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SUMMARY

The p-lactic ¢ytochrome reductase of the respiratory particles of aerobic yeast has
been selubilized and isoiated in apparently homogeneous form. The enzyme possesses
high selectivity both toward substrates and etectron carriers: only D-lactate and b-
a-hydroxybutyrate are oxidized at apprectable rates; phenazine methosulfate and
cytochrome ¢ are the only clectron carriers which have been found to be active. The
action of the enzyme appears to be irreversible.

The reductase contains 1 mole FAD per 50 000 4+ 5000g protein and 1%
atom Zn?+ per 22 000-27 000 g protein. Partial reversible resolution with respect )
the flavin has been accomplished. The Zn?' moiety is very tightly bound. This
appears to be the first direct demonstration of the existence of Zn-flavoproteins.

INTRUGOUCTION

In the course of a study!+? of the possible interrelations of the L{ | Ylactic debydroge-
nasc (cytochrome 4,) and of the p-a-hydroxy acid dehydrogenase (DHAD, “anaerobic
lactic dehydrogenase’) of veast, evidence was uncovered! indicating the existence
of a third lactic dehydrogenase in yeast cells, which has been numed p-lactic cyto-
chrome reductase!3. The enzym: differed from cytochrome b, in its inability to
oxidize the L-configuration of substrates and to react with ferricyanide, methylene
blue and other electron carriers which are satisfactory electron acceptors for cyto-
chrome b,, as well as in its sensitivity to metal chelating agents and other Lihibitors
to: which cytochrome b, is inert. The reducta~e was readily differentiated from the
DHAD of anaerobic veast, on the other hand, by virtue of the exclusive presencc of
the reductase in respiratory-chain preparations from aerobic cells, as well as bv
notable differences in substrate and electron acceptor specificity and response to
inhibitors!.3.4,

In preliminary communications we have reported the solubilization, assay. and
general properties of the enzyme?, its isolation and the identification of its prosthetic
groups as Zn-FADS, the mechanism of its reversible inactivation by chelating agents®,

Abbreviations: IXCPIP, 2,6-dichlorophenolindophenoi; DHAD, © g hydroxy acid dehvdra-
genase.
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and its application to the measurement of species differences and preparative modi-
fications in cvtochrome ¢ preparations’. The question of its supposed role in the
biosynthesis of cytochrome b, suggested in the literature®®, has been considered
elsewhere®, The present paper is a detailed account of the isolation and characteriza-
tion of the enzyme.

The enzyme was independently discovered by NyGaarp®, who has reported its
partial purification? and some aspects of its kinetics!?, without noting, however, that
Zn®+ is a functional component of the reductase.

MATERIALS AND METHODS

[resh baker's veast was a gift of the Red Star Yeast Products Company. Ca n{—)-
and L[ : )-lactate were purchased from the California Corporation for Biochemical
Research and were converted to the Na salt by treatment with Na,CO, before use.
Horse-heart cytochrome ¢, Type 111, was purchased from the Sigma Chemical Cor-
poration. The lots emploved (numbers 31BH50 and 61B705) had been shown to be
free from inactive or inhibitory materials as far as this enzyme is concerned?. The
sources of other materials were as follows: bL-a-hydroxy acids, Fluka AG Chemische
Fabrk, Buchs, (Switzerland); phenazine methosulfate, Aldrich Chemical Company,
Inc.; DCPIP, General Biochemicals, Inc.; crystalline bacteria! proteinase, Nagase and
Company; Naja naia venom, Ross Allen’s Reptile Institute, and Triton X-100,
Rohm and Haas Company. Triton X-100 was evacuated for 6 h at 50° before use in
order to remove contaminating acetaldehyde and ethanol.

DEAE-cellulose “Selectacel” and CM-ceilulose (both the products of Brown
Company) were sized, washed, and equilibrated by standard procedures. Calcium
phosphite gel {1-3 months old} was prepared according to SINGER AL KEARNEY!S,
Reagent grade (NH,),50, was recrystallized first from EDTA, then from water.

Spectrophotometric assays were performed at 30° with a recording spectro-
photometer, and spectra were “~corded at 25° with a Cary Model 11 spectrophoto-
meter equipped with a thermostated microcell holder. Protein was determined by
the biuret method??, with the use of the coefficients 0.093 per mg protein in 3 ml
through the ammonium sulfate step and o.111 for the succeeding steps. The latter
coefficient was determined on thoroughly dialyzed preparations of known dry
weight. In particulate preparations and acetone powders 0.3%, desoxycholate was
added and in T'riton extract protein was first precipitated with 5%, trichloroacetic
acid.

Flavin was determined by differential fluorometry, according to BurcHM,
following extraction with cold 59, trichlorouacetic acid or 29, perchloric acid, with
a Farrand Model A photoelectric fiuorometer, FAD was also determined by the -
amino acid cxidase test and by ascending paper chromatography with 5%, Na,HPO,
as solvent.

Zn*+ analyses were performed with a modification of MALMSTROM's procedure!®,
adapted to measure 0.2-0.8 ug of Zn?* in enzyme samples. Iron was determined
according to PETERSON?S. Sedimentation velocity was measured in a Spinco analytical

Model L ultracentrifuge. For electrophoretic analyses the Perkin-Elmer Model 38A
apparatus was employed.
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D{— JLACTIC CYTOCHROME REDUCTASE 203
RESULTS

Assay

Although the existence of p-lactic cytuchrome reductase was first recognized by
virtue of its ability to reduce cytochrome ¢, phenazine methosulfaic .eoxidizes ihe
enzyme eight times faster than the most active cytochrome sample tested (Fig. 1).
Further, while the reactivity of the enzyme with cytochrome ¢ is a function of the
species from which the cytochcome is obtained and of the care cmployed in its iso-
lation?, its reaction with phcnazine methosulfate is free trom these complications.
Since the reductase does not reduce DCY'IP directly, a rapid and convenient assay
bascd on the use of this dye as terminal accepior and phenazine methosulfate as a
mediator was routinely employed. Unless otherwise mentioned assays were con-
ducted in 0.05 M imidazole buffer {pH 7.5) in the prescnce of 0.01 M p(—)lactate,
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Fig. 1. Assay of the reductase with cytochrome ¢ and phenazine methasalfete as clectren accep-

tors, Abscissa, reciprocal concentration of acceptor: oridinate, reciprecal activity in arbitrary

units. Test conditions as described in the text. 2 ug of purified enzyme was employed and the
reaction period was 15 sec,

7-107* M DCPIP, and 2.2-10-% M phenazine methosulfate in a total volume of 3 ml
at 30°. Reaction rates were calculated from the bleaching at 600 mu occurring within
the first 30-60 sec after addition of the substrate. As has been documented elsewhere??,
the observed rate is independent of the presence of dissolved O, and of the DCPIP
concentration within a wide range. The rate is a function of the phenazine metho-
sulfate concentration, however (Fig. 1). Nevertheless, owing to the relative con-
stancy of the apparent K, for phenazine methosulfate during purification, recourse
to the deterrnination of Vpax. with respect io the dye is not required except when
precise values are esscntial At Vpax. the rate is 3.1 times that observed at the fixed
concentration recommended. Activity was expressed as gmoles of p-lactate oxidized
per min at Vp,; with respect to phenazine methosulfate. Specific activity is the
same per mg protein.

In the measurement of cytochrome reductase activity the test was modified by
substituting 5-10—* M horse-heart cytochrome ¢ of a suitable batch {¢f. below) for
the two dyes, and measnrements were conducted at 550 mu.

Cytochrome ¢ may also be substituted for DCPIP in the phenazine assay, since it
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can react directly with leucophenazine methosulfate!®. With both cytochrome ¢ and
phenazine methosulfate present the observed rate is, of course, much higher than
with cytochrome ¢ alone, This technique, however, introduces the unnecessary com-
plication of dual reaction sites for cytochrome ¢ with the attendant risk of kinetic
artifacts.

The apparent Ky, for a given cytochrome ¢ sample remains constant throughout
the purification of the enzyme. With the cytochrome preparations employed in this
study, multiplication by 1.14 converts the rate observed at 5-10-3M horse-heart
cytochrome ¢ to Fyax..

In particulate preparations of the enzyme and in acctone powder suspensions
interference by cytochrome oxidase in both types of assay could be eliminated by
the inclusion of §-10-1 M cyanide, which is insuffiicient to inhibit the reductase under
the assay conditions. The inclusion of EDTA in the assay, as employed by Nycaarnt®,
is not recommended owing to its ability to chelate with the Zn®*+ component of the
enzyme and thereby inhibit it.

Localization of the enzyme in subcellular fractions

The presence of the reductase in acrobic yeast was first noted in extracts ob-
tained by autolysis of dried vcast!, but the activity solubilized in this manner was
rather low. In view of the tendency of the enzyme to resist extraction by conventional
methods, a study was made of its intracellular localization. Breakage in the Nossal
shaker and ditferential centrifugation, using a modification of the method of Hegn
et al.'®, indicated that some 13%, of the activity was in the supernatant solution
obtained on 15 min centrifugation at 144 000 X g. The rest of the activity was re-
covered in the particulate fraction sedimented at 144 000 x g but not in 10 min at
Bow x g, Since the particies collected under these conditions appear to consist mainly
of membrane fragments (also called mitochondria in the literature), wherein the
respitatory chain is localized, it was of interest to examine whether the enzyme is
functionatly linked to the terminal electron transport system of yeast. As noted
elsewherc®*, thus far no evideice has been obtained for the existence of a direct
linkage of the enzyme to the cytochrome system, at least in respiratoryv-particle
preparations. )

Solubilization of the enzyme

Since the pariicles contained 879, of the red-ictasc activity and were devoid of
DHAD activity, they represented an ideal starting tnaterial for the isolation of the
enzyme. Extraction of the enzyme was first attempted by mild enzymic procedures,
which often liberat> particle-bound enzymes in soluble form. Digestion with phos-
pholipase A, or a purified bacterial lipase of broad specificity®, or a concentrate of the
autolyzing enzymes of yeast failed to solubilize the reductase. Treatment of acetone
powders of the particles with miidly alkaline buifers failed to extract the enzyme at
pH values where it was stable. At more alkaline pH values botn the extent of extrac-
ticn and of inactivation increased*. Particles desiccated with n-butanol beitaved in
an analogous man.ior to acetone powders; a maximum of 18¢%; of the activity conld

be extracted by this procedured. Extraction with agueous butanol also gave essen-
tiallyy nepative results,
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proteinase. Thus a snethod of solubilization which was inetfective when applied to
the particulate source miterial, proved bighly effective when applied to a purified

TABLE Y

VURIFICATION OF Df —- JLACTIC CYTOCHROME ¢ REDUCTASE

Towad aelipiey Specfic actnalv

Sep Conmnies 0f = jiluckate [ umeles v - JHucloie
- nridizedmn) oxtdvrediminting)

¥ cast paticles {from gooo g) 115 ono 0.4
Triton extract of acctone powder 97 o 7
Eluate from Ca phosphate get H4 000 3z
After digestion with Nagja najs phos-

pholipase A and bacterial proteinase 09 Loo 75
Eluate from DEAE-cellulose (12 400 3jou
53—682, (NH,}.,5(), fraction 30 GO0 340
Eluate from CM-cellulose 24 0O 040
After preparative ultracentriflugation 5000 1670%

* Corrected for inactivation during ultracentrifugation.

preparation. The high vield vbtained by this method of extraction {Table I) may be
contrasted with the rather poor vield (7.5%,) reported by NYGAARD'® for his solubili-
zation method, which entails precipitation with wet acetone and heating at 55°.

faolation of the enzyvmne
farge scale preparation of veast particles

480 g of pressed yeust were diluted to 1.2 1 with 19, NaCl (adjusted to pH 7.5), and
1 | of pre-cooled Ballotini beads (No. 12) were added. Mechanical breakage of the
yeast suspension was achicved in the overliead blendor described earlier?t, operated at
18 000 rev.jmin fur 15 min in an 8 1 stainless steel beaker surrounded by an ice-bath;
the temperature rose to 25° at the end of the breakage. The beads were allowed :o
scttle and the supernatant suspension was decanted and made to 41 with o.05 M
phosphate (pH 7.5) using part of this buffer to wash the beads two or three times.
The suspension was centrifuged for 4 min at 1300 X g in an International Model
SR-3 centrifuge; the turbid supernatant was collected and the precipitate containing
residual cells and cell walls was discarded.

The supernatant solutions obtained from four 48o-g batches were united and
centrifuged in a refrigerated Sharples centrifuge at 50 000 rev./min at a flow rate of
30 mljmin; the effluent appeared only slightly turbid and was discarded.

With smaller quantities of material other blendors may be substituted but the
time and speed of homogenization must be redetermined. Thus, with the same ratio
of pressed yeast : NaCl solution : Ballotini beads as described above, satisfactory
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results are ohtained with 60 g yeast and the VirTis 43" blendor {(250-ml bowl),
using a rheostat setting of 61 and 3o min blending. With the Lourdes homogenizer
120 g yeast may be worked up in 20 min at a rheostat setting of 62.

Preparation of acelone pouwcer

The thick paste obtained from 1920 g of yeast was homogenized and stirred for
5 min with 41 of acctone, pre-cooled to —10°, in an 81 stainless steel beaker, using
the overhead biendor operated at 8000 rev.fmin. The suspersion was then centrifuged
for 3 min at 1400 X g at —10°. The precipitate was homogenized and stirred with
acetone as before, rapidly filtered by suction through a Buchner funnel, and the
muoist cake was washed with 500 ml of ether {—10°}. Residual solvent was removed
Ly spreading the cake on heavy paper in the cold room in front of a fan and then was
dried in a high vacuum ut room temperature, The resulting powder weighed 40-60 g/
1920 g of pressed yeast. The enzyme in this form is very stable and the powder can
be stored at least for several weeks without appreciable loss of activiiy.

Extraciton with Triton X-100

Treatment of the acetone powder suspension with a buffer of moderately high
ionic strength extracts a certain amount of inert protein and thereby simplifies the
subsequent purification of the reductase. 4o g of acetone powder suspended by brief
homogenization in z 1 ¢.1 M INa phosphate (pH 6.5) were stirred vigorously for 15 min
at 0% and then centrifuged tor 30 min at 18 000 rev./min in the Batch Rotor of the
Spincu Model L ultracentrifuge (43 400 X g max.). The yellowish supernatant, con-
taining esscntially no enzyme, was discarded and the precipitate was resuspended
in 800 ml 0.012= M Na phosphate (pH 6.5). To this 200 ml of a 20%; solution (v/v)
of Triton X-100 ir. water were added and the suspension was slowly stirred for 15 min
with particular care taken to avoid excessive foaming. The suspension was then
centrifuged 30 min at 2o ooo rev./min in a Spinco Model I ultracentrifuge (Rotor
No. 21) and the resulting clear, intensely brown-vellow supernatant {about 10co ml)
contained go—10n%; of the enzyme present in the suspended powder,

Purificaion with calctwm phosphate gel and iyophilization

The protein dispersed by Triton X-100, although not suitable for salt fiactiona-
tion, can be partially purified by means of calcium phosphate gel. For best yicld and
purity it is advisable Lo determine for a given extract the amount of gel which gives
90-95%, adsorption of the enzyme, the usual range being ©.4-0.6 mg gel/mg protein.

In practice, the Triton extract was treated with 70 ml of a gel suspension con-
taining 27 mg gel/ml {on a dry weight basis) and, after ¢ min of slow stirring, it was
centrifuged for § min at 1400 x g. The supernatant was discarded and the gel was
washed with 11 of 0.05 M phosphate buffer {pH 6.5). The wash was discarded and
the enczyme was eluted from the gcl with 400 ml of o0.25 M K phosphate buffer
{pH 6.5) to which 4 ml of 207%, Triton X-100 had been added. The clear, yellow-
brown supernatant contained the enzyme in a yield of 75-85%,. The salt concentra-
tion in the eluate was lowered by passing it through a column of Sephadex G-25

Biochim. Biophys. Acla, 67 (1963) 201218
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(Vo = 500 tml), equilibrated with 3 mM phosphate (pH 6.5). The solution was then
lyophilized. The resulting powder {(350-450 mg protein) could be preserved for several
weeks at —20° without appreciable loss of activity.

Treatment with phospholipase A and bacteriul proteinase

Digestion of the preparation at this stage with phospholipase A and bactenial
proteinase converts it to a soluble form, as evidenced by solubility in (NH,),50,
solution and behavior on ivn exchange columns. Solubilization is principally accom-
plished by the former enzyme, while the latter serves mainly to remove interfering
proteins, such as cytochrome c.

Five batches of lyophilized powder were pooled and dissolved in cold distilied
water to a concentration of 25 mg protein/ml. Fhe dark brown, clear soluties. was
dialyzed for 8-10 h against 5 mM phosphate buffer (pH 6.5) to reduce the sait con-
centration. Following 5 mir temperature equilibration the preparation was incubated
for 45 min at 30° in the presence of Naja naja venom {(0.04 mg/mg of protein) and
crystalline bacterial proteinase (0.005 mg/mg protein). Turbidity developed during
incubation, but no inactivation of the enzyine occurred. The mixture was then rapidly
cooled to o° in a salt-ice mixture and centrifuged for ro min at 1.4, 000 ¥ g The
yellow-brown supernatant solution contained 85--9oY; of the enzyvine.

Chromatography on DEAE-cellvlose

This step yields four-fold purification and lurther serves 10 remove reaiduzl
Triton and bacterial protcinase.

The soluble enzyme was =dsorbed on a DEAE-cellulose column (2 X 15cm),
equilibrated with 5 mM K phosphate (pH 6.5). The column was washed with 0.065 s
K phosphate (pH 6.5) until the A,y of the effluent was almost zero and the enzyme
was then eluted with 0.2 M NaCl-o.1 M phosphate (pH 6.0}). The yellow enz:yme band
was collected batchwise with a yield of go-159%,. From this point particular care was
taken to protect the enzyme from light.

The enzvme was immediately concentrated by the addition of solid {NH,),50,
to 0.75 saturation while the pH was maintained at 6 by the addition of 2 X NH,OH.
After 15 min stirring the precipitate was collected by I5min centritugation at
24 000 ¥ g.

Salt fractionation

The precipitate was disscived in 0.1 M phosphate (pH 6.5) tu a concentration
of 15 mg. protein/ml, and the resulting {NH,),50, concentration was calculated trom
the volume of the precipitate in the preceding siep. Saturated (NH SO, solution
was added to ©.53 saturation and the pH was maintained at 6.5. The resuiting pre-
cipitate was centrifuged and discarded and the enzyme was precipitated from the
supernatant solution by the further addition of saturated {(NH,),SO, solution to
0.68 saturation. The precipitate dissolved in a minimal volume of 0.0z M phos-
phate (pH 6.5) containing 65%, of the enzyme, was dialyzed for 6-8 h against the
same buffer in order to remove low-molecular-weight protein impurities resulting,

Biochim. Biophys. Acta, 67 (1903) 20i-218
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presumably. from the digestion with bacivrial proteinase which had not been re-
mosed in the preceding steps.

CM -ceilulose chromatography

The dialyzed enzyme was equilibrated with 0.02 M Na acetate, (pH 5.2) on a
column of Sephadex G-25; turbidity was removed by 5 min centrifugation, and the
enzyme was then adsorbed on a CM-cellulese column (1 X 10 c¢m), equilibrated with
the same acetate buffer. The column was washed with the equilibrating solution and
a first inactive fraction was removed. The fraction coutaining the enzyme was then
eluted with a pH gradicnt obtained as follows: 75 mi of o.01 M Na succinate buffer
(pH 5.2) in the mixer, 0.025 M Na phosphate (pH %) in the reservoir. Fracticns of
2z ml were collected at a flow rate of about 0.5 mlfmin. The enzyme was distributed
in r: fractions, and the six central fractioms containing about 60, of enzyme »f
Lig. sst specific activity were pooled, adjusted to pH 6.5 with 2 N NH,OH, ana con-
centrated by precipitation with solid (INH,),SO, at 0.70 saturation.

At this stage the enzyme is 55-609%, pure, as judged by sedimentation analysis.
71 . remaining contaminant is a high-molecular-weight protein, which sediments
almost 3.5 timues as fast as the reductase. While this contaminant may be removed
by differential uitracentrifugation and thus an apparently homogeneous preparation
is ubtained. there is always an attendant inactivation, since from this point on the
enzyne is rei.. tively unstable and fairly readily loses its flavin component.

Ultracentrifugation

The enzyme obtained as described above was dissolved to a concentration of
about 10 mg;ml and equilibrated with 0.1 M NaCl-o.01 M K phosphate (pH 6.5) by
passage through Sephadex G-2z5. It was ultracentrifuged in the SW 39l swinging
bucket rotor of the Spinco Model L ultracentrifuge (4-ml tubes, 173 000 X gmax.)-
After 6 h centrifi'gation the content of the upper half of the tube was carefully re-
moved. In this fraction the enzyme was present in homogeneous form. Partial in-
activation occurred during ultracentrifugation, since about 209, of the activity could
not be accounted for; the activity observed in the final product was, therefore, cor-
rected for the inactivation factor {total protein recovery)/(total activity recovered
in ultracentrifugation).

The outline of a typical preparation is summarized in Table L.

Properties

Stability. The enzyme is very stable in the cold throughout the purification up to the
CM-celiulose step. For exarmple, it may be preserved as a frozen (NH,},50, precipitate
at the end of the salt fractionation foi prolonged periods without inactivation. This
behavio? is in contrast to the pronounced lability of NYGaARrD's preparation!®, even
at early stages of the procedure. This difference might well be the consequence of the
harsh methods applied by NYGAARD in the solubilization of the enzyme, which may
result in progressive denavaration.

As already mentioned, the present preparation is also somewhat labile following
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P{—JLACTIC CYTOCHROME REDUCTASE 209

the removal of impurities on CM-cellulose, which mayv protect the enzyme. Inactiva-
tion at thic stage is largely, if not entirely, the cunsequence of dissociation of the
FAD moiety.

The pH of optimum stability i= abont 6.5 at maderate ionic strength (0.02—0.1 M
phusphate). While the enzyme may be kept tor a <hort period at low pH (e.g., 30 sec
at pH 3.0) without inactivation, even brief exposure to pH values above 7.5 results
in major inactivation.

Variation of activity with pH: The pH curve of the enzyme depends both on
the nature of the buffer and of the electron acceptor employed (Fig. 2). In the phena-

CYTC ASSAY  Shimagsg ensar|
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—8 PHOSP~ATE 0—0 P<DSTHATT
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Fig. 2. Vanation of activity with pH. Assavs were conducted with 0.05 3 buflers and the pH
valucs noted are those prevailing in the reaction mixture at 30°, Activity is expressed as gmoles <
10? Jactate oxidized per 15 sec in U prescnce of 5 p@ purified enzyme (DEAE-cellulose eluate).

zine-DCPIP assay, which is less influsnced by ionic strength than the cytochrome a-say,
highest activity is obtained in imidazole buffer at pH 7.5 (¢* 30”). The pH optimum
in Tris buffer is the same and the alkaline legs of the pH curves in Tris and imidazole
are coincident, but below pH 8 the activity in Tris is somewhat lower. In phosphate
the pH optimum is 7.0 and the activity at and above this pH is lower in phosphate
than in imidazole.

In the cytochrome assay the pH optima at 30° are: 8.0 in Tris, 7.5 in imidazole,
and 5.5-6.0 in phosghate-acetate. At the buffer concentration employed (005 M)
the activity at the pH optimum is much lower in phosphate than in Tnis or imidazole.
One reason for this is that the reoxidatinn of the flavoprotein by cytochrome ¢ is
competitively inhibited at elevated ionic strengths {competition with the electron
acceptor} and is much greater in polyvalent than in monovalent buffers, as has also
been noted by NyGaarDn!t, It should be mentioned in this connection that the assays
in these experiments were conducted at fixed cytochrome concentrations.

Substrates: The p lactic cytochrome ¢ reductase, unlike DHAD?#, possesses a
high degree of substrate specificity {(Table II), since it is active only on n-lactate ana

Biochim, Riophys, Acta, 67 (1963) 201-218
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TABLE 11

SUBSTRATE SPRCIFICITY OF D{ — JLACTIC CYTOCHROME ¢ REDUCTASE

Activity relatiee
s or-achde

: s Km og 0
Subsiral a’!‘;:::':;:e ‘M
concantralion
n-l.actate 3 2,85-107%
p-a-Hydroxybutvrate 0,41 1.4-107%
D-Malate c
pL-a-Oll-isobutyrate o
DL-g-CH-caproate o
nt-a-()H-isocaproate n
n1-a-(OH-isovalerate o

D-a-Oll-butyrate. The following Michaelis constants were obtained at pH 7.5, 30°:
Km for p-lactate = 2.85 - 10-4 M, for p-a-OH-butyrate — 1-10-* M. The activity
with a-OH-butvrate was measured with a racemic substrate and ithe Ap was cal-
culated on the assumption that the L-antipode does not inhibit the enzyme competi-
tively.

Electron acceptors: Although the direct reoxidation of the enzyme by O, is in-
significant in catalytic tests, the reductase is nervertheless appreciably autooxidizable,
as may be seen when substrate quantities of the enzyme are bleached by hydro-
sw."tc: upcn the readmission of Oy there is a relatively fast reappearance of the
typical vellow color of the oxidized form.

TABLE II1

SPECIFICITY OF D - JLACTIC CYTOCHROME £ REDUCTASE
FOR ILECTRON ACUEPTORS

Oanlant R":‘“i‘,’::;“‘y K-{:;)‘M‘
Phenazine methosulfate 100 4.45 10"32
Cytochrome ¢ (horse heart) 12.5 5.4-10°%
Mecnadione® °
Ferncyanide o
2,0-DCPIP o

* Measured spectrophotametrically with fervicyanide or DCPIP as terminal acceptor,

The specificity of the enzyme toward electron acceptors is very restricted
{Table I1I}). Among the oxidants tested only cytochrome ¢ and phenazine metho-
sulfate were active. Elsewhere?3? we have shown that both the activity of this
enzyme at V.~ ana the Kn for cytochrome are highly dependent on the species
from which the hemoprotein is isolated and on the presence of spectrophotometrically
undetectable impurities (presumatly mecdified cytochrome ¢) present in varying
amounts in different lots of all commercially available preparations. Thus while the
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ability of this enzvme to detect structural modifications in the cyvtochrome molecule
is convenicnt in appraising the quality of cytochrome preparations?, it necessitates
extreme caution in the choice of the cytochrome employed for kinetic studies. Un-
fortunately, this circumstance has not been generally recognized and, as a result,
much of the kinetic information on tkis enzyme, which has been published from
other laboratories, might have to be reevaluated. As to the data in this paper and
preceding ones from this Institute, they were obtained with the best horse-heart
preparations available, which were Jevoid of inudificd cytochrome in all the catalytic
tests applicd?. Nevertheless, the possibility that ¢ven these did not represent com-
pletely-unmoditied cvtochrome ¢ remains open.

It is of.interest in this connection that cryvstallioe horse-, bLeef-, and tuna-heart

cytochromes ¢ are considerably more active with the reductase than is yuast
cytochrome ¢.

Reversibility: In view of the ease with which the reversibility of the closely related
enzyme, yeast DHAD, may be demonstrated?®?, it was unexpected that attempts
to reverse the action of the reductase invariably yvielded ncgative results. Such
attemnpts inctuded the use of leucomethyl viologen, leucobenzyl viologen, and FMNH,
as clectron donors and pyiunvate as electron acceptor at various pH values in the
hydrogenase-coupied assay described eisewvheres. Since the pussibijity that none of
the electron donors tested could reduce tne enzyme remained open, particularly in
view of the restricted specificity of the reductase for dyes, direct proof of the irre-
versibility of the catalytic reaction was sought by another mcthod. A substrate
amount of the purified enzvme (5 mg protein, specitic activity — 270; 3 ml volume)
was titrated in an anaerobic spectrophotometer cell, under N,, with hydrosulfite.
Bleaching was followed at 450 mu in a rapid recording spectrophotometer. Addition
of hvdrosulfite was stopped before complete bleaching accurred so as to avoid the
presence of unreacted hydrosulfite. At that time 5§ mg solid Na pyruvate was tipped
in and no reoxidation of the 450-mg band was noted. Rezdmission of O,. on the other
hand, clicited a rapid return of the vellow color. It would appear from ihese experi-
ments that the action of the enzvme is irreversible and that the reason for this may
be in its inability to bind pyruvate. In accord with this interpretation pyruvate 1s
not a competitive inhibitor of np-tactate nxidation.

Inhibitors: In contrast to the DHAD of yeast®, the enzyme is relatively insen-
sitive to inhibition by  SH reagents and substrate analogs. Thus oxidizing agents,
such as H,0,. do not inhibit the enzyme and it is only partially sensitive tn mercurials
(Table 1V}, Remarkably, the same partial {60%;) inhibition was noted at 5-1077 M
and 5- 10-3 M p-chloromercuriphenylsulfonate (5.5 ug protein/3 ml. specific activity -=
04). In view of the fact that these data were determined at fixed concentrations of
both substrate and electron acceptor, the possibility is open that the incomplete in-
hibition hy the mercwial suggests a steric interference either to the approach of the
substrate or of the oxidant, in the sense discussed for wheat-germ lipase?s, rather
than the direct participation of a sulfhydryl group in the catalytic eycle.

With regard to substrate analogs, pyruvate, L-lactate and L-malate are not in-
hibitory even at moderately high concentrations and oxalate is much less inhibitory
than in the case of DHAD®. Oxalatc inhibition may, in any event, teflect its metai-
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binding tendency rather than its somewhat remote structura) resemblance tc the
substrate.

The effect of metal chelators on the reductase has been extensively investigated
in this laboratory and the results nave been summarized elscwhere® #2337, The phe-
nomenon is too complex to be discussed here and the inclusion of data on metal
chelators in Tabie IV is only intended to emphasize what is perhaps the most in-
tzresting known fact about this enzyme: the complete dependence of its activity on
the state of its metal component.

TABLE IV
INHIBITORS OF D{ —)LACTIC CYTOCHROME ¢ REDUCTASE

The enzyme preparation employed was an (NH,),SO,-precipitated cnzyvme at the end of the

DEALR-cellulose step. Unless otherwise indicated, the enzyme was incubated for 3 min at 30°

in the assay mixturc with inhibitor and substrate both present and the reaction was started by
addition of the electron acceptor {cytochrome ¢).

Inhbitor Concenlraiion Inhibition

yal; {2er rent)
p-Chloromercuriphenylsulfonate §:10°7? o
p-Chloromercwriphenylsulfonate 5-10-% 6o
H,O, I-1073 ]
Oxalate 5-10"8 22
(Oxalate 1-10"% 50
Oxalate 5-10™3 92
EDTA 4-1073 25
EDTA 1-10°% 51
o-Phenanthroline® 3.5-10°% . [
v-Phenanthroline®* 3.5+10"% 50

* Overnight dialvsis at pH 6.5 against the indicated concentration of inhibitor.
** Incubated for 15 min at 30°.

Metal chelators seemn to fall into two categories as far as their effect on this
enzyme is concerned: those which react rapidly with its Zn3*+ component and whose
inhibitory effect is also rapidly, perhaps instantaneously, reversible on dilution, and
those which reuct and dissociate reiatively slowly. In the first category are EDTA
and oxalate. The inhibitions by these compounds lsted in Table IV obtain only
when thev are present in the cuvettes at the temperatures and concentrations in-
dicated. Preincubation at these concentrations, followed by dilution of an aliquot
for activity determination, results in partial or complete reversal of the inhibition,
depending on the extent of dilution and the temperature of the assay.

o-Phenanthrohne is representative of the second categnrv of chelators, Its
reaction with the enzyme is a moderately slow, first order process, and results in the
formation of an enzymically inactive chelate containing 2 moles of o-phenan-
throline per atom of enzyme-bound Zn*+, The chelator may be dissociated and the
activity completely regenerated by a variety of means, including dialysis or dis-
placement with divalent metals. Under no condition studied does the chelator inhibit
by dissociating the metal component {i.e., resolving the holoenzyme®%3.4%),
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Constitution

Electrophoresis and wltracentrifugation: The reductase shows almost no mobility
in the clectraphoretic field in o.r M NaCl o.005 71 phosphate solution within the
pH range of its stability.

The sedimentation coeflicient (S,4,.) was found to be 6.8 and to be independent
of protein concentration in the range of 0.25 1.5°, protein.

Flavin content: The association of p-jactic rytochrome reductase scrivity with
a flavoprotein is recognizable at relatively carly stages of purification owing to the
ability of n{ -)lactate to bleach the enzyme in the Havin region. The absorpiion
spectrum of the most purified enzyme iz shown in Fig. 3. Since at this stage of purity

i
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Fig. 3. Absorption spectrum of the reductase as recorded with a Cary Model 11 spectrophoto-
meter equipped with a microcell holder. There were present 13 mg puriied cneyme {specific
activity - 234) in 1 ml total volume.

flavin tends to dissociate from the cnzyme quite readily, this experiment was per-
formed by passing the differentially ultracentrifuged enzyme through Sephadex
G-25 immediately before the sp:ctrum was determined, in order w0 remove free flavin.
While conszquently the flavin content cannot be caleulated from this experiment,
the spectrum thus obtained is identical with that found at carlier stages (e.g., before
the CM-cellulose stop) where the cazynic is stable.
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Fig. 4. Difierence apectrum of the reductase. 2.4 mg enzyme at the end of the CM-cellulese step

were dissolved in 3 ml 0.1 M phosphate (pH 6.5) and placed in an anaerobic cuwvette cm,.np_pc(l

with z side arms. Aftor all traces of O, were removud, the spectrum was recorded with a Cary

Model r1 spectrophotometer (0.1 absorbancy full scale)l then the enzyme u,-ns_hr,rated with

D-lactate and the spectrum immediately redetermined. The curve shown is the ditierence spec-

trum elicited by the addition of 1 mole lactate/male enzyme-bound FAD, A downward deflection
duenotes bicaching.
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On addition of p-lactate under aerobic or anaerobic conditions the difference
spectrum reproduced in Fig. 4 is obtained. The notable features of this spectrum ure
the usu:d flavoprotein peaks at 450 and 387 my in addition to a broad band centering
around 330 mu. Titration of the oxidized enzyme with Dp-lactate under anaerobic
conditions in a recording spectrophotometer showed that (a) addition of as little as
0.5 mole substrate/mole enzyme-bound FAD appears to elicit maximum formation
of the 450y trough and the 530 mu peak within a few seconds (b) addition of
10 moles D-lactate/mole FAD causes no further spectral change (¢) on the admission
of O, there is o gradual disappearance first of the 530 peak then of the 450 my trough
until the spectrum of the original enzyme is reestablished®. The 530 mu band may
indicate that an appreciable fraction of the enzyme-bound flavin is in the free-radical
state, even with excess substrate present. If this interpretation proves to be correct,
the semi-quinone would have to be unusually stable since under anaerobhic concitions
it is preserved for prolonged periods, while even aerobically {(with excess substrate)
its disappearance requires several minutes.

T he Havin present in the enzyme has been unambiguously identified as FAD by
differential luorometry, p-amino acid oxidase test, and paper chromatography. The
flavin moiety is readily released from the protein by treatment with 5%, trichloro-
acetic acid or 29 perchloric acid. Prior to the CM-cellulose step milder pracedures,
such as protonged dialysis, fail to dissociate the flavin. Treatment with acid (NH,),50,
at and beluw pH 3 paitially splits the flavin. Despite the use of protective agent-
(thinglycollate, n-lactate), however, irreversible denaturation always accompanied
*he resolution of the holoenzyme, and, as the pH was lowered in the range of 3.0 to
2.7, denaturation outstrip.~ed tru esolution. For these reasons fully resolved and
fully reactivable apoenzyn : preparations have not heen obtained, but the fact that
FAD, but not FMN, reactivates the apuenzyme could be nevertheless readily
demonstrated {Fig. 5).

3 -‘4 FAD
3

-

Z 15

3

~—

A

(‘

< :;V/ o 7&'\'

.L... _‘l.,- ---. . L.‘._ J
1] [VH ¢ G
FLAVIN CONCENTHATION

-

Fig. 5 Reversible dissociation of FAD from belactic eytochrome reductase. 1.605 m) enzyme at
enil of DEAE-cellulose step (6.2 mg protein) in 0.05 M phesphate (pH 6.5) were treated at o°
with 14.9 ml saturated (NH,),S0, solution, contiining 1M thioglycollate and previcusty
adjusted to pH 3.0. After 30 sec stirring, the precipltated enzymeo was collected by 5 min contri-
fugation, redissolved in 3.0 ml v.2 M phosphate —1 mM thioglycollute buficr (pH 6.5} and passcid
through a Scphadex (G-25 eolumn which had been equilibrated with o.t M phosphate -1 mM
thiogiycvilate (pH 9.5). it was ascertained thai this treaimeny removed 989 of the activity, Faor
rcactivation 1o-gl aliquots were incubated for 3 min at 30° in the dark with the complete recac-
tion mixture plus FAD or FMN but without cytochrome c. Assayas were started by the addition
of cytochirome » and were conducted at fixod concentration of the acceptor.

* These experimonts were kindly performed by Dr, T. CREMONA.
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Since in the homaogencous form the flavin is rapidly dissociated, the flavin con-
tent of the enzyme had to be determined at less purified stages (just atter the CM-
cellulose step) and corrections applied for the presence of impurities from analvtical
ultracentrituge patterns. Analysis of the five best preparations gave 1 mole FADy
45 000-66 000 g protein. A value of 30 000 +— 5000 is considered probable, since
after the CM-cellulose step ihe unly Aavoprotein present is the enzyme and thus
artifactually high valucs are unlikely, and since even during the colvmn step some
loss of flavin may have occurred occasionally, as judged by the accasional appearance
of fluorescence. In the native enzyme the flavin s non-fluorescent.

Since homogeneous preparations hiave not been obtained in stable form, the
determination of the diffusion constant has not been feasible. Consequently, the
molecular weight is not known accurately. Taking 45 000 to 55 000 as the minimum
molecular weight, the observed sedimentation constant would suggest a molecular

weight of the order of 100 000 and, hence, the possible presence of 2 moles flavin/
enzyme molecule.

Zinc content: From the DEAE-cluate stage on, the ratio of activity to Zn?*
content is rather constant. In homogeneous preparations no metal other than Zn
has becn detected. Until the differontial ultracentrifugation step there is a small
amount of Fe present, which is, however, associated with the high molecular weight
impurity (s,0.4 —= I5.3). which is rernove in the last step of the purification procedure.

The Zn?+ content® of various samples, determined before and after the CM-
vetiuiv.e step, as well as at the end of the purification, ranged from 22 oo to 27 Goo g
protein/g atom of Zn2-, after suitable correction for the homogeneity of the prepara-
tion from ultracentrifuge patterns. The uncertainty of the exact flavin content does
not permit a definite decision between the extreme values found for the Zné+/flavin
ratio (2-3). While the lability of the flavin might suggest “at the value of 2 is the
correct one, it should be mentioned that a 3 @ 1 ratio has been occasionally observed
in fully active samples taken immediately after the Chi-cellulose step, before any
known ioss of flavin occurred. as well as prior to this chromatographic procedure,
when the flavin is completely stable.

The linkage of zinc to the protein appears to be considerably more stable than
that of the FAD moiety, since neither 12 h dialysis at pH 6.5, dialysis against v-
phenanthroline$, nor 4.5 h dialysis at pH 5.2 or passage through CM cellulose at this
pH lower the Zn3t content. The stability of the protein-Zn?+ hond tu treatment at
pH 5.2 was ascertained in order to eliminate the possibility that Zn#- might be lost
in the chromatographic step, particularly since the Zn?+ moiety of carboxypeptidase
is dissociated under these conditions®.

Turnover number

The specific activity of tte most purified preparations averaged 1670 umoles
p-lactate oxidized/min/mg protein in the phenazine methosulfate assay. On the basis

* We are indebted to Dr. B. V.Leee for the guantitative spectrographic analysis of an
oarly preparation.
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of an average flavin content of I mole per 56 ooo g protein, the turnover number
corresponds to - 10* moles substrate oxidized/min/mole flavin. Occasional samples
posscssed a turncver number as high as 12- 1ot

DISCUSSION

The identification’ of Zn®*r and FAD as the prusthelic groups of p-lactic cytochiome
reductase provided the first unambiguous demonstration of the existence of zinc-
flavoproteins. Zn?+ bhas also been postulated®™ 3 to be present in the DHAD of
anacrobic yveast, an enzyme whose flavoprotein nature has been clearly demon-
strated?®? but one which has not been isolated in sufficiently pure form to permit
analyiical proof of the identity either of 1ts #avin or of its metal constituents. The
conclusion of LABEYRIE e al.3! that FAD is the flavin component of DHAD was
based on the prevention of atebrin inhibiticn by FAD, a tenuous basis in view of the
established circumstances®.3 that atebrin is by no means a specitic inhibitor of
fli ~oenzymes and that it docs not act by displacing the flavin from flaveproteins.
Their conclusion®® that Zn?- is present in DHAD was based in part on the assump-
tion that EDTA resolves the holoenzyme and Znt+ specifically reconstitutes it, in
part on the assumption that, following treatment with EDTA only the Zn¥+-reacti-
vated DHAD possesses Kinetic constants identical with the untreated enzyme. Both
of these assumptions have been shown to be fallacious®3.9%.34, The possibility that
DHAD, like the reductase described here, is a Zn**-FAD enzyme is nevertheless
open but remains to be proven.

The discovery of this new class of metal-flavoproteins reopens the much debated
question of the function(s) of the metal coinponenis in these enzymes. An oxidu-
reductive role for zinc has been suggested®® but is clearly unlikely and available
evidence suggests that zinc functions as a substrate-binding site rather than a
participant in clectron transfer. This possible function of zinc has been repeatedly
voiced for the reductasc as well as the DHAD of yeast and of animal tissues*.2.23.38,
The evidence is in all cases indirect and incomplete. As far as the reductase is con-
cerned, the substrate-binding function is suggested by the facts that (a) lactate and
metal chelating ager.ts compete for the same binding site on the enzyme; thus the
substrate prevepts combination of o-phenanthroline with the Zn3+ moiety (b} the
o-phenanthroline-chelated, inactive form of the reductase is not bleached in the
visible region of the spectrum by the substrate?s,

Another aspect of this enzyme which remains to be further explored is its
biological role. As is also true of the flavohemoprotein, cytochrome b, (L(+)lactic
dehydrogenase), and of the DHAD of anaerobic yeast, almost nothing is known of
the role they play in the metabolism of yeast cells.

Lastly, it might be of some interest to compare the properties of the enzyme
described here with the preparation simuitanenusly and independently purified by
NvYGAARD!®. Since no physical criteria of homogeneity have been published by that
author, comparison must be based on specific activities. In comparing activities
reported by NYGAARD with those found in this study, considering the differences in
assay conditions and units employed, the former should be divided by 35.1 for con-
version to umoles lactate/min at fixed phenazine concentration, by 11.2 to convert
to gmoles lactate/min at infinite phenazine concentration, and by 102 to convert to
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pmoles lactate/min in the cytochrume ¢ assav at the fixed cyvtochrome concentration
employed in the present study.,

These conversion factors take into consideration the ditferent pH and tempera-
ture employed in the assays in the two laborat sries as well as the inclusion of inhibi-
tory EDTA in NycaarD s assay medium. On the baxis of these considerations, the
best preparations obtammed by NYGAARD (5200 in NYGAARD'S units'®myg <= specific
activity — 462 at infinite phenazine concentration in our units) appears to be about
289 of that attiined in this study. This lower activity may either be due to the pre-
sence of impuritics in Nycaarn's best fractions or to inactivation caused by loss of
flavin, since per mole of cnzymically reducible flavin NytGaare obtained a turn-
over of 0.75 ' 10% moles p-lactate oxidized/min, which is only slightly lower than the
value 1- 10! moles b-lactate oxidized/min/mole of total flavin reported in this paper.
This minor difierence may well be due to the somwmewhat less favorable assay con-
ditions employed in Oslo. Besides this difference, the major divergence of the two
preparations is in stability. VWhile bath are unstable at the terminal stage of puritica-
tion, NYGAARD's samples are said to be highly labile throughout the purification
procedure, while ours are gratifyvingly stable at carlier stages. The reason for this
difference might well be the relatively harsh treatments employed in NyGaakrp's
solubilization step. As is often the case, damage to a protein at the beginning of the
isolation ieads in part to an immediate loss of activity {Z.c., low yield on extraction),
in part to a progressive denaturation of the extracted enzyme, manifest from its
tendency to undergo inactivation under conditions to which it is stable if prepared
by milder procedures.
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