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MANNER OF ACTION OF LACTIC DEHYDROGENASE IN CONKECTION
WITHE FLAVINE &ARD CYXOCHROIE SYSTEMS

/Following is a tranzlation of a scientific
memo, in the French-language, by Trancoise.
Lzbeyrie and Piotr P. Slonimski of the In-
stitut ce Biologie Physico-Chimique, Service
de Biophysique (°hyclco-Chcn~cul Biology" In—
stitute, Biophysics Service), Paris, and
the Laboratoire de anﬁthuo Phys iologique,”
du C.N.R.S. (Laboratory of Physioclogical Gen-
., ctics of the Natioral Scientific Rosearch
Center) Gif-sur-Yvette, 66 pages./

The oxidation~reduction equilibrium between lactate
and prruvalc is established at a potential of =180 mv /17
/H"nerals in brackets refer to similarly numbered items in
bzolzograpﬁy7 Therefore, in the scale of oxidation-reduce- -
“tions, it is located amongy the nore negative (-320° mv) NAD=-
i’ADH cystenms, on the sane level as the flavines (~180 mv)
and considerably below the cytochromes C *+250 mv). Since
the classic L-lactic dehydrogenacses in the muscle, serum or
in bacteria are enzymes linked very closely to the NAD-NADH
systen, they can, under physiological conditions) only make
the recaction develop in the direction of reduction. of the
pyruvate by the NADii. These enzynes control, therefore, the
production of lactate and the rcoxidation of the reduced co-

enzyne; therefore, in reality, they are l"pyruv te,reduc-
tases".

in ordcr to oxidize lactate, enzymes were needed to
catalyze the exchange of electrons between this substrate
and systems with an equal or higher potential, that is to
say, "lactic dehydrogenases', properly speaking‘ There are
three diffcrent enzymes of this type that are synthetized by
the same yeast cell; all %three are flavoenzymes. None of
them can exchange electrons with the NAD-NADH system. They




are, a2s we shall see, more or less specific'wifﬁ’regard to
the system coupled to the lactate. Sh £

It has been rather surprising to observ
do not all have as substrate the same stergoiso
‘tate;  although they all produce pyruvste. One.is specific
of L-lactate /2,37; it is the classic L-lactic debydrogen-
ase of baking yeast (L-LDH) or cytochrome B " /5:6,3,7/. A
second one, that vwe demonstrated.and then characterized in
a yeast cultivated in 'anaerobiosis, showed itselfito be spe-
cific of D-lactate (D-LDH) /3,97.. & third, also specific
of the isomer D but present, ihis time, in yeasts cultivated

ig agg;piosis, was detected and studied later (D-LCR) /30,
y 14/ : S e

: These threce enzymes are also differentiated, with re-
gard to their catalytic properties, by the acceptors to which
they can give eclectrons from the lactate. Therdehydrogenase
present in the anacrobic yeast (D-LDH) dcceptsiall the usual
~ clectro-active pigments, includiﬁg,theﬁflavines;/T7,‘exclude

.ag cytochrome C /I3,:87/. The two lactic dehydrogenases pre-
sent in the aerobic yeasts both accept cytochrome: C, however,
one is, closely linked to this single acceptor,:it is a D-
lactic cytochrome C reductase (D-LCR), while t e other, the
L-LDH equally exchanges lactate electrons withiall the cus-
tomary acceptors, both monoelectronic and dielectronic. Fi-
gure 1 diagramizes all these properties. Dol '

.~ 'As we shall se below, there is, with regard to their
structure, a certain analogy between the two specific en-
zymes of D-lactate. On the'othéi&hand;;L;LDH?”pﬁéars to be
clearly more different structurally. The same does not ap-
ply to the regulation of their biosyntheses. “LLDH and D-
LCR appear to be much closer, since they are both: inhibited
by fermentation metabolism and are stimulated by oxigen and
lactate. The opposite is true?of,D4LDHﬁwhiCHiié,stimulate?
by fe;@entation metabolism and inhibited by respiration /I4
to 207. : N i

AN

Most of our results were obtained since:1956 with the
colavoration of two laboratories. The following participat-
ed, at different phases: Miss C.M. Bacq, Mr. A. Baudras,
liss A. Curdel, Mr. P. Galzy, Miss 0. Groudinsky, lir. A. Iso-
motor, Mr. M. Iwatsubo, Mrs. Y. Jacquot-Armand, Mr. R. Kat-
termann, Mrs. B. B. Lippincott, Miss L. Naslin, Mrs. M. Som-
lon, Miss' E. Stachiewicz, Mr. W. Tysarowski. -



4. Le=Lnetic Donvdrogenasze or Cytochrorno B,
This enuyue, discovered by Barnheinm /%7, has become
well-know

_ n since che studies Ly Bach, Dixon znd Zerfas /57
wao demonstoaied ifts howmonroteinic rature and who ealled it
cyiochrome B,. It was crystallized as a DNA-protecin by Ap-
»lcby and loTton in 1954 /G/. These authors demonstircted
that it not only has a uciic, the protoheme, but alzo a fla=-
vine (FII¥) in .e proportion of one heme and one fiavine per
82,000 grams /o, 21, 227. ‘raue molecular unit in solution,
x5 all the hydrodynamic methods show, is in the neighborhood
of 183,000 /227. Thereiorc it has two hemes and two flavines.
- A3 no dissociation of it into sub-units has ever been obser-
vered, it is not krown whether the 183,000 unit is a homodi-
mer formed by two identical sub-units, or a heterodimer or
even a non—dissociable molccule.

With regard to the DA, it has been observed that it
hos no bearing at all on the known catalytic properties of
the enzyme /237. The numier of fixzed molecules on the 183,000
~nit is not kmown; in fact, the different methods utilized to

determine its molecular weight have given values varying from
15,000 to 120,000 /23 to 25/.

This lactic dehydrogenase with multiple heads raises
very special problems concerning the role of each one. It
is necessary to known, in effect, if the prosthetic groups
all share in the transfcer of electrons from the lactate to
the acceptor and in what order. Finally, it is necessary
0 know that their nutual relationships are. We have, there-
fore, sought to obtain information on the following points:
{(2a) respective roles of the heme and of the flavine, (b)
interactions between the heme-heme and heme~flavine prosthe-~
“ic groups, (c) protein-heme interactions.

TFor that purpose, we studied two derivatives of L-
lactic dchydrogenase: an apoenzyme obiained by separation

of the flavine and a hemoproteinic fragment obtained by tryp-
tic hy .olysis.

1. Apohemoprotein of L-Lactic Dehydrogenase

~ Preliminary notes on studies made independently by
Zlorton, in Australia /267 and in our laboratory by A. Baudras
/277 were published a few months apart. Both them, by ap-
Plying the classic method of Varburg and Christian, prepared
a hematinic apoenzyme by scecparation of the FMN: precipitation
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- As llorton dcmons

oy armoulun sulfate in an aclid medium leaves the flavine in
solution, in lact; the dissolved residue is a hemoprotein.
trated, the proteinic part itself did not
undergo dissociation into sub-upits: ihe hewoprotein tha-
is ?ormed is homogcncous on ultracentriiugation and it forms
sediment just as fast ag tlie native enzyme. The value Sy,
7.94 8 /287, shows that, like the native enzyme, it has Two
hemes per molecular unit of about 183,000, Our prepaxation
has the same characteristics (S = 7.6 S8). The apohemoen-
zyme (apo L-LDH), prepared in itRis way, still has a weak lac-
tic dehydrogenasic activity. 1In fact, it is coantaminated
by.FMN vhich cun be elininated by passage over Sephadex. The
original lactic dehydrogenasic activity can be restored in
greatl part by saturating the apohemoenzyne with FMN, as Bau-
dras 4?7, 287 has shown, It was thus possible to achieve a
specilic molecular activity of 12,000 nin-l (for one heme)
by stariinz with a freshly crystallized cazyme with a speci-
fic activity of 18,000 min-l. The cnzyme thus reconstituted
could be crystallized like the native enzyme by Morton and

Shepley's /297 method. The specific activity then attains

the value of 14,000 min~l for one hcme /287,

An analysis of the saturation of the apohemoenzyne
with FMN (Fig. 2) gives a value of Kmy; close to 0.1 pil. The
graphic representation YV, as a function of 1/(FMN) gives
a straight line in the area studied which shows that a sing-
le FMN intervenes pecr active site and that the two FIIN of
the "two hemes'" unit have an identical behavior, although

they both participate independently in the enzymatic activity.

Reactivation can be obtained, specifically, oaly with
the single IMLi, The pure I’'AD, free from FilN, like the one
that could be prepared several times by dissociation of the
crystallized D—-amino acid oxidase does not produce ary ac=-
tivity. The same is true of riboilavin /27, 287.

Therefore, it was possible for this flavoenzyme, as

* for most or thosze known up to now, to dissociate the flavine

and to reassociate it by re-establishing almost all the en-
zymatic activity. However, for a long time it was generally
admitted that the dissociation of flavine and L-LDH is not
reversible. It was assumed that fixation brought into play
a very fragile and auto-oxidizalle -SH /30/. In fact, the
apo-L-LDH is very stable, more so than the enzyme itself,
When it is kept in a conceatrated solution, frozen at -10°
for 24 hours, it loses only 2% of its reactivation capcobile
ity.

Baudras /287 L-LDH reconstituted by saturating apo-
L-LDH with FMN Is a little different from the native enzyme.
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Theze differences apply, 2sically, to a deecrcase in the
nopasent affinity fox FIIT (1/X) and an iacrense in the val-
ves In; and Xj iIn relation, respectively, to the L-lactate
and to the oxalate, a competitive inhibitor (Table 1). Iwate
SUS0 and DI Franco /U117 showed, on the other hand, ‘and we
shall cone baelr to IThis point, that the dissociation of the
reconstituted flaveohenoproteinic comple:: is more sensitive
Lo salts than that of ihe native enzyme. All these changes
arc probably connected with a modification in the tertiary
sviicture of the protein under the influcnce of the acidity
oi the mediun, during the preparation of the apoenzyme.

Aa accurate study of the combination of FIlN with apoe
L-1D0X was made by wmeans of a fluoromeiric method similayr to
tic one firet utilized by Theorell and collaborators for the
ol . rellow enzyne and for dchydrogenase alcohol. Iwatsubo
and D1 Iraunco /51/ analyzed in this way the speed and equil-
ibriun of the zzsociation of MW with apo-i-LLH as well as
ti¢ dissociation, by dilution of this complex (Fig. 3). The
coi.winavion icotikerm (Fig. <) is linear in the zone studied.
Wals indicates that two sites of the "two hemes'" molecular
unit fix NN iadependently with the same affinity (X, con-
stant of dissociztion = 6,10-~9i, 23° in acctate bufier).
This result, compared with the one obtzined by the kinetic
methods (Fig. 2) csceens to show that the two flavines of the
"two hemes" unit have an ideatical behavior and have no in-

ceraction., That is an indication that the enzyme may really
e a hoirodiner.

Like what had been obsurved by Theorell for the old
velleow enzyme, the fixation cf the flavine is very sensative
v0 salts. Cexrtain icnz act in 2 specific manaexr: phosphate
and nyrophosghatc cempetitively ianhivit the FMN fixation.

An aralysis of the experimental datz (Fig. 5) gives the value
of the Kj constants relative to these salts. They are equal,
respectively, to 14 mil and to 8mll., Compared with the value
0.12 pli relative to FIN, in the same medium, they indicate
that the phosphoryl group of IFMN participates oaly very lit-
tle in the total cnergy of the fixation,

An effect of the salts favering combination (Fig. 6)
was ovserved with very weak ionic forces. If it really is
o question of a non-specific effect, that would indicate the
ciiistence of a force ol electrostatic repulsion between the
2lavine and the protein, which ics attenuated by the presence
oZ charges. o

The carboxylic anions act in a more interesting way
by strengtheninz the flavine-protein connection (Fig. 6 anc
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Ta?}c.z). this is espeeizlly important for oxalate, a com=-
p?cltlvc inhibitor, and for L-lzctate itself. Nevertheless
since the flavine carried by the enzywme is reduced in the ’
presence of L-lactate, the interpretation ol the lactate ef-
feet is ambiguous., It would e interestinz To see if the
action of the carboxylates is due to a proximity to the fixe
ation sitcs cf the lac.ate and of the filavine or to a gen-
cral modification of the tertiary seructurc.

A comparative study of the properties of the hene
garricd by this apohemonrctcin and by the L-LDH will give
indications on the eventual influcnce exerted by the flavine
on the heime. Defore examining the results acquired on this
subject, we are going to speak of anothker hemoprotein deriv-
ed from the L-LDH by hydrolytic division.

2. lenioproteinic Wugleus of L-Lacztic Dehydrogenase

7327

L-LDH is easily hvdrolyzed by trypsin, without the
necd for previous denaturation. Hydrolysis evolves until
more than 55 pepiidic bonds by "two hemes" unit (Fig. 7.
The exact number, in effect, is not given by the potentio-
netric method utilized to follow the reaction, The factor
of proportionality between tie nunber of soda equivalents
added to keep the pi constan® at 3.5 and the nuumber of pep=-
tidic bonds broken depends on the pH /82/. Under our con-
ditions, it is of the oxder of 0.5 to 1. The maxinua num-
ber of bonds thooretically hydrolyzable by this protease,

the sum of the arginine and lysine residuess is 134 /217 for
the '"two hemes'" unit.

The fractioning of such a hydrolysate on a molecular
sieve (Sephadex G 100) leuds to the seperation of a single
henoproteinic fraction that we shall call "hemqgroteinic
nucleus By".

This fraction contains all the heume of the original
L-LDH. It is homogeneous with regard to the molecular weight.
In effect, the diagrams of eiution on Sophadex G 75 and G
100 only present a symetrical poak (Fig. 8). The same is
true of the analytical ultracentrifugation diagrams,

The molecular woight was estimated, according to the
olution volumes on a column of Scphadex G 75 cauged with
myoglobin (21 = 17,000) and the cytochrome C from horse heart
(P =13,000), by Iwatsubo and Curdel's /347 method. These
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;gthors deongtrated thot there is o precise univocal rela~
©ion belween the elution volunes and the molecular weights.
Ocl.o autbors huve independoenhly proved the validity of this
melneu /857, Whe resulus (Piz. 8) indicate that the mole~
cular weight is slightly lower than that of the cytochrone

C and can bLe cvaluated at zbout 11,000 o 12,000,

The heme/protein ratios were deternined for several
pueparations of this type, made under quite varied conditions
ox":emQ Tature, oif saline medium and of conceantration in Le
Lpu. The preparations arc, with one chception, generally
vaose cluted from the G 100, in the region of the maximum of
thwe 413 nmp  peair, without additional purification., The vale
ues found (Table 3) are litilc different and give an average
oi onc heme for 15,400 grais. The purificd fraction give one
hene for 13,400 groms. This cstimate is the rost valid one.
The reproducibility of the recults, from one preparation to
anothier, shows that the neroproteinic nucleus By is not a
flecting and indeteruinate conpound. Lo represents an ine-
senitive proteinic fragment, or at least little sensitive
wo tryutic hydrolysis., Vhen the hvdrolysils is less extend=-
c¢d, small arounts of non-degrraded L-LDH and hemoproteins
with iantermediary molecular weiphts are found. The peak mea-
sured by extinctiion at 415 mp oa the elution diagrams on G
100 is then clearly dissyuuetirical.

Since it is given that The molecular unit of L-LDH
has two hemes, the problem is raised Lo know if these two
henes are carried, after “ryplic hydrolysis, by the some
proteinic unit, if they oo cexrried by two distinet but iden-
tical units, or by two dilicrent units. We are now able to
reply that the two hewmes are fixed on two distinct units, of
the same molccular weight., In effect, vce found very clcse
vaiues for the molecular nuss (~ 12,000) and the proteinic
nass of the hemoproteinic nucleus B, carrying one heme (~
13,400). On %he other hanc, studi@s on Sephadex have shown
that all the heme is carried Ly 2 singie hoemogeneous Irace
{ion with regard to the molcecevlar weight. If the homogeneity
iz confirticd in subsequenit studies with other types of frac-
tionings, the fact that thz iwo haemes of native L-LDH, around
180,000, are borne by two identical structures will be a ser-
icus argument in favor'of the idea that the enzyme is a homo-
dinmer.

One o7 the important prodvlems concerning this L-~LDH
is the reciprical position of the prosthetic groups. Ve made
an atteampt to find out if the flavine can be fixed in proxi-
nity to the heme on the hemoproteinic nucleus Bz. For that
purpose, we attempted to sce if the latter could produce an
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Q;?lnction of the fluorescence of FMN by combination. The
refults were negative., It may then e thought that the fix-

ry s
ation sites of the hene and of the flavine are rcmote, from
It is possible, never-

the primary struciure point of view.

theless, that the fixation of the flavine brings into play
scveral close points in the tertiary structure but remotec on
the polypeptidic chain, so that a single one of thesc iso-
}ated points could no% fix it with suificient affinity for
at to be detectable by mecans o7 this method.

A small henoprotein, presenting a certain specetral
analogy with the onc that we have just described, was extrac-
th irom a ycast that was auvtolyzed for eight days by Yama-
shita and collaborators /38, 35/, who obtained it in a cry-
stalline form. I{s molecular weight dctermined by analytic
ultracentrifugation is 22,000. The relations between this
hemoprotein with native L-LDH are not known. It could re-~
sult, as Morton /40/ suggests, from a degradation of the L-
LDH during the autolysis that leads to its preparation.

3. Comnarison of the Properties of the Heme Borne

}y thie L-LDH, the Apo-L-LDH and the Hemoproteinic
Nuclcus 32

It is known that the propertics of the heme vary con-
siderably fron: one hemoprotein to another. The factors that
determine this variability are: (a) +the mode of fixation
(number and nature of the iroc-protoin honds, existence of
porphyrine=-protein thio-cticr bonds); (b; the nature of
the groups sterically clcse tc iron; (¢} the nature of the

other more or less remote proups whose mode of action is not
understood at present,

These factors particularly afiect the visible spectrum,
the oxidation-reduction properties of the heme (value of Eny7
of the redox potential), the catalytic properties of thc heme.

The spectrum of the heme carried by the apohemocnzyme
appears to be identical with that of the heme carried by the
L-LDH. Only the loss of the FMN makes spectral differcnces
perceptible /25, 28, 36/. The presence of flavine, there-
fore, does not sliter the hematinic spectrum, as might be ex-
pected if they were very close. However, it is not certain
that a more accurate spectral study, in a vitreous solvent

at a very low temperature, will not subsequently reveal such
differences.

The spectral properties of the hemoproteihic nuclcus
secm to be very close to those of the original L-LDH (Table
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Ty Pz, 9). The positions oF the pealis are identical.
¢9vcg«nclcss, Tae coesddgients of nolecular exvinction of
viae acue of the diflcrent peaks scem to be systematically
lover in the sawc proportion. Lot us note that in all cas-
cs, whether it is a question of the naulve L-LDH, cf the
apoenzye or oi ti.e ugmoc ~oteinic nucleus we always find
a ratio of Y xrcd /7o 1.42 zand not 1, 7 as Morton and
his® colleagucs aluays indicatcd 1t.

‘Tacse writers have shown Chat it is o gquestion of a
herochromogenic type °0ﬂct1um, since the reduced peak T (& =
[ALAR

232 mil~l) is greater thaa that of the wyridinic hemochromo=-
(AL}

sen. Wae {lnavion of the heme thercfore appears as identi-
cal in the derived hewoproteins and in the orijinal enzynme.

The exuciy navuere of tiis fixations, in so far as the
nativec flavohenoenzyrne is concernug, is not known, The ab-
scnce of spnectral modificat.ions by means of cyanide, carboa
monoxide and ritride as well as the acemochromogenic type of
svectrum teand to show that the two frce coordination valnn-
ccs 0f the hematinic iron ave attached to basic groups oI
thu cariying p*ot01n. The bond of the heme to the protein
is very stroang; the "coqruyxon, attempted by Morton /267,
could nov be agvounlz 1ed cxcept at the cost of a very con-
siderable denaturaticn o thwe procein,

O

n the conurary, witii the heroproteinic nucleus Bs,
is pozsible to analyze the nature of the heme-protein
in effecct, we scoarated The heme znd thus obtained

hhltﬁ soluble avoprotein., The addicioa of hematin to this
p"otczn 1eads t0 a recombiaztion oL the heme with a recon-
stitution of the Bg specuiun he diiferential variation
in opiical density shows the saLL"~txon curve of the apo-
protein by hematin (Fig. 10). It is possible to calculate
the coefficient oZ molar cxiinction of the hemc on the re-
constituted hemoprotein. Tho value found is £,.13=126 mi-l
it is known that it is 134 rli~l on the initial hemoproue1nlc
nuclcus. A coxrecet value ol £ <hus determined cannot be
cx .ctcd unless all the hewmz added iz fixed quantitatively
on tac apoprotein. An equilibrium would lead to an apparent-
ly too smz2ll & wvalue. Tho speciruns of the two containers
showing the reformation of the characteristic By spectrum
is seen in Figure 10. At the noment when the platecau if
reached on the saturation curve, the hemoprotein is then
contaninated by about 0% of excess hematin.

o

Prelininary experiments have indicated that the af-
Zinity oi the heme for the apoprotein drops between pH 7 and
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P“ S, Suppesting thut the Lo s:on bonds are made on two hig=-
éidlnc imidazoles, under the basic fomw, as in the cytoechirone

The oidat lon—rcd"cticu prouertics of heme Br are ine-

ilucnced by the proicinic slLueture, but are not afluctcu

by the presence of the flavins associated with the native
cnuynie., In cifect, the nutive L-LDI, and the recon &bluutud
L-LDH (apo~L-LD3 + INIX) hove practically the same redox po-
tential value, nancly: E.7 % +5 mv at 30°C. On the other
hand, thus hcwo>“ot01nlc nucleus has an adpreciably nore
nc~at1vc potential (Fig. 11): Eu7 = - O nv at 30°C. This
lomerlng of the rcdox potentizl by dc~ adation of the pro-
teinic structure muy be compared with that due to the dena=-
turation of hemoglobin. At pi 7, 30°C, the potential then
gees from the value of + 140 mv To the value of <+ 105 nv

/43, 447.

The value that we found for the heme of pure L-LDH is
extremely remote f£rom the first evaluations made by Boeri
and Cutolo (+ 220 nv) /&57 and Easegawa and Cgura /487, who

worked with zpproximately 20% pure enzyzatic preparzTion,
contalning cytochrome C.

Othcr deterninations by Baudras /287, nade under dif-
fercent experlnental conditions, give values that are coher~
ent with the oncs given by Fig. 11, taking into account the
temperature differcrce. At 5°C, in fact, Baudras demoanstrat-
ed that the potecutial of the heme of L-LDH at pH 7.44 is +
24 nv, while that of the flavine fixed on L-LDH is 18 nmv.

On the other hand, 1.5 mol of L-lactate are necessairy to re-
duce the heme and the flavinc quantitatively. This equiva=-
lence, admnit¢ted implicitly by all the auvthors mentioned, haa
not beenproved experinentally until the present time. It in-
dicates that the flavine posses effectively from the oxidiz-
ed state to the totally reduced state.

We tackled the problem of the mechanisn of transfer
of the electrons on the enzymne between the L-lactate and the
acceptors. It is a question of comparing the speeds of the
various processes in the following diagram:

L -LDH - |
— ferricytochrome C
L-lactate —> l l
FLIN hene |—> ferricyanide

- 10 =



- Ve attennied, fon taat purpLLe, 4o compare the speeds
oL tlic various scuctionz: roduciion or the flavine of the
cuuyne, roduction of the heme of the enzyme, reduction of
the cytochroue C and reduction of the ferricyanide.

Perelisinney cxperinents were porlfermed by Iwatsubo
hJ

1 ¥roaco /ul/ with the aid of a2 rapid recording spoce
phctolcteor tluo uitilized Lor tie Tluorcscence sihudies

P
s

|2 .

viotsly described, Coscrvatioz was facllitated by slowe
che reaccion by moeans of lowering the temperature to 6°
the pi to 5.8. It was made in the open air. This abe-

nee oi znacrobic condivions is justified by the slcwness

the speod ol auto-onidation of the L-LDH, equai, under
3

S el
s v 33
£330 00

£

0

O 0
Q%O 3

e S e

Cinal conditions, ©n 0.5 20l or 05 consunied per second,
pexr L-LDI rol, accordinz to Boeri and Rippa /46/.

. The resulis (Tabic 4) zhovw cliearly that the transfer
o: the elceirons from the enzymn o the acceptor passes pri-
mavily, if not enclusively, throuzhk the flavine. 1In fact,
the speea of reduetion of trne heme of the enzyme is nuch low-
c¢r than that of the terminal accentors. Accordingiy, the
heie does not ampear to play a direct role in this transfer.
dowever, it is possible to think that this is not so under
opvinal conditions of the reaction.

These results are coupleted with the results of a
study of the stiate of cxidation in ¢ stationary regime of
tie flavine and ol the hene of the enzyre in the sinmultane-
ous presence of lactate znd acceptors (saturating ferricya-
nide or cytocaroixe C). It is possible to see, under these
conditions, thzt{, in a stationary state, the flavine is re-
duccd while the heme is oxidized. .asegawa and Ozura £§§7
Rave already observed the oxidized state of the heme under
vwhese conditions. The transfer of the clectrons fron the
flavine to the acceptors is slower and the transfer to the
heme oif the enzyme is s{ill much slower than the process of
reduction of the Jlavine by the lactate.

The flavine is esscatial to the ¢ransfer of tihe elec-
trons from the lactate to the heme and to the acceptor. The
henoprotcin prepared by scevaration of the flavine and clear-
ed of the traces of flavinic contamination has not catalytic
activity. Iloreover, its heme is reduced only sleowly in the
prcsence of lactate, while the heme of the flavocytochronic
enzysie is reduced imxediately. The slow reduction is impue-
table to soxe traces of residual lactic-dchydrogenase. Therec-
fore, the flavinc is essential to the transfer from the lac-
tate to the heme. It is probably the primary receptor of
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u:c lqctayc‘é ciccurons, The manner in which the transfer
oix this d;clccmronlc flavine to the monoclectronic heme is
droduced is not known.

To surmarize, it scems now that the crystallized en~
;ymatic molecule is, withou? doubt, a dimer formec by two
identical and indedendent units. The two hemes appear to
bo borned by ecgusl protecinic structures and the two flzvines
are fixed independeutly with the same affinity. On first
. analysis, according to the spectral data, their appears

ncighter a heme-here interaction, no:r a heme-flavine intewr-
action, "since the flavine does not alter the redox potentixl
of the heme any rore. The flavine plays an essentiial part
in the catalytic actiion of transfcr of oxidation-reduction
irom the lactate to the acceptors. The results suggest the
cventuality that the heme does not have a direct part in
this transfcr.

4, "Physiological" Forms of the L-LDH

The sub-units of the L-LDH mentioned in the foregoing
paragraphs are well defined on the wmolecular level for they
come from the crystallized cnayme., Somlo é?S, Qﬁ? observed
that the L-LDA which is present in the cellular extracts has
a certain number of properties that differentiate it fron
the erystallized L-LDH. This raises the problem of the ex-
istence oif more '"physiological" forms of the dehydrogenase
than the ones that an enzymologist normally studies after a
crystaliization or intensified purification. 1tis clear that
this problem is very general and extremely difficult to solve.
There are numerous pitfalls, both methodological and seman-
tic. However, it is fundamental to tackle it, if we want to
associate physico-chemical enzymology with cellular physiologw

The L-LDH activity of the extracts, prepared by vari-
ous suitable methods, is divided between two fractions: nanme-
ly, one that inciudes 20% to 30% of the total and is soluble,
and one that includes 70% to 80% of the total /48, 507. The
L-LDH bound to the respiratory particles reduces cytochrome
C with a slower speed relative to thc K3Fe(CN)g than the so-
luble L-LDH and resists the crystallized anti-L-~LDH imnune
serum that inhibits the soluble L-LDH. By detaching the
bound L-LDH with a detergent, Tween 80, or by means of mech-
anical treatment, Somlo /437 demonstrated that these differ-
ences are due to the bond of the enxyne with the particles.
The explanation, therefore, is simple: The association of
the enzyme to the mitochondrial Lragments causes its inaces-
sibility to large molecules like thosc of cytochrome C or of



?hc inwane serua, The dntrinsic propcrtics of L-LDH are,

=a a fdret appronimation, the same, regardless of whether
BT R K T 2 : o

oxr no¢ it is bound to the rezpiratory oi soluble particles

/<37,
AR

The suwe is got true when the proporties of the L-LDH
vorore and aiter crystaliivation arce commared /497. Secveral
corstants, like the I relative to ube L-lacta®e, Ki rcla-
©ive to the D-lactate and o cthe pyruvate, are inereased
~three or four times aitor arystallizstiocsn. On the other hand,

the Hi relative o the omniate rinalins unehanged and the cur-
ves of imhibition in twoe rormu by fhz crvsinilized anti-Le
LD innmune cerwr are identacar (Mg, 13). It is interesting
©o notce that the "physioliopicrl" L .LDE is inhibited by strong
concentrations in substrate, while tic erystallized L-LDH is
not. Thce inhidvition, which hus a ccupetitive avpearance, is
specific ol L-lactate (Fig. 1i).

A proori, it is posuiidle to explain the differences
between the non-purified L-loi and the crystallized L-LDH
in threce ways: (a) the morccules of L-LDH are fundamental-
1y identical and the differences observed come firom one or
several factors ol tae mediun in which the enzyme is before
crystallization., (b) Two types of L-LDH can exist within
the ccll and autolysis with butanol (cf. 6), utilized before
crystallization, extracts selectiively only one molecular type.
{(c) There is only one typec of L-LDH that undergoes a modi=-
fication during the purification that leads to crystalliza=-
tion.

It has been possivle, by means o reconstitution exe-
perinents, to eliminate the first hypotiesis. The differen-
ces are not due ¢o the dissociable factoirs that probably af-
Tect the L-LDH activity. The second hypothesis is very lit-
tle likely. 1In cffect, during the successive steps in puri-
fication, all tkhe characteristic properties of the '"physio-
iozical" L-LDH (cf. Fig. 13) remain constant and change a-
brustly duriagz the step that ends in crystallization. lore-
over, the L-LDH that has been purified according to / 37 has
“he properties of the '"paysiological' enzyme. A nodification
oZ the molecular structure, during crystallization, nust,
consequently, be retained. This modification may be fotui-
tous or,. on the contrary, it ray have a physiological sense.
It is premature to reply definitively to this. Let us point
cut that: (a) The "whysiolozical" form has a sedimentaticn
conztant very similar (520, w® 8, /517) to that of the crys-
tallized cnzyme {ci. above). It is, therefore, not a quoes=-
tion of a change in polymerization. (b) There is an analogy
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bthccn the general direction of the modifications at the

Flme of passage Iroa the crystzllized fora to thie reconsti-
wuted form on the bosis ol The apoenuyiie plus TN and the
nodifications at ti:e time of passage iron the '"physiological"
form to the crystalliized form (cf. Table 1 and Fig. 13).
Nevertheless, the addition of the TN during the test does

not chanze the proportics of the Last two forms. lMorcover,

it is possible ©o split the "physiological" L-LDiH into ado-
enzyme in accordance with the process used for the crysinl-
lized enzyne. By rcactivating with the FIUIJ, we obtain the
cnzyme that has "physiologiczl" constants (Km relative to

the Lelgctate = 0.3 rl, inhibition by coxcess of substrate)

and not the enzyme having "crystaliized" constants. (c) The
differences bear primarily o the constanits relative to the
L- and D-lactates; inhibition by cxcess of substrate explains
perhaps, the fact that the respiration of intact yeast cells
is strongly inhibitcd by high concentrations in L-lac..ie /527.

II. D-Lactic Dehydrozenase (Annerobic Yeast)

Althouvgh this enzyme was demonstrated more than Six
years ago /§/, the preparations obiaincd have haxrdly achieved
a2 purity greater than around 10%, and this in spite oxX the
cftorts of several laboratories. This low degree of purity
obviously excludes any analytical deteraination of the pros-
thetic groups. Thorefore, it has been neccssary to utilize
the followiny inrdirdet ways: (a) Search for methods enabl-
irg the prosthetic groups to be dissociated without altering
the proteinic part, (b) search for the substance specific-
ally giving reactivation, thzt is to say, reconstituting the
entire functional enzyme. These experimenis led to the i-
dentification of Zn** and FAD as dissociable prosthetic
groups /53, 597. .

Two inactivation me:hods demcnctrate the role of zinc
as an essential r2tal: {a)» @« precipivatlon at pH 4 by am-
poniun sulfate /537, (b) _troatment_with a chelator, ethy-
lenc~-dianine-teTracetate /T4, 56, 57/. 1In both cases, the
product obtained, inactive, has the sanmc properties. It can
ve reactivated only with the zinc, cobalt and manganeseé ca-
tions (Fig. 14), since fifteen other cations, anong which
Ni*++ K6 Cd++ Fe*+, etc. do not produce any effoct. It must
be emphasized that it is neceusary to use very pure cations
for this kind of study. Therofore, we uscd spectroscorically
pure products. Za**, Co** and Ma*" give three reconstituted
enzymes that are distinct witis regard to their catalytic char-
acteristics. By comparing the values of the Michaelis cone-
stant relative to the lactate of these three reconstitued
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y If sceiz ottt the fuctor nodificd by the nztiure of
x;c Ledad owound Lo the apoenzyne io Hrobadly principally X
~ac¢ wztal prcbabliy, withocut doubt, dees rot change the af-
Finity of the enzyiie for the D-inciate, . ~ce it does not

chnn;c tiae affinity for the inhibitors that are conmpetitive
vith iU, It has been geen that the valuezs of Ki relative
3 the oxiinte are the same for the wvarious cationic coface
Tors (L.'.lb..c f)).

Othier mctﬁl wmn b daszed competitively with zisz on
the awoenuyue, wut by givirg dluwzctive preparaticns; tais is
True of Ri, C& /o357, '

Tne percentase 02 ziace that remains atvéached to the
noilve enxy.ie oy p"cc4uitﬂtiom in amwenium sulfate varies
witi the i %ais - "“JulOJ incicates o comn""ltlon betwcen
onc Za** and tvo e for two BLasic groups with pX /sic; should
p«ou oly read pi/ cloze tc & /337/. This sugges ts the bond
oZ zinc to tmo Tmidazoles (Fig.” 16).

The spced oZ recctivation vy zine of the apoenzynes
prepared cither with EUCA or ian acid mediun, varies with the
concentrdtion in zinc {(Fig. 17) Very low concentrations

ci zilkc, sinilzy o the ones contained as contanminants in the

salts, coven if they are of a "pure Zor analysis" quality, par=-
t;cula"ly nmonius sulicte, phosmphave, lactate, are suffic-
ient to restore the lost acteivity slowly. Zinc fixed on the
otlicr proteins in the proparaition or adsoxrbed oa the Sephaw-
Cox may play the same roie. This expliing the so-called
"Lﬁonﬁuncouﬂ" reactivations obtoincd Ly certain authors /@1-

. Dy taking special przcautions to climinate these me-
ua l'ccontaxlnangs (iaultigle recrysiallizations in the pre-
rce of a chelator then water twice distilled on quartz),
wc acver obtained appreciable cpontancous reactivations (Ta-
ble 6). Ve shall return to %“his question farther on. With
rcgard to the flavinic group, it hos been possible to iden-
€ify 1t ia FAD by ncans of tvo methods: (1) SAD completlely
nroteets the enzyme fron inactivation by quinacrine, while
»MJ does not protect /68/. (2) 1t is possible to separate
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inagulve preparation iz obtained that canros .
by the additilon of zinc alone, like the propax
ed at pH <, but that can o reactivated by zinc »ius FAD,
Lgt.us note that coumereial IAD, as 2 sencial ruie, iz suf-
ficicntly contanminated by Za to give by Ltscelf o partial roe
activation. Ul does not producce any seuctivation /32, 597

Interactions between the D-laciate substrate fixed

on the D-LDH and the »nrostheilc grouns wore demonsirated by
siudying quantitatively the nroteciion cierciscd by the sub-
strate with regard to thc inaetivating agents with a prog-
scssive action. This mothod, which was first poinfed out by
Burton /67/ and has been practically wusused, gives very ine-
teresting indications. 'The variatisnm in the specd of inac-

ivation of the enzyme under sizada~d counditions dependine
on the councentration of the protector tsubstrate or competi-
tive inhibitor) is measured, In this wuy, it has been pos-—
sible to show that the proiceiion afforded by the D-lactiate
in contrast with EDTA, which extracts the zine, is comnlete
== Oor almost so -~ with saturation in lacinte, and that the
concentration in D=lactate giving seni-protection, identifi-
anle by the constant of disscsiution of the enzyme-D-lactote
dissociation, is of the oxder of 6_pulf (Fig. 18), or 300 times
smaller than the Michaelis /34, 607 constant. While D-lac-
tate completely protects minc in contrast with chelators, it
has no action on the fixation of zinc to the apoenzyme. It
does not alter thc sweed of combination of the zine. This
situation could be explainea if the zine were necessary to
the fixation of the lactate.

By studying the inectivation of the cnzyme by quina-
crine, a total protection Ly saturating FAD has been obser-
ved, but also a partial proicecction by saturating D-lactate
(Fig. 19). The speed of inactivation of the enzyme-D-lac-
tate complex is around 5 tines lower than that of the ifrce
enzyme /667. - | ’

The mechanism of these protections is not known: it
is a question of a more or less large modification of tuae
reactivity of the inhibitor's attack site either by competi-
tive fixation of the protector, or by a more or less local-
ized change in the proteinic structure, caused by diztval fixe
ation of the protector. One of the important applications
of this type of study is the determination of the true dis-
socizcion constant of the enzyme-substrate complex or pro-
tector enzyme. In a general way, we have been able to denon-
strate an identity between the constants obtained by this
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netaod and the ¥i valucs of competitive 1nh1bitors /"57
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tic dehydrop: SC was ulvo sgudzed in Boe-~
in Italy /6u,‘097 and then by Singer in
tute /61-647., u;ncu—bontradzctlons ‘have occur-
red between a c: ta n runter of results and 1nterpretat10ﬁs
sented by the av.oord and by us, afew words must be
°avL on thig ghbgcct The aiavenmentioncd authora belicve,
in fact, that we have not provided proof of the existence
of the cssential Zn** cofactor on the D-LDH. | They inter-
pret the inhibition of D-LDH by EDTA as a reversible fixa=-
tion of the ZDTA on the enzyme and not as a separation of
thewctallic cofactor. Tuis interprctatibn is. bascd solely
on two: argumenis : : I o
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(1) in two exper*ncnt “des er-b id in four pub11ca-
tions /61-647, these authors obtainced "spontancous", slow
rcactivations zfter elimination of the EDTA Dy ssing over
Sephadex and/or proloaged d;alysis ina’ pnoupha e buffer.
Ye demonstrated above (Table 6) that this typeiof experiment
has never yiclded redctivation when theisalts in the medium
aad the Sephadex 1tse1f had veen carefully treated to elim-
Luﬁte,‘prcv10uely, he metalllc con*onlnatzonS"‘

(2) These autho S thouvht thutluhey,ha etermined
the values of the concenirations of Za**, Cottjilin*™*, TFet+
rcqu1rca to obtain a semi-reactivation, K, as viell as the
maximum speeds, V. The X values foundware allivery close
to 1.6 MM, and the Vm values are respectively - 108 88, 84
avd 74 perccat of the initial Vm. The analogy‘o Tthe values

K and of Vu probably eliminates, according: ‘these auth-
orq, the possibility of the reactzvat;ng agent's.being zinc
contained as a contaminant in the other metalsii It nust be
enaphasized that the value of K, as they .were determined, are
not valid., They are the conccnt:at;on £ wetalsﬁdurlnﬁ the
test of act1v1ty Now, these zauthors. 1ncubate ri0r tO

The activity test, the inactivated D-LDH in th presence of
concentrations of metals one hundred timies higher.than those
reflested by K. Only the concentracions during.incubation
are significant, iZ the equzllbrlum of: dxs¢oc§a ion of the
metal~proteinic complex is not an 1mmed1¢te phenomenon.

‘-ls =

"All the results prescnucd by an«cr and his collabor-
ators Can be cxplalned by the presence of. zZn*t*tiiin the state
of traces (a) in the reagents, particularly phosphate and
and lactate, Sephadex, etc., that ‘they- use, -and#? (b) in their
enzymnatic preparation, since the metal is fixed partially on
the contamlnatzng proteins. HNorecover, they admit the pre-
sence of zinc with a 6 mu lol/mg. protezn contenu /337 The
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nuuner of.zinc alons presvai per moleeule of cnzyme can be
calculacga according Co the moleculiy weight of the D-LDII,
oxr }OS,OuO éjﬁ/ cad tac ausunmed purity of their preparation,
cs?lmatcd o Lo &%, Whe Lost preparctions that they point
out haye, in crlicet, purity of 109, as may be calculzicd
according 1o the differeniial spec

1 24

gocording o : Aunalospectiun of the flavine (Zoy o

ﬁqs at 430 mp oxr 0.1 Loz 11 no/ml proteinic solution
o/, ¥ is found that i thelr proteinic preparation Zhere
are 12 zinc atows per moloasule of enzvme, z sulficicont quan-
tity to saturate the cnmzyuwe vhen fihv: proewvacation is in o con-
centrated solucion. DBy we spyisng whe {osrerature or adding
rnetals that ure inactive Uy taeuselrves in order 1o reacti-
vatce the D-LDI, the zine wmay be disnlaced from its combina-
tion with foveign proteins amil combine on the U-LDH by re-
activating it.

L - PR N R

A more extcasive discussion of the manner of action
of the EDTA is, moreover, cupariluous fto demousterate the
fact that the activity of ihe D-LDH is coanected wita the
presence of a dissociable Za, as we had made a hypoihesis
as ecarly as 1939 /54, 57/. ia fact, as has been sccn above,
the treated D-LDH without chelator, but simply precipitated
at pH 4 by armonium sulxiate, Is also transforaed into an in-
adtive form that canunot be anything but the apo-D-LDX /537.
Now, the inactive preparaticn thus foried has exactly the
sans propertics os that ovtained with EDTA: the same behave
ior in the presence of zing, cobalt, and manganesc, the sane
propertices of the acocnzynes formed witn these metals, the
same ''soniancous'" rcactivations in a non~decontaninated med-
iuam in relation to the netallic cations,

In conclusion of this study on D-LDH, the sinilarity
of its behaviox wich that ¢f carboxypeptidase. These two
enzynes are characterized by a bond of average sirengih ve=
tween the metal and the protein which nakes it possible to
separate the metal without denaturation of the proteinic
part. In that way they are distingulshed Zrom a certain nun-
ber of enzyies vound to NAD, like alcohol dehydrogenase,
glutanic dehydrogenase and lactic dchydrogenase of the nus-—
cle in which zinc is fixed so stronzly that it cannot be sep=-
arated without axz irrceversible loss of the activity.

D-LDH, like carboxzypeptiiduse, is not bound in a strict-
ly specific manner to the zinc, since, as we bave secn, co-
bzlt and manganese are capablc of givingz active forns, al-
though to a lesser degree. It is Iinown that, in carboxypep-
tidase, the substitution of cobalt for zirc produces a neo-
enzyxze that has a different specificity spectrum with regard
to the substrates /71/. A detailed study of the modilicatioms
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hroduced by cubstituting onu netdl fLor the other opens the
Vay toward a knowledge of the nut“l's role.

The least knowun problem is the one of the physiologi-
cal rolc of D-LDH in the Mﬂx'molan of yeast.. The. activity
aur ccll of this enzyne rﬂy ve .y high, allithe more: 50

“"‘J

in¢ce the intensicy o* whe -e"nuauau-on metabolism is'h
On e other hand, as the resniratory metabolism incrcases,
tie activity per cell of D-LDU decrcazes /8, 19, 20,2727,
Y is, thorciore, highly probable that D-1DH docs rot Serve
in the respiratory cat“ho1zsm of the lactate,’ in contrast
with the other two enzynmes, L-LDE and D-LCR, which certain=-
parlicipate in it. This idea is strengthened by the fact
nat D-LDH carnnot be coarecied to the terminal rcspxratory
:in, since it does not weduce cytochrowe C./ Theni for
WL iz it used? Ve have suggested /77 that D-LDH: mMight pos-
;ibly participate in the fernmentation forms of the metabole-
ism of methylglyoxal in connection with lactoylglutathzone.
;t would be interesting to compare the! "evulatzon oféthe

ormation of D-LDG and of glyoxalase on the One han

thc physico-chenical properties of these two‘enzymefyon the
other. | ! n

0 r“}—"
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III. D-Lactic Cytocarore C Rcductaue (Ac“ooic Yeast)

This eaxyie was acmonsbrated by Nygaard /_l 12 177
2t is a question of a TiD-protein /187 strongly bound. to
the particles. Gregolin and Singer 773, 747 perfected: ano-
theyr method o* preparation and conflrmed tReiprosence’ of FAD
23 a2 prosthetic group. They give arguments suvgesti, ¢
it is a quest.on of a zinc-enzyme. The analysis of.a very
pure, although not crystall:i zcd, prepavation: indica - the
presence of three atoms of Zn' per molecule of FAD:and per
96,000 g of protein. D-LCR is sensible to chelators: # EDTA
inactxvatcs it ovrogressively to yield a product tha S re~
activable by zinc and cobalt /74/. s

Iwvatsubo zand Isonmoto /657 separatcd prosthetzc zinc ;
by treating the D-LCR, prepar d ~ccording to- Mygaard’s method,
by precipitation with ammonium sulfate at pﬂ 2.5, When the:
salts utilized nave been speciclly pL‘;fled (ct. ‘above ), an
inactive p”cparatxon that is rapidly recactivated:.by’ihe ad-
dition of Zn is obtained in this way (Fig. 20). It is in-
teresting to note that cobalt and manganese also give an ale
most complete reactivation.

¥

Vihat is possibly the most interestin propé;fy‘of D-
ILCR is its specificity with regard to variou° cytochromes C.
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Until now, 21l studics have utilized eytochrone C from man-
rals (horsc or steer) as a "natural" acceptor of the ycast
enzyres. Evidently it iz oot Uhja]&lﬁ"icﬂl

Since the reeent dissovery ol is ~wntochromea ¢ /477,
it has bLeen powsible to tacile the problem of physiologiczl
specificity. It has been ucmoruurated that the same haploid
yeast cell Sjnuhcul ses twe distinet molecsular types of cyto-
chrone C, callcd iso-l and iso-2, which can beo separated on
Ambcrlitc XE-C4 resin by o very gentle gradient. These two
typas correspond to itwo monomers that have identical sedinen-
tatioﬁ\cowsuants arnd elution volumes ¢ a moleculay screen.
Each mononexr is a palypowundxw chain, The polypeptidic chains
of iso~l-cytochrome C and of vbu~~—cyba¢hromc C arc very sine
ilar ir their composition in anlino acids, their total leangth
and differ only by some susstitutias: 'for e amnl;, lysine
replaces glunatic acid in C-terminal pesition, glutamic acid

- and isoleucince repla ce saline and leucine in the hemodcdeca-

peptide. e absorptiion spectra and ghe rcdox potent;a.s
are practically identical (Fig. 21).

The mitochondrial cytochrome oxidase of. yeagt aakes
¢1utle[d1~t1nct10n betwegn1g0~1—cy cochrome C ard. iso=2~cyto~
chrome C. The sane is true of crystallized oriphysiologi-
cal" L-LDH (Fig. 22), when the activity of the enzyme is
followed by the peed of reduction of the cytochrome C as
the finol acceptoxr It is quite different fori D-LCR, It is
seen in Figure 23 xaat tle washed mitochondrial fragmentis
do not conszume oxygen at the expense of tiie D-lactate except
in the presence of added cytochrome C. However;. 1so-2-cyto-
chrome C is, in an equal concentration, nmuch less effective
than 1so-l-cytoohrome C in catalyvinz.thc tranefe; of clec-~
trons from the lactate to themolecular oxygen.. . A notable
differencc is also observed in the maximum speed:of reduc-
tion of iso-2~cytoch: rome C as final acceptor’of;the measured
roaction (Fig. 24), t would be interesting to go more into
detail on ~hege observations by applying them Both to puri-

fied enzymes and to more and more organizod multienzyratic
systems. S . '

The slight molecula:r nctivity of iso-2-cytocirome C
together with its slight content per cell explain why nutant
yeasts, that are deprived of iso-l-cytochrome C:breathe poor-
ly and do not grow when the lactate is the sole source of
carbon., By taking advantage of this property, we isolated
close to two hundred independent lactate* re versions /757.
Certain reversed strains analyzed to date showed an increas-
cd synthesis of iso-2-cytochrome C and perhaps some struc-
tural changes in its molecule. it should be possible to
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solate, in the sane way, mutations bear;ng on . theustxucture

ox the lactic dehydrogenases that probably: wodifygthe’reac-

7

tivity of these cnzymes in comparzson W1th cytochré

/Table and




Tonle 1
Characteristics of Native and Recornstituted L-LDH
: Comparced. Baudras /ZL7
: i
K K. ‘ X, ‘
| M . i ' i l KFMN
L lactate ' Dlactate % Oxalate 'l
i
9 ey | ‘ 4 +3
L LDH native | 1 mM 6 mM ' 2 mM ! 10 " uM
_ ' i
b) '
LLDH recons- ‘ 4;
tode + 3 5 mM 25 mM 6 mM 0,12 pm* 43
} 1 PM+5

/Tecend: a) Native L-LDH; b) Reconstituted
T-Loa,/7

+1 Native L-LDH is crysvallized in accordance
with 197.

+2 L-LDHE reconstituted by saturation of the apo-
- LDE with W 20 Pm.

+3 Kqnp estimated in accordance with a fluorome-
tric study (cf. Fig. 4).

+4 ;g estimated by the concentration of denmi-
" saturation in the kinetic ineasurcments (cf.
Fig. 2); Tris-ECl 30 mM buffer; lactate
50 mll; Zferricyanide 0.66 nM.

+5 Kpyn same conditions, but in phosphate 0.1
M buifer.
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Table 2

Action of uhe Carboxylic Anions on tho Flzation‘
Equilibrium cf FIN on the Aoo—L-LDF
(Zwatsubo and Di Tranco /317)“

—
- H : ’ Ty :
4) Tampon ¢ & Tris-oxalate. {¥)Tris-acétate = !
k 100 mM
K 1,9 10'9 M1 o610

/Tegend: a) Buffer,
f&l aceua.c, Q) Trl-lactate 7

X 4 constant of equlllbrlun determin
fluorometrlc meuhod (ct F1g.{4)
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/?wgux;: a) uxﬁg‘¢h“atal d”“c“nlvatlonv'
w,odesulto: c) Y bu~ d; &) hemochronc_en;
¢) DPyridinic; ¥) Proteinic uonconurﬂtmon'
o Coucenteation of the hene; h) P“ouelnlc

mags por hewe; i) (orton and colleagues).7

#1l:  XaQd poridinic hemochronogen iLn accordance
with /257

Zrocwcinic concontrations estinated by Fo-
lin's nothod after gouriny witl "ﬂcrystﬁl-
lized Lactozlobulin (E4nq =0.96 mi-1
cim=l) ow with nuran serus dibumin (€980 =
0.53 nmu-d comd, Ghe two gzauging curves are
practically uorzad.

P3¢ 30

*3: Tor <the pyridiviec hencchromozen at 419 n ny

tac value & = 181 nU-i cn~l calculated

on the basis of €357 = 24.8 nli™ -17(37) was
talien with tic factor €47¢9/€557 = 3.52
{¢8), a valuc verifiea By us, Determina-
tiong under tie same conditions on the re-
crysvallized hematin whose conceniration |
is wmcasurcd in accordance with the extinc-
tion of the eyanogenctic derivative (Eg45=
11.13 mii~l) gave &479 = 150 mu-1l,

#gr L-LDI \cry"“
aar;d in accor
is of L-LDI (

llized twice) apo-L-LDH prc-
dance with /_77 on the ba-
crystallized Bace).

*3:  Sanple corresnonding to the tin of the e-
: lution peuks ot the <cinme of fractioning
- Y

che hydrolysataes of L-LCH on Sephadex G
100, not puxrified furcaer.

%
(o))

The Tigure of 75,000 corresponds to the
prote"nlc mass, unlla the value of 82,000
corresponds to the mass of the nucleopro-
tein obtained by crystallization.




LOTELL RIS G et e
.

Tuble 4

Study of the Comparative Spcoeds of Neduction by
Lactate of the TFIIN Prosthetic Groups and Heme
of the L-LDIH and o: the Accepiors 6°,
pil 5.8 (Iwatsubo and Di Franco /u17)

~

\ Exp i b d'observation ' k
%) Réduction de: -

N et P e 3 s i wn o

B it ML & R de

T~
- —
my ' électron équivalent
/sec./mole L LDH
® :
Heme de L LDH (5,4 pM) | 1 423 1,3
: 2 423 1,3
|3 | 556 1,2
. 4 ‘ 556 1,3
4 +2 | '
FMN de L LDH §
(5,4 uM) | 2 ’ 455 20
2 i 455 ; 15
t
Cyt. ¢ o (38 uM)
"  par L LDH (5,4 pM) | 1 550 16
" par LLDH (1,3 uM) | 2 550 17
OF erri cyanure (1 mM)
par L LDH (5,4 uM) 423 5,2

. /Tegend: a) Reduction of; b) from observa-
"Tion; c¢) Heme of; d) equivalent electron/
"sec./ mol L-LDH; e) FMN of L-LDH*2; £) by;
'g) Ferricyanide by L-LDH.7

Legend for Table 4

During the few secoads that follow the addition of
lactate to the L-LDH or L-LDA + acceptor system, the trans-
mission var:ation is recorded. L-LDH crystallized in accord-
ance with /67 and then recrystallized in an oxidized state

- 26 -



1n°accordanco wilih /"J/ ("N = 16,000 z22 minute per heme at
30° pH L), 200 ml phosphate buficr; 0.5 M ECTA; 0.2 mli
L-lactate. ~

1: "he reuetion is really of the order 1 in
Cine for ZUo and the hene ¢f L-LDH.
U iz of tho order zors for Jorricyanicde
1 il sa‘ura:ing concencrntion) and of the
order 1 for the iso-l-cyiochrome C of the
vease (ef. 47) 33 pi {(ron-saturating con-
centraticn). The valuez of k are indepen-
dent of the concentrations. They are cal-
ulated on the basis of the date taken from
the graphs ia the classic nranner.

2: 7The participation oF ZThe aemez at 455 mp 1is

corroctca in acceordance with the variation
n wae heme obzerved at 356 mm. The calcu-
actions are macde o the bosis ol the follow-
Y V"luCu (average of the best experimental
scimates) of

For the heme: at 557 mu , A= 26.4 mi1;
-at 423, S5_nmu: A= 136 nli~l; -at 455 mpy, :
4= 10 mim1,

For fixzed FM¥: at 455 mu, A= 11.5 mu-1i.
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The maxinum spee

Co and im are clated to the maximum speed of
tihe correspo Qiug apu-Duqu saturate
(TPO pvc ifie
100 PJ of Zn** is arcund °0 of tha AOf t
specific activity oi ppoenzynie chel. ac.‘+ 100
Kl of Zn**, varying zeocoxding to the: prepara-;
tions from 20% to 5% of the native D-LDH + 100
ki of Zn.)

.
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H
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/uc"cnd: a)  LEDPIOIMNENLAL CONDITIONS:; b)
wethod of climincvion of the TDTA after in-
activation; ¢) Dialysis medium;  d)  Ac-
tivitice; e) dinitial; £) after inaciiva-
tion; t,,) after ""3ontancouq" reactivation;
h) afier reactivation by Zntt 0.1 mlM; 1)
and; J) Sephadex then dialysis (?); k)
Dzalvulu, collodion; 1) TMrice distilled
vater; n) Senhadex then u*alyclu, collodion
idc:n_._7 St

(The inactivated solution is clear d of,uDTA in
the manner indicated. The relative activities are given
measured in the standard manner; beforey(lnltlal) inacti-
vation‘bcforﬂ elimination of LEDTA, after. elimination of
EDTA, then incubation during the time indicated between

o “++
parenuhcses at O then eventually after addin Zn at
the sanme moment.) : : ‘
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4po=-L-1DI preparcd in accordance with /277,

rassed
over Scpiwadex G 25, The speed of "gcht¢on of The ferricya-
nide, V, is measurc at 30° in 2 spectrophotometric vessel,
containii ;: burlicy, Tri-iCl pi 7.3, 50 mli; TDTA 20 K
ferricyanidc 0.G66 hi PO

SuHT variable concentrations on abe
scissa, apo-L-LDi 20 m Ml added last of ail to start the

reaction. Ordinates show the relationship of the specds
V to the maximun sweecd V., for sciurating FIN. The

specific activity is 8C% of that of

g
!;.

maximuin
the initial L-LDH,

g
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TaRCRY)
J
FMN
. i
!
- !
i o \
e it
H -
tj:;f ‘) 8
Fd et
)
b
(o]
_ 3
4 -
X
é" 9 -
" o
i
Q
= § S
v
c
o *
- J—
£ |10 sec. >

W TEMPS
APO + FMN ( ¢
P4 V4
4———10 Sec. - o

Fig. 3. Tlvorometric Study of the Speeds and
the Eguilibrium of Association of Fil¥
to the Apo-L-LDH. (Iwatsubo and Di
Franco /317.)

/Legend on following page/
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/Eégcndi7 a)

Intensity of flvorescence;
tinc,

Fixed FMN is not fluorcscent. On the left: the ad-
dition of apo-L-LDH to FUN is foilowed by‘a.decrcaSeQin‘the
intensity of fluorescence = kinetiéfand;equilibriumjOf;com-
bination. On the right, the addition of an apo~L-LDH:+ FMN
mixture to a vessel containing a buffer is followed by’ an
increase in fluorescence =vkineticﬁand‘equilibrium of: disso-
ciation. FMW 0.30 # N, apo-L-LDH 0.50 AN, Tri<acetate:buf-
fer 0.1 M, pH 7.2 at 23° C.- A :
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{Legend:7 a) frce; b) Tri-; c¢) mol FMN
fixed by mold of L-LDH.

The points arc calculated on the basis of the fluoro=
metric determinations of the ratio of fixed FIN to free FLIN
for variable concentrations of total FMN and a fixed concen-

tration of apo-L-LDH. n is calculatea per molecular unit E
containing two hemes. K = consiant of dissociation = 1/slope. i
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= R e e = A ey = _3‘
1
i-
Study of the variations in the speed of reduction at
30° of the ferricyanide, V, in the presence of apo=-L-LDH
(fixed concentration), of FMN (variable concentration) and
of phosphate (variable concentration)., DL lactate 66 mM;
ferricyanide 0,66 mM; Tri-50 mM buifer, pH 7.2; EDTA 20
FM. Determination of apparcnt Kpyy for each value of (phos- )
phate); top: determination of ¥ phosphate. :
= ST o Ty TETE IS IR TS — = — - — = mT== ‘;
- L o
- !
|
!
i
|
z z
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| |
|
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e ‘?:%z%
. _,—_> E-’
/Tegend:7 a) Constant of dissociation; :
B) TriT; c¢) saline concentration.
On the ordinates, values of K calculated according
to the fluoromotric data.
%
|
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|
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i
|
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Fig. 8 /Laption on following page/
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IR “‘l‘

vy

0.1 )

Fig. 8. Comparison ol the Llution Volumes

on Scphadex G 75 of the Hemoprotein-
ic Nucleus B,, of the Cytochrome C
from the horic, of Myoglobin. (La=-
beyrie, Jacquot=aArmand, Waslin,
Groudinsky [327.)

/Legend:7 a)
75; b) myogloLin; <¢)
tions; d) huBz; @) Elution volumes,

Onc same column (h = 40.5 ecm, 0 = 0.8 cm.
serves for the three experinents,

0.150 ml of a solution of about 5 m7/ml is placcd on the

colunn;

the volumes by weighing. Ordinates:
tions in the eluates (determined by the oxidized 7 band).

collection of 0.70 ml fractions;

[ i

P

G 75 = Elution on Sephadex G : i
relative concentra- h i
Tp Phos . ;

A drawing of — = E
verification of !
rcactive concantra- é
i
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[fegend_:7 a) oxidized hcmoproteins; *' Hemo-

' proteins reduced by the dithicaite; ¢, nnB,y.
These spectra have been adjusted for £ 3 with re- ; :f,
gard to each ferrihemoprotein. the average value determined v

elsewhere (Table 3). Spectra reduced by dithionite. ;
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a) solution spectrée

------

e difféerentielie

f

&) Solution spectrée

© R :
~ Temoin

< P 1 R

2 , .
| g ] 1
% o 0 2 4 pM
o
b 9 Ccncentration d hématine totale
i e e e e SR S
! i
i , { Fig. 10, Reconstruction of the Heuoproteinic
P ‘Nucleus L, by Titrition of the Apo-
1 Protein wivh hematin. (Labeyrie and
i B | Baudras /427.) /Lerend on page 507
.
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0.2 M by spectrophotonmetry

" "/Legend: 10a7 a) spectrum solution, hnBy;
) recomstituted; c¢) control d) Total
hematin concertration; e) differential.

/Tegend: 10b7 a) hnBy; b)

hematin.,

Sample of hnB, containing 13 mu mols treated at -10°
acetone -C1lH(0.U06 N) twice. The colorless precipitate
formed is collected rapidly and dissolved in 2.5 ml of phos-

Phate buffer 0.1 M, pH 7.2, Addition of hematin (put in so-
lution extemporaneously and titrated in the presence of CNK
' with €545 = 11.13 n¥-1) parallelly
in two spectrophotometric vessels containing, one ¢f them
this solution (apo-hnB;y), the other one the same volume of
the same control (control). Top: variation of € 413 with
“(hematin) and differential curve. Bottom: the outlines of
the absorption bands of the two solutions when the total he-
matin concentration is 5.8 $Y; in the vessel containing the
apo-hnBy, there is therefore an excess of 5.8 - 3.2= 2,6 uM
of free hematin. For comparison, a spectrum of hnB, is given
as a dotted lime. = 7 T : o '
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/Legend:7 a) Slopes; b) methylene blue.

Spectrophntometric study on two wave-lengths (600 m
413 np) of the equilibrium between methylene blue (BM) and
the hemoprotein. For the hnBy and the apo-L-LDH, the re-
agent medium contains traces of L-LDR and the reduction by
the lactate can be followed progressively. For the L-LDH,
first of all it is reduced with a small quantity of lactate,
then the oxidation obtained by tonometry is followed prog-
_ressively. Thunberg spectrophotomctric tubes under vacuun,
—- 30%, phosphate buffer 0.1 M, pH 7.00. The ordinate at the

origin En7/heme - EmICQg.i The slope is nhem§£:§¥ann: num-~

ber of electrons invo n the oxidation-re
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Test conditions: 28° ¢; phosphate buffer 0,07 N,
PH 7.3; K3Fo(CN)g 0.7 m; L lactate 0,01 M; on the ab-
§cissa: concentration in L lactate (or acetate) in addi-

tion to the one indicated abovae; on the ordinates: in-
verse speed ratio.
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/Legend:7 a) crystallized form; b) "Physio-
ogical™ form; c¢) Iinnibition by oxcess of

substrate; d) Inhibition by crystallized

anti-L-LDH imrune serum; e) identical.

Test conditions as in Figuro 12. Inhibition by im-
mune serun tested in accordance with /4§87, 3
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100 200 pM

“Concentration du cation

Fig. 14. Saturation of the Apo-D-LDH with Zn**,
Co** and Ma**. (Curdel /357.)

/Legend:7 a) Concentration of the catio.

Apo~D-LDH prepared by precipitating the D-LDH with
ammonium sulfate at pH 4. The vcssels utilized to measure
the activities at 30° contain: phosphate buffer 66 mM, pH
7.3; 2,6 dichlorophenolindophenol 20 Kg/ml; apo-D-LDH
(fixed concentration) and metal with variable concentrations
(on abscissa). Ten minutes ofter adding the last item, the
rea«tion is started by adding DL-lactate 10 mM (final con-
centration). On the ordinates: relative speeds in relation
to the maximum activity with Zn**. The values of metal con~
centrations yielding semi-situration are indicated.
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/Tegend:7 a) native enzyme.

Preparation of the apo-D-LDH cither by precipitating
with ammonium sulfate at pH 4 (Apoyc) /317. or by incubating
for two hours with EDTA 10-2M, c¢xhaustive dialysis in col-
P lodion against twice distilled water (Apochel). The vessels
o used for measuring the activity (30°) contain: phosphate
buffer 66 mM: 2,6 dichlorophenolindophenol 20 ug/ml; the
following is added in succession: Apo-D-LDH or (D-LDH for
controls), then immediately the metal (Zn** 10-4M or Co**
1.5 10-4M or Mn** 2 10-4M), thon, after 3 minutes: D-lac-
tate (variable concentration) to start the reaction. Final
PH on abscissa.
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Fig. 16, Effect of the pH of the Precipita-
tior by Ammonium Sulfate on the Nis-
sociation of FAD by Zn**+ of the D-LDH.
(Iwatsubo and Curdel.)

/[Legend:7 a) relative activities.

i Top: dissociation curves; on the left, dissociation

: : of FAD: a/a, is the relation of the activities of (treat-

. ed enzyme <+ saturating Zn**) to (treated enzyme + satura-

f f ting Zn** and saturating FAD). On the right, dissociation

! of Zn: ratio of the activities of (treated snzyme) to
(treated enzyme -+ saturating Zn*‘), Below: the number

; of protons brought into play in the dissociations is given
ﬂ by the slope of the logarithmic representation,
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TFig. 17. Study of the Effect of the Zan**
; concentration Added to the Apo-D-
ILDH on the Speed of the Catalyzed
Reaction. (Iwatsubo.)
/Tegend:7 a) instantaneous activities.
The Apo~D-LDH (prepared by acid treatment), fixed
concentration, is added, at time zero, to a spectrophoto-
metric vessel containing: ferricyanide 0.66 mM; D=lactate
66 mM, phosphate buffer 50 nk, Zo** in indicated concentra- )
tions. The reaction is followed during this time by measur- :
ing the E,oq every 10 seconds. Slope Av/min. determined i
at time t 3% the expcnential curve gives the acuvivity at in- -
stant t. E
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vitesse d’inaclivation par I'EDTA

/Yegend:7
B)

Fig. 18.

'y $ Y
‘ k] | v 1
50 100 1000 pM

7ph4

Hconcentration de D-lactate

Protection by D-lactate of the lnacti-
vation of D-LDH by EDTA. (Stachiewicz,
Labeyrie, Curdel and Slonimski.) Mea-
surement of the speed of inactivation

by EDTA at 30°; vessels contain: phos-
phate buffer 200 umols, EDTA 0.3 pmol,
De-lactate in variable quantities cor-
responding to the concentration indi-
cated on the abscissa; D-LDH is added
at time zero, volume 2.6 ml. After "t'
minutes, addition of DL lactate 30 ,umols,
ferricyanide 2 umols, final volume 3 ml,
and the residual activity is wmeasured on
the basis of which the speed of inactiva-
tion V is measure.

a) speed of inactivation by the EDTA;

concentration of D-lactate.
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Measuremont of the speed of inactivation by quinacrine
at 30‘; a vessol cont:iins phosphate buffor 200 4 mols; quine-
acrine 1 umol; D-LDH (fixed conceuntration); D-lactate in
variable quantities; D-.-LDH added at time zero, volume 1 ml.
Aftor time "t", addition of DL lactate 850 umcls; 2,6 di-
chlorophenolindophenol 50 & mols, final volume: 3 ml. The
specd of reduction of the pignent measures the resiactivity
gn the basis of which the spoed of inactivation V is caigu-

ated. ' )
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Fig. 30, Reactivation by Zn'* of the Apo-D-

LCR Prepared by Precipitation in an
Acid Modium., (Iwatsubo and Isomoto.)
In a vessel containing: phosphate
buffer 80 mM, pH 6.4, cytochrome C of
yeast (iso 2) 20 4M; D-lactate 10 nM
and the apo-D-LCR prepared at pH 2.5,
the reduction of the cytochrome C is
followed for £0 seconds; then 2Zn**0.2
mM is added and we continue to follow
the reaction.

/Tegend:7 a) extinction of cytochrome C; b)
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is0-1 1s0-2

_320 ,ultracentrifugation 1,7%X 0,1 1,7 + 01
t:?ombre résidus ag analyse 107 2 107 £ 2
.£mM,|:?ic « ,relatif au Fer 20% 1 29 t 1

| A\ pic o, ferrocyt.(mpu) 5494 548,8
Potentiel redox (Em 7) 247t5 247t 5
EG‘)Poupe prosthétique protoheme

| - Hémododeécapepti de(A) (leu; val) (ileu -1 u)

}[ lC-rer‘mincl glu lys

o
Teneur relative

057 5%

L Fig. 31. Comparison of the Properties of the
Isocytochromes C of the Same Yeast
Cell. (Slonimski, Acher, Pere, Sels
and Somlo /477.)

/Tegend:7 a) Number of a. a. residues, analy-
: sis; bJ peak, in relation to iron; ¢) redox
r potential; d) Prosthetic group; e) relative
content. '
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Fig, 22. Speed of Reduction of Two Isocyto-
chromes C by L-LDH, (Slonimski
Acher, Pere, Sels and Somlo Z;Z?')

/Legend:7 a) bhorse; b) yeast,

Initial speed of reduction in the presence of L lac-

tate 6.7 wM. By way »f comparison, the cytochrome C of horse
heart (Sigms, type III),
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Fig. 23. Catalysis by the lIsocytochromes C
of the Respiration of the Mitochond-
rias at the Expense of D Lactate.
(Slonimski, Acher, Peie, Sels and
Somlo /477.)

/Tegend:7 a) protein; b) yeast; c) horse;
d) without D-lactate; e) Cytochrome C Con-
centration;

The mitochondrias obtained by crushing in a Nossal
apparntus are suspended at pH 7.2 in Tris 40 nM, kH PO
SmM, ADP 1 mM, EDTA 0.25 mM, MgSO 2 mY, TPP 0.15 ﬂu DPN

0.2 mM, D lactate 25 mil, The speed of respiration, constant

in time. is measured manometrically at 28° C. By way of
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v
) iso 2
iso |
0 4 b
100 200 mM-1
Myt
Fig. 24. Speed of Reduction of Two Isocyto-
chromes C by the D-LCR.

(Slonimski,
Acher, Pere, Sels and Somlo /477.)

Initial speed of the reaction in the presence of D
lactate 6.7 mM.
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