the protein conceniration from 3.6 x 106 1 mol-e"1 to




Fig,h A.The influence of the apoenzyme concentration on the return of the
iipoate activity. The differeni protein concentrations were incubated witl
excess FAD (100 upb) at 25° in 100 i sodium phosphate buffer (pE 7.2) con
taining 0.3 mM EDTA, and the aciivity measured alter different incubation
times 000, 0.83 mg/ml; 3@, 0,42 mg/ml; AAL, 0,27 mg/ml; AsA, 0,10 mg/ml;
XXX, 0,05 mg/ml, B, The influence of the apoenzyme concentration on the
decrease of the DCIP-activity, Conditions asg in TFig. 54, Ass, 0.1 mg/mls;
a0, 0,42 mg/ml.
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2,5 x 1051 nﬁ&?1which suggests a more complicated system than a pure
monomer—dimer equilibrium. One of the reasons for this discrepancy
might be the changes of the apoenzyme properties upon extreme dilution

(cf. apoenzyme-stability).

5.2.%, The binding of flavin analogues

It hag been shown (VISSER et al., 1968) that FAD and some of its
derivatives, viz. 3-methylFAD and 3-carboxymethylFAD can be bound 1o
the ;poenzyme; only FAD and B—methylFAD are able to give a lipoate
acti;e enzyme, 8ll compounds give DCIP-active complexes. It was thus
of interest to siudy the binding of other substituted flavins, in order
to obtain information about the different parts of the molecule in-
volved,

FB8-bromoAD which is substituted in the adenine moiety restores
the DCIP-activity upon incubation with the apoenzyme, The KaSS value
for flavin binding of 1.5 x 104 l.mole-1 after 20 minutes incubation
on ice was calcuiated from the Lineveaver-Burk plot of the restored
DCIP-activities obtained at varying flavin concentrstions (Fig. 6).

A vmax value of 2400 was fQUnd, which is 55 % of the Vmax obtained

with FAD, In contrast to the FAD-enzyme itself, the F8-bromoAD-con-
taining enzyme ghows in comparison with the free flavin compound a
quenched flavin fluorescence, This cannot be due to differences in
intramclecular complex formation of the free flavins, since the fluores-
cence spectra of FAD and F8-bromoAD have the same pH-dependency
(MCCORMICK). It is possible that the bromo group functions as a dynamic
guencher of the flavin flucrescence, which explains the rather high
value of the fluocrescence polarisation of apoenzyme-bound F8-hromoAD
(p=0.4;kec=596 nm) as calculated from standard calibration curves and
the estimated Kass'

The bromo-compound does not restore any lipoate activity but inter-
feres with the FAD-induced return of this activity., Addition at 250 of
P8-bromoAd (6C Wmoles) 2 minutes before that of FAD (30 umoles) to 8
Hmoles of apoenzyme, almost completely prevents the restoration of the
lipoate activity, This behaviour will be discussed together with the
FMN binding which behaves similarly. It is of interest tc note that
P8-bromoAD restores the activity when added tc D-amino acid oxidase
apoenzyme (KOSTER and VEEGER, unpublished results).

FMN can be bound by the lipocamide dehydrogenase apoenzyme though

it restores neither DCIP nor lipoate activity., Although the restoration




FPig, 6, L-B plot of the apoenzyme recombination with F8-bromoiDl and FAD,
The apoenzyme (3,6 ul) was incubated on ice in 30 mM sodium phosvhate
puffer (pH 7.2) containing 0.3 mM EDTA during 20 min with the concentra-

tions of flavin indicated after which the DCIP-activity was determined.
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of activities fails, the binding of this compound can be demonstrated
by equilibrium dialysis (Fig, 7) and by interference with the FAD-
-apoenzyme recombination process. The spectrum of the oxidised enzyme
does not show any shoulders zround the 445 nm maximum,., The ampunt of
FMN bound was calculated to be 0.9 mole per 52,000 grams of apoenzyme,
The enzyme is reduced very slowly by NADH and causes a slight increase
of absorbance above 500 nm, The slow rate of reduction has no catalytic
significance and might bve due to photoreduction. When FAD and FMN are
added together to the apoenzyme, the DCIP-activity when measured after
20 minutes incubation on ice does not differ significantly from that

of the control with FAD alone or is even slightly higher. However, pre-
incubation with FMN shows inhibition of the restoraztion of the DCIP-
-~activity with respect to FAD (Figs. 7 and 8), Remarkable is the
deviation from linearity in the L-B plots at the lower FAD concen-
trations which is due to the presence of FMN, =zince it is not observed
in the presence of NADH, a compound competitively inhibiting the FAD
binding. Although the last part of the FMN inhibition curve is drawn
for competitive inhibition it is difficult to distinguish between com-
retitive and noncompetitive inhibition from’these measurements at
different times of incubation. It is also not possible to ascertain
whether the Vmax values found after different times of incubation with
FAD are identical or different. The Vmax values of different apoenzyme
preparations are not always identical (gi. Figs, 7 and 8) but generslly
emount to 2500~3000 % of the value of the holoenzyme. It is of interest
to note that the amcunt of inhibition by FMN is dependent on the pre-
incubation time and increases considerably. The Kass values for FMN as
caleculated from these plots show an increase from 0.1-0.3 x 10” Lmole ™
after 30 minutes preincubation time to 2 x 105 1.11101«5-.1 after geveral
hours of preincubation, Thé velues obtained for binding of FAD are
similar to those measured by fluorescence polarisation (¢f, ref. KALSE
and VEEGER, 1968). The competition between both flavins indicate that
the same protein binding site is involved. Moreover, addition of
different FMN concentrations, give L-B plots with approximately the same
vmax value (Fig. 7) which underlines ithe competitive character,

One might argue that the slow increase in KaSS is due to a slow
reaction of FMN with the apoenzyme, However, in that case one would
expect a slow dissociation of FMN apoenzyme complex, but upon incubation
with an excess of FAD no increase in rate with time is found.

The increase of the flavin association, & phenomenon most likely

due to protein conformational changes is perceptible upon exchange of




Fig, 7. BEffect of different FMN concentraticns on the inhibition of the
TAD binding to the apoenzyme. Apoenzyme was preincubated cn lce in
30 mM godium phosphate bpuffer pH 7.2 contalning 0.3 mbM EDTA. with FMN (90 b
and incubated with the FAD concentrations given during 5 min (A&ﬁ) and 15
min (4Ad), Also preincubated with FUN (9 uM) followed by incubation with

FAD during 15 min (ess), Control with FAD after 5 min (ooo) and 15 min (X}






FPig. 8. Effect of different timess of preincubation with FMN on the inhibi-
tion of FAD binding to the apoenzyme. The results are expressed in a L-B
plot, 5 wi of the pretreated aposnzyme was incubated on ice in 30 mM
phesphate pl 7.2 containing 0.3 mM EDTL, during 20 min with the FAD con-
centrations given, before the DCIP-activiiy was determined. The apoenzyms
was pretreated on dice with FMN (95 M) during 2 hrs {oeoe); during 30 min

(XXX); without addition (000) and with 1,7 mM NADH (@@® during 2 nin,
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Fig, 9. AL, The influence of FMN preincubation with lipoamide dehydrogenase
apoenzyme on the restoration of aciivity with DCIP by FAD. Apoenzyme (12 |
was incubated on ice with FMN (200 ui) in 0,0% M sodium phosphate buffer
(pH 7.2) with 0.% mM EDTA. Samples were withdrawn at 5{co), 30(xx), S0(Ad
and 180(em) minutes, incubated with 100 M FAD on ice and the DCIP-activif
determined with time. B, Influence of FMN on the resforation of the activi
with lipoate. Recombination of 9 uM apcenzyme of lipoamide dehydrogenase ¢
20O with 20 uM FAD in 0.03 M sodium phosyhate buifer (pH ?.2) with 0,0% ml
TDTA.D g apoenzyme not preincubated with FMN: xx apsenzyme preincubated
during 30' minutes with 10 uM FMN; ++ with 5C uM; ee with 90 uM FMN.
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an aspecific flavin compound as FMN for FAD. In order to demonstrate
that the binding of FMN to the apoenzyme leads to a series of time-
-dependent conformational changes, the eXxperiments given in Fig, 9
were performed. At different times FAD wae added to a recombining
apoenzyne—FMN system and the DCIP-sctivities belonging to the FAD-
—containing enzyme were followed. It is clear that both the maximum
velocity and the time to reach the maximum are dependent on the time
of preincubation with FMN, The maximum activity is always obtained
between 2 and 5 min, after FAD addition; after preincubation with FMN
for 30 minutes on ice the maximum appears almost immediately (within

1 min.) after the addition of FAD and then diminishes with time as has
been found in three independent experiments., Longer periods of prein-
cubation with FMN lead to much lower meximum values of the DCIP-acti-
vity. Part of the flavin still exchanges very fast as can be concluded
from this rapid restoration of part of the DCIP-activity.

Preincubation with FMN at higher temperatures decreases the amount
of lipoate activity restored after FAD addition, The amount of lipoate
activity restored, is also dependent on the FMN concentration. Remarkable
is the slow decrease of the lipcate activity ih the presence of FMN
even after full restoration of the lipoate activity.

Addition of FMN to the dimerising apoenzyme-FAD system at 20°
diminishes the restored lipoate activity, even after reaching full
activity. The dimerising system becomes less sensitive to IFMN upon
prolonged incubation at 25O though even after one night a 15-20 %
decline of activity is observed. Similar effects have been found in
the presence of F8-bromoAD., The holcenzyme itself is not FMN-sensitive.
Incubation on ice of low hcloenzyme concentrations, less than 0.1 mg/ml,
leads due to dissociation of the enzyme to a 60-70 % inactivation of
the lipoate activity (VEEGER et al., 1969) but addition of FMN does not
affect this process as shown in Tablie IV,

The binding of FAD by apoenzyme as followed by the rate of in-
crease of flavin fluorescence (ref. XALSE and VEEGER, 1968) occurs in
a few msecs as shown by preliminary eXperiments with the stopped-flow
fluorescence technique*. Therefore we propose the following scheme for

the recombination process:

® The stopped-fiow experiments were kindly performed by Dr. J.F. Koster
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Thus the asscciation constant measured at the maximum development of
‘aPOII - FAD is actually a combination of several rate constants, The
Lineweaver-Burk plots of Fig, 8 were determined after 20 min. incubation
17T FAD complexiSI%°E§e$bssible that binding

of FMN to the apoenzyme occurs in a similar though slower process as

and thug after the apo

schematically indicated., However, Fig. 7 suggests that the Kass value
of PAD binding diminishes slightly with time, We could not definitely
prove that thig is a real effect. Preincubation with FMN for a shoxrt

period leads to a process of FAD binding nct distinet from the control
or slightly higher in activity. However, after preincubation with FMN

for 30 minutes the apcenzyme conformation is mainly present. The

optimum DCIP-activity is,duelio the rapid exchange, reached very
guickly upon FAD addition.

The binding properties of other FMN-analogues were algo studied.
Wone of the flavin mononucleotide derivatives restored any catelytic
activity, neither did a mixture of 5'-AMP and FMN. Lineweaver-~Burk
plots for FAD binding with apoenzymes preincubated with 3(N)-methylFMN,
3(N)-carboxymethyl FMN, 2-NHCH,CH,OHFMN and 2-NHphenylFMN show non-
conmpetitive inhibhition patterns, which are dependent on the prein-
cubation time with the aralogue as is the case with FMN itself, The
3~substituted derivatives are better inhibitors than the Z-substituted
compounds., IsoFMN behaves similarly to FMN; the plots deviate from
linearity showing either a break or are curved. 6, 7, 8, 9 tetrahydroFMN
ghows a decreaged affinity for the apvenzyme with respect to FMN, which
suggests multiple binding forces existing between the isocalloxazine
moiety and the protein.

In Table V the influence of these flavin derivatives on the
dimerisation reaction is summarised. 3{N)-methylFMN and 3{N)-carboxy-
methylFAD are even better inhibitors than FMN, The influence of the
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2-gubstitud derivatives‘depends on the kind of substituent. Substitution
of sulphur for oxygen on position 2 (2-thioFMN) decreases the inhibitory
properties as compared with those of FMN; since the 2-thio derivative was
not completely pure, this conclusion has to be made with restrictions.

NADH and NAD+, preincubated with apoenzyme, show a weak competitive
inhibition with respecf to the FAD binding as concluded from the lowered
DCIP-activity, Kass values for NADH and NADY are 105 1.rnole-—1 and
3 x 102 l.mole-1, respectively. The binding of NADH fo the apoenzyme can
alsc be followed by the increase in polarisation of the NADH flucrescence
working under anszerobic conditionsg, NADPH in the concentration tested
(1 mM) did not interfere with the FAD binding as judged on the basis of
the DCIP-activity.

The influence of ADP on the FAD binding results in a decreased
polarisation of the flavin fluorescence, Other nucleotides tested like
GTP, GDP and ATP have no effect on the DCIP-activity up to a concentratiocon
of 1 mM, but the compounds affect markedly the return of the lipoate
activity as does ADF,

The effect of HAD+ on the lipoate activity is rather peculiar. It
behaves competitively with respect to the FAD binding but stimulates the
rate of the dimerisation reaction at elevated temperature in concentration
up to 0,5 mM. Pyrophosphate, adenosine and adenine also affect negatively
the return of the lipoate activity; NADP . NADPH, 5'AMP, 3'-5'-AMP have
very little or no effect. The other substrate, lipoate also has a stimu

stimulating effect on the dimerisation.
5.3. DLSCUSSION

The apoenzyme of lipoar®*de dehydrocgenase has to be dissolved in
buffers of high ionic strength; removal of the flavin completely alters
the golubhility properties and promotes the hydrophobic character of the
protein. Physical properties such as mol.wt., and frictional coefficients
also change (KALSE and VEEGER, 1968; VISSER and VEEGER, 1968a). The
nelix content increases from about 30 % in the holoenzyme to about 60 %
in the apoenzyme as found by VOETBERG and VEEGER {unpublished results),
in contrast with the results of BRADY and BEYCHOK (1968), Since the
latier authers refer to a high degree of denaturation during the
preparation of the enzyme, we suggest that their apcenzyme preparation,
has reached further stages of denaturation than our preparation. Several
indications for subsequent alterations in the apoenzyme tertiary

structure could explain the variations cccurring in recombination
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ability. Supporting evidence for this comes from the effect of freezing,
ageing and urea on the properties of the apoenzyme,

Unfolding occurs in the presence of urea as concluded from the
shifts of the protein flucrescence emission maximum towards longer
wavelengths, The position of the tyrosine fluorescence (304 nm emission
maximum) is not influenced by urea; the difference spectra {280-292 nm
excitation) indicate that the relative contribution of tyrosine
fluorescence ig hardly altered by 4 M urea, The tryptophan fluores-
cence 1s guenched by urea (gg. ref, WEBER, 1960) while the difference
between the spectra excited at 292 and 297 nm becomes less,

The quenching of the pretein fluorescence which occurs upon
addition of the flavin to the apoenzyme occurs in a similar way agg the
inecrease in flavin fluorescence intensity and polarisation i.e. an
initially rapid phase iz followeé by & slower gradual increagse, The
time-dependence of the DCIP-activity upon addition of flavin to apo-
enzyme (cf. ref, KALSE and VEEGER, 1968; Fig. 2) can be explained by
either differences in Vmax values of distinct species or a decrease
in the value of the KaSS of FAD after a protein conformational change
induced by the bound FAD itself. On the basis of our results we favour
the latter possibility.

It is doubtless that the bound flavin molecule plays the most
important role in the stabilisation of the tertiary protein structure,
The slow time-—dependent increase in the affinity of the apoenzyme for
bound FMN and FMN analogues is an example of the Koshland induced fit
theory (KOSHLAND Jr., 1958). Using circular dichroism, BRADY and
BEYCHOK (1969) distinguish between two conformations of apoenzyme, one
identical with the holoenzyme spectrum., FMN has a stabilizing effect on
this native apoenzyme conformatiocn. On binding, the small flavin mole-
cule introduces a series of protein conformational changes which lead
to an increase in the hinding forces of the nucleotide, ultimately
leading to the originel holoenzyme struciure. These structural changes
already concern the monomer as the urea - stability experiments indicate,
The flavin fluorescence polarisation of a recombined apoenzyme-FAD
system to which urea is added is higher than the wvalue of the smme
mixture to which urea was added before addition of the flavin. Moreover,

the influence of flavin concentration on the effects of the potassium
halogenides indicates the importance of the flavin for protein cone-
formational changes. A reasonable explanation for the deviation from
linearity at low FAD concentrations as observed in Fig., 8 is the

existence of different apoenzyme-FMN species with different affinities
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for the flavin, Only at higher concentrations FAD is able to displace
FMN in the complex with the greatest affinity. Furthermore it must be
kept in mind that the résults show that the DCIP-activity measured
after 20 minutes incubation with FAD ig a resultant of several
processes (cf, ref, KALSE and VEEGER, 1968). The decrease in FMN-
~sengitivity of the lipoate activity with time suggests that even
after reaching maximum activity the protein confermation undergoes
small changes without much influence on the catalytic centre. But
apparently a fraction of the recombination mixture maintains a more
labile structure since the holodnzyme as isolated iz not FMN-sensitive
at all,

Restoration of the DCIP-activity is confined to FAD and some of
its derivatives, 3(N)-methylFAD and 3-(N)-carboxymethylFAD, F8-bromoAD;
gubstitution of a bulky group on position 2 does not restore activity
(2-morpholinoFAD). Introduction of side~chains in the FMN nucleus give
derivatives which affect the FAD binding noncompetitively., 3(N)-

-derivatives are fairly good inhibitors (cf. 3(N)-FAD derivatives);
3-methylFMN is even slighter better than FMN itself. Changes on pogition
2 of nucleus affect the inhibitory properties to some extent,

IzsoFPMN and FMN have similar inhibitory action but the introduction of
hydrogen in the nucleus (tetrahydroFMN) decreases the inhibition,
Unpublished observations show that the reduced flavin has a lower
affinity for the apoenzyme as it partially dissociates from the holo-
enzyme if held in the cold under anaerobic conditions in the presence
of NADH, with (¢f. ref, MASSEY¥ et al.,, 1962) or without urea, followed
by gel filtration or electrophoresis,

Flavin binding to several non-metallo apoenzyme appears to cccur
in different ways. In D-amino acid oxidase which has its FAD losely
bound, neither 3(N) nor 2- substituted derivatives restore any activity
(CHASSY and MCCORMICK, 1965; MCCORMICK et al., 1964) whereas F8-bromoAD
partially restores the activity. The bhinding of FMN is noncompetitive
with respect to FAD, Both the FMN and the AMP-moiety are of importance
Ifor the FAD binding to the apoenzyme (YAGI and OZAWA, 1960, In the
L-amino acid oxidase the flavin is firmly bound while upon substrate
reduction this enzyme is more stable (WELLNER and MEISTER, 1960) in
contrast to lipoamide dehydrogenase (MASSEY et al., 1962) and glutathion
reductase (SCOTT et al.,, 1963; ICEN, 1967). In the latter two enzymes
the flavin binding shows similarities in the influence of FMN on the FAD
binding., The holoenzyme of glutathione reductase is not FMN-sensitive

but the reconstituted enzyme produced from apoenzyme and FAD is sensitive
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after reaching the maximum activity (STAAL et al., 1969).

The importance of the polarity of the flavin surroundinges for
the catalytic properties was emphasized earlier (VEEGER and MASSEY,
1962); & shift to 450 nm is always concurrent with a stimulated DCIP-
-gctivity in lipoamide dehydrogenase. No exact information is yet
available concerning the groups of the protein involved in the binding
process. The quenching of the tryptophan fluorescence and the energy
transfer between protein end flavin (¢f. ref, VEEGER et al., 1969) is
no indication for a direct tryptophan-flavin interaction as energy
transfer can occur over large distances (ref. WEBER and TEALE, 1959).
However, it is known that flavin-indole complexes are easily formed
(HARBURY and FOLEY, 1958), by charge-transfer complex formation
(MULLIKEN, 1952; KARREMAN, 1962); such complexes, however, have only
been found with the oxidiged, neutral form of the isoalloxazine ring
{WILSON, 1966). The primary interaction in flavin~indole complexes is
envisaged between the rings themselves; the strength of the interaction
should be relatively independent of changes in gide chain but dependent
on modifications in electronic structure of the ring system. These
results are suggestive as they have similarities with our own
obgervationg; the 3-iminoposition can he altered but ring modificetions
diminish the affinity of the protein for the flavin compound.

Recently DE KOK, SPENCER and WEBER (1968) have suggested a
sulfydryl group in the neighbourhood of the flavin to be responsible
for the dynamic gquenching of the flavin fluorescence,

The refolding processes vary among different apoenzyme prepa-
rations, Accepting the idea that apoenzyme formation ig a reversible
denaturation process, one can expect to find some lesions in the pro-
tein structure which are only slowly and partially restored or not
restored at all, Another questionable point in this respect is the
homogeneity of the apcenzyme population.

While this paper was in progress, SWOBODA (1969) has found inter-
actions between glucose oxidase apoenzyme and adenine nucleotides but

not between the isoalloxazine moiety and the apoenzyme.




Table I

The effect of ageing on the recombination properties of lipoamide
dehydrogenase apoenzyme. Apoenzyme (1 mg/mi) was stored on ice in
30 mM phosphate buffer pH 7.2, At the times indicated samples of
0.1 mg were incubated in & volume of 0,3 ml containing 400 uM FAD
and 30 mM sodium phosphate buffer pH 7.2. After 5 min, incubation
on iceé the DCIP+activity was determined after which the samples
were incubated at 20° and both the lipoate and the DCIP-activity
determined, In the control the rest activitiy was determined without

preincubation with FAD,

Incubation time l S5ton ice 1 hr at 20°
of apoenzyme % DCIP % DCIP % lipoate
activity activity activity
Control - 170 3
1 hr 1240 340 66
50 hr 1175 ‘ 400 35
75 hr - 450 23
100 hr 955 J 935 20
175 hzr 850 | 650 15




Table II
Influence of urea on the binding of FAD. 2.6 uM apoenzyme
was incubated with a limited amount of FAD {1 uM) at 10° in
30 mM sodium phosphate buffer (pH 7.2) containing 0.3 mil
EDTA with or without pretreatment with urea, The polaris-
ation of the flavin fluorescence was measured as previously
described (ref. KALSE and VEEGER, 1968) with the exception

that the excitation wavelength was 450 nm,

Treatment Time P
recombination
min,
A, Control 2 0,206
6 0,2%2

B, 5 Mureaz added after

10 incubation with FAD 16 0.2290
C. As B but with 6 0.156
2 M urea several hrs 0.134

D. Apoenzyme preincudbated with
2 M urea during 2 min,; 6 0,080

then FAD was added 30 0,065




Table III
The influence of halogen ions on the fluorescence and DCIP-
~activity of a recombining system. The apoenzyme was pre-
viously dialymed at a concentration of 1.5 mg/ml against 50 mM
sodium phosphate buffer containing 0,3 mM EDTA. 3.8 puM of apo-
enzyme wag reacting at 10° with the same flavin concentration,

The halogenides were present in 60 mM concentration.

Halogenide Recombinations DCIP-activity i o) 3p(free flavin)
time ! after 5' |
(min) 5 %
XBr 5 665 ¢.110 0,050
50 0.120
NaBx 5 405 0.110 0.045
30 0.120
LiBr 5 405 0.110 ¢,050
30 0.120
KI : 5 175 0,100 0.050
30 0.10%
NaT 5 155 0,095 0,055 .
30 1 0.100
KC1 5 | 500 0,080 0.030
‘ 30 0.085
NaCl | 5 480 0,080 0.030
20 0.095
Control i 5 780 . 0.090 0.030
; 30 ; 0.095 }




Table IV
Stability of the Holoenzyme in the presence of FMW. Enzyme,
13 mg/ml and 200 units/mg DCIP-activity was dialysed overnight
at 0° against 0.03 M sodium phosphate buffer (pH 7.2) containing
0.1 m M EDTA, After dialysis the enzyme was diluted with the same
buffer and the DCIP-activity measured at the time indicated, in

the abgsence and presence of 0,1 mM FMN,

Time after dilution Enzyme concentration
0.02 mg/ml 0.05 mg/ml
MM FMN
- + - +
0 i 1000 - 1300 -
H
3@ nin, 5 1500 - 1360 -
90 min, 1450 1650 1450 1650
48 hr 1800 1750 2000 2050
]
l
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6. THE CATALYTIC MECHANISM Of LIPOAMIDE DEHYDROGENASE

6.1, INTRODUCTION

The essential role of NAD' in the catalytic mechanism of lipoamide
dehydrogenase was discovered by MASSEY and VEEGER (1961) for the pig heart
enzyme and confirmed for the proteins from other species (MASSEY, 1963),
MASSEY and VEEGER concluded from their studies that apart from a role in
the catalytic reaction, NADY is bound to an unknown site ¥ in order to
prevent the enzyme against being converted by NADH into the inactive four-
~equivalent reduced enzyme. The enzyme is only able %o exert its physio-
logical function by shuttling between the oxidiged end the two-equivalent
reduced forms of the enzyme, It was thousght that one equivalent reduces
the flavin and the second opens a reactive S-S bridge, forming a SH group
and & S-radical, The reaction pathway of the overall reaction with reduced
lipoamide (1ip(SH)2NH2) as donor is summarised in the following "ping pong
bi b mechanism (CLELAND, 1963):

(1) FAD-enz-5, + 1ip(SH)2NH2 A— FAD-enz-(SH)2 + 1ipS, NH

2
(2) FAD~enz-(SH)2 " FADH'-enz-S°SH
(3) FADH'-enz-S°SH + NAD' T TFADH'-enz-S'S(NAD) + ET
a * *———-—-—-—*-—-A
(4) FADH'-enz-5'S(NAD) """ FAD-enz~SH S(NAD)
(5) FAD-enz~-SH S (NAD) R PAD-enz~S, + KADH
The slow side reaction tc¢ the 4~equivalent reduced enzyme is:

(6) FADH'_enz-S°SH + NADH + H' J— FADH, enz(SH), + NAD'.

Studies of MASSEYet al. (1960 and 1963) have shown that the rate of
formation of the so-called semiquinone form of the enzyme (FADH®-enz-S°SH)
accounts for the rate of the overall reaction, while other studies show
that a complex between NAD+ and the Z-electron reduced enzyme might be
involved as well (VEEGER and MASSEY, 1963),

One of the features of the proposed mechanism is the occurrence of
NAD" bound to a SH-group. In later studies however, 1t was demonstrated
that after conversion of the 2-electron reduced enzyme into the FAD-enz-S
As0” form by the addition of AsO53 , the 2ddition of NADH results in the

formation of the 4~equivalent reduced enzyme via the formation of inter-

2:

mediates with similar spectral characteristics as those of the 2-electron

reduced enzyme (VEEGER et al,, 1966), This observation suggests that instead
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of by an attack on the S-S bridge NADE reduces the enzyme by direct
reaction with the FAD,

Studies with other flavoproteins (KOSTER and VEEGER, 1968;
ZEYLEMAKER et al,, 1969; STAAL and VEEGER, 1969) i.e. succinate dehy-
drogenase, D-amino acid oxidase and glutathione reductase, show that
instead of the postulated ping pong mechanisms, Theorell-Chance or ordered
i bl mechanisms are operating, With these enzymes the oxidised product
(i.,e. fumarate, pyruvate and NADP') acts as competitive inhibitor of the
donating substrate, while furthermore these compounds show spectrally
visible complexes with the oxidised enzyme (VEEGER et al., 1966; STAAL and
VEEGER, unpublished results), BEspecially the occurrence of the complex Tt
between NADP' and glutathione reductase (STAAL and VEEGER, unpublished i
results) is of interest for the closely related enzyme lipoamide dehydro:-
genase, as well as the existence of two NADP+ complexers with transhydro-
genase (VAN DEN BROEX- and VEEGER, 1969) from Azotobacter vinelandii. STEIN
and CZERLINSKI (1967) have mentioned that at high NAD' concentrations multi-
~oomplexes with lipoamide dehydrogenase are formed, while furthermore the

pyridine nucleotide is a competitive inhibitor with xrespect to NADH in the
reduction of lipoic acid derivatives with a K. = 0.2 mM (STEIN and
CZERLINSKI, 1967).

In our laboratory it has been shown by VOETBERG (VISSER et al., 1969)
that two different NAD+-lipoamide dehydrogenase complexes exist. One binding
gite has a KD of 35 uM while the overall KD amounts to 90-110 M. At
saturating NADY concenirations, the difference spectrum of the enzyme e
results in two positive maxima et 507 and 387 nm and four negative maxime
at 477, 450, 430 and 370 nm. The 450 nm maximum only arises at high Nap*
concentrations (3> 0,1 mM), The differences between the two complexes are

better resolved at & low titration temperaturs,

6.2, RESULTS

6.2,1. Kinetics

In contrast with the results previously reported (MASSEY et al., 1960),
the series of 1-B plote at varying acceptor and donor concentrations in the
reaction of NADY with 1ip(SH) ,NH,
and intersects at one point in the third quadrant (Fig. 1). This type of

is not parallel but convergent instead

kinetics is known from studies with several other flavoproteins wvisz,
D~amine acid oxidase (KOSTER and VEEGER, 1968), succinate dehydrogenase
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(ZEYLEMAKER et al., 1969 and ZEYLEMAKER; 1969) and glutathione reductase
(STAAL and VEEGER, 1969) and points to an "ordered bi bi" mechanism
(CLELAND, 1963).

Furthermore the occurrence of a ternary complex between both sub-
strates can be derived from the spectral data., The rate of formation of
the NAD+_complex is extremely high, At 1 mM NADT at 250, the complex at
507 nm is formed completely within 3-5 msec., which is much faster than
the rate of reduction by 1ip(SH)2NH2.
that NAD" is the first substrate; nevertheless almo 1ip(SH),NH, can react
directly with the oxidised enzyme (MASSEY et al., 1960).

In the following scheme which summarizes these results, the state of

This can account for the postulation

reduction of the flavin is left open.

(1) E + NapT ‘ ;::::i ENADY

(2) ENADY + 1ip(SH).NH, ———  ERAD'1ip(sd), K
oMy <~ oo

(5) ENAD™1ip(sH),NH, ;;:::fi E'NADT + 11pS,(NH),

(4) E napt ;;:::::i E + NADH + HY

In such a mechanism it can be expected that the product NADH inhibits
competitively with respect to NADY and noncompetitively with respect to
lip(SH)zNHZ. At high FAD' concentrations the L-B plot in the presence of
NADH is non-linear and the inhibition tends %to become competitive; at low
NAD+ concentrations the L-B plot is linear and ine inhibition non-
competitive (Fig. 2). These experiments were performed at a relatively high
1ip(SH)2NH2 concentrations, In the L-B plots of Fig. 1 a tendency to
deviate from linearity exists at low concentrations of the wvariable sub-
strate, especially at low concentrations of the second substrate. At lower
temperatures (10-150) this deviation from linearity is less then at 250
and inhibition by NADH is also better competitive with respect to NAD™,

The inhibition pattern of the second product, lipSQ(NHz) ig more
complex (Fig, 3). In an ordered bi bi mechanism 1ipSz(NH2) is expected to
be a noncompetitive inhibitor with respect to lip(SH)zNH2 at a1l NADY con-
centrations, However, at high NAD+ concentrations, the L-B plot of the
inhibited reaction intersects that of the not-inhibited reaction in the
firast quadrant. No activation of the reaction was found compared with the
control. Upon lowering the NAD* concentration, the inhibition pattern
shifts to & noncompetitive type of inhibition via an approximately

competitive picture. Inhibition by NADH tends to become competitivew%ggpect




Fig. 1, Kinetic characteristics of the reduction of NADT by lip(SH)zNHZ.
A, L-B plots obtained with 1ip(SH)2NH2 as variable substrate at different
NiD" levels at 257, The cuvet®ss contained sodium phosphate buffer (50 mM
pH 7.6), 0.067 % (w/v) bovine serum albumin, 0.3 mM EDTA and 1ip(SH)2NH2
as indicated, NAD concentrations: 800 uM (xxx), 600 WM (OSE), 400 M
oo, 300 uM (AaA), 250 uM (Ach), 150 uM (#68) and 100 W (000)., The
dotted L-B plot (®9@) is obtained by extrapclating to infinite NAD" con-
centration. The reaction was started by adding 1,25 ug of enzyme (4280 nm
£455 nm=5,2) to a total volume of % ml. Tnzyme activities are expressed i
A absorbancy 340 nm/min/mg protein, B. L-B plots with NAD+ ag variable
substrate at different 1ip(SH)2NH2 levels: 400 uM (#89), 333 UM (000),
267 uM (240A), 200 uM (§§®) and 167 ulf {(nam). The dotted L-B plot {(@00) is
cbteined by extrapolating to infinite lip(SH)2NH2 concentration. Conditio

as in Fig, 14.
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Fig. 2, Inhibition by N4DlH of the reduction cf Nant fs's lip(SH)eNH at &

2
relatively high 1ip(SH)2NH2 concentration (333 uM)., Conditions a&s in FPig.

L-B plot witheut {000) and with {296) 0,1 mM NADH added to the reaction
cuvette,



Fig.2




Fig, 3. Inhibition patterns of 0.5 mM 1ipSZ(NH2) with respect to 1ip(SH)2N
at three different NAD™ levels. 667 uM NAD' without (000) and with (#%@)
inhibitors 500 uM FHAD' without (AAA) and with (AAA) inhibitor: 250 .M WADT
without (DUDH and with inhibitor ®®# . Conditions as in Pig. 1.
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to 1ip(SH)2NH2 at low NAD' concentrations, whereas it is noncompetitive at
high NAD" concentrations.

A situation in which both products inhibit competitively points ac-
cording +to the terminology of CLELAND (1963) to a "»apid equilibrium
random bi bi mechanism"., However, ultimately the lipSZ(NHz) inhibition
becomeg noncompetitive with respect to lip(SH)ZNHz, which rules out this
possibility., On the other hand, it is clear that the inhibitory effect of
both products NADH and lipSz(NH2) ig dependent on the concentrations of
both substrates. In combination with the non-linearity of the plots the
mogst likely explanation seems to be a "preferred order" mechanigm
(FERDINAND, 1966). In our case this mesns a reversal of the postulated
binding sequence at low NAD  and high lip(SH)ENH2 concentrations.

The substrate seturation curves of NADY and lip(SH)zNH2 are not hyper-
bolic but more or less biphasic (cf. ZEYLEMAKER et al., 1969) as shown for
NAD+ in Fig. 44. The Hill cocefficient of NAD+ depends on the reduced
lipoamide level. At infinite 1ip(SH)2NH2 the slope is 1.0-1,1 while at
finite concentrations the coefficient is 0.7-0.8 in the lower NAD" concen—
tration range and tends to become 1.0 at higher concentratiens (Fig. 4B).

In the reverse situation, the Hill coefficient of lip(SH)ZNH2 at infinite
NADT concentration is 1.0 ag well. There are two possible ways of explaining
why the Hill coefficient is 0.7-0.8 for NAD+. The first one is that both
NaD™t binding sites are involved in the catalytic process but that the
complexes differ in fturnover number. It could be visualised that the speci-
fic binding to the high affinity form leads to a lower turnover than in case
hoth NAD+ sites are saturated,

The gecond alternative is the Ferdinand model assuming a shift in
binding sequence of both subsitrates, This model explains why at a relatively
high lip(SH)2NH2 level the NAD' concentration necessary to approach a Hill
coefficient of 1 is larger than at a low 1ip(SH)2NH2 level. NAD' takes over
as first substrate at a higher concentration in the first case. Moreover,
this model explains why at infinite 1ip(SH)2NH2 a coefficient of 1 is ob-
tained for NAD' as under those conditions a normal NAD® saturation pattern
is expected since lip(SH)ENH2 acts as first substrate.

The relatiorn between the Hill coefficient and different substrate con-
centrations has not been studied extensively in case of the product inhi-
bitors. The product inhibitor, 1ipSZ(NH2)behaves peculiarly and has an inter—
action coefficient larger than 1.0 which tends to increase with decreasing

NAD" concentrations (Pig. SA). The increase of the Hill coefficient from



Pig. 4, A, WD saturation of Tipecamide dehydrogenase at different
1ip(SH)2NH2 levels., Cetalytic activities were measured at 250. NADT con-
centrations were varied as indicated with AML, 330 uM 1ip(SH)2NH2 and 000
100 HM lip(SH)ZNHZ, respectively, B, Hill plots of NADT at different
lip(SH)éNHE
100 Wl and skb, 330 UM 1ip(SH)2NH2,
been obtained from the L-B pleot. Vmax values 208 and 454 units,

cencentrations. The data used sre those of Fig., 44 with 909,

regpectively. The Vm values used have

respectively.
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Fig, 5. A. Hill plots of the lipSZ(NHZ) inhibition. The product inhibitio:x
has been measured a2t 10° with 200 ux 1ip(SH) N, 2t WAD' levels of 400
284~ and 200 LM (089), respectively., B. Hill vlot of APNADT at infinite
lip(SH)zNHz concentration., Data from Fig, 6.
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1.4 to 1.7 on lowering the NAD" concentration suggests that either two bin-
ding sites are available for 1ipS2(NH2) or that the inhibitory funcition is a
complex _ame. Though there is in fact no direct argument sgainst the first
suggestion and even some support for it from the 4-electron reduction in

the Escherichia coli enzyme hy lip(SH)2NH2 (KOIKE et al,, 1960b), the second

suggestion seems a sound one, LipSE(NHZ) acts as a regular product inhibitor

but from the spectral data mentioned before it is known that abortive com-
plexes of the type E-(NAD+)2-(lipS2(NH2))X also exist. For certain sequences
the combination of both types of inhibition results in a rate equation which
is a quadratic function of the inhibitor concentration, However, a definite
conclusion requires more work.

The preferred order mechanism complicates the calculation of the
velocity constants but some of the kinetic parameters have been celculated
for conditions under which one of the two pathways dominates, viz. at
relatively high NAD" concentrations when the Hill coefficient tends to become
1.0, Por g mechenism in which a iternary complex operates the following rate
equation is derived for the steady state with [P ]= 0 (ALBERTY, 1958).

] T+ k o/kg k(1 0+ X% 5/k5)

0 1 1
= T 4+ T + + +
v k3 k4 k1a k2b k1k ab

2

Thig eguation fits %o a mechanism schematically indicated as:

EAB

EAB e EC + D
i

EC — E+ C

The velocity constants which can be calculated according to this

simplified mechanism are k ,, k_,, (1/k+3 + 1/k+4) and (1 + k_z/k+3)/k+2.
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(1/k5 + 1/k4) is identical with 1/V__ . From a 1/v vs 1/8; plot

maximal velocities can be extrapolated at infinite[S;]but at different
finite levels of S ;. From the L-B plot of 1/vmax (sI = ) vs 1/SII the

Vméx can be calculated (Fig, 1B). 1/k1 is derived from the slope of the L-B
plot 1/v vs 1/NADT at infinite 1ip(SH)2NH2 concentration., Under those con~
ditions one would expect 1ip(SH)2NH2 to be the firsit substrate. However, the
Vmax values used are obtained by extrapclation to infinite lip(SH)zNH2 under
conditions where NAD® is the first substrate.

(1 + k_g/kg)/kz is obtained from the slope of the L-B plot 1/v vs
1/1ip(SE),NE, &t infinite NADY concentrations (Fig., 14). The term k_, is
obtained by substituting experimental data in the rate equation in com-
bination with the parameters calculated above,

A gimilar get of velocity constants can be obtained from the reverse
wqr Kogr (kg + 1/c5) and (1 + kg/k_,)/k_5. By combining
these data all eight rate constants in this mechanism can be calculated, In

reagction viz,, k

our case bthe reverse reaction has been studied at a different pH which makes
a combination of these data rather impossible,

A survey of the calculations in comparison with the data from the
literature, is given in Table I,

When 3~-acetylpyridine NAD+ (APNAD+) is used as electron acceptor instead
of NAD™ with either 1ip(SH)2Nﬁ2 or WADH as donor, the rate-limiting step ac-
cording to the reaction mechanism of MASSEY and VEEGER (1961) is the re-
oxidation of the flavin semiquincne by APNAD+. Explained in terms of the
ordered bi bi mechanism it means a rate-limiting formation of APNADH, The
velocity is almost independent of the lip(SPﬂzNH2 concentration (MASSEY and
VEEGER, 1961; MASSEY et al,, 1960), except at very high levels of APNADY but
dependent on the APNAD' concentration (Fig. 64): at different lip(SH)zNH2
levels approximately the same 1/v vs 1/[APNAD+] plot ig found, but devia-
tions from linearity occur at lower coenzyme concentrations (Fig. 6B).

Addition of 1ipSZ(NH2) as a product inhibitor results in a series of
convergent 1/v vs 1/£1ip(SH)2NH2] plots. The same pattern as observed with
NAD" as acceptor returns in the 1/v vs 1/[1ip(8H),NE,] plots; at high Apnap”t
concentrations the piot with inhibitor intersects the control curve in the
first quadrant, upon lowering the acceptor concentration the inhibition
rattern changes via competitive towards noncompetitive. The rate of the in-
hibited reactions is dependent on the 1ip(SH)2NH2 concentration (Fig. 6B),
For this reason the noncompetitive inhibitory effect of 1ip82(NH2) with

respect to APNAD+ ig particularly clear at low donor concentrations. As the
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dcnor concentration increases, the inhibifion diminighes., It can be argued
whether the inhibition becomes competitive with respect to APNADY op
remains noncompetitive at high donor concentrations, Both types of in-
hibition are in sgreement with the proposed preferred order mechanism i.e.
noncompetifive inhibition in case at high APNAD"Y concentration the ordered
bi bi mechanism with APNAD® as first substrate is operating and competitive
inhibition in case at high lip(SH)zNH2 concentration the donor is working
ag first substrate., In agreement is the tendency of the inhibition to be
competitive with respect tc acceptor at low concentrations of it, at all
donor concentrations (Pig. 6£B). However, aliing pong bi bi“ mechanism cennot
be excluded under these conditions, Since lipSz(NHz) inhibits competitively
in & non-linear relationship {intersection in the first quadrant) with
respect to 1ip(SH)2NH2 & high NADT concentration in the physiological
reaction, the ternary complex mechanism is alsgo operating. At low NAD T
concentration the inhibition is noncompetitive,

Similar calculations as for NAD+ can be made with APNAD as acceptor
(Table I). The molar extinection coefficient (365 nm) of 9.7 x ‘!O3 cmzmmol_1
2NH2 with APNAD' has been taken from SIEGEL et al,

(1959), The calculation of the different parameters meets more difficulties

in the reaction of 1ip(SH)

than in the reaction with NAD'. Lip(SH)ENH2 ig acting as first substrate
except at very high APNADT concentrations. In Fig. 6A this can be seen from
the slight dependence on the 1ip(SH),NH, ccnceniration in the 1/v  vs
1/lip(SH)2NH2 plot at the two highest APNAD' concentrations. Moreover, the
inhibition curve of lipSe(NHz) intersects under those conditions with the
control curve in the first gquadrant. However, it is clearly understood that
even under these conditions there is still a considerable simultaneous con-
tribution of both pathways. The extrapolation for the situation where APNAD+
is the first substrate is only based upon 2 or 3 figures; the steepness of
the slope is probably underestimated. Therefore the value of k+1 in Table T
has to be taken with restrictions. The term (1+k_2/k5)/k2 cannot ce cal-
culated so that k_1 and KdiSS (APNAD+) are also unknown. The Hill plot of
APNAD" at infinite 1ip(SH),NH, has a slope of 0.9-1.0 which is explained by
the fact that lip(SH)ENH2 is acting as first substrate under these con-
ditions (Fig, 5B),

From experiments with pyridinealdehydeNAD+ the Vmax value calculated
per flavin moiety from the slightly bent L-B plot amounts 530 moles/min
while the Km is 1.7 mM (Fig. 7). LipSZ(NH2) inhibited noncompetitively with
respect to PANAD+ under the limited conditions used.



Fig. 6, Inhibition characteristics of lipSE(NHz) on the reduction of NAD™
by 1ip(5H)2NH2. Left hand side: L-B plots 1/v vs 1/lip(SH)2NH2 with and
withrout 0,33 mM lipSQ(HHE) as inhibitor at different APNAD ™ levels. The
APNAD+ concentrations, respectively withcut and with inhivitor are: 500 u¥
curves 1 and 2; 400 M, curves 3 and 43 300 uM, curves 5 and &; 200 M,
curves 7 and 8; 150 ulM, curves 9 and 10; 100 uM, curves 11 and 125 75 ul,
curves 13 and 14; 50 &M, curve 15. The reaction was started a2t 250 hy
addition of 10 pg of enzyme under the conditions as in Fig. 1. Right hand
side: L-B plots of 1/v vs 1/APNLDT with and without 0.33 mM lipSE(NHZ) at
different 1ip(SH)2NH2 concentrations; (000), without inhibitor at differen
1ip(SH)2NH2 levelg. The 1ip(SH)2NH2 concentrations used with inhibitor are
333 uM, (066); 267 uM, (asa); 200 uM, (+++); 167 uM, (000); 133 M, Wew)
and 100 MM, (a&E.
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Fig. 7. L-B plote with pyridine aldehydeNﬁ_D+ as variable substrate at a
constant 1ip(SH)2NH2 concentration (167 uM), Conditions as in Fig., 1.
(080), without product inhibition, A&A, with 1i0S,NE, present (333 uM).
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6.2,2, Temverature-~dependent kinetics

The influence of temperature on the reaction velocity is showm in Fig.
@. In these Arrheniuws plots made in the presence and absence of lipSZ(NHQ),
the Vmax values are determined at infinite APNADT concentration, though at
a finite 1ip(SH)2NH2 concentration, Though a specific kinetic effect cannot
be excluded, these results are possibly better explained by assuming two
enzyme conformations in temperature-dependent equilibrium of which the low
temperature form has the highest activity. The inacitivation observed upon
increasing the temperature means that the lowering of activity due to the
shift in eguilibrium exceeds the influence of the temperature on the rate-
-limiting velocity constant. The conformaticnal fransition is complete at
14—150. In the presence of lipSQ(NHg) a lower activity is observed below
14—150 indicating a shift in equilibrium towards the high-temperature form,

Spectral data, show that due to the presence of 1ipS2(NH2) the NAD™-
~complex at 5O resembles the complex at 250 though they differ in magnitude
(VOETBERG in VISSER et al., 1969). Below 150 the enzyme is in the low fem~
perature form in the absence of lipSZ(NHz), of which MASSEY and VEEGER (1961)
have shown that the enzyme is reduced by 1ip(SH)2NH2 by two equiwvalents, in
contrast with the four equivalents taken up by reduction with NADH, However,
after reducing the enzyme with lip(SH)2NH2 under the conditions of the
spectrophometric experiment (MASSEY and VEEGER, 1961) the medium contains
lipSZ(NHz), which could maintain the enzyme in the high temperature form.
Since it waes shown (MASSEY and VEEGER, 1961) that removal of NAD+ even at
250 leads to four equivalents taken up from FADH, it cannct be excluded
that 1ip82(NH2) exerts & gimilar effect in preventing the enzyme against

overreduction by 1ip(SH),NH,, Thus the reduction of APNAD™ below 15° could

occur by a shuttling betweei the two and four equivalent reduced enzyme-
-formg with a higher activity than observed upon oxidation of the two
equivalent reduced high temperature form. In agreement with this idea ig the
shape of the Arrhenius plot of the reduction of NADY by 1ip(SH)2NH2 at
infinite concentrations of hoth substrates; bhecause Nao* keeps the enzyme
in the high temperature form, this pleot shows a similar break at 18° as
observdd with APNADT in the presence of lipSZ(NHz). However,it must be kept
in mind that the latter experiment was carried out with finite lipSQ(NHe),
The inactivation energies calculated are 13,700 cal/mcle for APNADY and
3200 and 24,800 cal/mole for the two parts of the NAD™ plot.

About the origin of the break at 18° one can only speculate, but in

view nf the results with APNAD+, it is most likely that a conformational



Fig. 8, 4. Arrhenius plot of the oxidation of 1ip(SH)2NH2 {167 uM) by APNA
(extrapolated to infinite concentration): 20¢, without inhibitor; XXX, in
the presence of 330 wM lipSB(NHZ); 000, variation of log K for APNADT at
saturating lip(SH)ENHZ concentration., B, Arrheniug plot of the oxidation
of 1ip(SH)2NH2 by WADT. The reaction veloecity at each temperature has been
obtained by extrapolating to infinite concentrations (000); 040, variation

of log Km for ¥iDT at infinite concentration of lip(SH)zNHz.
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trangition area exists below 180. This idea is supported by the observation
that the difference spectrum of the abortive NAD-lipSQ(NHg) complex at 5O
kas the same shape as that at 250, but is less in magnitude, which

indicates a slightly different structure around the catalytic site.
Furthermore it was shown (MASSEY and VEEGER, 1961) that prolonged incubation
at 0° evern in the presence of 20 HM NADT shifts the reduction state of the
NADE-reduced enzyme reversibly towards the four equivalent-reduced state,

in a process of slow and gradual changes.

Of interest are the concomitant temperature-dependent changes of the
K -values of ¥ap" ana APNADT (Fig. 8): the K, values have a minimum at 18°
and increase below and above this temperature, This indicates that although
a difference in the mechanism of reduction exists at low temperatures, the
pinding characteristics of the nucleotides are very much alike. The dif-
ference in mechanism at low temperature is probably due to the inability
of APNADT to bind, in contrast with NLD+, to the regulatory site. The
present evidence points to a role of & regulatory site, which upon binding
NAD+, keeps the enzyme in its high temperature confermation. As pointed
out this is the complex with the highest affinity, which by changing the
environment around the flavin, exerts its influence,

Table II summarizes the temperature-dependency of the kinetic para-
meters as caleculated from the data in Fig, 8., The Arrhenius plots of the
individual rate constants and of their combinations present zdditional
information in the analysis of the temperature-dependent conformational
changes next to the Vmax values. It is suggesiive in Fig. 9 thai k+1 and
k_1 are temperature~dependent in a different way; the oversll effect is
shown in the Arrhenius plot of the dissiciation constant of the enzyme-NAD+
complex, The parameter (1 + kng/k5)/k+2 is algo of importance, In this case
a transition hardly occurs in the Arrhenius plot.

The protein conformational changes seem tc be reflected mainly in the
NAD -NADH binding site but less in the formation of the ternary complex.

It is possible that the changes are cccurring in the oxidised enzyme as
wall as in the reduced enzyme although there is nc evidence as far as the
reduced enzyme is concerned. NAD' is bound more tightly to the high-

~temperature form; the K o (NADH) beheviour is unknown as k_, cannot be

dis 4
calculated from these data, However, the next paragraphs indicate that the
low~temperature form has the highest affinity for NADH.

In the uswal assay procedure 0,8 M citrate buffer pH 5,65 is used. It

ig known that under these conditions anasrobic addition of NADH to the
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Fig. 10, A, hrrhenius plot of the K_ (1ipS,) values under diffevent con-
ditions., 088, enzyme (0.% mg/ml) solution in 2.8 M sodium phosphate citrad
(pH 5,65) containing 0.3 mi E21.; X, values are obtained by varying the
lipoate concentration at a comstant’level of WADH (100 @) in the normal
assay procedure. With an enzyme solution iIn 30 mM godium phosphate buffer
(pH 7.2) containing 0,% mil EDTA the normal assay procedure was also follos
st two different NADH concentrations, 100 w1 (0C00) and 200 W1 (Lé4). B.
hrrhenius plots of the V. (lip82 —133) values of the same systems, Adé
phosphate enzyme, 200 uM WADH, (00, phosphate enzyme 100 uM NADH and G&8,

citrate enzyne, 100 M INADH.
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enzyme results in a complete reduction of the flavin (VEEGER, unpublished
results), The two-four equivalent reduction equilibrium is strongly in-
fluenced by the pH. At pH 5.65 there is no lipoate activity unless ¥4D" is
present,

At a higher pH (e.g. pH 6.3), addition of NAD' is sill stimulating
but not necessary to give an initial reaction which ig explained by the
fact that the two-four electron reduction equilibrium is shifted to the
semiquingne side.

In Fig, 10 the Arrhenius plots are shown of the reaction with NADH
and lipoate as substrates at pH 5.65 in 0.8 M citrate buffer in the pre-
sence of 100 uM NAD+. The Vmax values are based upon extrapolation to in-
finite concentration at two different NADH levels. With 100 uM NADH the
protein conformational transition is thought to cccur within a relatively
gmall temperature area, The plot with 200 uM NADH demonstrates the com-
plexity of the NADY : NADH ratio, In contrast to temperatures (> 50) no or
less substrate inhibition is observed. The substrate inhibition at higher
temperatures is indicative for & higher affinity of NADH to the low-
~temperature form,

The log Km (lipsz) vs 1/T plot also shows a breakage point, indicating
a change in affinity for this substrate. In this respect the changes in
the Km (lipSz) values remind to the results with NAD' in the reverse re-
action (gi. Fig, 8) and seems to be inherent in the oxidised substrate.
The high~temperature form has & higher affinity for lipSZ. Citflate has a
marked influence on the enzyme conformation since the activity remains high

at low-iemperature,.

6.3, DISCUSSION

6.3%3,1. Kinetics

The kinetic patterns of lipoamide dehydrogenase are complicated for
at least two reasons.
1. The pH optimum of the Teaction 1ip(SH),NH, + NADT —> 1ipS, N, + NADE'! +
;8 differs from that of the reverse reaction., This is due to the proton
concenjration which is of importance when the reaction is reversed.
2, In the reverse reaction, especially the one with NADH and 1ipS2 agsgayed
at pE 5.65, the presence of NADT ig obligatory. The pH is closely related
to the two-four electron reduction state of the flavin which equilibrium

can bhe shifted by NAD" to the semigquinone state. Kinetic patterns are there-
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fore complicated because NADT is not only activating but also acts as
product inhibitor, Moreover, product inhibition studies with lip(SH)2 or
1ip(SH),NH, are excluded.

The preferred order mechanism gives a quite satisfactionary ex-
planation of the kinetic phenomena observed at 250. The Hill coefficients
for both substrates tend to a value of 1 at infinite concentrations which
is in agresement with such a mechanism, Ag discussed before it is hard to
distinguish on the basgis of the Hill coefficients of NADY at finite
lip(SH)ZNH2 whether n-values < 1 are based on the preferred order mechanism
or on a negative cocoperativity between the two wap” binding sites. A
gimilar problem arises with the n-values beiween 1,4 and 1.7 found for the
inhibition of 1ip82(NH2). Two lipoyl-binding sites cannot be excluded
though the combination of an8§%3%ct inhibition and an abortive ternary
complex inhibition can explain these data as well. As for the kinetic
parameters, the Vmax-values calculated per mole of flavin of 20,500
moles/min, is less than that of the value given by MASSEY et al. (1960),
This discrepancy has not to be a real one since the extrapolations to
infinite concentrations in the L-B plots are different as a conseguence
of the different models used which might extensively influence the slopes
as well as the intercept on the Y-axis,

The X (NAD™) and K (1ip(SH)2NH2) of 2.5 x 1074 u and'3,6 x 1074 u
respectively are in good agreement with the wvalves in the literature of
2,0 x 1074 M ana 3,0 x 1074 u,

naDt acts by binding to a regulatory site as demonstrated with
difference spectroscopy (VOETBERG, in VISSER et al., 1969) with an affinity
which is higher than the affinity for the catalytic site (Kdiss$5 35 uM
while the overall Kdiss$3; 110 uM). NAD+~an310gues cannot replace NADY as
activator (VEEGER, 1960). In the transhydrogenase reaction of lipoamide
dehydrogenase with NADH and APNAD' VEEGER (1960) mentions a strong product
irhibition of NAD+ which is competitive with respect to NADH and which has
a Ki value cf 18 pM. These resulis suggest that NADY acts on the regulatory
site. The term regulatory site is not fully justified as it ig likely from
the results with the transhydrogenase reaction that this site is cataly-
tically active ag well., Nevertheless the term "regulatory" site is main-
tained as it indicates that binding of NADY to this site is preventing the
d=electron reduction of the flavin,

Moreover, VOETBERG (1969, unpublighed results) could not demonstrate more

than one spectral complex between APNADY ana lipoamide dehydrogenage per
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mole of flavin which is suggestive that APNAD”T binding to regulatory site
is not of importance in the transhydrogenase reaction or in the lipoamide
dehydrogenase reaction with 1ip(SH) NH2 and APNADT, 4 competitive effect
of NAD" is explicable %ﬁe active centre is also modified on Nap* binding
to the regulatory site and made unaccessible for APNADT . Another inter-
estlng hypothesis could be that the regulatory site becomes the NADH
blndlng gsite which is supported by the fact that NADT inhibits competifi-
vely with a K ,-value of 18 uM corresponding with the K., __ (NADT) of the
regulatory site, Flavin reduction toc the four electron reduced state could
occur uvsing the catalytic site as well as the regulatory site to transfer
reducting equivalents. From the 720 nm green CT band between four electron
reduced enzyme and NADY it can be concluded that NADY still has an affinity
for one of the two binding sites upon reduction (MASSEY and PALMER, 1962).
A competiticn between NAD' and NADH for the regulatory site occurs
with the similar binding site between NADP and NADPH in Azotobacter trans-
hydrogenase (VAN DEN BROEK and VEEGER, 1969). This theory, in which the
Nap™ binding sites have an outspoken different affinity while the affinities:
for NADH, though this is speculative, are presumably rot that very different
icg VADE in the 1ip(SH),NH, ——> NAD' reaction
13-15 uM), gives rise toc an oxido-reduction system which can be regulated

from each other (gf. K

by the NADH/NAD+ ratio, This is very attractive from the point of vieuw of
the agtivity of the pyruvate and a-oxoglutarate dehydrogenase complexes in
which lipoamide dehydrogenase exerts its function., Moreover, it is worth-
while to study both enzymes individually as differences in reduction
properties have vbeen mentioned (SAKURAI et al., 1969),

LipSQ(NHQ) forms a ternary complex with NADT bound to the catalytic
site since no spectral shifts are observed in the zbsence or at low con-
centration of the coenzyme (VOETBERG, in VISSER et al., 1969), This is
actually an abortive complex. With 1ip{SH) NH2 a linear nonoompetitive L-B
plot is to be expected (FROMM and NELSON, 1962), in case NAD' is the first
substrate. When lip(SH)zNH2 is the first substrate such an abortive complex
cannot be formed and noncompetitive inhibition by lipSQ(NHz) is expected
and observed; NADH will inhibit competitively. The peculiar type of inhibi-
tion kinetics at high NADT (Fige 3 and 6) is probably due to noncompetitive
inhibition of the abortive complex with respect %o lip(SH)2NH2 and in
addition a change in mechanism towards this donor acting as the first sub-
strate,

Our present knowledge is summarised in scheme I,
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Oxidised enzyme present at low NAD+ concentration (< 5 uM).

Oxidised enzyme present at ¥ADY concentrations > 10 WM difference spectrum with-
ocut 450 nm maximum NAD+ bound at regulatory site.

NAD-bound to catalytic site with lower affinity than to regulatory site; spectral
characteristics as observed in difference spectrum at saturaiing NAID+ concen-
trationg,

Oxidised enzyme directly reecting with lip(SH)z, at low concentrations. One SH
group in either charge-transfer interaction with FAD (22. SEARLS et 2l., 1961) or
covalently linked %0 the C(4)—a atom; charxterised by its 530 nm band, This com-
Plex which ig EPR inactive and diamagnetic was postulated to be an interaction
between FADH'’- semiquinone and a S'~ radical i.e. the so called semiguinone form
{MASSEY and VEEGER, 1961).

Ternary complex between enzyme, acceptor and doncr, Spectral characteristics
unknown,

Complex between NADH and FAD, which could be formed either by charge—tranefer
interaction or by covalent linkage between C(4) of NADH and N(5) of the isoallox-
azine ring (HEMMERICHE et al., 1965). In the latter case the flavin has a FADH,,~
-like structure, spectral band at 600 nm. The spectral characteristics of inter-
mediate like IV are gradually shifted towards a 600 nm band by the addition of
NAD+. The absorbance at 440 nm shifts towards 450 nm without change in magnitude,
Spectral characteristics as IV, In the case of intermediste VIIs this could lead
to NADH formation according to a "ping pong bi bi" mechanism,

Produced at very low NAD™ concentrations, spectral characteristics of VI.
Spectral characteristics of IV, can also be produced by direct reduction with
lip(SH)2 (cf. MASSEY and VEEGER, 1961). At low NAD" cor at low temperature is this
the complex which starts the sequence to four equivalent reduction, With nap*
bound the regulatory site (VII), high concentrations of NADH do not give over-
reduction.

Arsenite enzyme; its formation is counteracted by napt (VEEGER, unpublished
results),

This reaction was demonstrated with the Cu2+—modified enzyme (VEEGER and MASSEY,
1962), which has no stable form VII, lacks lipoate activity and shows increased
activity with 2,6~dichlorophenol indophenol. The Cu2+-modified enzyme needs wapt
for full activity (VISSER and VEEGER, 1968b).

Spectral characteristics of VI.

This intermediate was shown to be present upon reacting the arsenite enzyme with
excess NADH (MASSEY and VEEGER, 1961).

Fully reduced enzyne.

Slow side reactions, leading to charge-iransfer complex between NAD" and FADHZ,
with band at 72C nm. In the scheme the binding of NAD+ is assumed to occur at the

cetalytic site, but binding at the regulatory site is as well possible.

Kinetic pathway II —> III —> V —>» VI —> II; at low wADY concentrations II -
IV —» V —> II.
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6.3.2, Temperature-dependent kinetics

MASSEY et al, (1966) mentioned a number of enzymes which show a dis-
continuous Arrhenius plot, among them several flavoproteins. Protein con-
formational changes are generally thought to be responsitle for this pheno-
menon. A careful kinetic analysis of these temperature-dependent conform-
ational changes in D- and L- amino acid oxidase has been given by KOSTER
(1969). In those two enzymes there is evidence for the existence of two con-
formations with different activities but the same activation energy which
enables one to calculate the allosteric equilibrium congtant., In the case of
D-aming acid oxidase there is additional evidence for such changes in con-
formation from fluorescence and sedimentation velocity data (MASSEY et al,,
1966) and from the temperature-dependency of the dimerisation constant of
the apoenzyme (HENN and ACKERS, 1969). Studies with succinate dehydrogenase
(ZEYLEMAKER et al., 1969 and ZEYLEMAKER, 1969) and with glutathione reductase
(STAAL and VEEGER, 1969) emphasize the importance of donor and acceptor con-
centration and activating ions as Nat on the equilibrium of the conformations.

4 breakage point of 22° as mentioned by MASSEY et al. (1966) for lipo-
amide dehydrogenase does not correspond with our results. At infinite APNAD+,
NaDt and lip(SH)zNH2 concentrations the breskage occurs at 150 and 180,
respectively.

At infinite lipoate concentration at diffexrent NADH levels, the
trangition occurs betwsen 16.5O and 180. Especially in this reaction per-—
formed at z low pH, the NADH, substrate inhibition is considerable; moreover
NAD" is obligatory ito prevent a lag period in the activity determinstion. As
g consequence the NAD+/NADH ratio is of importance as not oniy the two-four
electron reduced equilibrium is influenced but as a secondary effect the
high-low temperature equilibrium of the enzyme conformations is sghifted.

The importance of this nucleotide ratio is clear from Table IIT where
a8 survey is given of the activation energies and the transition temperatures
measured under different NAD+/NADH conditionsg at & finite lipoate concen-
tration,

£dditional evidence for the conformational changes occcurring in the
oxidised protein comes from the fluorescence nmeasurements of VOETBERG
{(VEEGER et al., 1969) where a breakage in the efficiency of the energy trans-
fer from the protein to the chromophore ACCTUrs, i.e. changeg in the

interaction of the aromatic aminc acids and the flavin is observed.



Table I

The relation between kinetic parameters calculated with NAD+,
APNAD® and 1ip(SH),NH, as substrates at 25%, The figures are based

upon flavin content of the enzyme and expressed p:r catalytic

+1

centre.
NaD*
These studies Literature data
ey = 20,500 o = 33,000
¥AD" aFinit crati (MASSEY, 1963)
llp(SH) NE iniinlde concentratlion
)
Km(NAD+) - 2.5x 1074 u Km(NAD+) -2,0x10%x
K (1ip(SH),NH,) = 3.6 x 1074 u K_(1ip(SH),NH,) = 3.0 x 1074 ¥
k+1 = B x 107 Mﬂsec“.I
k_1 = 1.3 x 104 saeec'-1
T +k /%
—e = = 1.75 x 1078 M sec
2
4
Kaiss {TAD") - 1.1 x 1074w
A PNAD T
Voo = 1090 o = 2000
APNADY | (MASSEY, 1963)
. infinite concentration
11p(SH)2NH2 i
-— | -
K_(APNAD") - 7 x107° X i‘ K_(APNAD") = 8.6 x 1077 X
- - ¥
K = 5% 10 Wlsec™t |




Table

IT

The relation between kinetic parameters calculated with rAD" and

1ip(SH)2NH2 as substrates at different temperatures. The rate

constants have been celculated an the basgis of tke mechanism des-—

cribed in the text and bhased on the data used in Fig. 8.

i [ +
Temp. L ox, Tk /Ky k_, KD<NAD )
° (sec_T) i (secM_1) ! ko (sec_i) (M)
l (x107) (M sec) 1578 | yq04 (x10™)
J
T
5 10,700 | 3,7 ! 1.8 1.3 35.0
13,5 11,700 | 8,0 ’ 2.2 1.4 17.0
17 13,400 & 11.0 2,5 0.3 2.7
22 20,600 | 8.3 | 2,0 0.6 6.8
31 37,200 ! 7.4 % 1.8 2,0 27.0
33 67,900 E 7.1 1.6 % %

* due to the inaccuracy of the extirapolation, these values cannot be
calculated.



Table III

Influence of different NAD+/NADH ratiog on the activation energy ci
the reaction NADH — 1ipS2 and the transition temperature
calculated from the Arrhenius ploat. Lipoate (670 uM) and NADH as
indicated were used as substrate while NAD' was added as activator
in concentrations indicated., NADH was not completely free from NAD+
0,05 vmole of enzyme was added to each cuvette and the velocities
reached after 1 minute have been measured. Activatien energies are

expressed in cal/mole.

WADH (uM)
+
NAD™ (LM) 330 100 33
AE AE 0 break A B T break
0 - high + 3000 o high 8250 o
| 25 18
; low 16,454 low 23,000
33 9500 high 5600 5 high 86050 o
. 22 19
low 13,000 low 11,100 !
100 5500 - - |
338 7100 | 9700 . high 7700 o
18
| low 12,000
| [
{ i I




7. IMMUNOCHEMICAL RELATIONSHIP BETWEEN DIFFERENT ENZYME CONFORMATIONS™

7.1, INTRODUCTION

Antisera prepared against enzymes are well known %o have an
effect on the catalytic activity; most enzymes are partially or com-
pletely inhibited by their antibodies (CINADER, 1963). In the past
much attention has Teen paid to influences of structural changes on
antibody specifity. Most studies however are concexned with chemically
modified proteins e.g. iodo-, nitro- or diazo-compounds (MAURER, 1963).
Agsociation~-dissociation phenomensz and localiaed conformational bhanges
(except the influence of substrate or inhibitors) did have less
attention,

Antisera against lipcamide dehydrogenase from pig heart and
Saccharomyces oviformis have been prepared (STEIN et 2l., 1965b;
HAYAKAWA et al,, 1967 and MISAKA, 1966). Lipoamide dehydrogenase enzyme

preparations obtained from different sources, e.g. Egcherichia coli,

rig heart, human liver, are reacting differently against these antisera,
indicating that there are differences in antigenic properties (HAYARKAWA
et al,, 1967). However, multiple enzyme forms isolated from one source
~pig heart - were immunochemically equivalent ag gstudied by agar gel
diffusion (STEIN et al., 1965). 1In the present study antisera have been
prepared against four distinet confofmations of the pig heart enzyme,
vig. the holoenzyme, the Cu2+—modified enzyme, the apoenzyme and the

reconstituted NCIP-active enzyme.

7.2, RESULTS

7.2.,1, Formation of the antibodies

In Table I a survey of the serum titers obtained at different times
after the first injection is given. Administration was continued up to
9 weeks after the first blood samples were taken. The antiserum concen-
tration formed against the dimer conformations e.g. the holoenzyme and
Cu2+-treated enzyme increesses slowly and reaches a constant level, The
amount of antisera formed against the DCIP-active enzyme and apoenzyme
is difficult to determine zs these forms of the enzyme are labile, easily

resulting in aspecific flocculation. This can be concluded from the

¥ Pootnote: This part of the study has been performed in cooperation with
Mr, Jan Geelen.
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observation that all the precipitatibn reactions of these enzyme forms
with the normal sera were negative. On the other hand, the reactions with
the two monomer conformations were positive but this might be due to
denaturation of the enzyme protein.

The Quchterlceny double-diffusion test was performed in the cold to
prevent the apoenzyme denaturing and to delay the DCIP-active enzyme
dimerising (KALSE and VEEGER, 1968). In Fig., 1 the different preci-
pitation lines obtained after one day have been drawn schematically., In
Table II the time-dependent changes in precipitation patterns are
summarised. The antisera against Cu2+—modified enzyme and apcenzyme form
with their homeclogous antigens only one precipitation line. Both the
DCIP-active recombined enzyme and the apoenzyme give three lines against
this Cu2+-modified enzyme antiserum. As the residual sctivities with
lip32 and DCIP of the apoenzyme are very low, the presence of either
dimer end/or recombined monomer cannot be the reason for the multiple
patterns.

The apoenzyme itself contains an antigenic site returning in all
the other conformations asz they react positively with the apoenzyme
antiserum forming only one precipitation line. However, it remains
gquestionable whether this is an antiserum against the native apoenzyme as
the apoenzyme ig very labile at the blood temperature of the rabbit.

The antiserum against the DCIP-active enzyme cannot be expected to
be homogeneous because the enzyme will contain under these conditioms
monomer, lipoate active dimer and apoenzyme. Even with its homologous
entigen it reacts with twec precipitation bands. On the other hand it
shows with Cu2+#treated enzyme cne band. Remarkable is that the DCIP-
-active enzyme and the apoenzyme react very similar with all four antie
sera underlining that they are closely related.

The antiserum against the normal holoenzyme probably contains two
components as even the reaction with the Cu2+~modified enzyme even—
tually results in two precipitation lines. On the other hand, one has to
be careful with the interpretation of bands which develop after such a

long time.

T7.2.2. The influence of antibodies on the catalytic activities

A considerable influence of the antibodies on the enzymatic activities
of lipoamide dehydrogenase has been observed (HAYAKAWA et al., 1967;
MISAKA, 1966). Therefore, the influence of the four antisera on the



Fig, 1, Agar gel-diffusion patterns obtained after one day with different

antisera-antigen combinations. The antisers were dissolved in 0.9 % sodium
chloride in protein concentrations of approx., 50 mg/ml and used undiluted.
The enzyme concentrations were kepl constant (1 mg/ml). To prevent dimeri-
gation cof the DCIP-acitive enzyme, the temperature was maintained at 40. Th
antisera are indicated by (a), DCIP-active enzyme antiserum; (b), holoen-

zyme antiserum; (o) apoenzyme antiserum; (d4) Cut —modified enzyme. The en-
zyme conformations are indicated by figures: (1) holoenzyme; (2) apoenzyme

{3} Cu2+—modified enzymes; (4) DCIP-sctive enzyme.



Fig.1

1 holoenzyme

2 apoenzyme

3 Cu'enzyme
4, DCIP-enzyme

Antisera
a DCIP-enzyme
b holoenzyme
C apoenzyme

dcu™t enzyme
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activities of the different conformations has been examined to establish
the degree of their relationship, In Fig. 2 the inhibition of the catalytic
activities has been given, caused by increasing amouﬁts of antiserum. As
the antibody concentrations are unknown and probably different in the four
antisera, the enzyme concentrations were kept constant, viz, 0.5 mg/ml.

The antisera against the dimer conformations of lipoamide dehydro-
genase have their strongest inhivitory action on the Cu2+-treated enzyme.
Although the antiserum against the Cu2+—treated enzyme inhibits the
catalytic properties of its homologous antigen more specifically, it is

never complete. The DCIP-activity and the 1lipS,-activity of the holoen~

zyme are inhibited by this antiserum to the saze extent; the degree of
inhibition is less than obtained in the case of a homologous holoenzyme/
antibody combination,

The DCIP-active monomer is inhibited more by its homologous anti-
gserum than the other enzyme conformations. Interesting is the influence
of this antiserum on the DCIP-activity of the holoenzyme. The inhibition
is even a larger one than with the Cu2+—treated enzyme, while there is
only a small inhibition of the lipSQ—activity.

The apoenzyme antiserum interferes glightly with the lipSQ—activity
of the holoenzyme and the DCIP-activity of the Cu2+—modified enzyme, The
DCIP-activity of the holoenzyme ard +that of the DCIP-active monomer are
unaffected or slightly activated. This antiserum, incubated for 25 minutes
on ice with the apoenzyme, does not significantly interfere with the re-
combination process with FAD. Similarly with the other antisera suggesting
that the FAD binding site itself is not the antigenic determinant in the
apoprotein structure. Addition of FAD immediately results in an equally
active complex if compared with a control experiment in which bovine
serum albumin was used instead of the antiserum. However, this is only
cne possibility. Another might be that the antibody-antigen complex in the
case of the apoenzyme is either very slowly formed on ice or not formed
at all., In the preceding it was already stated that the apoenzyme anti-
gerum is made against a thermolabile antigen. The apoenzyme kept on ice
is structurally different from the 370 C apoenzyme, especially in dilution
(cf. Chapter V).



Pig, 2. Helative inactivetion of the catalytic activities of different
enzyme conformations by addition of increasing antibody concentrations,
O,5 ml scliutionsg of holecenzyme ov Cu2+nmodified enzyme in 0.1 M sodium
phosphate buffer (pH &) containing 0.% mg were incubsted during 20 min at
250 with the amounts of antisera indicated. The apoenzyme and the DCIP-act
monorer were incubated for the same fime »n ice in the same amounts.
sctivities are expressed in % mctivity: 000, DOTP-activity Cu-'-modified
enzymes; 00, DCIP-activity holoenzyme; ALA, lip82—activity holoenzyme; XiX
LCIP-activity DCIP-active moncmer, 24, antiserum holoenzyme; 2B, antiserun

2+ . .
Cu~ ~enzyme; 2C, antiserum DCIP-monomer and 2D, asntiserum apcenzyme.
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I'ig, 3. Lineweaver-Burk plots for the uninhibkited and the homologeous

inhibited Cu2+—modified enzyme, C.6 M Cu2+~modified enzyme was incubated
. . - , . . 0 .
in the cuvette with 0,05 ml antiserum during 2 min at 257, The DCIP-reacti

was started by adding NADH (100 wi),.
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7.2.3, Nucleotide protection against inactivation by antiseras

STEIN et al., (1965bh) and MISAKA (1966) refer to a slight protection
of NADH against the inactivation of the enzyme activity by antibodies.

- Table III summarises the protective action of NADH on the inactivation
of the holoenzyme by different antisera. A similar influence was found
on the Cu2+-modified enzyme. The DCIP-active monomer antiserum lcses
almest all its inhibitory influence on the latter form. The activity of
the DCIP-monomer is strongly influenced by NADH as this compound inter-
feres with the FAD binding site (gf. Chapter V). Therefore it is im~
possible to digtinguish between this interference and an additional
protective action against the antisera,

Lineweaver-Burke plots to determine the kind of inhibition caused
by the antisera reveal in the case of the Cu2+—modified enzyme that the
inactivation is due to a lowering of the enzyme concentration by the
binding with the homologoug antiserum as can be derived from the nearly
identical K -value of 17 pM (Fig. 3). In other words, part of the enzyme

ig taken away and is inactivated.

7.3. DISCUSSION

The double-diffusion test gives insufficient information about the
heterogeneity of the antisera obtained, especially since no cross-
-reactions after antiserum saturation with heteroclogous antigens have
been performed. The DCIP-active enzyme and the apoenzyme form identical
precipitation patterns with all the antisera; these patterns are muliiple,
the apoenzyme antiserum excepted in which case a single precipitation
line occurs. These data indicate that the antigenic properties of the
monomer conformations are related to each other more than to the dimer
forms.

As to the reason for these multiple lines, there is a lack of
evidence. We can only mention several hypothetical causes. The monomer
conformations react with the antiserum of the Cu2+-modified enzyme with
three precipitation lines, both dimers however only with one. Differences
in number and localigation of antigenic determinants in monomer and
dimer or complexes with different »ratios of antigen-antibody could be
reasons. Another possibility is that we are dealing with a Liesegang
phenomenon, produced by so-called unbalanced immuno-systems. In these

systems the initial precipitation line interferes further with the
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diffusion of both components giving rise to more precipitation lines
a8 explained by VAN 0SS and HIRSCH-AYALON (1959).

All the four tested enzyme conformations r2act with the apoenzyme
antiserum forming one precipitation line; presumably the antigenic site
in the apoenzyme returns in a2ll other conformations.

The DCIP-active monomer consists of a mixture of conformations,
i.e., a small amount of dimer as well as apoenzyme. Heterogeneity of
this antiserum is therefore not astonishing.

As for the holoenzyme antiserum, generazlly one line has been found
(STEIN et al., 1965; HAYAKAWA et al., 1967; MISAKA, 1966) though STEIN
et a8l, (1965) reported multiple patterns on cellulose acetate. MISAKA
(1966) found a combination of two antibody molecules with one enzyme
molecule in the equivalence zone, A reason for a double-line preci-
pitation pattern with our zntiserum even in the homologous case mey be
caused by different ratios of antivody-antigen. Another point we want
to mention is the rather prolonged immunisation program, Heterogeneity
of antibodies is known to be stimulated by continued immunisation
(CINADER, 1963).

The maximal inhibition of the catalytic activities varies between

70 % and 80 %, in good agreement with values reported in the literature
(STEINet al,,1965; HAYAKAWA et al., 1967; MISAKA, 1966). CINADER (1963)
explains this incomplete inhibition in terms of heterogeneity of the
antibodies; ARNON and SHAPIRA (1967a,b) cuuld prove recently for the
papain-antipapain system that this explanation holds., If less than
100 % inhibiting, the antibodies are either inactive or only partially
acting on the catalytic site itself.

The antigenic determinant of the apoenzyme is not the catalytic
site itself as the homologous antiserum and also the other antisera do
not prevent the FAD binding. In this respect the observations of KISTNER
(1958, 1960) are of interest in old yellow enzyme the FAD binding site
is also not the antigenic site. The apcenzyme antiserum only slightly
interferes with the cetalytic activities of the stable dimer conform-
ations and even enhances the activity of the reconstituted monomer,
probably by stabilising this conformation., This indicates that the
antigenic sites, i.e. tertiary structure, of the apoenzyme are different
from those in the other conformations. NADH largely prevents the FAD
binding process (cf. Chapter V).

It remains questionable if the antiserum of the apoenzyme has

been prepared against the native apoenzyme structure as the blood
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temperature of the rabbit might have been promoting denaturation of the
apoenzyme, From the specific antiserum prepared against the reconstituted
DCIP-active enzyme, which is also a temperature-labile conformation, we
known that the immunological information is carried over reasonably fast,

The antisera obtained against the active lipoamide dehydrogenase
conformations are generally inhibiting optimally the homologous com-
binations, the normal anti-holoenzyme excluded in which case the Cu2+—
~nodified enzyme is inhibited more. This general aspect emphasises the
importance of the tertiary of the protein conformation, Monomer and dimér
are known to be different in hydrodynamic properties, e.g. frictionsal
coefficient (VISSER and VEECER, 1968a),The reconstituted enzyme does
exist in several conformations. The DCIP-active form obtained after a
approx, 20 min, recombination of apoenzyme and FAD was used as the main
antigen (Chapter V). The main chemical difference between the holoenzyme
and the Cu2+-m0dified enzyme is that in the latter two sulfhydryl groups
are oxidised per flavin moiety. '

The protection of NADE against inactivation by antibodies is clear
from Table I1I in the case of the native holoenzyme., As for the apoenzyme
which had to be measured as reconstituted enzyme, it is impossible to
detect any influence as NADH itself complicates this pattern ftoo much by
competing with FAD for the flavin binding site. The Cu’ ~modified enzyme
iz protected as well by NADH though not completely.

The Cu2+—modified enzyme and the DCIP-active monomer have in common
that FAD is bound less apeler than is the case in the native holoenzyme
ag can be derivedfgggctral data; their catalytic site will therefore be
more exposed which apparently is reflected by a stimulated DCIP-activity.
The results with NADH as protectant suggest that the antigenic determinant
of the active monomer borders the catalytic area cloger than in the dimerx.
A change in the gtate of reduction of the flavin in the Cu2+-modified en—
zyme by NADH (this conformation is known to be quite easily reduced to
the 4-equivalent reduced state) abolishes the affinity of the antigenic
site either completely (DCIP-enzyme antiserum) or partially (homologous

and holoenzyme antiserum).



Table I

Antiserum concentrations. Enzyme concentrations used in this test

were 1 mg/ml for all conformations. The antisera, prepared as des~

cribed in the Methods were diluted in 0.1 M sodium phosphate buffer

(pE 8.0). The dilutions were used in the microprecipitation

reaction. The figures in the colomns correspond with the highest

dilution which still gives a positive reaction. Observations of

the precipitate were done after one hour reaction at 370.

Number of weeks

Dilution of antiserum

€ modified

DCIP—active

After first injection |[Holoenzyme Apoenzyme
enzyme enzyme
4 4 - -
s 12 4 : - -
8 8 16 16% 32%
9 16 32 - 32%

* aspecific flocculation




Table II
Development of agar gel-diffusion patterns with time. Enzyme
concentrations were kept constant (1 mg/ml), the concentrated
antisera (see Methods) were used undiluted. Temperature 40.

Pigures represent the number of precipitation lines (cf. Fig, 1).

Antigera
Days Holo-as Cu2+—enzyme-as DCIP-ag Apo-ag
1 Holoenzyme ‘l(+1)BE 1 1 -
Cu2+—enzyme 1 1 1 1
DCIP~enzyme 1(+1)* 3 2 1
Apoenzyme 1 2 2 1%

2 Holoenzyme 2 1 1(+2)* 1
Cu2+—enzyme 1 1 1 1
DCIP~enzyme 2 3 2 1
Apoenzyme 2 3 2 1
3 Holoenzyme 2 1 2 f 1
Cu2+—enzyme 2 1 1 i 1
DCIP-enzyme 2 3 2 1
Apoenzyme 2 3 2 1

; E

i

* weak undeveloped band




Table IIT

Protective effect of WADH on the inactivation of different
form of lipoamide dehydrogenase by different antisera. 0.5 mg
holeenzyme or Cu2+-modified enzyme was incubated with either
0.1 ml undiluted antiserum or 0.1 ml bovine serum albumin (2 %)
in the control experiments for 2 min. at 250 with or without
0.1 ml NADH (10"2
enzyme (0.5 mg) was incubated on ice for 10 min, with or with-
out 0.1 ml KADH (10'2 M) and with 0,1 ml entiserum. FAD (0.02 ml

1074 M) was added 2 min., before measuring the activities. The

M). Then the activities were measured. Apo-

activities are expressed as relative activities.

Holoenzyme Apoenzyme Cu2+-enzyme
' 1i§§é—act.(%) DCIP-act. (%)
+NADH ~NADH +NADH ~NADH +NADH ~NADH
B.S.4A, 110 100 20 100 9% 100
Holo-asg 92 59 9 90 40 31
cut-enzyme as] 110 86 16 79 41 12
Apoenzyme as 113 82 8 84 112 90
DCIP-ag ,not checked|not checked 19 52 96 51
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8. MISCELLANEOUS ASPECTS OF THE U2t

ENZYME

8,1, INTRODUCTION

Pig heart lipoamide dehydrogenase i modified by Cu2+~ions (VEEGER and
MASSEY, 1960) in a catalytic way under aerobic conditirns {CASOLA et s8l,,
1966), The Cu2+—modified enzyme showg a 20 to 30-fold gtimulated reduction
rate of 2,6-dichlorophenol indophenol and & dimirished ratc of reduction
of lipoate by NADH, This phenomenon has been ascribed to oxidation of
sulfhydryl groups since VEEGER and MASSEY determined 1,8~2.3-5H groups less
in the Cu2+-treated enzyme than in the native enzyme, Amperometric titra.-.
tions (PALMER and MASSEY, 1962) resulted in é -SH groups and one S~ bridge
per nole of flavin in the native enzyme, CASOLA et 2l, (1966) found varia-
tions in ~8H content of the Cu2+—modified enzyme dependent on the time of
incubation and, even after removal of the cupric ions, dependent on the age

nf the modified enzyme, The disappearence of ~SH groups resulited in a »10-

"4

portionally increased disulfide content, The oxidisation prccess isg rather
complex and only initially reversible. The mechanism of the coppor
catalysed oxidation of cysteIne to cystine is well known (CAVALLINI et &l.,
1969).

The rate of increase of the DTIP.activity dapendsogbnditions as for
instance on the phosphate buffer concentration (VEEGER and MASSEY, 1960
while the subsequent decrease in 1ip82-activity is pH-dependent (CASOLA et
al,., 1966),

CASOLA &and MASSEY (1966) obssrved an activeting effect upon the DCIE~
~activity after treatment of the native enzyme with ancther sulfhydryl
reagent viz,, phenylmercuric acetate.

The Cu2+—modified enzyme which has a more polar flavin environment; i:
easily reduced by NADH to the four equivalent reduced state in which one
disulfide bridge is reduced to 2-SH groups and FAD is converted into F%Dﬂz.
The green charge transfer band at 720 nm due to NAD" interaction with FADH?
(VEEGER and MASSEY, 1962) is algo formed. The reduction state induced by -
excess lip(SH)zNH2 ag concluded from the decrease of the 530 nm band, is
different from the semiguinone intermediate of the native enzyme as furmed
by two equivalent reduction. Blocking of the sulfhydryl groups by PCMB
initially stimulates the DCIP-activity and induces a rapid four egaivalsnt

reduction state of the enzyme, however without a Nap”* charge transfer band
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at 720 nm. This suggests thet a ~-SH group which is easily accessible, plays
a role in one of the WaD™ binding sites.

KALSE and VEEGER (1968) observed an interesting effect on the activities
of lipoamide dehydrogenase which had been frozen in protein concentrations
lesg than 1 mg/ml. Apart from a many-fold stimulated DCIP-activity and a
diminished lipoate activity this frozen enzyme also shows spectral shifts
in the flavin region from 454 nm to 450 nm as well ags & promoted anaerobic
reduction by NADH to the four equivalent reduced state, This suggests at
least a gsimilarity in protein conformation of Cu2+-treated and frozen

enzymes,

8.2, RESULTS

8,2,17., Influence of wapt and phosphate buffer concentration on the DCIP-
—activity of the Cu°T-modified enzyme

CASOLA et a2l. (1966) did not mention an activation of the Cu2+-modified
enzyme in the DCIP-assay although they have found this with the phenyl-
mercuric acetate-treated enzyme (cf, CASOLA and MASSEY, 1966). However, a
similar activation can be observed within the first minute of the assay of
the Cu2+—modified enzyme as shown in Fig. 1. (VISSER and VEEGER, 1968b).
Phosphate buffer ag well asg NAD' influence this gtimulating effect in a
rather complex way (Table I). High phosphate concentrations (e.g. 0,2 M)
inhibit the reaction in the absence as well as in the presence of NAD+. The
phosphate inhibition has been found to be competitive (VEEGER and MASSEY,
1962) with respect to NAD' in the lip(SH)QNH2 oxidation cetalysed by the
native enzyme., With the Cu2+—enzyme it is clear from Table I that using low
phosphate concentrations (0,02-0,10 M) in combination with for instance
40 uM NAD® the linearity of the reaction in the cuvette is promoted, Increas-
ing the phosphate concentration also requires enlargement of the NADT con-
centration toc maintain linearity, High NAD" concentrations inhibit the
reaction by a regular product inhibitien,

Preincubation of the enzyme with NAD+ also revokes linearity in the
velocitiy with a rate equal to that uwltimately reached in the control. When
Cu2+-enzyme was kept on ice for prolonged times (30 hrs or longer in a
dilutioﬁ of 0.2-1 mg/ml there was a terndency %o linearity in the assay. This
effect was slowly shifted in the opposite direction by increasing the

temperature of the sample.




. . . . " S . .. 24 o

Fig. 1. Activation effect of MiD on the DCIP-activity of the Cu  -modifie

enzyme, Assay condlitions ags described under methods., The reactions were pe
. . T 4 ;

formed without and with 50 Ul FiD in the cuvette and in the presence of =z

trace of NiD-ase without addition of Napt,
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8.2.2. Recombination

The apoenzyme of the Cu2+—modified enzyme has been prepared the same
way as that of the holoenzyme., The residual activity with DCIP is higher
than in the case of the normal enzyme and amounts 10 to 20 percent of the
gactivity of the original Cu2+—enzyme. This is due to 5-10 % residual flavin
which is mainly protein-bound and the fact that the recombined apoenzyme
initially has a 1,5 to 2 times siimulated DCIP-activity over that of the
Cu2+-modified enzyme, The‘recombination process is more difficult to analyse
on the basis of activities as one parameier fails viz. the retumn of the
lipoate activity. In Fig., 2 the changes in DCIP-activiiy and fluorescence
properties upon recombination are given. The way the flavin fluoreecence
intensity (Ivv) and the fluorescence polarisation increase is not different
from the nermal recombination system, The DCIP-activity also goes through a
maximum in the course of this process and declines though to a less extent
than in the normal case.

The flavin binding constant is slightly higher than those ohserved
with the normal epoenzyme (KALSE and VEEGER, 1968), The saturation curve
based upen DCIP-activity is shown in Fig. 3 from which a Kass value of 50 uM
has been calculated. Similar values were found with the fluorescence
polarisation technigue as shown in Table II. A temperature-dependency is
hardly observed from the data presented here but there is a itendency that
the flavin binding constant decreases upon enlarging the amount of flavin,
Although a similar behaviour is not observable in the saturation curve
(Fig. 3) such an effect could be due to an inhomogeneity of the populatien of
apoenzyme molecules resulting in different binding constants (gﬁ. Chapter V)
or to the inaccuracy of the fluorescence polarisation method at low con-~
centrations.

For the Cu2+~modified apoenzyme it has not been proved that this en-
zyme has half the original molecular weight but there are indirect indica-
tions for a similar asscciation-dissociation behaviouri. The DCIP-activity
behaves similarly to that in the nermal case, as it decreases faster at

elevated temperatures. Moreover, there is another very remarkable difference

* Feotnote: Upon prolonged incubstion with Cu2+—ions species of higher
molecular weight are observed (e.g. tetramers) probably due to intra-
molecular disulfide bridge formation., LITTLE and O'BRIEN (1967) observed
dimerisation of yeast cytochrome c on thiol oxidation by weak oxidants as

24+ .
Cu +-1ons.




Fig. 2. Recombination of Cu2+—modified apoenzyme with ¥aD, Apoenzyme (4 uM:
wag recombined with an egual amount of flavin in 30 mM sodium phosphate

puffer (pH 7.2) with 0.3 mif EDT. ot 107, The fluorescence intensity (AAA)
and the polarisation (X.X) were measured, Samples were withdrawn a® the tin

indicated and the DCIP-amctivity (e€e)determined.
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Fig, 3., L-B plot of the recombination of Oué+mmodified apoenzyme with FAT
ipoenzyme (0.2 mg/ml) wag ilncubated on ice with different amounts of
fiavin in 30 mM sodiuwr phosphot~ wuffer pH 7.2 containing 0,3 mM EDTA. Th

DCIP-activities were meagured aflter 15 min, incubation.
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between the reconstituted enzyme and the original Cu2+—enzyme. The DCIP~
~gctivity of the reconstituted enzyme is linear in the assay or even
declines caused by FAD dissocictiion in the cuveite. However, the activation
effect during 30-60 seconds as observed in the original Cu2+—enzyme pro-
gressively returns upon recombination, and faster at elevated temperatures
(150~250). This strongly suggests that this parameter belongs to the dimer

structures.

8.2.3. Preezing effects on the Cu2+—modifie& anzymne

The native enzyme is sensitive to freezing at low protein concentrations
(<1 mg/ml), as will be discussed in section 8.3, The frozen enzyme has a
highly stimulated, linear DCIP-activity in the assay. The Cu2+—modified an-
zyme undergoes similay structural changes when frozen in dilution (< 1 mg/
ml). Freezing results in & 1.5 to 2.5-f0ld stimulated DCIP-activity while
the activation effect is lost. BSA, and ammonium sulphate proved to bhe
effective in a (partial) maintainance of the original structure since they
protected zgainst loss of the activation effect in the assay. Addition of
these compounds does not completely prevent a stimulation of the activity.
Addition of lipoate has a similar effect as on the native holoenzyme (gf.
8,3) since in the concentration range of 0,5 mM to 10 mM the DCIP-activity
is either largely reduced or absent after thawing.

In some preparations the DCIP-activity was not stimulated after freezing
but lowered for unclarified reasons. 4 reason could be that denaturation has
occurred as was observed with the native holoenzyme after relatively long
freezing periods, Another possibility is that this is correlated to the
inability of the enzyme to dissociate since the lipoate activiiy of these
preparationsiﬁot inactivated in extreme protein dilutions (VOETBERG and
VEEGER, unpublished results),

8.2.4, The influence of urea

As mentioned before {VISSER and VEEGER, 1968z) the Cu2+—modified enzyme
iz less stabile in urea cconcentrations > 4 M than the native enzyme. The
native frozen enzyme and the recombined enzyme have been shown to become
even more easily inactivated by urea. The frozen Cu2+—modified enzyme behaves
similarly and is as easily disrupted as the native frozen enzyme. In Fig. 4
the inactivation patterns of the Cu2+-m0dified enzyme at rocm temperature
gnd on ice are compared with the frozen enzyme. The Cu2+-enzyme=kept on ice

is faster inactivated than if kept at room temperature which clearly




Fig., 4., Influence of urea on the activities of different Cu2+«modified en-

~

zyme conformations. Cu” -enzyme (G.78 mg/ml) was incubated with 5.7 M uresa

-

on ice (XXi) and at 20° (000), worecver, CuZT—enzyme was frozen overnighté
in the sanme concentration., Immediately after thawing urea was added. The A
DCiP-activities were measured a1 the times indicated and are expressed in
relative units with resrect to the original prepared Cu2+~enzyme. Condi-

tioneg: 30 mM sodium phospnate buifer pH 7.2 containing 0.3 mM EDTA.
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indicates conformational changes upon lowering the temperature. E.g. the
half times for the inactivation reactions with 5.7 M urea at a protein con-
centration of 0,18 mg/mli are 15-20 min., on ice and 60 min, at room tem-
perature while it is less than 10 min., for the frozen Cu2+—enzyme. The in-
activation of +the diluted (0.09 mg/ml) enzyme proceeds faster than at 0.18
mg/ml concentration, where the decrease is even limited during the first

20 minutes incubation at room temperature.

It is of importance to make clear that although the catalytic activity
drops with 30-4C %, as observed in 4 M urese, the flavin fluorescence
polarisation remains almost constant., When the denaturation proceeds,; the
polarisation declines toc. These results remind to those obtained when the
apoenzyme is treated with urea before or just after addition of flavin (gﬁ.
Chapter V), It is evident that the flavin binding site is less urea-
-gensitive if occupied by FAD in comparison with other parts of the protein

molecule.

8.2.5. Temperature-dependent protein conformations

There are some indications for the exigtence of temperature-dependent
protein conformaftions of the Cu2+-modified enzyme as is the case with the
native holoenzyme, The urea-sensitivity on ice exceeds the one at room
temperature which as & phenomenon observed bafore with several holoenzyme
preparations at low protein concentration (0.05 mg/ml). This must be due to
2 low-temperature enzyme conformaticn which is more labile. Moreover, DE KOL
{1970) observed a non-linear relationship in the Arrhenius plot of the flavin

fluorescence lifetimes of the excited state with native as well as with Cugf—

~modified enzyme. In Fig, 5 the L-B plots are given measured with a Cu2+—
-mcdified enzyme by varying the concentration of NADH. The Vmax values are
calculated at infinite NADH concentration but at a finite acceptor (DCIP)
concentration, The slopes of the L-B plots are almost equal at high tempe-
ratures but there is a sudden change between 210 and 23.50. Below this
transition area the L-B plets are about parallel again over the temperature
range measured (140—210). The Arrhenius plots of K and V . values are
given in Fig. 6. The log K_ (NADH) vs 1/T plot shows a sharp transition
which is in agreement with the transiticn temperature found with a Cu2+~
treated enzyme by DE KOK (1970) for the flavin fluorescence 1ifetime of the
excited state, The transition temperature is higher than in the case of the
holoenzyme (gi. Chapter VI) which might be due to the influence of the sub-

strate on the egquilibrium between the conformations. NAD+ has more affinity




Fig, 5, 1-B plots of the Cu2+mmodified enzyme at different temperatures.

Cu2+—enzyme (0.2 mg/ml) was solved in 30 mM godium phosphate buffer (pH 7
containing 0,3 mM EDT4 and C.5 . BEA. Thne concentration of NADH was varie
using the usudl assay conditions. The symboels indicate the different tem-

peratures: 000, 550; D90, 50.503 Y 2805 bbb, 25,503 EXXE, 23,5O;V7§7Tz2
PYY, 157000, 16.5° AL 14%, 4t 217 Hwo vossible curves are drawn,






Fig. 6, srrhenius plot of the reaction velocity of the Cu2+—modified enzy
The Vmax valueg are obtained by extrapolating the L-B plots shown in Fig.

(G00), HMoreover, a spreading of 5 7 was tzken intc account which has only

been iIndicated at three experimental figures. The log Km (NATH) values ar
- . e > .

alsc plotted ve 1/T (293), A1 217 two figures are given each one correspo
ing with ons of the two possible L-B ploits given in #ig. 5 for this tempe

rature as dotted lines.
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for the high-temperature form which probably lowers the transition tempera-
ture,

From the log V. vs 1/T plot 2 breakage is hardly observable., The L-B
plots were not consiructed using the least-square methed and therefore the
spreading not determined. However, in Fig. 6 a spreading of + 5 % of the Vmax

value at 21° is indicated. Taking into consideraticn that the experimental

data at the other temperatures also have the same ineccuracy, it could be
doubtful whether a deviation from linearity occurs. However, the same pheno-

menon has been found in other experiments. Therefore, it is likely that the |
deviation is a real one. The activation energy of the left hand part of the

Arrhenius plot amounts 8000 cal/mole.

8.,%., THE FROZEN ENZYME

8.3.1. Influence of ionic strength and pH of the buffer

The freezing experiments described by KALSE and VEEGER (1968) were
performed in 15 MM sodium phosphate buffer pH 7.2 without EDTA, The results
obtained in the following experiments were not always as reproducable as one
gshould like for reasons which are not well understood. The freezing effects
viz. the increazse of the DCIP-activity and the decrease of the lipoate
activity, are not always easily induced. For some preparations several days
of freezing are necessary, others are altered within 14 hrs. Ne correlation
is found between the purity-factor (E2580/E455 ratioc) and the sengitivity for
freezing.

In Table III the influence is shown of freezing an enzyme overnight in
godium phosphate buffers of different pH values. A%t 30 mM buffer concen-
tration the DCIP-activiiy rises and the lipoate activity falls to approx. the
same degree at gll pH values. Elevating the temperaiure stimulates the lipo-
ate activity with only slight varistions.

The influence of the sodium phosphate buffer concentration is not ob-
served in all cases. In several cases buffer varistions from 12 mM to 180 mM
(pH 7.2) hardly show differences in their effect on lipoate- and DCIP-activity
levels. However, in case the enzyme is less easily converted to the frozen
enzyme conformation, high phosphate concentrations promote this conversion.

Ter Tboth cases an example is given in Table III.
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8.,3.2, The influence of BSA, ammonium sulphate, and lipoate on the freezing
process

Llthough the protective effect of BSA was not tested in relation to

different EDTA levels or purity factors of the enzyme, the protection was
found effective in a concentration range of 0.025 % to 1 % when EDTA was
ebsent in the enzyme,

Lipoate (ox,) added during the freezing procedure has a remarkable
effect on both zctivities measured afier thawing, When the lipS2 concentra-
tion exceeds 0,2-0.3 mM the DCIP-activity is nct stimulated any more after
thawing but both activities have almost disappeared in an irreversible way;
the lipoate activity does not return by elevating the temperature,

Though the reason for the lipozte-induced inactivation is unknown, a
postulation might be an irreversible sulvhur exchange between lipoate and
the catalytic disgulfide bridge. The lipoate conceniration which is effective
amounts 0,2-0,3 mM, Such values are of the same order of magnitude as the
Km values for 1ip8, which might be indicative for the involvement of the
catalytic centre though I am fully aware that it is difficult to correlate
Km values and binding constants., The invelvement of other sulfhydzryl groups
in the frozen enzyme is not to be excluded since in cur laboratory NORDHOLT
{unpublished results) observed a drastic decrease of the amount of -5H groups
in a frozen enzyme which did not restore its lipoate activity after thawing.
This is indicative for the great reactivity of these groups (induced by
freezing) to become oxidised, In this respect it is worthwhile to remind the
species of higher melecular weight obgerved with the Cu2+—m0dified enzyme
which was treated for proclonged times with Cu2+—ions. Bovine liver rhodanese
ig known to dimerise under mild oxidising conditions using reduced lipoate
(VOLINI et &l., 1967),

The influence of (NH4)2SO4 on the freezing process is known from the
werk of KALSE and VEEGER {(1968) who found a protection of the lipoate
activity by a2 2 % solution of this salt, However, this salt is only pro-
tective against freezing during 2 limited period of time. This period may
vary from 2 to € days freezing depending on the preparation one uses.
Initiglly the lipecate activity of the enzyme is stabilised in the presence
of for ingtance 50 mM (NH4)ZSO4. Varying the sodium phesphate buffer concen-
tration in a range from 15 to 90 mM at pH 7.2 did not influence this pattern.
In the control experiments without (NH4)ZSO4 the lipoate activity drops to
approx., 20 %. Continuation of the freezing procedure results alsc in a

partial loss of the lipoate activity and a stimulation of the DCIP-activity }
|
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of the (NH4)28Q4containing samples; especizlly between 70 and 100 mM
vhosphate buffer concentration but almost nct at a 30 mM buffer concen-
tration., In the contrcl experiments prolonged freezing leads to & further
decresse of the lipoate activity. The DCIP-activity may become either un-
proportionally stimulated or ultimately largely inactivated.

Though the effective concentration of (NH4)2SO4 is high it is never-
theless likely that the protective effect is not due to an ionic strength
effect but is gpecifically bound to the ionic species used. This will be

digcussed in the next section.

8.%3,3, The protective infiuence of specific cations

In Table IV is ghown the protection of the lipoate activity induced
by several ammonium salts in & 30 mM sodium phosphats buffer (pH 7.2) with
0,3 mM EDTA as well as the influence of some sulphates. The main effect is
due to the NH4+—ion as the DCIP-activity is completely or partially (in

the case of NH4Cl) repressed. In combination with multi-valent anions the
lipoate activity is better protected. In other experiments NH401 wag found
better protective with respect to the lipoate activity (gg. Table V). The
NH4+-ions in the case of NH4CI can not prevent the conformational change

by which the lipoate-activity partially disappears but they still prevent
the rise of the DCIP-activity. This can only be explained in case of the
existence of an intermediate form between the native and the DCIP-stimulat-
ed enzyme,

Ag NH4+-ions were more specific in their action than the anion it was
of interest to find out whether other zlkali-ions were also protecting
againgt modifications of the protein structure. In Table V a survey is
given of the influence of several alkali-chlorides and it is shown that
lithium~ and cesium-ions are even better protecting against the modifica-
tiong in the enzyme structure. On the cther hand it is clear that sodium
chloride promotes less of both activities in the enzyme modification while
the return of the lipoate activity is slower compared with the other sgalts
and as the DCIP-activity is also lower than in the control. The whole
system becomes less reversible. A lower concentration of cations diminishes
the protection-level {but not the sequence) and as a consequence the DCIP-
—-activities are slightly stimulated even in the presence of Li+, Cs+ or
(NH4)+. Here sgain the period over which the enzyme is frozen will be of
importance as we saw before with (NH4)2S%. The irreversible changes induced
by Na+ and Mg2+ are less, at the lower salt concentration. This influence

is expected te diminish when the salt concentration is lowered,.
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To establish the concentration of LiCl which gtill is effective in
maintaining the lipoate activity, a range of Li*-ion concentrations was
tegted., Moreover, two freezing times were introduced. The resulis are
summarised in Table VI. It is clear that the protection is better after 2
days of freezing instead of a week. In the former case a rather sharp con-
centration treshold is observed. It was surprising that a combination of
Nat- and ¥'-ions is 2lso protective though individuslly they are not. The
ratios Na'/K' and Na'/1it are identical 51 x 107°/7.5 x 107> = 6.8 and
51 x 107°/8 x 1072 = 6.4.

However, there is & difference between the potassium- and the lithium-—
-ions ag high concentrations of Kt-ions {0.1 M KC1) are not protective in
contrast to 0,1 M LiCl (ecf, Table V). '

There is a strong tendency that a combination of potassium and sodium
phosphate buffer is not only protecting against freezing but is enhancing

the specific liposte activity as well,

8.3.4. Influence of protein concentration

The gtimulation of the DCIP-activity and the inactivation of the lipo-
ate activity are dependent on the protein concentration and they are hetter
cbserved when the freezing time is limited; e.g. protein concentrations of
2 =-1,5 ~1=0.75 - 0.50 and 0.25 mg/ml have DCIP-activation of 1500 -

1400 ~ 2250 -~ 2000 - 2650 and 3500 respectively, after a three days freezing
period.

In another experiment the enzyme was frogen for a prolonged time in the
presence of FAD as to keep the enzyme saturated with flavin which dissocistes
eagier from the frozen enzyme (gi. KALSE and VEEGER, 1968). The reversibility
of the lipoate activity by elevating the temperature is only partial when
the enzyme is exposed to freezing for 2 long time, In Fig. 7 it is shown
that the return of the lipcate activity is protein concentraticn-dependent
though this result could salso be explained by a faster irreversible
denaturation during the freezing of lower protein concentrationg. The DCIP-
~activity is linear in the assay after freezing for relatively short periods
(1-5 days). This is in contrast to the DCIP-activiiy of the recombined
native enzyme directly after recombination suggesting that the flavin is
more tightly bound in the frozmen enzyme.

It was attractive to think of a monomerisation as a result of freezing
&t low protein concentrations. This could account for the shifts in catalytic

activities., To determine the order of changes in DCIP- and lipoate activities




Fig, 7. Influence of the protein concentration on the restoration of the
lipoate activity after frerezing. Bnzyme (L260/4455=5,8; 1ip82wact. 22) we

. . . .0
frozen during 4 days &t -1

2

with 100 4 M Fab at three different protein

concentrationg: W88, 0.7 mg/ml; Add, 0,15 mg/ml and +++, C.05 mg/ml, The
. . , L LD . ,

gamples were thawed and incubated at 20 . The restoration of the lipoate

activity was followed during 30 nin
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saveral samples of one enzyme were frozen with FAD (100/LM) and thawed at
different temperatures while both activities were determined. The results
for the decline of the DCIP-activity are shown in Figs 8 and 9.

The rate of the conversion of the DCIP-activity is characterised by

a (spec.activity)t - (spec.activityi_‘oa 4 A spec.activity

dt dt

The specific activity t -2> &0 corresponds with the original DCIP-activity
of the native enzyme. From the relation between A spec.activiiy and t one
cbtains information concerning the crder of the reaction., A second order

reaction follows the equation

1
k. A spec,activity

t -Co

The result of such a plot is shown in Fig. 8. It is obvious that at 0°
the DCIP-activity declines according to a second order reaction. At TO and
12° the first parit of the experimental data still fit a second order
reaction, but there is, progressively with time, deviation. At higher tem-
peratures the total plet is curved,

In Fig. 9 log A spec.activity is plotted vs t which gives a straight
‘line in case one deals with a first order reaction which follows the

equation

t = % in A gpec,activity + C
The changes at low temperatures can not be described by a first order
reaction because of the second order reaction (Fig. 8) but at higher tem-

peratures the experimentzl data fit. To explain these results one must

assume that a dimerisation resction is measured at low temperatures which is

followed by an intramolecular conformational change. At higher temperatures
the dimerisation reaction is not rate-limiting any more and the intramole-
cular rearrangement in the formed dimer is observed. These data confirm the
suggestions (Chapter III) that a DCIP-active dimer exists in between the
lipoate active dimer and the DCIP-active monomer.

The lipoate activity has been found to be a more difficult parameter
under the conditions used since no complete return of the lipoate level is
obtained. Protein denaturation or formation of a partial active enzyme are

possibilities,



Fig, 8, Data fitting plot for & second order decline of the DCIP~activity
of a frozen enzyme at different temperatures. The 1/4 specific DCIP-activi
is piotted vs time {(see text). samples of enzyme (0.4 mg/ml) were frozen i
30 mM sodium phosphate buffer contalining 0.3 ml EDTA and WOQAZM FAD during
36 hrs. The samples were thawed at the temperatures indicatéd and the

decline of the DCIP-activity followed for at least %0 min.
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8.4. ELECTROPHORETIC BEHAVIOUE OF DIFFERENT ENZYME CONFORMATIONS

Lipoamide dehydrogenase from pig heart has no elecirophoretical
homcgeneity (ATKINSON et al,, 1962; STEIN et 2l., 1965a, b; COHN et al.,
1968; MILLARD et al., 196%). Generally five fluorescent, active bands are
reported, scmetimes accompanied by a gmall sixth one. The patterns obtained
in our experiments, are in agreement with the literature. Blectrophero-
gramg cf the holoenzyme zre shown in Fig., 10A, B. The relative amounts of
the components vary to some extent in different enzyme preparations although
the A280/M45% ratio is about the same in both preparations, viz., 5.4 and
5.6, rTespectively. The specific activities are almost the same. The rezults
from COHN et al. (1968) make it very likely that band 1 and 2 are derived
from a-KGDC, bhand %, 4 and 5 from PDC. Differences in composition of
individual preparations of lipoamide dehydrogenase, which itself consists
of a mixture derived from both multienzyme complexes, could occur when
extractiion from ocne of the complexes is nct always effective to the same
degree, Another explanation might be differences in the relative amounts
of complex in individual hogs. Morecver, a partisl purification of enzyme
from either a-KGDC (HIRASHIMA et al., 1967) and PDC (HAYAKAWA et al,, 1966)
resulted in esither a relative increase of the intensities of bands 1 and 2,
or bands 3, 4 and 5, respectively.

Cu2+—modified enzyme was made from the native holoenzyme., Part of the
enzyme, after the oxidation reaction has been stopped, was dialysed during
2 hrs and part of it overnight. From the densitometer scanning patterns,
shown in Fig. 11A and B, it is clear that the intensities of the bands 1
and 2 diminish, The relative mobilities remain constant. The changes in
migration patierns indicate that conformational changes in the protein
influence the surface charges which causes a shift in the relative amounts
of the individual bands, Though the pK-values of the sulfhydryl groups
involved in the disulfide formation are unknown, the likely range according
to BENESCH and BENESCH (1955) for sulfhydryl groups in macromolecules is
from 8,3 -~ 8,6, This would mean a change in netto charge as negative charges
ere neutralised. On the other hand, the results are rot consistent with
such changes which means that in spite of charge effects from sulfhydryl
groups the conformational changes dominate,

The frozen DCIP-active enzyme has alsc a characteristically changed

*nig part of the work was done in collaboration with Mrs. J. Wouters van

den Oudeweijer and J. Ruiter.
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electropherogram (Fig. 12). The three bands derived from PDC are more
diffuse and less flucrescent than the o-KGDC bands, indicating that lipo-
amide dehydrogenase derived from the pyruvate complex is converted more
readily into the DCIP-sctive enzyme and loses its FAD more easily than the
u-KGDC enzyme. Incubation with excess TAD at room temperature results,
theugh not always, in a return of the original electrophoresis pattern and
of the lipoate activity. Freezing for prclonged times also changes the first
two peaks, results which are consistent with the observation that freezing
effects are complex as the lipoate activity has not compleftely vanished
after short periods of freezing while a slower and incomplete return of the
lipoate activity, even in the presence of FAD, results from proclonged free-
zing. The main conclusion which can bte derived from these eXperiments is
that lipoamide dehydrogenase obtained from o-KGDC differs from the enzyme
extracted from PDC,

As some of the conformational changes are so nicely reflected in the
electrophoretic patternms; the components in the apcenzyme are of real
importance., One of the interesting aspecis is whether in the apoenzyme the
two separated polypeptide chaing are genetically different or net, In this
respect references can be given to other flavoproteins: a) luciferase, a
dimeric enzyme as many of the flavoproteins, has two polypeptide chains
which differ from each other (FRIEDLAND and HASTINGS, 1967); b) L-amino
acid oxidase, a dimer, which has three main electrophoretic componenis
built up from aa, af en BB chain combinations (DE KOK and RAWITCH, 1969).

A sdanning pattern of an apoenzyme, freshly prspared is given in Fig,
12 together with the game aged apoenzyme which remained for 4 hrs at room
temperature. With the native apoenzyme there are many diffuse bands found
which suggests, as already mentioned in Chapter 5, that the apoenzyme
population is inhomogeneous and consisgts of polypeptide chains in different
conformations. In this respect it is of interest that VEEGER et al. (1969)
have shown that the apoenzyme has a high helix content.

Recombination experiments with FAD (see Fig., 14) clearly indicate the
rige of & main peak and some smaller shoulders, depending on the recom-
bingtion temperature. The apoenzyme recombined during 2 hrs with FMN at
room temperature {Fig. 13B), shows a pattern which is almost non-fluorescent
and similar to the native apoenzyme, FMN seems to be protective with respect
to the maintainance of the rative apoenzyme siructure (gi. patterns of the
aged apoenzyme at 20° as shown in Fig., 13C). It is evident from this pattern

that the native enzyme structure is not induced by FMN as is the case with




Fig. 10 Densitometer patterms of native lipoamide dehydrogenase. A, Elec-
trophoresis of 40 ugs of enzyme {(L280/4455=5.3; lipS,-activity 40, DCIP-
~activity 100] under the buifer conditione described in the METHODS durir
2 1/2hrs at 3,5 mA/tube. B, Blectrophoresis of ?E/ng of enzyme (AQBO/A4E

5.6 1ipS,-activity 30, DCiP-activity 200},
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Fig, 71. Densitometer patterng of Cu'+~modified enzyme, ifter preparation
the Cu2+—enzyme wag dialysed for 2 hrs against 30 mM sodium phosphate

{(pH 7.2) with 0.3 mM EDTL (L) =znd overnight (2). From stock dilutions of
0.5 mg/ml 40 pgs were taken for the electrophoresis, DOIP-activity of
sample 4 and B 2600 and 2200, respectively. Tc the stock solution of (B)
10—5 M NaD© was added before electropnoresis and after 5-10 min incubation

a sample was taken {(C).
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Pig, 12. Densitoneter pattern of the frozen holoenzyme. Enzyme (0.3 mg/ml,

lipsguactivity 30; DCIP-zctivity 200) was frozen overnight., A sample was
taken (50}*@) for the electrophncocresis aiter which the activities were

determined (1ipS,.-asctivity 11:; DCOIP-activity 11C0).
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Fig, 13, Densitometer patterns of the electrophoresis of apoenzyme. The

apoenzyme (1 mg/ml stock solutions DCIP-aciivity 200) was immediately use
(4) or kept at 20° during 4 hrs ({) in an amount of 40 g. Moreover, apo-
enzyme was incubated with FMY (5x1077 M) during 2 hrs at 20O before elect

phoresis (B).
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Fig. 14. Densitometer p

-

a

. O
was incubated with il (1.5x10 7 M) during 2 hrs at 0 {(upper part) and a
20° after which samp aken for the electrophoresis. The DCIP-

t
—activities were 3300 and 12850, respsctively.
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Tig, 15. Dengitometer patterns of apcenzyme (B) and NilH-reduced holoen-~
zyme (L) in 8 M urea, The gelg were also made with 8 M urea and consisted
of 4% (0.2 ml) -7 % (2.4 ml) 222 10 < {1 nl) gels. Time of electrophores:

was proleonged for ait least orne hour.



F1g.15

00.—

distance ——, +




._74..

the apoenzyme prepared in guanidine HC1l as shown by BRADY and BEYCHOK (1969),
The apoenzyme is easily disrupted in urea, the results indicate six
distinet . bands: These bands have alsc been observed with the holoenzyme

held anaexrobiczlly in 8 M urea after addition of NADH (Fig. 154, B).

8.5. DISCUSSION

It is necessary to realise in all discussion about the Cu2+—modified
enzyme that this enzyme represents an inhomogeneous population of melecules
since the number of oxidised -5SH groups will slightly vary among individual
enzyme molecules. Both native lipoamide dehydrogenase and Cu2+—modified
enzyme are stimulated by NAD+ in their respective reactions, NADH —>
1ipS2 and NADH ——1) DCIP. Monomer conformations are not stimulated, So it is
very attractive to asssume that this second NAD"Y binding site is created in
the dimeric enzyme,

Though the apoenzyme of the Cu2+-treated enzyme denatures easier, the
recombingtion process is essentially not different from that of the native
enzyme. The behaviour of this system justifies the assumpticn that Cu2+—
~modified apoenzyme is a nmonomer ag well, The recombined Cu2+-enzyme is
initially more active with DCIP (1.5-2 times) than the original enzyme. The
argument of the accelerated return of the non-linearity in the assay at
higher incubation temperatures is alsc in favor of a dimerisation process.

The oxidised holoenzyme is stable, even in 8 M urea according to
MASSEY et al., (1962) though not after freezing. In extreme dilution an in-
activation can also be observed on ice but less at rcom temperature, which
might be due to digsccigtion as in this form the enzyme is more susceptible
for urea, Though no data are available about helical properties of the Cu2+—
-enzyme, the tertiary structure is more easily disrupted by urea. The con-
centration of urea at which the catalytic activity is attacked varies between
4 and 5 M urea, depending on the individual enzyme preparation., Temperature-
-dependent conformational changes are obvicus gince this urea-sensitivity
is promoted on ice, The structure of the Cu2+-modified enzgyme is very similar
to the native holoenzyme on the basis of the criteria used. Mest of the
gspecific characteristics are conserved, e.g. the DCIP-activity is stimulated
by freezing diluted Cu2+-modified enzyme and the original stracture is pro-
tected by (NH4)QSO4. Morecver, the frozen Cuzf—enzyme is ag sensitive as the
frozen native holoenzyme with respect to low concentrations urea. The
Arrhenius plot suggests temperature-dependent conformations of the Cu2+-

enzyme.
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The frozen enzyme shares gome featufes with the Cu2+— modified enzyme
viz. a highly stimulated DCIP-activity, the correlated blue shift of the
545 nm flavin band and the easy overreduction by NADH.

I mugt disappeint those who expect explanations for the phenonological
cbgervations done with the freezing experiments. The water siructure and
the influence of iocns on it are extensively surveyed by KAVANAU (1964) and
still so badly understood that this recently led HOLTZER and EMERSON (1969)
to the statement that "arguments based upon the concept of water structure
are gufficiently ambiguous so that the change in a given physical property
that accompanieg disgolution of & solute in water cen always be "explained"
whether that change is positive cr negative". Since we are dealing in this
system with an even greater complexity as the water alsc contzineg large
protein molecules and is frozen, the hope for a real explanation is reduced
extensively. The results of DROST-HANSEN (1967) who studied water—-ice inter-
faces and preferential incorporation of cations and anions in the ice lattice
are of in interest, l.e. for NH 01(10—3—107 M) solutions the ice becomes
positively charged while large freezing potentials are observed between lice
and remaining solution but for KC1l and Na(Cl (70-5—10-5 M) the reverse occurs.
The protein is partially concentrated during the freezing process and is in-
corporated in the ice lattice in a relatively late stage of freezing. More-~
over, in the remaining solution many things as ion composition and ionic
strength as well as the pH may have changed. Next to that nothing is known
about the behaviour of the enzyme in the ice-water interface as a cone-
gequence of the freezing potentials,

The protective influence of the different cations is clearly
demonstrated (Li+ >ce” > FE,Y > kT > Rt > ¥aT. I have no explanation for
the ratios Li+/Na+ and K+/Nai which are necessary 1o give protection,

Studying the catalytic properties of the protein after freezing makes
clear that the freezing process has short-time effects in a stimulation of
the DCIP-activity and a pariial diminishing of the lipcate activity. In

:addition there is a long-time effect in a partial denaturation of the
protein as the lipoate activity ig badly regained after elevating the tem-
perature even in the presence of excess of flavin., The second order decline
of the DCIFP-activity on ice and the apprech to a first corder reaction at
eievated temperatures is in agreement with a model in which a dimerisation
cccurs which is rate-limiting at low temperatures followed by s dimer inter-

mediate with & lower DCIP- activity.
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Polyacrylamide disc-electrophoresis showed that the influence of free-
zing was mainly limited to the three faster migraiting bands. Moreover, the
flavin fluorescence became less intensive in these bands indicating that
there is a difference in FAD diéSOGiation pattern of the different com-
ponents upon freezing. Though further investigations are required it is
attractive to assume that the two bands derived frem o-KGDU which or not or
less changed, represent the lipoate level (20-30 %) which is initially

maintained during freezing.




Table I

Influence of phosphate buffer concentration and NAD+ on the linearity
in the Cu2+-enzyme as8ay. Cu2+—enzyme wasg diluted in 30 mM sodium
phosphate buffer pH 7.2 containing 0.3 mM EDTA to 0.4 mg/ml. The
cuvettes contained different amounts of sodium phosphate and no NAD+

or 40 yu M NADT, The zctivities were determined at 10°.

NAD" -nap*

Sodium phosphate (M)
DCIP-activity DCIP-activity
min, max min. max
0.024 2500 2500 2700 2900
0,048 30C0 3000 2100 2850
0,072 2900 2960 2300 2900
0.0.6 3400 3600 1700 2760
0.120 3000 3400 1500 2350
0.145 2600 3250 1700 2350
0.168 2500 3150 1450 1900
0,192 2350 2350 10G0 1700




Table II
Kass values for flavin binding to the Cu2+-modified apocenzyme. Apo—
enzyme, 3.6 | was recombined at the temperatures indicated with
different amounts of FAD, Conditions: 30 mM sodium phosphate buffer
pH 7.2 containing 0.3 mM EDTA., The fluorescence polarisation values

used were those obtained in the plateau region (cf. Fig. 2).

Apoenzyme F4D/apoenzyme Koce (x105) Temperature

(w2t} _ l.mole o

3.6 1:1 1.7"2.0

3.6 2:1 0.6

3.6 132 1.6=2,0

3.6 1:1 1.8-2.2 10

3.6 121 2.0-2.3 15

3.6 2:1 1.0 15

3.6 131 2,0-2,2 2%




Table

I11

Freezing of diluted holoenzyme under different conditions of pH and
ionic strength. A, Enzyme (AZBO/A455=5.9; lipsg—activity 29:; DCIP- i
~activity 250) was dialysed against 30 mM sodium phosphate buffer

pH 7.2 containing 0.3 mM EDTA. The enzyme was frozen during 20 hrs

at —140 in 0.46 mg/ml protein concentration in a volume of 0,5 ml,

The DCIP- and the lipoate activities were determined immediately
after thawing on ice. B. Enzyme (A280/A455=5.4: 1ipS,-activity 32)

was frozen during 4 days in a 0.27 mg/ml protein concentration afte:

dialysis against 30 mM sodium phogphate buffer,

A 0.03 M sodium phosphate
pH DCIP~-act. 1ip82-act. lipsz—act. restored
(1 hr 20°)
7.6 2700 10.8 21.4
T2 2600 9.3 21.0
6,9 2750 9.6 26,0
6.6 3000 9.0 21.8
6.3 2750 10.8 22.8
5.8 3000 10.6 25,2
B
PO4—concentration DCIP-act, lipsz-act DCIP=-act, 1ip82—act.
(1)
0.012 2300 11.3
0.015 550 30
0.020 2650 10.4 250 34
0.030 2700 11.5
0.040 300 30
0.045 2450 9.8
0.065 2050 9.3 350 27
0.090 700 25
0,095 2450 9.3
0,110 1150 25
0.125 2300 9.2 2050 16
0.150 2800 8.9
0.185 3000 9.6




Table IV
The influence of NH4+~ions and 8042—ions on the freezing effect of
diluted lipcamide dehydrogenase. Enzyme (A280/4455=5.9); lipS,-act.
29; DCIP-act. 250) was dialysed against 30 mM sodium phosphate
buffer pE 7.2 containing 0.3 mM EDTA. The enzyme (0,46 mg/ml) was
frozen during 20 hrs at —140 with 0,1 M of the galts indicated.
The DCIP- and lipsg—activities were determined immediately after
thawing on ice. The restoration of the lipoate activity was

determined after standing for 1 hr =t 20°.

[}

Salt added Spec. act, {1 nr 20°
(0.1 M) DCIP 1ipS, 1ip§,
NH4Cl 750 12,9 21
(NH4)2504 250 27.6 27
(NH4) hco3 150 28,5 28
(NH4)5 molybdate 200 27.5 25.5
Na2804 2400 12,0 25,2
32804 2300 12.4 25,1
Control 2600 9.3 ?21.0
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Table VI
The influence of Li+/1\1a+ and K+/Na+ ratios on the protection of the
lipoate activity of iipoamide dehydrogenase during freezing 0,18 mg
enzyme (f=4,9 sp.act. DCIP 300) was frozen afiter dialysis ageinst
30 mM godium phosphate buffer pH 7.2 containing 0,3 mM EDTA and sub-
sequent addition of different concentrations of potassium phosphate
and lithium phosphate. The Nat ion concentration is 5.1 x 10_2 in

all cases.

2 days freezing 7 days freezing
DCIP~zct, lipSz-act. DCIP-act. lipsg—act.
LiT concentration (Mf1)
0 3180 13,2 - -
2 x 1077 | 3000 12,9 2950 8.8
4 x 1077 . 2750 12,7 3500 9.4
5 x 1070 " 3200 13.8 3700 9.6
6 x 1077 [ 30850 17.6 3530 11.6
7 x 1072 2500 20.9 3850 11.0
8 x 1077 480 35, 2 3450 11.0
9 x 1077 ! 300 39,3 5150 13,2
10 x 1077 250 39.7 3150 19.3(?2)
40 x 1077 200 37.1 2100 15.7
K* concentration (M_1)

0 %; 3500 25.0

0.5 x 107> L1900 23.4

1.5 x 1072 2600 25,3

3,0 x 1077 L aeo0 22,0

4.5 x 1077 L4100 27.5

6.0 x 1077 | 3000 35.8

7.5 x 1072 ?‘ 400 44.8

9,0 x 1077 I 300 48,1 |
15,0 x 107> i§ 300 42,6 |
30,0 x 1077 ig 350 48.4 !

! |
! |
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SUMMARY

Gel-filtration, ultracentrifugation and sucrcse density gradient
centrifugation demonstrated differences in physico-chemical properties
of holoenzyme and apoenzyme of lipoamide dehydrogenase. The native
apoenzyme has a mol,wt. of approx. 52,000 which is half that of the
native holoenzyme, The DCIP-active enzyme formed directly after recon-
gtitution of apoenzyme with FAD, is still a monomer. Light-scattering
experiments with holoenzyme at low protein concentrations (< 0,1 mg/ml)
indicated & dissociation of the enzyme related to a decrease in lipoate
activity. These results were not consistent with previously proposed
models for the enzyme structure. The idea of two interchain digulfide
bridges, which moreover take part in the catalysis, is replaced by a
real protein agsociation-dissociation model in which the two cataly-
tically important disulfide bridges are intrachain ones, The dimerxisation
constants derived from light-scatterirng data and from the return of the
lipoate activity in recombination studies at relatively high apoenzyme
concentrations agree with each other (3—6x106 1 mole-1).

The influence of uresa on the catalytic activities of different con-
formations of the enzyme has been studied, Recombined DCIP-active enzyme,
and hoth the freozen holoenzyme and frozen Cu2+—modified are very urea-
-gensgitive while the Cu2+—modified enzyme is sengitive at concentrations
> 4 M, The holoenzyme is very stable in 8 M urez except when the protein
concentration is low (0.1 mg/ml). The apoenzyme is thermo-labile and
also urea-sensitive; the stability is protein concentration-dependent.
The apoenzyme populationis inhomogeneous as indicated electrophoretically.

The FAD binding to the zpoenzyme induces & series of protein con-
formational changes, before dimerisation occurs.

The X___ (FAD) value for the protein (2—5x1o5 1 mole-1) is con-
giderably lower than in the holoenzyme. The dimerisation is dependent on
pH (7.2-7,5) and ionic strength (0.2} and is promoted by elevated tem—
peratures., The return of the lipoate activity is due to dimerisation
though even complete restoration of this activity does not prove that
the native holoenzyme structure is regained. The formed dimer still has
initially a high DCIP-activity and i+t is partially sensitive to urea-
and FMN-treatment over a periodcf ebleast 24 hrs all in contrast to the

holoenzyme.
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Some of the flavin derivatives studied are able to restore the
monomer-activity with DCIP viz. FB-BrAD (Kass 1,5x1o4 1 mole_1), 3-methyl-
FAD (K___ 1,1x10° 1 mole” ') and 3-carboxymethylTAD (Kass5x104 1 mole™ ).
Only 3-methylFAD partially restores the lipoate activity. The flavin
binding is due to multiple binding ferces as shown by the interferencs of
related compounds with the binding site. FMN which is & competitive in-
hibitor of the FAD binding induces, like FAD, protein conformational
changes as the Ki value increases with time. FMN-derivatives generally
show a noncompetitive inhibiticn pattern with respect to the DCIP-activity.
Parts other than the isocalloxazine mociety of the flavin molecule viz. the
adenine part and pyrophosphate, are alsgo involved in the FAD binding:

NATH, NAD+, ADP, adenine, ATP and pyrophosphat: all inhibit the flavin
binding. All nuclectides which inhibit the flavin binding affect the
dimerisation except NAD" which promotes the return of the lipoate activity.,

The "ping pong bi bi" mechanism previously proposed 10 be the reaction
mechanism of lipoamide dehydrogenase is not the correct model, The invelive-
ment of a ternary complex has been proposed instead, As deviations from
linearity are observed in the L-B plots with lip(SH)gNH2 and NAD+ ar
variable substrates depending on the level of the second substrate a
prefered order mechanism is postulated according to FERDINKAND (1966). NAD™

. nadt g 110 M at 25°)
& second binding site with a higher affinity for HADT than the catalytical

is the substrate which is prefered as first one (¥

important omne (KD 7% 20-30 uM) rrovenisg 4-zlectron reduction of the flavin
by NADH., It is likely that this site is the NADE binding site in the
transhydrogenase reaction. The product inhibition by lipSQ(NHQ'with raspect
to lip(SH)2NH2 is complicated and the typs of inhikition is Adependent on
the level of both substrates. Under conditions where the mechanism has
become random, the inhibition of lipS2(NH2) is competitive. At lower WAD™
levels this inhibition is noncompeiitive with respect to lip(SH),NH,.

Kinetical evilence is presented in the case of the rzaitive holoenzyme
and the Cu2+—modified enzyme that the oxidisedfgggsts in different
temperature-dependent confcocrmations, Arnalysis of the sets of rate constants
revealed that this conformational change is clearly reflected in the
NAD'/NADH binding properiies.

Antisera asgainst four different structures of lipoamide dehydrogenﬁse
have been succesfully prepared; viz. against the native holoenzyme and the
Cu2+—modified enzyme (both dimers) and ageinst the apoenzyme and the re-

congtituted, DCIF-active enzyme (both monomers). The inaibition of the
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enzyme activity proved to be the most sengitive method to detect a
reaction between antibodies and the different antigenic structures. The
homologous combinations are the most specifically inhibited but always less
than 100 %. The antiserum against the apoenzyme does almost not interfere
with the activities of the different enzyme conformations. The antisera
against the dimeric enzyme forms are closer to each other than to the one
formed againgt the DCIP-active monomer. Inhibition patterns of the homo~
logous Cu2+—enzyme/antiserum combination are nonccmpetitive.

The Cu2+—modified enzyme has many structural properties in common with
the holoenzyme, NADT in low concentrations activates the DCIP~activity and
promotes the linearity in the assay which is generally ncn-linear., The
recombination phenomena are very similar and the Kass value of FAD almost
identical (2—5x105 1 mole_j) to the normal case., The non-linearity of the
assay is probably a property of the dimer structure.

Freezing of diluted holcenzyme promotes the DCIP-activiiy while the
lipoate activity drops. These changes are protein concentration-dependent.
Lit, cs*

changes but Na+, k¥ and Rb+ do not. However, a combination of Xt and wat

and NH, -ions are protecting in 0.1 M concentration against these

(Na¥/k* ratio 7) is as protective as the Na'/Litcombination of the same
ratio. When the frozen enzyme is thawed and the decrease of the DCIP-activity
and the return of the lipoate activity are followed, the structural changes
induced by freezing pass at least through one intermediate as the decrease
of the DCIF-activity follows asecond-order reaction rate on ice. The order
of the reaction decreases and approaches 1 at elevated temperatures. The
freezing process is very complicated indeed, Results with polyacrylamide
electrophoresis strongly favour the existence of two different lipoamide
dehydrogenases isclated in & mixture from the pyruvate dehydrogenase complex
and the o-ketoglutarate dehydrogenase complex., Freezing of the enzyme
changes mainly the electrophoretic patterns of lipoamide dehydrogenass ob-

tained from the pyruvate dehydrogenzse complex,
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SAMENVATTING

Gel-filtratie, ultracentrifugeren en centrifugeren op sucrose
gradienten toonden verschillen in fysisch-chemische eigenschappen aan
tussen het holcenzym en het apoenzym van lipoiInezuur dehydrogenase, Het
natieve apoenzym bezit een moleculair gewicht van 52,000, de helft van
dat van het holoenzym. Het DCIP-actieve enzym dat ontstast direct na re-
combinatie van het apoenzym met het FAD, is nog steeds een monomeer,
Lichtverstrooiingsexperimenten met het holoenzym uitgevoerd bij lage ei-
witconcentraties (< 0.1 mg/ml) tonen aan dat het enzym digsocieert. Dit
gaat gekoppeld aan een achteruitgang van de lipoinezuur activiteit. Deze
resultaten waren niet in overeenstemming met voorheen voorgestelde mo-
dellen betreffende de enzym structuur. Het idee dat de twee disulfide
bruggen welke tevens bij de catalytische reactie betrokken zijn, de twee
polypeptide ketens onderling verbinden is vervangen door een model dat
berust op een werkelijk associatie-~dissociatie evenwicht van het eiwit
terwijl de twee disulfide bruggen ieder in een keten voorkomen. De dime-
risatie constante berekend uit de lichtverstrcoiingsgegevens en die welke
uit de terugkeer van de lipoinezuur activiteit bij recombinatie experi-
menten met hoge concentraties apoenzym is berekend, komen goed met el-

6 1 mole_1).

De invlioed van ureum op de catalytische activiteit van verschillende

kaar overeen (3-6x10

enzym conformaties 1s eveneens nagegaan. De activiteiten van het gere-
combineerde enzym met zijn hoge DCIP-activitei en van de bevroren confor-
maties van het wverdunde holoenzym en het Cu2+-enzym zijn zeer ureum—
-gevoelig, Het niet bevroren Cu2+—enzym is gevoelig by ureum concentraties
> 4 M, terwijl het holoenszym zijn volledige lipoTnezuur activiteit be-
houdt als de eiwitconcentratie niet te laag is (> 0.15 mg/ml). Het apo-
enzym is thermolabiel en eveneens gevoelig voor ureum; de stabiliteit is
afhankelijk van de eiwitconcentratie. Het apoenzym bezit een inhomogene
melecuul populatie zoals met electrophoresis is zangetoond,

De binding van FAD aan het apoenzym induceert ecen serie conformatie
veranderingen in het eiwit alvorens de dimerisatie reactie plaats vindt.
De initieéle associatie constante (Kass FAD) bedraagt 2-3x1o5 1 mole™
bij recombinatie maar deze is lager dan in het holoenzym waar het FAD
zelfs niet door dialyse is te verwijderen. De dimerisatie is afhankelijk
van pH (7.2-7.5) en ionaire sterkte (0.2 M) en wordt bevorderd door ver-
hoging van de temperatuur. De terugkeer van de lipoInezuur activiteit is

het gevolg van de dimerisatie hoewel zelfs een volledige terugkeer van
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deze activiteit niet bewijst dat de ocrspronkelijke natieve holoenzym
structuur wordt teruggekregen., Het gevormde dimeer bezit aanvankelijk
nog een verhocgde DCIP~activiteit., Bovendien is het volledig actieve
enzym gevoelig voor ureum en voor FMN gedurende tenminste 24 uur in
tegenstelling tot het natieve enzym.

Sommige derivaten van FAD zijn in staat de DUCIP-activiteiten van
het monomeer ten dele e herstellen zoals F8-BrAD (Kass ‘!.53:104 1 mole-h
3-methylFAD (K 1.1x10° 1 mole ') en 3-cerboxymethylPAD (K 3x10%

1 mole-1). BﬂMeiiilFAD ig als enige in staat esen deel van ae'TEZOEne—
zuuractiviteit te hersftellen. De binding van het flavine molecuul be-
rust op multipele bindingskrachten hetgeen blijkt uit studies over de
interacties tussen =zan FAD verwante moleculen en de FAD bindingsplaats,
FMN is een competitieve inhibitor van de FAD binding en induceert even-—
als FAD zelf eiwit conformatie-veranderingen wat biijkt uit het toene-
men van de Ki-waarde met de tijd. Derivaien van FMN vertonen in het
algemeen noncompetitieve remmingsbeelden alg men de DCIP-activiteit be-
schouwt. Behalve het isoalloxazine gedeelte van het FAD zijn ook het
adenine gedeelte en het pyrofosfaat betrokken bij de flavine binding:
NATH, NAD+, ADP, adenine, ATP en pyrofosfaat remmen allen de flavine
binding. Deze nucleotiden remmen ock de dimerisatie met uitzondering
van NAD'., Deze verbinding bevordert de terugkeer van de lipoInezuur
activiteit.

Het "ping pong bi bi" mechanisme dat vroeger 1s voorgesield alsg
reactie mechanisme vdor lipoInezuur dehydrogenase is niet correct ge-
bleken voor dit enzym. Er is nu een mechanisme voorgesteld waarin een
ternair complex optreedi. De afwijkingen van lineaire kinetische L~-B
patronen bij variaties van de beide substraten, lip(SH)2NH2 en NAD+,
afharkelijk wvan het niveau van het tweede subhstraat, hebhen geleid tot
de postulatie van een "prefered order™ mechanisme volgens FERDINAND
(1966). NADY is het eerste substraat (%1 s (NAD"Y = 110 uM bij 25°).
Er is nog een tweede napt bindingsplaats met een groters affiniteit
voor NAD' dan de catalytisch belangrijke (g, (FADT) = 20-30 uM) en
deze, indien bhezet doowr NAD+, voorkomt de 4-electronen reductie van het
flavine door NADH. In de transhydrcgenase reactie van het enzym is het
waarschijnlijk juist deze bindingsplaats die als NADH bindingsplaszts
fungeert. De productremming van 1ip82(NH2) ten opzichte wvan 1ip(SH)2NH2
is gecompliceerd en afhankelijk van de concentratie niveau's van beide
substraten, Onder de condities waarbij het mechanisme random wordt, is

de 1ip32(NH2) remming competitief. Bij verdere vermindering van het NADT
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niveau wordt de remming noncompetief ten opzichte wvan lip(SH)ZNHZ.

Op kinetische gronden is aangetoond voor zowel het natieve holo-
enzym als voor het Cu2+—gemodificeerde enzym dat in geoxideerde toe-
gstand verschillende temperatuur-afhankelijke eiwitconformaties bestaan,
Analyse van de verschillende snelheidsconstanten leidde tot de conclu-
gie dat deze conformatieverandering zich duidelijk aftekent in de
NADT/NADH bindingseigenschappen,

Er zijn vier antisera bereid, nl. tegen het natieve holoenzym,
het Cu2+—gemodificeerde enzym (beiden bezitten een dimeer structuur),
het gereconstiftuneerde DUCIP-actieve enzym er tegen het apoenzym, De bei-
de laatsgenocemde hebben een monomeer structuur. De remming van de en-
zymatische activiteit is de meest gevcelige methode om reactie= tussen
antibodies en de verschillende antigenen te meten., Bi] de homologe
combinaties treedt het hoogste remmingspercentage op mear dit is altijd
minder dan 100 %, Het antiserum gevormd tegen het apoenzym vercorzaakt
geen activiteitsremming wvan de verschillende enzymconformaties, De an-
tisera gevormd tegen de dimeer vormen van lipoInezuur dehydrogenase zijn
onderling meer verwant dan aan het antiserum gevormd tegen het DCIP-
-actieve monomeer. De Temming van het Cu2+-enzym antiserum is noncompe-
titief in de homologe combinatie.

Het Cu2+—gemodificeerde enz¥ym heeft vele structurele eigenschappen
gemeen met het holoenzym, NAD+, in lage concentraties, activeert de
DCIP-activiteit en leidt teot linsariteit in de activiteitsbhepaling. De
recombinatie kenmerken 1lijken sterk op die van het normale holoenzym en
ook de K_ (FAD) waarde is ongeveer gelijk (2-5x1o5 1 m01-1). De non-

- lineariteit in de DCIP-activiteitsbepaling van het Cu2+—enzym is waar-
schijnlijk een eigenschap welke gebonden is aan de dimeer structuur.

Bevriezen van verdund holoenzym {< 1 mg/ml) bevordert de DCIP-
—activiteit sterk terwijl de lipoinezuur-activiteit vermindert, Deze
veranderingen zijn eiwitconcentratie afhankelijk. Li+, cs’ en NH4+ ionen
beschermen in een concentratie van 0,1 M tegen deze veranderingen dit in
tegenstelling tot Na+, k'

icnen in de Na+/K+ verhouding 7 beschermt even goed als eenzelfde Na+/Li+

+ . } o+ +
en Rb , Echter een combinatie van K en Na

verhouding. De structurele veranderingen geinduceerd door het bevriezen
verlopen minstens via &én meetbaar intermediair aangezien de DCIP.acti-

viteit bij 0° afneemt volgens een tweede TedFtie, wanneer het bevroren
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enzym ontdooid wordt en de afname van de DNCIP-activiteit, respectieve-
lijk toename van de lipoInezuur activiteit wordt gevolgd in de tijd. De
orde van de reactie neemt Aaf tot een waarde naderend 1ot 1 bij verho-
ging van de temperatuur. Het bevriezingseffect is zeer gecompliceerd,
temeer daar experimenten met polyacrylamide gel-electrorhorese aanwij—
zingen hebben gegeven voor het kestaan van twee verschillende lipoIne-
zuur dehydrogenases. Deze beide enzymen worden als mengsel geIsoleerd
masar zijn afkomstig uit twee verschillende multi-enzym complexen, het
pyruvaat dehydrogenase complex en het a-keioglutaarzuur dehydrogenase
complex., Bevriezen van hei enzym verandert voornamelijk de electropho-
retische patronen wvan het lipoinezuur dehydrogenase uit het pyruvaat

dehydrogenase complex,
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