Biochem. J. (1976) 153, 309-319
Printed in Great Britain

309

Some Properties of an Alcohol Dehydrogenase Partially Purified from Baker’s Yeast

Grown without Added Zinc
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(Received 28 July 1975)

Alcohol dehydrogenase was partially purified from yeast (Saccharomyces cerevisiae)
grown in the presence of 20 uM-MnSO, without added Zn?* and from yeast grown in the
presence of 1.8 uM-MnSO, and 15uM-ZnSO,. The enzyme from yeast grown with added
Zn?* has thé same properties as the crystalline enzyme from commercial supplies of
baker’s yeast. The enzyme from yeast grown without added Zn?* has quite different
properties. It has a mol.wt. in the region of 72000 and an s,0,+ of 5.8S. The values can be
compared with a mol.wt. of 141000 and an s, Of 7.6S for the crystalline enzyme.
ADP-ribose, a common impurity in commercial samples of NAD*, is a potent com-
petitive inhibitor of the new enzyme (K; = 0.5 uM), but is not so for the crystalline enzyme.
The observed maximum rate of ethanol oxidation at pH7.05 and 25°C was decreased
12-fold by the presence of 0.06 mol of inhibitor/mol of NAD* when using the enzyme from
Zn?**-deficient yeast, but with crystalline enzyme the maximum rate was essentially
unchanged by this concentration of inhibitor. The kinetic characteristics for the two
enzymes with ethanol, butan-1-ol, acetaldehyde and Butyraldehyde as substrates are
markedly different. These kinetic differences are discussed in relation to the mechanism of

catalysis for the enzyme from Zn?*-deficient yeast.

Yeast alcohol dehydrogenase is an enzyme of
mol.wt. 141000 (Bithner & Sund, 1969) comprised of
four, apparently identical, subunits (Harris, 1964;
Jornvall, 1973) and containing, by various estimates,
4-5 zinc atoms/tetramer (Sund & Theorell, 1963;
Dickinson, 1974). Investigations into the catalytic
mechanism of the enzyme have reached a fairly
advanced stage (Dickenson & Dickinson, 1975b,c).
Further, chemical modification of certain unique
amino acid residues, such as cysteine (Rabin et al.,
1964; Harris, 1964) and histidine (Dickenson &
Dickinson, 1973, 1975a), leads to a loss of activity
and, apparently, of substrate binding (Dickinson,
1972; Dickenson & Dickinson, 1975a), whereas co-
enzyme binding is largely unaffected. It is important
to find out if the zinc atoms are involved in catalysis
or act as structural supports. In horse liver alcohol
dehydrogenase, for example (4 zinc atoms/molecule
of mol.wt. 84000), two atoms function in catalysis,
whereas the other two appear to have a structural role
(Brindén et al., 1973). For the yeast enzyme it has
been found that incubation with metal-chelating
agents, such as 1,10-o-phenanthroline or 8-hydroxy-
quinoline, results in removal of the zinc and dissocia-
tion into subunits (Kigi & Vallee, 1960). This
indicates that the metal has a structural role. How-
ever, Hoch et al. (1958) found that 1,10-o-phenan-
throline is a competitive inhibitor of the enzyme,
which suggests that at least part of the metal is in
active centres. Creighton & Sigman (1971) have
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provided a model for alcohol dehydrogenase which
involves participation of a Zn?* ion.

It has been claimed by Curdel & Iwatsubo (1968)
and by Coleman & Weiner (1973) that Co?* and
Mn?* can be incorporated into alcohol dehydro-
genase when yeast is grown anaerobically in the
presence of these metals. Detailed comparison of the
kinetic properties of such modified enzymes with
those of the zinc-containing enzyme offers the
possibility of determining whether the metal has a
catalytic role. We have sought to follow this approach
by studying the properties of an alcohol dehydro-
genase from yeast grown in the absence of added
Zn?*, but with added Mn?+, '

Experimental
Materials

Glass-distilled water was used in the preparation of
all reagent solutions and growth media. EDTA was
omitted from buffer solutions and assays except
where otherwise stated. Reagents used in buffers and
growth media were of analytical grade wherever
possible and obtained mainly from Fisons Ltd.,
Loughborough, Leics., U.K., and BDH Chemicals
Ltd., Poole, Dorset, U.K. Phosphate and pyro-
phosphate buffers were sodium salts unless stated
otherwise. DEAE-celluloses, Whatman DE11 and
DE32, were from Fisons Ltd.
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Coenzymes and substrates. NAD™ (grades I and II)

and NADH (grade T) were generally obtained from *

Boehringer Corp. (London) Ltd., London W5, U.K:
One sample of NAD* (grade III) was, however,

obtained from Sigma (London) Chemical Co. Ltd.,
Kingston-on-Thames, Surrey, U. K., and ADP- ﬂbose o
was also obtained from this source. For most of the

kinetic experiments NAD* was purified and assayed
as described by Dalziel (1963) and Dalziel & Dickin-
son (1966). NADH was also prepared and assayed by
the method of Dalziel (1962a), The concentratiens of
solutions of ADP-ribose were determined -spectro-

photometrically, by using . £60 = 15.4%10° litre::

mol~-cm~! (Burton, 1959).. .

Chromatography of all the commercwl samples of '

NAD*yielded the same pattern of impuritieszeported.

by Dalziel & Dickinson (1966). Component C,

thought to be ADP-ribose, was-present to the extent
of 0.03 and 0.06 of the NAD* (mol/mol) respectively

in two samples from Boehnnger and to the extent of
0.02 of the NAD* (mol/mol) in the one sample from.
Sigma. For initial-rate measurements, the substrates.
acetaldehyde and butyraldehyde (Fisons Ltd.) were .
redistilled before .use, and ethanol (J. Burroughs ..

Ltd., London S,E.11, J.,K.) and butan-1-ol (Fisons

Ltd.), both analytical grade, were used without

further treatment. Acetamide (Fisons Ltd.) was
recrystallized from methanol/ether.

Crystalline alcohol ‘dehydroganase was prepared
from baker’s yeast (Saccharomyces cerevisiae) as
described. - by : Dickinson (1972). - Baker’s :.yeast
obtained -under the trade name of N.G. & S.F., and
supplied by British Fermentation Products Ltd.,
Hull, U K., was obtained locally on the day on whxoh
it was roquu’ed to inoculate a culture.

Methads

Enzyme actwity and protem concentrattons Alcohol
dehydrogenase ‘activity was .assayed as described
previously (Dickinson, 1970) but by using chromato-
graphically purified NAD*. During the purification
procedure, protein concentrations were determined
by the measurement of E,so and E,so/Eze0, as
described by Warburg & Christian (1941). The con-
centrations of solutions with E,go/E»eo greater than

“1.3 were  obtained by using .an arbitrary value of
. E{t% = 12:6 at 280nm. This is the value found for pure
crystalline. yeast alcohol dehydrogenasc (Hayes &
VYelick, 1954; Dickinson, 1970).

.Growth of baker’s yeast. The glass vessels. and
pipcttesrused were soaked in 10% (v/v) HNO; for 24h
and rinsed ‘several times with glass-distilled. water
before use. The medium used was that of Phaff er dl.
'(1966) with the following modifications and additions:

- KH,PO,; 2g/k; glucose, 10g/L (aerobic growth) or
100g/1 (anaerobic growth).-Following Andreasen &
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Stier (1953, 1954), oleic acid (280 mg/l) and grgosterol
(7mg/1) were included for’andérobie growth. The pH
of the me_d,lum was adjusted to 6.0 with NaOH. For

growth in the absence of Zn2*, 20uM-MnSO, was

. present, In control experiments with 15uM-ZnSO,
_present, 1.8mM-MnSO, was also included. A solution

of the vitamiins requiréd (Phaff er al., 1966) was

-passed. through a sterile Millipore ﬁlter (0.45 um)

before addition to the remaining constituents of the
medium which had been autoclaved.
Portions (1 ml) of a suspension of yeast (one loopful

' from the centre of the bloek, in 30ml of sterile water)
.- were used te inoculate two 100ml cultures, which

were : allowed  to grow aerebically at-29°C, with

-shaking, for:18-24h. These cultyres.were then trans-
- - ferred to.two 1-litre aspirators, each containing
. 500ml of medium, and these were subsequently used
. to inoculate a further 5. litres of medium. The final

growth was in two 20-litre aspirators, each inoculated
with 3 litres from the previous culture, In each of the
last. three growth stages. growth was continued at
28°C for 24h, and N, gas was bubbled through the

. mediym. to keep the suspension agitated and to

ensure anaerobic growth. In the absence of Zn?*,
approx. 140g of cells was harvested, by centrifuga-
tipn, from the final 40-litre culture. The cells were
washed at 4°C, first with 40mM-phosphate buffer,
pH7.0, and then with SmM-Na,HPO, before being
resuspended in about 200ml of $ mm-Na,HPO4. -

.. Partiql.. purification .of alcohol dehydragenase.
A typical. purification proc¢edure is shown.in Table.1.
From:cell breakage to final .preparation took about
15h. The temperature throughout was maintained at
0-4°C.. Yeast cells were disrupted by one passage of
the suspension through a French Pressure Cell, and
the ¢elt debris was then removed by-centrifugation.
The supernatant was adjusted from about pH#6.3 to
pH7.0 with 1M-NaOH, and the solution was then
applied to a 30cm x 5cm -calumn of DE11-DEAE-
cellulose equilibrated with Srim-phosphate buffer,
pH 7.0. The enzyme was washed straight through this
column and much nucleic acid: was retained. The
enzyme solution was then dialysed for 4h against
2x%4 litres of 5mm-phosphate buffer, pH7.0, .and
applied to 4 30cmx2cm column of DE32 DEAE-

cellulose equilibrated with the same.buffer. The

column was washed with the 5§mm buffer until the
Ejg0 of the eluate was less than 0.4 and then a linear
gradient made from 100ml of 20mM-.and 100ml of
-80mM-phosphate, pH 7.0, was applied. The enzyme
was eluted at a concentration of 2-3mg/ml in 35
49mm-phosphate. Initial-rate studies were performed
with this material. For other experiments, the, eluent
fractions with the highest specific activity were com-
bined and dialysed for 6-8h against (NH,);80,
(460g/l) in 44mm-phosphate buffer, pH7.0.. The
precipitate formed was dissolved in a small volume of
44mm-phosphate, pH7.0, and dialysed .for- 3h
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Table 1. Partial purifications of alcohol dehydrogenases from yeast grawn under N In the presence and absence of added Zn*t

For details see the text.
Total Total Specific - :
Volume activity protein aqtivity Yield
(ml) (units) (mg) (units/mg) 79
Yeast (140g) grown in the presence of 20uM-MnSO, and no added Zn?+ )
Extract - 100 104000 9170 . 114 - 100
DE11 DEAE-ellulose 88 - 67000 1750 39 67
DE32 DEAE-celiulose 22 12200 51 240 12
*. Yeast (145g) grown in the presence of 1.8 uM-MnSO, and 15 uM-ZnSO4
Extract o 75 73500 11400 6.7 100
- DE11 DEAE-cellulose 60 45000 2350 19 75
DE32 DEAE-cellulose 32

8600 130 66 12

against 1 litre of the same buffer. In some purifica-
tions of the enzyme from Zn?*-deficient yeast, N,
was bubbled through the buffers during dialysis, and
the columns were equilibrated and cluted with buffers
which had previously been bubbled with N,, The
only improvement noted was in the dialyses under
N,, when about 209, more activity was recovered,
This ‘modification was then included in the routine
purification procedure,

Metal analysis, Samples of eluates from the DE32
DEAE-cellulose column [collected in glass tubes
which had been soaked in 109, (v/v) HNO, for
12h} were dried at 90°C and the contents wet-ashed
in 2ml of conc. HNO, plus 0.3ml of 36% (V/v)
HCIO, before being made up to Sml with water. A
Pye Unicam SP.1950 atomic absorption spectro-
photometer was used to estimate the zinc and
manganese contents of the samples. The standards
used were samples taken from solutions of analytical-
grade ZnSQ,7H,0 and MnSO,,4H,0 (BDH
Chemicals Ltd.) which had been similarly dried and
wet-ashed.

Molecular-weight  determinations.  Molecular
weights were estimated by using a 60¢mx0.9¢m
column of Sephadex G-200, equilibrated at 0-4°C
with 44mM-phasphate buffer, pH7.0. The standards
used, with their mol.wt., were: ox liver catalase,
250000 (Schroeder er al, 1964); crystalline yeast
alcohol dehydrogenase, 141000 (Biithner- & Sund,
1969); horse liver alcohol dehydrogenase, 84000
(Ehrenberg & Dalziel, 1958); ovalbumin, 45000
(Warner, 1954); soya-bean trypsin inhibitor, 21500
(Wu & Scheraga, 1962), The void volume (V) of the
column was obtained by using Blue Dextran 2000
[Pharmacia (G.B.) Ltd.]. The elution volume (¥.) of
enzymic activity or E,go was determined as the peak
volume from an elution profile for each of the
proteins used; fractions (1.3ml) were collected. The
molecular weights of the alcohol dehydrogenases
from yeast grown with or without added Zn?* were
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estimated from.the plot of log molecular weight
versus V./Vo (Andrews, 1964).

The sedimentation behaviour of alcohol dehydro—
genase extracted from Mn?*-grown yeast was
compared with that of the crystalline yeast enzyme by
centrifugation in a sucrose gradient (Martin & Ames,
1961; Noll, 1967). An isokinetic , gradient was
prepared, as described by Noll (1967), by pumping
5.5ml of sucrose (32.86g/100ml of 44 mM-phosphate
buffer, pH7.0) into a mixing chamber (vol. 6,5ml)
filled with another sucrose solution (10.41 g/100ml of
buffer). The resulting logarithmic gradient is iso-
kinetic for molecules with partial specific volume of
approx. 0.71, Samples of crystalline yeast enzyme and
the enzyme from Mn?*-grown yeast (in 0.2ml of
44mM-phosphate buffer, pH7.0) were layered on to
the gradients. A third gradient was layered with a
mixture of the two enzymes (in 0.2ml). The samples
were centrifuged for 20h at 5°C at 52000rev./min in
the 3 x 6ml swing-out rotor of an MSE 65 preparative
ultracentrifuge. The tubes were then pierced and
0.18ml fractions were collected and. assayed for
enzymic activity,

Initial-rate studies. Duplicate assays with enzyme
from Zn2*-deficient yeast were performed fluori-
metrically for alcohol oxidation by NAD*, and
fluorimetrically and spectrophotometrically for alde-
hyde reduction by NADH, as described previously
(Dickinson & Monger, 1973). Bovine serum albumin
(1mg) was added to all assays and dilutions of
enzyme. Measurements were made at 25°C in
phosphate buffer, pH7.05, 7 0.1 mol/l, Dilutions of
enzyme from the 2-3mg/ml stock were renewed
every 30-60min and were assayed under the standard
conditions at pH 8.8 (Dickinson, 1970) at the beginn-
ing and end of this period, The loss of activity of
dilutions in 1h was no mare than 15 %;. The duplicate
measured initial rates, when corrected to the same
specific activity, generally agreed to within 5%. Two
complete experiments were performed with each
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substrate, purified NAD* being used for the study of
the alcohol-NAD* reactions. In addition, the oxida-
tions of ethanol and butan-1-ol were also studied by
using NAD* (grade 1, Boehringer Corp) The co-
enzyme and: substrate concentrations used were
within the foll0wmg ranges: NAD*, 6.5-1840 uM;

ethanol, 10-500mM; butan-1-ol, 6. 8-—270mM NADH,

4,9-343 um; acetaldehyde, 23—-5620ﬂM‘ butyralde- ’

hyde, 1.8-74mMm.
The kinetic coefficients (4o etc.) in the initial-rate
equation:
e ¢1 ¢ $12
— + it
- Prisitis T sas

0]

were obtained from the slopes and intercepts of the

double-reciprocal plots as described by Dalziel (1957).
In eqn. (1) e is the concentration of enzyme active
sites, and S; and S, are coenzyme and substrate,
respectively. The symbols S;, S; and #, etc. are used
for alcohol-NAD™ reactions, and primed symbols,
S/, Sy, ¢ etc., are used for aldehyde-NADH
reactions: This is the convention adopted in previous
kinetic studies (Dickinson & Monget, 1973 ; Dicken-
son & Dickinson, 1975b,c). In complete duphcate
experiments, estimates of initial-rate paramcters
generally agreed to within +10%. .
Results . .

Crude cell extracts from yeast grown anaerobicaly
in the absence of added Zn2*, but with: about ten tiries
the normal concentration of MnSO,, contain sub-
stantial quantitiw of alcohol dehydrogenasé activity.
When assdyed in the standard assay, but with
chromatographwally purified NAD* and not' com-
mercial NAD* [which contains the inhibitor ADP-
ribose (Dalziel, 1963; Dalziel & Dickinson, 1966)],
the extracts- from 140g of cells contaied about
100000 units (ﬂmol/mm) of activity. This is a-little
more than that found in extracts of a similar weight
of yeast grown in the presence of added Zn?* (Table
1). The specific activities of extracts from Zn2*-
deficient yeast were also somewhat higher than those
from the controls. -

In contrast with the partially purified enzyme from
yeast grown with added Zn?+, or the purified enzyme
from commercial yeast, both of which are qulte
stable, the enzyme from -Zn?>*-deficient célls is
unstable. At 4°C in 0.045M-phosphate - biffer,
pH 7.0, the activity (1000 units/ml; 14.4units/mg)of a
crude cell extract declined by 459, in 8h. Addition of
20%;, (w/v) sucrose did not affect the stability of the
enzyme, but addition of 0.1 9; (v/v) mercaptoethanol,
with or without 209 sucrose, restilted in the loss of
70% of the activity in 8h. The enzyme was more
unstable when 3mM-MnSO, or 3mM-EDTA" was
added, only 9 and 39 respectively of the initial
dactivity being recovered “after 8h. The partially
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purified enzyme was also labile, but not quite as

_unstable as in the crude extract. A sample recovered

from the DE32 DEAE-cellulose column (490 units/
ml; 240 units/mg) lost 60 %; of its activity in 16h, and

- thestability was not increased by the inclusion of 20 9,

sucrose plus 0.1% mercaptoethanol. With 3mm-

"EDTA present, 85% of the activity was lost in 16h.

Addition of 120uM-ADP-ribose caused detectable
stabilization, 609 of the initial activity remaining
after 16h, and anaerobic conditions prowded greater
stabilization, with:70 % of the activity remaining over
the same period. The addition of 120M-ADP-ribose
under anaerobic conditions gawve virtually complete
protection: 909 of the initial activity was detected
after 16 and 40h and 50 9 after 6 days. Our findings on
the stability of the enzyme are in general agreement
with those of Coleman & Weiner (1973) with the
Mn?**-containing alcohol dehydrogenase from yeast
YU 1001. However, as noted above, we did not find
protection of the enzyme by 209, sdcrose plus 0.1
mercaptoethanol under anaerobi¢ conditions.

In purifications of alcohol ‘dehydrogenase from
Zn2*-deficient cells carried out so far (Table 1) we
have achieved about a 20-fold purification, with
yields “of about' 129 in the fractions of highest
specific activity, and final specific activities of 240
260 units/mg. The procedure uses mild methods
which can be performed quickly. We have not used
the methods of acetone precipitation or heat de-
naturatlon, which are used'in Gur normal preparations
of aloohol dehydrogenase (Dickinson, 1970). Theseé
may’ be expected to cause drastic losses of activity
with - the more labile enzyme (Colernan & Weiner,
1973). We have not used ADP-fibose as a stabilizing
agent in purifications. Much of our work has been
concerned with the kinetic properties of the enzyme
and since, as shown below, this agent is a powerful
inthibitor of the enzyme, we have thought it best to
exclude it from prepdrations.

When the same purification prooedure was applied
to-cell extracts from yeast grown' in the presence of
Zn?, overall putifications 'of about tenfold were
obtaired, with yields of 12-20% in the best fractions
and specific activities of 60-70 units/mg (Tablé 1):
Crystalline enzyme has a specifi¢ actiVity of 400 units/
mg (Dickinson, 1970) and so it seems that the product
here is roughly 20% pure In one of the preparations
from yeast grown in the ptmence of Zn?*, the
product from ‘the final column was further purified
by heat treatment at 55°C for 10min followed, over
a period of 2 days, by two (NH.,),SO, precipitations
at about 45 % saturation. The product of this extended
procedure had a specific activity of 380 units/mg, con-
firming the validity of the purity calculation.” The
degree of purity of the modified enzyme obtained
under Zn?*-deficient conditions is, of course, un-
known, but since the degree of purification with each
enzyme is similar (Table 1) and the final specific
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activity of the new enzyme is some 260 units/mg, it
may be moderately pure.

We have attempted to estimate the specific activity
of the pure, modified enzyme by fluorimetric titration
of the partly pure preparation with NADH, in the
manner described by Dickinson (1970). In contrast
with the findings of Coleman & Weiner (1973) with
alcohol dehydrogenase from both Zn?*- and Mn?+-
grown yeast YU 1001, we found that our preparation
enhanced the fluorescence of NADH about fourfold
at pH 6 and twofold at pH7. In the presence of 0.5M-
acetamide there was no further enhancement of
NADH fluorescence, in contrast with the 13-fold
enhancement obtained with pure, crystalline alcohol
dehydrogenase from commercial baker’s yeast
(Dickinson, 1970). In the presence of 0.5 M-acetamide,
the binding of NADH to our Zn?*-deficient prepara-
tion was slightly weaker than in the absence of
acetamide. For the normal enzyme the affinity is
about 20-fold greater. In the presence of this new
enzyme there was a significant blank decrease of
NADH fluorescence, with or without acetamide, at
pH6, and, to a lesser extent, at pH7. Since the
enzyme preparation may contain components, other
than alcohol dehydrogenase, which bind NADH and
since there was no further enhancement of NADH
fluorescence in the presence of the substrate analogue
acetamide, the experiments were not continued.

As an alternative, we have tried to estimate the
specific activity of pure enzyme by studying the
binding of ADP-ribose to the enzyme at pH7.0 and
20°C with the method of Hummel & Dreyer (1962).
Inhibitor, at a concentration of 29 uM, was used in the
experiments and this should have been sufficient to
saturate the enzyme (K;=0.5um at pH7.0; see
below). There were real technical difficulties with
these experiments owing to the presence in dialysed
preparations of low-molecular-weight u.v.-absorbing
compounds, presumably arising from proteinase
activity. However, we found that a sample containing
1080 units of activity (specific activity 70 units/mg)
bound about 50nmol of inhibitor. Assuming two
catalytic sites/molecule of mol.wt. 141000 the results
indicate a minimum specific activity of 300 units/mg
for pure enzyme. This value may be revised upwards
to 1100 units/mg if allowance is made for the fact that
the enzyme preparation had declined in specific
activity from 260 to 70 units/mg since it was first
prepared, and it is assumed that inactive enzyme still
bound inhibitor. The calculations suggest that our
best preparations are reasonably pure.

Initial-rate studies

The results of detailed initial-rate studies at pH 7.05
and 25°C with the enzyme from zinc-deficient yeast
are shown in Figs. 1(a) and 1(b) for ethanol oxidation
and in Figs. 2(a) and 2(b) for acetaldehyde reduction.
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The primary and secondary plots are linear, within
experimental error, over the ranges of substrate and
coenzyme concentrations used, and the data conform
to eqn. (1). Similar plots were obtained with butan-1-
ol and butyraldehyde as substrates and when com-
mercial NAD* was used as coenzyme in alcohol

0.4
(a)
0.3}
)
£ o02f
Y
0.1}
0 20 40
1/[Ethanol] (M~?)
0.06 10
(b)
o
% 0.04 |- 45 "g
b R
(7]
g g
2 k)
- 0.02F 40 ©
1 1 1
0 0.05 0.10 0.15
1/[NAD*] (um~")

Fig. 1. Kinetics of alcohol dehydrogenase from Zn**-
deficient yeast with ethanol and NAD* as substrates

(@) Primary plot showing variation of the reciprocal of the
specific initial rate at pH 7.05 and 25°C with the reciprocal
of the ethanol concentration for several NAD* concentra-
tions. The NAD* was chromatographically purified and
the concentrations (um) were: O, 1000; @, 167; A, 13;
A, 6.5. (b) Secondary plot showing the variation of the
intercepts (O) and slopes (@) of the Lineweaver-Burk
plots in Fig. 1(a) with the reciprocal of the NAD* con-
centration.
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0 0.0l 0.02 0.03
1/[Acetaldehyde] (um~*)
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43.0
) Gl
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£ 35
8 0.005 42,0 §
] =)
= 7
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Fig. 2. Kinetics of alcohol dehydrogenase from Zn**-
deficient yeast with acetaldehyde and NADH as substrates

(a) Primary plot showing variation of the reciprocal of the
specific initial rate at pH7.05 and 25°C with the reciprocal
of the acetaldehyde concentration for several NADH
conccnttatlons, The NADH congentrations (uM) were:

0,280; @, 44y D, 21a79 A, 5 45 FOI clarlty, results at 89#M
have been omitted. (b) Secondary plot showing the
variation -of intercepts (O) and slopes (@) of .the Line-
weaver-Burk plots in Fig. 2(a) with the recnproml of the
NADH concentratlon. R : N

oxidations. The exherimené described were pef-
formed with preparations of enzyme having specific
activities in the range 100-260 units/mg...When
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complete duplicate expériments were performed with
different preparations, the results generally agreed
to within +109% when corrected to the same specific
activity. .

 The kinetic coeﬁiclents denved from the 1mtnal-rate
studies arashown in Fable 2 together with those for the
enzyme obtained from commercial yeast and given
by Dickenson & Dickinson (1975b,¢). Studies per-
formed with enzyme purified from yeast grown in the
presence of Zn2* with ethanol, butan-1-ol and acetal-

.dehyde showed that the coefficients for the crystalline

enzyme. are, within experimental error, applicable to
these preparations: also. The basis of comparison in

‘Table 2 is that the pure enzymes have a specific activity

of 400 units/mg and that they contain two active sites/
molecule.of mol.wt. 141000, These values apply to
our- crystalline enzyme preparations (Dickinson,
1970, 1974) but may not apply to the enzyme from
Zn**+deficient yeast. The basis of comparison is thus

-arbitrary. Nevertheless it is clear from Table 2 that

the kinetic characteristics of the two enzymes -are
quite different. For example, when pure coenzymes
are used the ratio of the maximum rate of aldehyde

‘reduction to the maximum rate of alcohol oxidation

(do/d0") is about eight times smaller for the enzyme
from  Zn**~deficient yeast. Also the K., values.for
alcohol. and  NAD?* in . butan-1-ol .oxidation are
substantially larger, the K, for NADt in ethanol
oxidation and the X values for the aldehydes are
rather smaller and the K., values for NADH much
smaller. Coleman & Weiner (1973) -have observed
similar trends in apparent K., values for ethanol and
NAD?Y  between the Zn**- and Mn?*-containing
alcohol dehydrogenases from yeast YU 1001, :

Inhlbition by ADP-ribose

One of the most stnkma diﬁ'erenoes to emerge from
Table 2 is that the new enzyme is very sensitive to the
presence of a small amount of inhibiting impurity,

probably ADP-ribose, in commercial samples- of

NAD®.: The inhibition ‘arises because two of the
initial-rate parameters (do and ¢;) are enormously
increased, whereas the other two (¢, and ¢,,) are
essentially unchanged. Less precise data. were
obtained with butan-1-ol as substrate, but a similar
result was.indicated. The inhibitor may be tentatively
identified as ADP-ribose since, if impurity C (Dalziel
& Dickinson, 1966) found in NAD* purifications is
added back to purified NAD®, severe inhibition .is
observed. Impurity C co-chromatographs with
authentic ADP-ribose under the conditions used in
NAD* purification (Dalziel & Dickinson, 1966).
Itisclear from Table 2 that at pH 7.05 the maximum
raté ef ethanol oxidation with: enzyme from Zn2*-
deficient yeast is decreased by about 12-fold when the
NAD? contains 6 % ADP-ribose. On the other hand
the crystalline enzyme is almost insensitive to' the
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Table 2. Kinetic coefficients for the oxidation of ethanol and butan-1-0ol by NAD* and the reduction of acetaldehyde and
butyraldehyde by NADH with alcohol dehydrogenase purified from Zn**-deficient yeast

The kinetic coefficients were obtained at pH7.05 and 25°C and are defined by the initial-rate equation: -
¢l ¢2 ¢12

+i=+
. 841 [S2]  [S4]IS:]
[S:] and [S;] are coenzyme and substrate conoentratlons respectlvely &1/do is the Michaelis constant for coenzymg and
@i/do. that for the substrate. The same symbols withgut primes refer to alcohol oxidation and with primes to aldehyde
reduction. The value of e was caleulated by assuming that the pure enzyme has a specific activity of 400 units/mg in the
standard assay (with purified NAD*) and contains 2 sites/molecule of mol.wt. 141000. The values apply to our normal
enzyme preparations (Dickenson & Dickinson, 1975b,c). Values givem in parentheses are for comparative purposes and
apply to crystalline alcohot dehydrogenase from baker’s yeast (Dickenson & Dickinson, 1975b,c¢). Kinetic coefficients were
generally reproducible to within +10%;. Unless otherwise stated the coenzymes were highly purified.
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Alcohol oxldatnon o .
Ethanol 0.0026 0.2 © 260 56000 . ar o L1000 180
o - (0.0024) (0.26) 62 . (16500) (o) - - . (@26) (270)
Butan-l-ol © 010 52. . 16000 5200000 . 520 . le0 . 325
: (0.038) - (10.0) (1630) - (370000) - (260) G ) N > ) B
Ethanol with  0.03° 0.28 3800 60000 . ; L o
NAD*con: (0.0026) ~ (025  ~ (90) -~ (12000)
taining 624 ‘ R . B
IS ADP_f-.,,, . o B ERU A oL X e - R
ribose (mol/ . L e
mol) . s, e S . e
L H® ) g GMes) b () 4160 ) grIde (M) ol ()
Aldehyde reduction L . i - S
Acetaldehyde 0,002, 0.03 14 ~9.0 15 0.7 ~b.5
E (000026) (0023) 0.23)° @3.0) (84) (0.84) (13.0)
' Butyraldchyde 0.01° 032 0 100 1000 32 10 10
(0.00029) (0028) () (56) (C) (27.5) (7.0)
. 0,06 —— T , impurity. The enzyme purified from yeast grown with

added Zn** is also insensitive, The new enzyme is
rather less sensitive to the inhibitor at alkaline pH.
In the standard assay at pH 8.8, the rate observed with

0.04
o) NAD* containing 6% ADP-ribose is only about-half
- .of that found. by usmg pure NADY, Once again the
= crystalline enzyme is unaﬂ‘ected by this.amount of the
T 0.0 impurity,
) , The behavxour of the sensltive enzyme wuh ADP-
ribose becomes clearer when the concentrations of the
.inhibitor and purified NAD" are varied independently
— R | -at a constant ethanol concentration. Fig. 3 shows the
0 C0.005 . 0.010. - 0.015 results. of such an experiment at pH7.05 and 25°C.
1 /[N AD*] (u M-ty o There is a clear indication that the inhibitor competes
: directly -with the NAD™* for.the cognzyme-binding
Fig. 3. Effect of ADP-ribose on the oxidation of etltanol by site. Such a result is, of course, expected-because of the
NAD* catalysed by alcohol dehydrogenase ﬁ'om Zn2+ strong - structural resemblance: :between :the two
deficient yeast oompounds. A plot of the apparent K. from Fig. 3
Variation of the reciprocal specific initial rate of reaction wversus the inhibitor . concentration, - [i}, is li hear,
at pH7.05, 25°C and 61 mm-ethanol with the reciprocal of within the experimental error, ‘and fits.an equation
the NAD* concenttation in the presence of ADP-ribose. of the type K., = Ku(1+[il/Ki). From the slope of
The ADP-ribose oonoentrations (;m) were: 0, 0; @, 0.63; ‘the secondary. plot a- value for:the dissociation
A,1.57; 4,3.14. . i -constant K; of the enzyme-inhibitor. complex of
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Fig. 4. Calibration curve for Sephadex G-200 column used
in molecular-weight determinations

The plot shows the variation of the elution volume, V., in
relation to the void volume, ¥V, of the column for several
calibrating proteins. The standards used, in order of
increasing molecular weight, were soya-bean trypsin
inhibitor, 21 500; ovalbumin, 45000; horse liver alcohol
dehydrogenase, 84 000; crystalline yeast alcohol dehydro-
genase, 141000; bovine liver catalase, 250000. Arrow A
indicates the value of V,/V, obtained for alcohol dehydro-
genase purified from yeast grown with added Zn?* and
arrow B indicates the value of V. /¥, obtained for alcohol
dehydrogenase purified from yeast grown without
added Zn?*,

0.5uM was obtained. A less detailed experiment at
pH 8.8 and 25°C gave a similar result with a value for
K; of 5um. The binding of the inhibitor is clearly pH
dependent.

Molecular-weight determinations

We required information about structural differ-
ences which may be responsible for the marked
kinetic and stability differences between alcohol
dehydrogenase from Zn2*-deficient yeast on the one
hand, and normal crystalline enzyme and enzyme
from yeast grown with added Zn?** on the other.
Since the enzyme preparations are not pure we have
used gel filtration on calibrated columns of Sephadex
G-200 to estimate the molecular weight and centri-
fugation in sucrose density gradients to study
sedimentation behaviour.

Gel-filtration experiments (Fig. 4) gave values of
mol.wt. 72000 + 10000 for the Zn?*-deficient enzyme
and 140000+ 10000 for the ‘normal’ enzyme. The
520,w Values for the enzymes, calculated from density-
gradient-centrifugation data (Fig. 5) were 5.8S and
8.0S respectively [cf. 7.6S for normal enzyme from
analytical ultracentrifuge experiments (Bithner &
Sund, 1969)]. These experiments show that the low
value of the apparent molecular weight (from gel
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Fig. 5. Sedimentation behaviour of alcohol dehydrogenase
at 5°C in a sucrose density gradient

The profile marked ® was found for crystalline yeast
alcohol dehydrogenase and that marked O for the alcohol
dehydrogenase from Zn2*-deficient yeast. The arrows A
and B mark the peaks of activity found in the gradient
used to analyse a mixture of the two enzymes. The activity
found in fractions 8-16 was sensitive to EDTA. The
horizontal arrow indicates the direction of sedimentation.

filtration) of the Zn?**-deficient enzyme cannot be
due to a more compact tetrameric molecular structure
with the same molecular weight as the normal
enzyme. A sedimentation coefficient of 5.8S is
consistent with a mol.wt. of about 80000.

Metal analyses

Three samples containing 2.4-24mg of a prepara-
tion from yeast grown without added Zn?* were
found to contain 1.6-6.4 nmol of Mn?* and 3-32nmol
of Zn?*, A preparation of 7.0mg from yeast grown on
Zn?** contained 1.8nmol of Mn?* and 66 nmol of
Zn?*, If these values are taken in conjunction with a
mol.wt. of 72000 for the new enzyme and 141000 for
the normal enzyme and a presumed highest specific
activity of 400units/mg, then we calculate a metal
content of about 0.1 atom of manganese/molecule
and 0.25 atom of zinc/molecule for the enzyme from
zinc-deficient yeast and 0.2 atom of manganese/
molecule and 7.6 atoms of zinc/molecule for the
normal enzyme. The latter value agrees reasonably
well with our earlier value of about 5 atoms of zinc/
molecule (Dickinson, 1974). One must remember that
the present preparations are relatively impure.

Discussion

It is clear from the criteria that we have been able
to apply that alcohol dehydrogenase from Zn2?*-
deficient yeast grown under N, is quite different from
the enzyme found in yeast grown with added Zn?+
under N, or the enzyme found in commercial yeast.
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The enzymes from the latter sources appear to be
identical, as expected. The relationship between the
new enzyme and the normal alcohol dehydrogenase
is not easy to resolve, because yeast apparently
produces two other types of alcohol dehydrogenase
which can be distinguished from the classical enzyme.
These are a second type of enzyme found in the cyto-
plasm (Lutstorf & Megnet, 1968) and a third found
in mitochondria (Wenger & Bernofsky, 1971). There
are, however, certain arguments which indicate that
the enzyme with which we are concerned is not of
these alternative forms. The second type of cyto-
plasmic enzyme is repressed by high concentrations of
glucose in the growth medium (Lutstorf & Megnet,
1968); further, the enzyme has a higher activity with
butan-1-o0l than with ethanol and it is a tetramer of
mol.wt. around 140000 (Lutstorf & Megnet, 1968;
Ciriacy, 1975). Our new enzyme is produced by the
yeast in the presence of high glucose concentrations,
has a much lower activity with butan-1-ol than with
ethanol (Table 2) and is of mol.wt. about 72000. The
mitochondrial enzyme is unlikely to be produced in
significant amounts under our growth conditions,
since the synthesis of yeast mitochondrial enzymes is
severely repressed by high glucose concentrations
(Utter et al., 1967).

It seems possible that the new enzyme comprises
the same protein as the normal alcohol dehydro-
genase. This conclusion is supported by the fact that
simply lowering the MnSO, concentration from 20 um
to 1.8umM and including 15um-ZnSO, results in the
synthesis of the well-recognized enzyme. This con-
clusion can only be verified, however, when the
enzyme is obtained in a pure form and can be sub-
jected to structural analysis.

Normal alcohol dehydrogenase is a tetramer of
mol.wt. 141000 composed of apparently identical
subunits (Harris, 1964 ; Jornvall, 1973). If our enzyme
is made from the same subunits it must be a dimer.
The inference is that in the face of a Zn2* deficiency,
the dimers are not joined together to form tetramers.
This suggests that the role of at least some of the zinc
atoms in the normal enzyme (4-5 atoms/molecule of
mol.wt. 141000) is to stabilize the quaternary
structure; the enzyme seems to be a dimer of dimers.
A structural role for some of the zinc atoms would not
be surprising, since Kigi & Vallee (1960) showed that,
on complete removal of the metal by chelating agents,
the enzyme dissociates into subunits. It is also notable
that in the dimeric horse liver alcohol dehydrogenase
(mol.wt. 84000, 4 atoms of zinc/molecule) half of the
metal atoms have a possibly structural role and half
form part of the active sites (Brindén ez al., 1973). The
liver enzyme is also inhibited by ADP-ribose (Dalziel,
1963), like the dimeric yeast enzyme we have now
encountered.

If the normal yeast alcohol dehydrogenase, con-
taining about 4 atoms of zinc/molecule, requires two
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atoms to maintain the tetrameric structure, this leaves
about two atoms/molecule for an alternative function.
If these atoms have a catalytic role, then one would
expect two active sites/molecule. Highly purified
preparations of the enzyme seem to have only two
active sites/molecule (Dickinson, 1974; Leskovac &
Pavkov-Peri¢in, 1975). :

The fact that the new enzyme is very sensitive to
EDTA suggests that a metal component is important.
The findings of Hoch et al. (1958) that 1,10-0-
phenanthroline competes with coenzyme for normal
alcohol dehydrogenase suggests a catalytic role for at
least some of the metal atoms in this enzyme. Com-
parison with the horse liver enzyme also suggests that
the active centre might contain a metal component.
The results of Coleman & Weiner (1973) indicate that
the enzyme might contain Mn2*. The metal analyses
that we have obtained are not very helpful, since the
enzyme preparations were undoubtedly impure. If the
specific activity of the pure enzyme is much higher
than 400 units/mg then the enzyme could contain
stoicheiometric.amounts of either Mn?* or Zn?*. The
origin of the zinc in our preparations is unknown. It is
possible that it is incorporated in growth and is due to
contamination of the reagents. On the other hand, it
might be picked up by the proteins (not necessarily
the enzyme) in the course of the purification. Because
of the sensitivity of the enzyme to EDTA we have not
been able to use metal-chelating agents in our
reagents.

We may now consider what information can be
derived from the kinetic studies about the mechanism
of catalysis with the enzyme from zinc-deficient yeast.
Detailed studies have been performed with the normal
enzyme (Dickenson & Dickinson, 1975b,c) and the
results for the new enzyme are compared in Table 2.
As has been pointed out, the basis for comparison of
the kinetic coefficients is arbitrary because of un-
certainty about the specific activity of the new enzyme.
Nevertheless, the following points merit considera-
tion.

(1) The apparently similar maximum rates of
ethanol oxidation (1/¢o) at pH7.05 indicate that the
pH dependences of V... for the two enzymes are
similar. The activities of both enzymes were, of
course, normalized at pH8.8 with saturating co-
enzyme and substrate concentrafions. Coleman &
Weiner (1973) claim that the pH dependences of the
Zn?**- and Mn?*-containing enzymes from yeast YU
1001 are rather different. However, the results of these
workers may require some revision. The NAD* used
in assays probably contained ADP-ribose (Dalziel,
1963; Dalziel & Dickinson, 1966) and, as shown in
Table 2 and Fig. 3, this is an extremely potent
inhibitor of enzyme from yeast grown in a Zn2*-
deficient, Mn2?*-rich, medium. The effect of this
inhibitor is markedly pH dependent.

(2) The parameters ¢,” and ¢,” change dramatically
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on passing from acetaldehyde to butyraldehyde with
the new enzyme, but are essentially constant for the
normal enzyme. For the latter, this invariance has
been taken as evidetice that a compulsory mechanism
is operative and that the rate-limiting step is NAD*
dissociation from thé terminal enzyme-NAD*
complex (Dickinson & Monger, 1973; Dickenson &
Dickinson, 1975b). The variation of ¢, w1th substrate
indicates -a different rate-limiting step - (perhaps
hydride transfer), whereas the variation of ¢,"shows
that a strictly compulsory mechanism is not applic-
able, at least in butyraldehyde reduction. 1t seems
that a complex of the type enzyme-aldehyde may be
kinetically significant in aldehyde reduction.

(3) Despite the changes in some parameters and Ko,
values on changing from one enzyme to another, the
ratios ¢,/d, and ¢,,’/¢,’ are fairly constant. For &
number of possible mechanisms these ratios are a
measure of the dissociation constants of the enzyme~
coenzyme complexes (Dalziel, 1957) and this is found
to be so for normal‘aléohol dehydrogenase (Dicken-
son & Dickinson, 1975b,¢). If this relationship
applies to the riew enzyme then it appears that the
affinities of the two types of binding site for-both co-
enzymes are very similar, if not identical.

- (4) The ratios ¢,,’[H*]/8,, for the ethanol—acetal-
dchyde and butan-<1-ol-butyraldehyde reactions are
essentially independent of the enzyme used (1.5x
10~ to 1.9x10~''m) and are probably within
experimental error equal to the respective equilibrium
constants of 10~'m and 9% 10~*3m (Bicklin, 1958;
Dalziel, 1962b) for the overall reactions.

'(5) Application of the maximum-rate relationships
to the new data in Table 2 shows that for the ethanol-
acetaldehyde system @, d./di2d0’ =0.56 and
6. 6.’ [d12" 6o =1.8; for the butan-1-ol-butyralde-
hyde system ¢, ¢./d1240" =15 and ¢, ¢,"/#12" do =
0.32. There is no consistent pattern of behaviour here
and the data'do not conform to the requirements of a
strict compulsory-order mechanism, which are that
01 02/91200'<1 and ¢," @2’/ 12" o<1 (Dalziel, 1957).

A tentative explanation for the above results is that
the reactions take place via a random-order mechan-
ism, possibly with rapid equilibrium between the
reactant complexes and with the binding of substrate
affecting the affinity for coenzyme. This mechanism is
not applicable to the data for the normal, Zn?*-
containing enzyme, for reasons which are discussed
elsewhere (Silverstein ‘& Boyer, 1964; Dickenson &
Dickinson, 1975b,c).

We began this work with the idea that if an alter-
native metal ion, in this case Mn?*, could be substi-
tuted for Zn?*, then documentation of the differences
in catalytic properties of the two enzymes might allow
one to deduce something about the role of the metal
ion in catalysis. We have clearly obtained a different
enzyme, but we are not sure what the metal compon-
ent is. In addition, the enzyme has a very different
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oligomeric structure and one cannot be confident
that the conformation of the subunits in the two
enzymes is identical or even similar. It is perhaps
unwise, at this stage, to attempt to identify changes in
the kinetic properties of the enzyme with change ina
particular component, and we cannot obtain any
further insight into the role of the metal in catalysis.

Apart from the kinetic differences between the two
alcohol dehydrogenases discussed above, the striking
difference in relation to ADP-ribose merits further
consideration. Fig. 3 shows that the compound is
competitive with NAD* for the enzyme from Zn3*-
deficient yeast. The behaviour noted in Table 2, where
do and ¢, are miich increased and ¢, and 4,, un-
changed by the presence of. inhibitor in constant
molar proportion to the coenzyme, may be explained
satisfactorily on the basis of this competitive inhibi-
tion. It has been shown (Dalziel, 1963) that for a com-
pulsory-order two-substrater mechanism in the
presetice of an inhibitor, i, competing with coenzyme,
S;, and present in constant molar proportion,
r = [i]/[S;], the initial rate equatlon for competmve
inhibition:

[i]

bt (148) o

e 0, &
% ¢ﬂm0+ %BJHM&A

becomes on substitution of [i] for r[S;]

e fir\,
%‘(“* ) S

$12r\ 1 P12
) e ©

K, is the dissociation constant of the enzyme-—
inhibitor complex. The presence of the inhibitor
causes the parameters ¢, and ¢, in eqn. (1) to increase
while ¢, and ¢, are unchanged. As explained in (5)
above, the results with the enzyme from Zn?*-
deficient cells are apparently incompatible with a
compulsory mechanism. However, equations of the
same form as eqns. (2) and (3) may be deduced for a
rapid-equilibrium random-order mechanism if it is
assumed that the inhibitor competes with the co-
enzyme (S,) and that the binding of inhibitor does not
affect the affinity of the enzyme for substrate (S,). The
latter is equivalent to a statement that the affinities of
the free enzyme and the enzyme-alcohol complex for
inhibitor are the same. By using eqn. (3) and the
results-of Table 2 a value of K; = 0.6 uM is obtained
from the variation of ¢, and ¢, in the presence of
inhibitor. This value is obviously in good agreement
with the value of K; = 0.5 uM obtained from the more
conventional experiment of Fig. 3. Studies of normal
alcohol dehydrogenase with pure and commercial
NAD* indicate a minimum value of K; = 50umM for
ADP-ribose calculated from small variations in ¢,
and ¢,. However, these variations were probably
within the experimental error, so the true value may

1976



ALCOHOL DEHYDROGENASE FROM ZINC-DEFICIENT BAKER’S YEAST 319

be much larger. It is interesting that the affinities of
the two enzymes for ADP-ribose should be so different
when the dissociation constants for both coenzymes,
as measured from ¢,,/¢, and ¢;,’/é,” are so similar
(Table 2). )

The results described illustrate once again how
important it can be to use highly purified coenzyme
preparations in kinetic studies with NAD*-linked
dehydrogenases. This point was originally made in
kinetic work with horse liver alcohol dehydrogenase
(Dalziel, 1962a, 1963). The present work provides a
particularly striking example of an enzyme being
inhibited by a common contaminant of NAD*. The
example is all the more impressive since the behaviour
of normal alcohol dehydrogenase would lead one to
expect that the new enzyme would be insensitive to
this compound.

We are grateful to Mr. K. D. Palmer for technical
assistance and to the Science Research Council for
support. We also thank Mr. R. Middleton for performing
the metal analyses and Dr. 1. G. Jones for help with the
sedimentation experiments.
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