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It was recently observed (Lindenmayer and Smith, 1957; Slonimski and Tysa-
rowski, 19583 Boeri et al.,, 1958; Singer and Kearney, 1958) that anaerobic yeast,
although devold of the hemoflavoprotein cytochrome b, (b2), is capable of rapid
oxidation of lactate. Labeyrie et al. (1959) later showed that the enzyme from
anaerobic cells is specific for the D(=) form of lactate whereas by is known
to be specific for L(+) lactate (Boeri et al., 1955). It appeared from this
work that during the transition from anaerobiosis to aerobiosis (Slonimskd, 1953)
there was a change in the type of lactic dehydrogenase (LD) present., Slonimski
and Tysarowski (1958) suggested that the dehydrogenase of anaerobic cells might
be a precursor of b,. Following the recognition of the differences in the opti~
cal properties and kinetic constants of the two LD's, this hypothesis was aban-
doned by it; proponents (Labeyrie et él., 1959), but has recently been revived
by Nygaard (1960) and by Kattemmann and Slonimski (1960).“

Two avenues appeared to be open toward the resolution of the important ques-

tion as to whether the D(=) LD is a precursor of b One involved the isolation

2
of the former and a comparison of its properties with those of b2. The proper-
ties of the partially purified enzyme (reversibility, dependence of its activity
on a divalent metal, effect of inhibitors, its ability to act on a wide range of
D-a-hydroxy acids (Boeri et al., 1960)), are so completely different from those

of the b2 that a precursor-——product relationship appears extremely unlikely.

T Aided by grants from the Comitato Nazionale delle Ricerche Nucleari and the
Rockefeller Foundation.

*Fellow of the John Simon Guggenheim Memorial Foundation during the period of
this study (October, 1959 - February, 1960).
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The other approach, the results of which are reported here, exploited the

fact that "petite" cells are unable to synthesize b2 (Slonimski, 1953). Thus,
with "petites" one could determine whether the loss of D(-) LD during 02-adapta—

tion of anaerobic cells was necessarily related to the synthesis of b, or was a

2
consequence of the conditions of adaptation.

TABLE I

D-a-OH ACID DEHYDROGENASE AND CYTOCHROME 32 ACTIVITIES OF ANAEROBI-

CALLY GROWN YEAST AFTER VARIOUS CONDITIONS OF ADAPTATION™

UMoles lactate oxidized/min.
Exp. Conditions Q,
2 D(-)lactate—-K3Fe(CN)6 L{+)lactate=cyt. ¢

1 per ml.  per mg.**| per ml. per mg.**
"Grandes" 32 0.62
Same, adapted
6 hrs. in 02 0 0
Same, adapted
6 hrs. in N, 0 0

[

2 "Petites" 17.8 0,35
Same, adapted
6 hrs. in 02 0.18 0.005
Same, adapted
6 hrs. in N, 0 0

3 "Grandes® <10 12.6 0.23 o] 0
Same, adapted
4 hrs. in air 22 13.9 0.37
Same, adapted
22.%5 hrs. in air| 53 11.3 0.2 3.81 0.071

Yeasts were grown anaerobically in 10¥ glucose, 1¥ yeast extract, 1¥ peptone.
Adaptations were performed with thoroughly washed cells with constant bubbling
with the gas indicated at 30° in the following medias Exp. 1, 0.066 M KHoPO4— 10%
glucoses Exp. 2, 0.1 M acetate, pH 4,0—10% glucose——0.01% DL-lactate; Exps 3,
0.066 M KH,PO,~7 mM glucose=54 mM DL-lactate, *Adaptation means incubation in
stationary conditions. ** Activity per mg. biuret protein.

A pure strain was obtained by single colony isolation from baker's yeast
(Distillerie Italiane), and "petite" mutants were isclated by the acriflavin tech-
nigue (Slonimski, 1953). Cells were grown at 27° in Slonimski's Medium No. 3, sup-
plementea with 1¥ peptone (Slonimski, 1953), or in 1% peptone— 1% yeast extract—

2 to 10¥ glucose, with or without added DL-lactate, for 40 to 48 hours. The de-

gree of aerobiosis of cells was controlled by the Q02 on glucose and by the cyto-
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chromes present, Samples of D{(-) and L(+) lactate which contained in excess of
0.3% of the antipode were purified by treatment with crystalline yeast L(+)
lactic dehydrogenase or D-a-hydroxy acid dehydrogenase (Boeri et al., 1960),
respectively. Since ferricyanide served as the oxidant for this purpose, all
traces of ferri- and ferrocyanide were removed before use. Dehydrogenase ac-
tivities were assayed spectrophotometrically at 30°, pH 8, in 0.05 M Tris buf-
fer with ferricyanide or cyt. ¢ as electron acceptor, with 5 mM L{(+) or 10 mM
D{(-) lactate as substrate with fresh autolysates of thoroughly washed, air-dried
yeast (3 hours autolysis at 37°; 1 gm, dried yeast in 5 ml. HZO)‘ The protein
content of the autolysates was 40 to 55 mg., per ml, (biuret). The activities
were essentially the same in autolysates as in cells broken with Ballotini beads.
Exp. 1, Table I, shows that the D(-) lactzte-ferricyanide (D-a-hydroxy acid
dehydrogenase , D-a-HAD) activity of anaerobically grown normal cells disappears
in the absence of growth on incubation under anaerobic as well as aerobic con-
ditions of "adaptation". This decline is particularly rapid if the "adaptation"
is carried out in the presence of high glucose. Exp. 2 demonstrates the same
for "petite" cells, while Exp. 3 shows that under certain conditions extensive

synthesis of b, can occur without a concomitant decrease in D-c~HAD. Generally,

2
however, D-a-HAD is readily lost from both "grandes" and "pe{ites" after active
cell division ceases, whether or not b2 is being synthesized.

During this study it was also found that both anaerobically and aerobically
grown cells contain a number of enzymes for the oxidation of both isomers of lac-
tate. Table II presents representative data from a large number of experiments
illustrating this point. These data, suitable kinetic experiments, studies with
inhibitors, and fractionation have permitted distinguishing the following en-
zymes concerned with lactate oxidation in yeast.

(1) The highest activity is observed with D(~) lactate and k3Fe(CN)6 in an-
aerobic cells. The enzyme responsible for the rapid oxidation of D{(~) lactate
with ferricyanide as acceptor is the general D-a~HAD (Boeri et al., 1960) which
has now been partially purified from both normal and "petite" yeasts. As first

shown by Slonimski and Tysarowski (1958), it does not react with cyt. c. The

430



cutajoxd 3sxniq
*Bu/*utw/sstour! ajousp sesayjusred UT San[eA 8yl °*USATDH SUCTITPUOD 8y} Idpun umoxb 3s€RA Jo siol Fusxeijip Ul
punoj 3eyil ST pejesTpul abuez 8yl *paloeridgns sem Yuelq sPhouabopus 8dutls ‘senfea TRWTUTW 8Ie S8TITATIOE Byj

Oct.1960

Vol.3,No.4 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

0 (16°0 - " 0) 680 - O (+)1 . oTqorseue ‘aje}
(€100°0 - 0) LLO®O - 0 (1p°0 - 21°0) v°0C - 9°9 (-)a -2e1~10 7 ‘¢ "ON untpey
Tiswiuors  (9113ed,
0 (L10°0 = 0) 180 - O (+)1 o(qozseue ‘snoqe se
0 (g9*0 - 92°0) 0%6Z = T°¢I1 (=)a unipaw sues ¢,831138d,
0 (L00*0 - 0) sg*0 - 0 1 (+#)1 osjqozseue ‘suoldad [
(g100°0 - 0) 280°0 - 0 (18°0 =~ ¥2*0) 0°€E - 0°€T (-)a *a%h 91 — asoon(b %1
Ul umozb ¢3seak TewroN
(6000°0) €500 (#90°0~ 0) 9€°0 - 0 (+)1 stqorseue ‘g *ON WNIPaW
(¢100°0) 880°0 ( 6¥°0 = 12°0) 0°Le - £°C1 (-)a THSWIUOTS €3588A TewrIoN
(9€0°0 - £100°0) 86T - 990°0 (6€0°0 - ¥00°0) ¢ - 20 (+)1 (o1q0x38) 3roqe se
(¥€00°0 ~ €100°0) 81°0 = 990°0 (11°0 - SvG*0) £'9 - 8°1 (-)a untpew awes ¢,93139d,
{v€0*0) 26°0 (TG0 - 0T0°0) 99°C = T+°0 (+)1 (91q018®) wWnTpaw
(010°0) Lz*o (v1°0 - 2L0°0) Lc - 1°¢ (-)a pItos ‘¢ *oN untpay
IHSWIUOTS ‘31seak [ewroN
(8€00°0) 91°0 (110°0) G0 (+)1 (91q012e) Wnpou
(€€00°0) v1°0 (e170) €°G (=)a pIJos ‘suoided gy -~
*a*A g1 — 3soonTb ¥0T
ur umoxb ¢3seak Tewzoy
3 *34p (no)eaby :
Yim M o33 SUOT3TPUO)
=BT
aj3esAtolne *Tuw/*utw w 0 d yimory
18135
/PaZIpTIX0 83B308T SSTOWT -qng

S3IIVSATOLNY ISYEA NI SLIVIOVI (+)7T QNV (=)0 JO NOILVQIXO FHL

IT J1dvl

431



Vol.3,No.4  BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS Oct. 1960

dehydrogénase is a metal-fiaQopfofein; the metal may be reversibly removed with
complete loss of activity (Boeri et al., 1960; Curdel et al., 1959). It is com-
petitively inhibited by analogs of the substrate, e.g., oxalate, it is inacti-
vated by EDTA and cyanide, and its action on D{(~) lactate is readily reversible
(Boeri et al., 1960).

(2) There is in both nommal and "petite" cells a D(-) lactate-cytochrome ¢
reductase, the activity of which is much lower than that of the D-a-HAD and is
generally higher in aerobic than in anaerobic cells., Its activity increases on
02-adaptation of anaerobically grown nomrmal or "petite" yeast, but its rate of
development is generally slower than that of b2. It may be readily distinguished
from D-c=HAD by the differént effect of growth conditions on the two enzymes
(Table II) and by the facts that the D(~) lactate-cyt. ¢ reductase is not inhib-
ited by concentrations of L-malate and of oxalate which inhibit the former en-
zyme completely and that it does not act on D-malate, an excellent substrate of
D-a=HAD. The existence of this enzyme has been independently recognized by
Nygaard who has suggested that it is an intermediate in the transformation of
D-a-HAD to b, during 0, adaptation {Nygaard, 1960). This suggestion is unlike~-
ly in view of the extensive differences in specificity for substrates and sub-
strate competitors between the two enzymes.

(3) Among the enzymes for the oxidation of L(+) lactate, b, is best known.
It ieacts with ferricyanide and cyt. ¢ at about equal rates (Boeri and Tosi,
1956);’ it is formed aerobically and is absent in "petite" cells (Slonimski,
1953); and it is insensitive to cyanide,

(4) The fact that "petite™ cells, devoid of cytochrome by nevertheless
oxidize L(+) lactate fairly readily (Table II) suggests the existence of one or

more additional LD's, The existence of an enzyme capable of oxidizing L(+) lace

tate with ferricyanide as acceptor but not cyt. € 1is suggested by the results

from anaerobic cells (Table II). This activity cannot be ascribed to the opera-
tion of a racemase, since it is HCN-insensitive; it is not inhibited by 1074 M
p-chloromercuribenzoate, and cannot act on L-malate, whereas the D-a=HAD is in-

activated by HCN and mercurials and acts well on malate. The occasional pres-
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ence of this enzyme in normal, anaerobically grown cells, devoid of b2 (Table
11) might account for their ability to catalyze the L{+) lactate-ferricyanide
reaction and its possible presence in normal aerobic cells might account for
the higher rate of L(+) lactate oxidation via ferricyanide than via cyt. g.

(5) While anaerobic "petites" are usually devoid of L(+) lactic~cyt. re=
ductase activity, aerobic cells possess an appreciable activity (Table II),
and the activity also develops on Ozfadaptation of anaerobic cells, This raises
the question of the possible existence of an enzyme capable of oxidizing L(+)
lactate with cyt. ¢ as acceptor, but differing from b, and from the L(+) lac-
tic-ferricyanide enzyme just discussed.

Lastly, it is emphasized that the activities listed in Table II are mini-
mal values, since the conditions of assay were not necessarily optimal for each
enzyme and since they were calculated by subtracting the endogenous oxidation,
much of which now appears to be due to the presence of considerable amounts of
lactate itself in autolysates. Thus, in two anaerobically grown preparations,
one normal, one "petite", the autolysates contained per gm, of dried yeast 17.5
and 8.5 umoles of lactate, respectively, by chemical and enzymatic analysis;
most of the lactate was present in the D(-) form. When grown in the presence
of DL-lactate, the washed cells contained considerably more lactate, virtually
all in the D(~) form, and the endogenous reduction of ferricyanide was complete-
ly inhibited by traces of oxalate. This suggests that all or most of the blank
is D-a=hydroxy acid oxidation.
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