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AN ABSTRACT OF THE THESIS OF Ellen J. Hannan for the Master of Arts in

Chemistry presented May 29, 1969.

Title: A Comparison of the Effects of Fluoride and Chloride Ions Upon

the Activity of Yeast Alcohol Dehydrogenase.

APPROVED BY MEMBERS OF THE THESIS COMMITTEE:

Elaine Spencer, airman

Gordon Kilgour

John Mickelsen

Gary Gard

Very little is known ;bout the effect of hydrofluoric acid and of
the fluoride ion on enzyme systems. The purpose of this work was to
determine the effect of hydrofluoric acid and of the fluoride ion on the
enzyme, yeast alcohol dehydrogenase and to distinsuish between the effect
of the fluoride ion and of hydrofluoricbacid. The rate of the enzymé re;
action was followed spectrophotometrically at 340 mu on the Cary 14

Model spectrophotometer according to the method of Racker. The data



taken from the instrument recordings were plotted on two types of graphs,
the Lineweavér-Burk plot and the Hanes plot. Conclusions were drawn
from the calculations made on these plots.

Inhibition studies were run uéing KCl, NaCl, KF, and NaF varying
in concentration from 0.001 to 0.12 M at two different pH levels, For
the fluoride salts, this gave a concentration of HF which varied from

8 to 1.07 x 10™° M at PH 7.5 and 8.94 x 10~ to 1.07 x 107° M

8.94 x 10
#t pH 8.5
AThe fluoride salts showed no greater inhibition than the chloride
salts at either pH. Since there is no difference in inhibition between
the two types of salts, the inhibition cannot be attributed to the
presence of hydrofluoric acid. If the‘iﬁhibition had been due to hydro-
fluoric acid, we would have observed a greater inhibition with the

fluoride salts than with the chloride salts since hydrochloric acid is

100% ionized.
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INTRODUCT ION

Dehydrogenases constitute one group of a class of enzymes involved
in biological oxidation and reduction. They form an essential link to
the respiratory chain in both plants and animals. Alcohol dehydrogenase
is specific for the oxidation of ethanol or the reduction of acetalde-~
hyde., In the mammalian system, it occurs in the liver and is considered
a detoxifying system catalyzing the oxidation of ethanol, In yeast,
alcohol dehydrogenase can catalyze either oxidation or reduction depend-~
ing upon the conditions. Under anaerobic conditions, it will form the
ethanol, while under aerobic conditions it will oxidize it., Alcohol
dehydrogenase is a typical diphosphopyridine nucleotide-dependent‘dehy-
drogenase and conclusions drawn from its study may well apply to other
dehydrogenase systems.,

Some inorganic fluorine containing compounds are known to have a
high toxicity level for rats (1). It has been thought that their tox-
icity is caused by their hydrolysis to produce HF (1). It is known that
these compounds hydrolyze ;ery little in pure water (2), and the amount
of HF or fluoride ion produced, therefore, is very small, Since the
toxicity levels of fluoride ion and HF for enzyme systems have not been
extensively studied, it cannot be determined whether the above explana-

, , \
tion for the toxicity of these fluorine compounds is correct or not.
The purpose of this work was to determine the effect ofithe

fluoride ion on an enzyme system and to distinguish between the effect

of the fluoride ion and of HF. The chloride salts were studied at the

E)



HISTORICAL BACKGROUND

Alcohol dehydrogenase (ADH) is a diphosphopyridine nucleotide
linked metalloenzyme catalyzing the reaction:

+ ADH +
CHBCH20H + DPN o —— DPNH + H + CHBCHO

Although catalyzing the same reaction, the yeast and the liver enzymes
differ widely in their physical properties. This study will'be limited
to the yeast enzyme.

Work on crude preparations of yeast alcohol dehydrogenase (YADH)
was begun in 1935, and in 1937, YADH was purified enough to give a
crystalline enzyme., This was first accomplished by Negelein and Wulf
using brewer's yeast (3). Their methods have since been modified and
improved by Racker (4) and Hayes and Velick (5).

YADH can be obtained relatively easily in pure form and is stable
for long periods of time in the dry state or in solution at pH 7 and
0°c (6). It has a molecular weight of 150,000, calculated from sedi-
mentation velocity and diffusion measurements (5), and is composed of
19 amino acids as shown in Table I. YADH requires the presence of the
coenzyme nicotinamide adenine dinucleotide (NAD' or DPN', NADH or DPNH),
for activity, For a more complete list of physical and chemical prop-~
erties, consult Table II. | \

YADH is specific for straight chain primary alcohols. Oxidizing
ability decreases with an increase in chain length (19, 20). |The rate

of oxidation decreases in the following order: ethyl alcohol = allyl

alcohol, n-propyl alcohol, n-butyl alcohol, n-pentyl alcohol, isopropyl



TABLE I

AMINO ACID COMPOSTION OF YEAST ADH (7)

Amino Acid moles/150,000 g protein g/100g protein
Alanine 123,54+ 1.4 5.86
Arginine 31.73 + 1.95 : 3.31
Aspartic acid . 125.38 + 3,41 9.62
Half-cys#1ne 38.02 2.59
Cysteine 36.00 2.48
Cystinel 1.00 0.15
Glutamic acid 111.91 =+ 1.4 9.63
Glycine 150.20 + 3.98 5.72
Histidine 39.63 + 1.52 3,62
Leucine &
Isoleucine 189.06 + 7.05 14,27
Lysine 93.01 + 1.35 7.95
Methionine 18.08 +  0.45 1.5
Phenylalanine 68.17 + 0.96 6.69
Proline 50.55 + 1.3 3.27
Serine 75.43 + 3,97 L, 38
Threonine 58.59 + 2.37 3.95
Tryptophan 27.08 3.36
Tyrosine 51.05 + 5.12 5.55
Valine hm9.4b2  + 4,36 9.87
Amide-NH2 73.70 0.79
1

On the supposition fhat 38.02 moles of half-cystine consists
of 36 moles of cysteine (from titration analysis with p-chloromercurl-
benzoate (8) ) and 1 mole of cystine (7).



TABLE II

PHYSICAL AND CHEMICAL PROPERTIES OF YADH

Property Value Reference
Molecular weight 150,000 g 5
Absorbance ratio 280/260 1.82 -5 5
Eogo ‘ 1.89 x 107 5, 9
-13
820 6.72 x 10_13 5
7.61 x 1072 10, 11
7.20 x 10 - -1 12
Do (4,70 + 0.03) x 10~ cn® seo
_ (at 8.74 mg/ml) 5
v 0.769 ml/g 5
f/f 1.27 5
isolelectric pH 5.4 5, 9
pH optimum 8.5 9
Dispersion constant 262 mp in M/156phosphate bufferﬁ 12, 13
pH 7. 1
223 mp in 6 M urea, pH 7.6 13
. 2484 + 5 mu pH 8.0 ! 14
Chemical composition 16

g'gwmzmo

52.8%

6.96%

16.54%

1.21%

0.015%

- 0,0027% -
% .
4.5 atoms

17, 18
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alcohol (19). Three factors appear to determine the specificity of the
enzyme: 1) the nucleophilic character of the alcohol; 2) the molecular
dimensions of the alcohol; and 3) the orientation of the alcohol mole-
cule. Table III gives the relative rgtes for various alcohols and
their derivatives.

TABLE IIT

RELATIVE RATES OF OXIDATION OF ALCOHOLS BY YADH

Alcohol Relative Rates Alcohol Relative Rates
(19) (20) (20)
methyl 0 8 ethylene glycol 1.2
ethyl 100 1000 glycerol 7
n-propyl 36 : erythritol 2
allyl 100 L-arabitol 1.5
isopropyl 6.6 2-aminoethanol .22
n-butyl - 17.5 dimethylamino-
isobutyl 0 ethanol 0
© sec~butyl 0 diethylamino-
n-pentyl 12.5 ethanol 0
isopentyl 4 2~chloroethanol 8
3-hexanol 0 o (~) lactic acid 3
t-butyl 0 glycolic acid 17
b . -p~hydroxy
butyric acid

The above studies by Barron and Levine (19) were done using a re-
action mixture containing 4u g of enzyme. When the enzyme concentration
was increased to 88;Ag, they were able to detect the oxidation of iso-
butyl alcohol, methyl alcohol, ethylene glycol, and‘sec-butyl alcohol.
In order to detect the oxidation of octyl alcohol|and glycerol,. they
had to increase the enzyme concentration to 220 ug. Even at this high
concentration of enzyme, they were unable to detect a measurable rate of

oxidation of mannitol.

—

i O R R

T
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T ™1 TN BT IR AT TR
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7

Zinc and sulfhydryl groups are both essential for the activity of
YADH. Essential groups may play an active role in the binding of the
substrate or the coenzyme, or they may be responsible for the quaternary
structure of the enzyme, or for electrqnic effects during catalysis,
Zinc, which is known to hold the four monomolecular uﬁits together form-~
ing the active enzyme (21), may also be necessary for the binding of the
coenzyme.

. Kagi and Vallee (21) studied the role of the zinc in the quater-
nary structure of‘the enzyme using chelating agents. When YADH is ex~
posed to chelating agents, it dissociates into four equal monomeric
units. The loss of activity is proportional to this dissociation and
to the loss of zinc. One of the more commonly used chelating agents is
1,10-phenanthroline (OP)., OP shows two t&pes of inhibition depending
upon the reaction conditions.

OP shows an instantaneous reversible inhibition (22) and a time
dependent irreversible inhibition (23). DPN" will protect the enzyme
against the first type of inhibition, but when the enzyme is incubated
with OP in the absence of DPN+, the second type of inhibition is ob-
served. Addition of DPN+ after incubation of OP with the enzyme has no
effect upon the inhibition. DPN" can compete with OP for the active
site of the enzyme, but DEN' cannot displace OP once it is bound. The
substrates show no protective effect for either type of inhibition,

DPNf can protect against the first type of inhibition because the
structure of the enzyme has not yet changed. When the enzyme ?nd OP are

allowed to be in close contact for an extended period of time, a second

mole of OP will bind to the zinc and thus change the structure of the



oo

enzyme. In this way, the enzyme is inactivated irreversibly.

Siﬁce the substrates have no effect on the inhibitidn, it is
assumed that if the zinc is involved in the binding, it is the binding
of the coenzyme. It may be that the zinc is close to the binding site
of the coenzyme, and the binding of the OP sterically blocks the DPN"
binding site. The work of Kagi and Vallee (21) did not demonstrate
conclusively that the zinc is involved in the active site.

Using the emission spectrograph, Vallee and Hoch (17) determined
the éinc content of YADH to be four atoms of zinc per mole of enzyme,
Pfleider, Jeckel, and Wieland, as quoted by Wallenfels and others (18),
found the zinc content to be around five atoms per mole of enzyme using J
the dithizone method. This is in agreement with the work of Wallenfels ;
and coworkers who used the X-ray fluorescence method (24).

The sulfhydryl content of YADH has been determined by many inves-
tigators with many variations. The number of sulfhydryl groups seems to
vary with the enzyme preparation and with the method of determination
used. Wallenfels and Sund (8) showed that there was a linear relation-
ship between the activity of the enzyme preparation and the number of
free sulfhydryl groups; Using the optical method of Boyer (25), which
uses p-chloromercuribenzoate (PCMB) as the sulfhydryl reagent, Wallenfels
and Sund (8) found the number of sulfhydryl groups to vary from 4 to 36 .

PCMB reacts with the.sulfhydryl groups of the enzyme to form the
mercaptide., The optical absorption of PCMB is thbntincreased. Boyexr
found thaf the increase in the neighborhood of“250 to 255 muis linearly

rslated to the number of sulfhydryl groups, therefore, the number of sulf-

[s13

nydryl groups can be determined from the increased absorption. Excess




PCMB does not add appreciably to this increased absorbance.

When Wallenfels and Sund (8) titrated the enzyme with silver ni-
trate and followed the reaction amperometrically, they found an average
of 21 free sulfhydryl groups. This is close to the values found by
Barron and Levine (19). Using the same method; Barron and Levine found
YADH to contain 18-19 moles of sulfhydryl groups per mole of enzyme.
Hoch and Vallee (26) arrived at a value of 25 moles of free sulfhydryl
groups per molecule using the silver nitrate amperometric method.

| Hoch and Vallee also used PCMB and found a value of 16 free sulf-
hydryl groups. Barron and Levine titrated the enzyme with iodosobenzo-
ate and determined a value of 22.5 moles of free sulfhydryl groups per
mole of enzyme.

In some proteins, all the sulfhydryl groups are necessary for ac-
tivity. YADH is believed to be a membef of this group. Barron and
Levine (19) showed that inhibition occurred after the addition of enough
PCMB to titrate 6.3% of the sulfhydryl groups and was not complete until
all the sulfhydryl groups had been titrated., The exaci role of the
sulfhydryl groups cannot be determined from the above information. To
show that the sulfhydryl groups are involved in the active site more
work had to be done.

The next step was the titration of the suifhydryl groups in the
presence of both coenzyme and substrate. Barron and Levine (19) and
Wallenfels and coworkers (18) found the number of, free sulfhydryl groups
to decrease in the presence of the coenzyme and'substrate. Hoch and
Vallee (26), however, did not find this to be true using both ‘the PCMB

method and the silver nitrate method.
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Whitehead and Rabin (27) found iodoacetamide to be a very specific
sulfhydryl reagent. The number of free sulfhydryl groups was determined
before the addition of iodoacetamide and then again after the addition
of iodoacetamide., The number of sulfhydryl groups was found to be con-
sistently reduced by four. YADH had aiready been shown to have four
active sites (5). It was, therefore, assumed that this represented one
sulfhydryl group per active site. YADH lost 95% of its activity after
reaction with four méles of iodoacetamide. In view of the previous work
by Barron and Le&ine (19), PCMB must not act directly on the sulfhydryl

groups in the active sites. PCMB appears to show no preference for the

sulfhydryl groups, whereas iodoacetamide appears to act immediately upon ;

the sulfhydryl groups in the active sites.

Iodoacetic acid appears'to have the same quality of specificity
as iodoacetamide. Harris (28) made use of this fact and used iodoace-
tic-1 (q4C) acid to determine the partial amino acid sequence of the
active site. After inhibiting the enzyme with iodoacetic-1 (140) acid,
he digested the carboxymethylated enzyme with trypsin. The radiocactive
fragments were separated from the rest of the fragments and subjected
to amino acid analysis. Another sample of the radioactive fragment was
partially hydrolyzed with chymotrypsin. This hydrolysis gave five pep-
tides which were further degraded. Putting'all his information together,
mainly from overlapping fragments, he obtained the‘following seqguence
for the aétive site of YADH: Tyr-Ser-Gly-Val-6yslHis'Thr-Asp-Leu-His'
Ala-Try-His*Gly*Aspe(TryeProsLeusPro°Thr)-Lys. The sequence ip posi-

i

tions 16-20 could not be rigorously established by his methods.

Jodoacetic acid and iodoacetamide do not cause denaturation as
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they inactivate. Both DPN" and DPNH protected against inactivation,
while ethanol had no effect, and acetaldehyde enhanced inactivation,
From this, one would tend to conclude that the coenzyme is bound at or
near the sulfhydryl groups.

Hayes and Velick (5) first studied the binding of the coenzyme,
DPN+, to YADH by means of the ultracentrifuge. They found that four
moles of coenzyme were bound per mole of enzyme. They also found that
there was competition between the reduced and oxidized forms of the
coenzyme, with ﬁPNH having a greater affinity for the enzyme as can be
seen by looking at the Michaelis constants in Table IV,

Van Eys, Kaplan, and Ciotti (34, 35, 36) have studied extensively -
the binding of the coenzyme. They have, in fact, proposed a mechanism
for the binding. The mechanism involves binding of the coenzyme in
three places on the enzyme: 1) thé adenine group to a sulfhydryl group
of the enzyme; 2) the pyrophosphate group to the zincj; and 3) the pyri-
dinium nitrogen to a second sulfhydryl group (34). See Figure 1.

Their proposed binding mechanism was based on inhibition studies
of pyridine derivatives and the work of Barron and Levine (19) on the
sulfhydryl groups. Van Eys and coworkers used three types of pyridine
derivatives: 1) free pyridine bases, 2) N-methylpyridinium salts, and
%) analogues of DENY,

Inhibition by the free pyridine bases was foﬁpd to be proportion-
al to the:pKa of the ring nitrogen. This led to %he choice of the
N-methylpyridinium salts as inhibitors. The inhibitory actioq was
greater the stronger the electronegativity of the side chaiﬁ.' Van Eys

and coworkers found that the inhibiting species was actually the pyri-




TABLE IV

MICHAELIS CONSTANTS

12

K Conditions References
ADH*EtOH 0.10 23° o.C» Pl 6.0 29
3.27# -2 22 C, pH 7.15 29
™ X 10_ 2 C 5 “

1.3 x 105 25°C, pH 8,45 30

1okt x 10 5 R.T., p 8.2 3

1.6 x 10_5 20 c, PH 7.7 32

2,1 x 10 25 C, pH 9.3 33

ADH*DPN" 2.6 x 10-# dissociation 5

onstant

1.7 x 1o:ﬁ 2680 5

1.6 x 10_p 2300, pH 6.0 29

2.3 x 10 23°C, pH 7.15 - 29

ADH*Acet 0.54 x 10'#' 23° ,Cy pH 6.0 29
1.ly,x 10 2Z°c, pH 7.15 29

10 2 >

1.8 x 10‘4 .- dissociation 5

constant

ADH*DPNH 0.43 x 1055 23%C, pH 6.0 29
1.0 x 105 - 23.C, pH 7.15 29

2.3 x 10 26°¢ 5

1.3 x 10~° dissociation 5

constant
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dinium ion. | _
B ~Picoline was the only analogue of DPN' which iﬁhibited DEN"
reduction. It was found to beAcompetitive with respect to DPN*. It
had little effect on the reverse reaction, while the pyriding analogue
had no effect on the forward reaction, but inhibited strongly the re;
duction of acetaldehyde.

From the above information, Van Eys and coworkers were able to
conclude that there Qaé a difference in the binding of DPN' and DPNH.
Since pyridinium ions‘inhibit thé forward reaction, a negatively charged
group must be importaht in the binding of DPN' but not in the binding
of DPNH. Combining this information with that of Barron and Levine (19)
who showed a decrease of eight sulfhydryl groups, they proposed the bind;_
ing of the coenzyme to the enzyme'as shown in Figure 1. |

The pyrophosphate group is proposed to be more important in the .
binding of DPNH than in the binding of DPN+, and the pyridinium ring
nitrogen is more important in the binding of DEN'.

The mechénism of the coeniyme being bound at at least two sites on
the enzyme is in agreement with the work of Anderson and his coworkers
(37, 38, 39, Lo, 45). Anderson's work was directéd more towards descri-
bing the type of interactions that take place at the binding site than
trying to show exactly what groups are involved in thg binding.

According to Anderson, there are two different sites involved in
the binding of the éoenzﬁﬁe to the enzyme., One is'referred to as the
"pyridiniuh‘ring",region, and the other is the "adenine" region. The
"pyridinium rihg" region is near a relatively non-polar area whﬁre hydro-

phobic interactions enhance binding.
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To interact with the "“pyridinium ring" region, they used N-alkyl-
nicotinamide chlorides, which are structurally related to the coenzyme,
and n-alkylammonium c¢hlorides which are not related to the coenzyme.
From Table V, it can be seen that the inhibition increases with an
increase in the chain length of the substituent. Adenosine diphosphate
(ADP) and adenosine diphosphoribose (ADPR) were used as inhibitors of
the adenine region (41). In later studies, adenylic acid (AMP) was
also used.

To show thﬁt these two binding sites are independent, Anderson
and Fonda (42) did some multiple inhibifion studies using the N-alkyl-
nicotinamide (butyl to heptyl inclusive) and n-alkylammonium chiorides i
(butyl to octyl inclusive) and AMP and ADPR., The adenine inhibitors
inhibited both the oxidation of ethanol and the reduction of acetalde-
hyde, but the pyridinium inhibitors inhibited only the oxidation of
ethanol.

In multiple inhibition studies, the ratio of the initial velocity
without inhibitor to the initial velocity with inhibitor is plotted
versus the concentration of this inhibitor. The concentration of the
second inhibitor is kept constant. This is done for different concen-
trations of the second inhibitor giving a family of lines, If the two
inhibitors are mutually independent, the lines will converge. The pbint
T° KI is the inhibition constant for the

|

first inhjibitor and o\ is the interaction constant for the pair of in-

of intersection is equal to oK

hibitors. It is usually less than one. If the two inhibitors are mu-
1}

.

tually exclusive, the series of lines will be parallel with an interac-

tion constant of infinity. Some typicél examples of interaction con-



;; TABLE V

INHIBITION CONSTANTS OF N'-ALKYLNICOTINAMIDE AND n-ALKYIAMMONIUM CHLORIDES

Alkyl group -alkylnlcotlnamlde (37, 29) , n-alkylammonium chloride (38)

. Comments _ K, Comments -

K S i

methyl 6.51 x 10:2 competitive with
propyl 5.72 x ‘IO_2 respect to, DPN*
butyl 4,62 x 10_5 and non-competi- -2 :
pentyl 2.85 x 10_, tive with respect 8.74 x 10_5 inhibit both the oxidation
hexyl 1.61 x 10 3| to 3.4k x 10_, of EtOH .and the reduction
heptyl - " | 8.86 x 3 ethanol 1.61 x 10_3 of acetaldehyde. For the
octyl 4,85 x 3 mixed inhibition 8.9 x 103 reduction, a higher concen-
nonyl 2.24 x 3 (octyl through 2.88 x 10 tration is necessary. It
decyl 1.33 x 10 _L dodecyl) : is more complex, Low con-
undecyl " 7.63 x 10_,, : centrations activate.
dodecyl k,25 x 10 >
benzyl ] 1.18 x 10 comp. with respect to DPN'
lauryl . mixed .

o9l

BT R T T T T WO T T I T T T ~T T
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stants are given in Table VI,

From the interaction constants, it can be seen that the two types
of inhibitors are independent of each other, supporting the two site
mechanism. As a matter of fact, there seems to be a slight enhancement
between the adenine inhibitors and the N-alkylnicotinamide chlorides.
The binding of DPNH is independent of the binding of the N-alkylnico-
tinamide chlorides, but it is not independent of the adenine binding
site.

| There is still the question of the pyrophosphate group. Van Eys,
Ciotti and Kaplan (35) have postulated that it is bound to the zinc
because the pyrophosphate group. shows activation at low concentrations
and inhibition at high concentrations, the same as OP. Anderson and

Reynolds (44) showed that the K. with respect to DPN' for ADP was close

I
to the KI for AMP and that it was the adenine group rather than the
phosphate group which was involved in the binding. The K. .'s with re-

I
spect to DPNH were quite different and they concluded that the pyro-

phosphate group may be more important for the binding‘of the DPNH.
This agrees with the work of Van Eys, Ciotti and Kaplan.

There haven't been many studies on the binding of the substrate
to the coenzyme. It is known that only one molecule of ethanol is
oxidized at a time even though there are four molecules of coenzyme
bound (20). Barron md Levine (19) did some work with the binding of
the substrate using substituted derivatives of ethahol.

Barron and Levine (19) postulated that tﬁe terminal methyl group
was involved in binding to the active center. Substitution of an amine

group and an acyl group for one of the hydrogens of the methyl group
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TABLE VI
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n-Alkylammonium .
chloride (42) AMP ADPR DPNH
Butyl 0. 75 1e 15
Pentyl 0.73 0.83
Hexyl 0.76 0.73
Octyl 0.76 0,66
N-Alkylnicotinamide
chloride (42)
Butyl 0.49 0.52 1,03
Pentyl 0.51 0.37 0.67
Hexyl 0.40 0.33 0.33
Heptyl 0.36 0.25 0.33
Inhibitor #2 (43) Adenosine | AMP ADP ADPR | N-methylnico- -
' tinamide chlor-
ide
1410~-phenanthroline e oo b oo o
145-phenanthroline o0 co oo oo o2
249-dimethyl-1,10~ oo °0 oo oo o0
phenanthroline '
7,8=benzoquinoline oo 0o oo oo oo
5,6-benzoquinoline ) oo oo oo oo
quinoline 1.0 1.0 1.0 1.7
adenosine oo oo oo 1.0
adenosine diphosphate oo oo - o° o2
adenosine diphosphate4 oo oo ce - 1.8
ribose
adenylic acid oo - oo C oo -
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produced a loss of ability to reduce DPN'. The substituted derivatives
of ethanol did not inhibit the rate of oxidation of ethanol,‘héwever, PR |
when they‘were present in a concentration five times as great as the
concentration of ethanol. Fluoroethanol and chloroethanol caused com-
plete inhibition when present in this same ration of 5:1, and fluoro-
ethanol caused 40% inhibition when present in the ratio of 0.33:1. Sub-

i

stitution of OH with CN, NH,, or COOH had no effect. Westheimer (45)

2
also postulates that the methyl group is bound to the enzyme.,

Most of the rest of the work that has been done involving the
substrate has involved kinetic studies which have been designed to de-
termine whether the binding betwéen the coenzyme, the substrate, and
the enzyme is ordered or random. Recent nmr studies show evidence of
an ordered binding. ' | T

The nmr studies are based on the line widths in the spectra. The
line widths are sensitive to the degree and type of molecular motions o
occurring in the sample. An increase in the width of the line is asso-.
ciated with a decrease in molecular motion, particularly rotational.

This increase in line width is observed when a small molecule is bound
to a large molecule, | |

There are no observable differences between the spectrum of ethanol
and the spectrum of ethanol and enzyme (46, 47). It may be that the
'substrate is bound to the enzyme but not in a etéréospecific manner as
it is in the presence of the coenzyme. There wgs‘ah observed change in
the apectfum when DPN' was added, with aslight ﬁroadéning of the lines and
a decrease in intensity, Without further study, Hollis and hfs cowork=

ers are not willing to conclude that this ahowaibinding of ethanol in
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the presence of ppNY, They think that it maj be due to a preferential
binding of DPNH and acetaldehyde.

They did show, however, that there did exist a binary complex

between the coenzyme and the enzyme., They found a greater interaction

between the adenine protons and the enzyme than between the nicotinamide

protons and the enzyme. Earlier workers (43) had shown the interaction

of the pyridine ring and the enzyme. The nmr should be helpful in fur-
ther studies on the binding of the coenzyme and substrate and the bind-
ing of the inhibitors. |

'Up until this time,‘the only conclusions on a random versus or-
dered mechanism have been based on kinetia studies, The early kinetic
studies on YADH were done by Negelein and Wulff (49) ﬁnd Hayes and
Velick (5). YADH was shown to follow a rate equation of the general
form of the Miéhaelis-Menten equation:

I R (1))
VT T (8) I (6)) )

where V is the maximal velocity, (C) is the concentration of the coen;
zyme, (S) is the concentration of the substrate, KB igs the Michaelis
constant for the aubstrateé and Kc is the Michaelis constant for the
coenzyme,

All the work that has been done supports a ternary complex mecha-

nism (50, 51, 52, 53, 54). Hayes and Velick (5) assumed the formation

of binary complexes between the ehzyme and the coenzymé, but they did
. . ’ \

not consider the binary complexes with the subgtrate. Dalziel (55)
concludes that there isvno‘direct evidence for the exiétence ﬂf the

binary complexes with the substrate, but Silveratein and Bbyer (53)
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conclude that they exist.

Silverstein and Boyer's conclusion is based on the existence of
an equilibrium between the ethanol and acetaldehyde which reaches a
peak and then drops with an increase in the concentration of the coen=-
zyme, The interconversion of the coeﬁzyme stays essentially constant,
and is quite considerable even in the presence of high substrate con~
centrations.

Silverstein and Boyer proposed a random binding mechanism invol-
ving all four bihary complexes and the two ternary complexes., Up until
this fime, the interconversion of the ternary complexes was believed
to be the slow step. They showed that the dissociation of the coenzyme ;
from the ternary complex was the slow step, and no£ the interconversion
of the ternary complex.

A1l the above work is based on initial velocity studies or equi-
librium studies. Wratten and Cleland (52) using product inhibition
studies showed that YADH follows an ordered Bi Bi mechanism; The rate
equation for this mechanism was derived by Cleland (56). Several terms
in this rate equation will drop out if a rapid equilibrium exists where
the interconversion of the ternary complex is rate limiting., They will
also drop out if the ternary complex is essentially nonexistent. Wratten
and Cleland showed that these terms did not drop out. There is an exist-~
ence of a ternary complex, but it is not rate-limiﬁing.

In their product inhibition studies, thej,féund both ethanol and
acetaldehyde to be noncompetitive inhibitors with respect to egch other,
and DPNH was a competiéive inhibitor with respect to DEN", Th;s is in

agreement with the work of Hayes and Velick (5).



22

This recent work of Wratten and Cleland together with the nmr
studies of Hollis favor ordered binding of the coenzyme and the sub~-
strate with the coenzyme binding first. Both of them must be bound in
order for the reaction to take place,

The reaction catalyzed by YADH ig stereospecific for both the co-
enzyme and the substrate. The transfer of hydrogen is from one side of
the alpha carbon of ethanol to one side of the pyridine ring at the 4
position (45, 57, 58). This is a direct transfer from the substrate to
the coenzyme invblving no exchange with the solvent (58, 59).

’The stereospecificity towards ethanol was shown using ethanol
which had been prepared enzymaticaily from two different deuterated
sources., Part of the ethanol was prepared enéymatically from deutera-~
ted acetaldehyde, and the other part was prepared from the deuterated
reduced form of the coenzyme., When the deuterated ethanol produced
from the acetaldehyde was used as the substrate in the enzyme reaction,
all the deuterium was found in the acetaldehyde and none in the DPNH.
When the ethanol produced from the oxidation of DPND was used as the
substrate, all thé deuterium was found as DPND and none in the acetal-
dehyde (58). If there were no specificity towards the ethanol, there
should be an equal chance of deuterium occurring in the acetaldehyde
or in the coenzyme.

The stereospecificity towards the coenzyme wés shown ﬁsing enzy-
maticallj prepared DPND and chemically prepargg ﬁPND. The enzymatical-
ly prepared DPND transferred all its deuterium to the acetéldehyde to

i

form monodeutereoethaﬁol, while the chemically prepared DPND transferred

60% of its deuterium to the acetaldehyde (57). Since the enzyme is
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stereospecific with respect to the coenzyme, it can use only one form
of the coenzyme. It has been shown through the use of deuterium that
there are two forms of the coenzyme. In one form, the deuterium is
above the plane of theryridine ring, In the other, it is below the
plane of the ring., The first form is ‘referred to as form A and the
second form is form B. YADH is specific for form A. This explains the
difference between the transfer of deuterium by the enzymatically pre~
pared DPND and the chemically prepared DPND. The enzymatic prepara-
tioh'yields only the A form, while the chemically prepared DPND is a
mixture of the fwo forms. With form B, YADH transfers the hydrogen
rather than the deuterium.

As already mentioned, the solvent &oes not enter into the oxida;
tion reduction reaction. The transfer of hydrogen is direct from the
subatrate to the coenzyme, but this does not exclude thebpossibility
that an amino aéid group of the enzyme may help in this transfer.
Schellenberg has studied this possibility using both tritium labeled
coenzyme and substrate (60, 61), He found that the coenzyme had to be
present in order for the labeling of the enzyme by the substrate to take
place, but the substrate did not have to be present for labeling by the
coenzyme to take place.

He interrupted the reaction at equilibrium with several different
" denaturing agents (heat, HC10,,, NaOH) to show that.the labeling was not
a function of denaturation. Tﬁrough further studies, Schellenberg was
able to show that this 1abeling took piace on ﬁﬁe ﬁt-carbon of the tryp;
tophan residue (61). Poth Schellenberg and Palm (62) showed labeling to

take place non-enzymatically, but this labeling did not také place on
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the tryptophan residue. ﬁore evidence is necessary before it can be
conclusively stated that the tryptophan residue takes part as an inter=-
mediate in the hydrogen transfer from the substrate to the coenzyme.

There still remains at least one question about hydrogen trans-
fer, This is the question of what is actually transferred. It‘may be
a hydrogen ion and two.electrons, a hydride ion, or a hydrogen atom and
one electron. Vennesland and coworkers are still working on this ques-
fion, but so far they have not been able to answer it.

| Much of what is known about enzymes has éome through inhibition

studies. Some of these studies have been used in the preceding pages

to describe certain aspects of the enzyme. The inhibition studies that

have thus far been carried out with YADH will be organized in tabular
form including a short descriptive comment about the inhibition that

was observed,




Inhibitor

TABLE VII

INHIBITORS OF YADH

Comments

a5

References

pyridine

thionicotinamide
analogues of DPN

hydroxylamine

glutathione’

rare earth
chlorides

borate

Inhibited by pyridine and pyridine
derivatives substituted at C3 or C,.
Inhibition increases with an”increase

~in the pK_ of the derivative. It is

thought that there might be a compe~
tition between the pyridine and the
ethanol for the same site.

L.,8 x 10:3
3.9 X 10_4

K 7.1 x 10 +
It is a competitive inhibitor of DEN'.
The similarities of the K 's help
support the mechanism involving the
adenosine diphosphoribose moieties
along withthe pyridinium linkages.

TNDPN™
Ky oeN,

Competitive inhibition. Inhibition
is overcome by an increase in alcohol
concentration, Inhibition indepen=-
dent of pH.

A protective reagent against inhibi-
tion of most sulfhydryl reagents.
Oxidized glutathione inactivation
dependent on pH.

Preincﬁbation increased inhibition.
Reversed by EDTA.

Compekitive towards EtOH (K, = 6:R
x 10 °) and DPN' (K. = 4% x 1077).
Inhibition prevente& by ribose, '

sorbitol, and mannose, and compounds
with structures favorable to complex

formation with borate., The combination

3k, 63

65

66

67

of the borate to the enzyme-coenzyme.com-

~ plex would prevent attachment 6f the

substrate, or the competition between

. the borate-DPN ' complex and the free DEN"

for the enzyme, .
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Inhibitor Comments | References
=®-tocopherol, Inhibited at low concentration. 69, 70
propyl gallate, Caused an acceleration of the in-~

nordihydroguaia= . activation by the impgrities of the

retic acid - distilled water., DPN protected the

n-alkylammonium
chlorides '
Nialkylnicotin-
amide chlorides

adenosine

adenine diphos-

enzyme, Inhibition by propylgallate
retarded or eliminated by EDTA.

 See Text and Table V. . 37, 38
k - 39, ko
L2
Reversed by increasing the congentra- 36, 4o
~tion of DIN'; K; = 5.6 x 10 ',
Competitive with respect to DEN 3 o by, b2

phate (ADP)
adenine diphos-
phoribose (ADFR)
adenylic acid (AMP)

Roussin's salt

[Fe4$3(N02)]K

phenobarbital
dyes

bromopyruvate

N-ethylmaleimide |

Reversible, K

K. = 8,15 x 10™°, Competes with 1,10~
phenanthroline (OP). See Table VI.

Competitive with respect to DPN'; - W, b2

K; = 2,65 x 1077, Competes with OP,

Reversible inhibition. K. = L.8 x 10-4, | 36, 44, 71

Competitive with resggct to D . - P2y 73
=10~ to 10 °,
Reagts with onfy one chemical group,

NH,” and the NH group of the imidazole

ring.

Competitive with,respect to DEN"; 74, 75
(K, = 2,63 x 107" and DPNH (K =

L“.* x 10 )o

Fuschin and malachite green competi- 76

tive with respect to DPN and DPNH. -
Crystal violet is non-competitive.

_ Irreversible, Inhibition decreases 77

with increasing pH. - oo

Irreversible, Coeﬁzyme protects 77
against inhibition. Inhibition in-
creases with increasing pH.



TABLE VII (cont'd)
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Inhibitor Comments References
iodoacetate Inagtivation without denaturation. 19, 77,
DPN' does not protect the enzyme. Rate 78, 79,
of inactivation decreases with an in- 80
crease in pH. Glutathione does not
protect the enzyme.
phenylarsineoxide~ The enzyme is protected against inhi- 19
iodosobenzoate bition by glutathione, coenzyme, and
substrate.
iodoacetamide Glutathione does not protect against 19
inhibition.
p-chloromercuri- Instantaneously inactiyates, but de- 19, 80
benzoate naturing is slow. DPN protects
against denaturation but not inac- H
tivation. Reversed with glutathione.
urea Inhibits reversibly in a concentra- 78, 79,
tion less than 3M. Non-competitive 81
irreversible inhibition in a concen-
tration greater than 4M., Inhibition
is gainly a result of denaturation.
DPN' and EtOH protect against it.
heat Denaturation protected by DEN . 78, 79, 80
sulfonyl urea Competitive with respect.to DPNH. 82
compounds
chelating agents Exhibit both reversible and irre- 23, Lo,
versible inhibition. See Table VI. 83, 8k

Competitive with respect to DPN+.
Exanmples: 1,10-phenanthroline, 2,9~
dimethyl-1,10-phenanthroline, 1,5~
phenanthroline, 5,6-benzoquinoline,
7,8-benzoquinoline, quinidine, o yot~
dipyridyl, 8-hydroxyquinoline, di-
ethyldithiocarbamate, dithizone,
2,3-dimercapto~1-propane, .thiourea,
thiocacetamide, semicarbazide, ammoni-
um-phenylnitrohydroxylamine, azide.

’
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Comments ; References

Inhibitor
Thiamine Thiamine propyldisulfide, thiamine 85, 86
compounds disulfide, and thiamine inhibit to
different extents,  Appears to react
with the sulfhydryl groups of the
enzyme.,
chloroquine Competitive inhibition. 87
rotenone Maximum inhibition of‘60%. It is of 88
' mixed type with respect to both DPN
and EtOH,.
canavanine Appears to be an allosteric inhibitor. 89
chloroproma=- K. = 5.5 x 10'#. Maximum inhibition, 2
zine 7;%. Preincubation has no effect. g SR
Instantaneous inhibition that is ‘ :
reversible, Not reversed by gluta-
thione.
potassium Inhibition is dependent on pH. Not A - 91
sorbate as strong an inhibitor in alkaline pH,. '
Degree of inhibition essentially con-
stant after 5 minutes, Irrevergible.
Competitive with respect to DPN and
EtOH. ' :
salicylate Competitive with respect to pent . ‘.‘92, 93
aromatic and Inhibition correlated with aromatic ok
non-aromatic and/or planar properties of the
drugs " molecules,
sulfanilamide Inhibition is pH dependent. Non- 95, 96,
disulfides competitive inhibition with respect - :
to the coenzyme. Mixed type of inhi-
bition with respect to the substrate.
Inhibition connected with the reaction w
between the disulfide group and the :
thiol group of the enzyme. .
sulfonamide Inhibition depends on time of incubation., 98, 99 =
disulfides Maximum around pH 10, I
Heavy metals YADH is.very sengitive to the heavy 100

metal, Inhibition appears to follow
the solubility of the metal sulfides.

a ~
. P




METHODS AND EXPERIMENTAL DATA

Materials and Methods

Yeast alcohol dehydrogenase in 2.4 M ammonium sulfate, A grade
(Calbiochem); DPN+, ethanol free (Nutritional Biochemicals Corporation); -
'KaHPOA’ reagent grade'(Baker & Adamson); KHZPO#’ reagent grade (Baker &
Adamson) ; NahP207-10 H,0, reagent érade (Baker & Adamson); NaF, reagent
grade (Baker & Adamson); KF, analytical reagent grade (Baker & Adamson).

'The activity of the yeast alcohol dehydrogenase (YADH) was mea;

" sured on the Cary Model 14 Spectrophotometer by following the rate of

- production of DPNH which is observed as an increase in optical density
with time at 340 mu. The reaction mixture contained 0.5 ml of 6 x 10~
pyrophosphate buffer of pH 8.5; 0.1 ml of enzyme solution; and varying
amounts of 1.5 x 10> M DPN'" and 3 M ethanol (EtOH). The final volume
was adjusted to 3 ml‘by the addition of distilled H20 in a 1 cm cuvette,
The water, buffer, and DPN' were added to the cuvette in this order with
the enzyme being added last just before the instument was zeroed. The
reaction mixture was stirred and the instrument was zeroed. The reaction
was initiated by the addition of ethanol from a syringe. The reaction

mixture was stirred and the rate of change in absorbance was recorded

by the instrument,

. : \
By the definition of Racker (4), one unit. of enzyme is that amount
of enzyme necessary to produce a change of 0,001 in abaorbance per

minute under standard asaay conditions. Standard assay conditions speci-
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fy 0.5 ml of pyrophosphate buffer of pH 8.5; 0.1 ml of enzyme solutionj
0.1 ml of DPN' and 0.1 ml of ethanol. The volume is adjusted to 3 ml
by the additioﬁ of 2.2 ml of distilled H20. Once the activity of the
. enzyme solution was determined, it was diluted with 'IO-2 M potassium,
phosphate buffer of pH 7.5, to giv§ aA enzyme solution containing
approximately 400 to 600 units per 0.1 ml for use in inhibition studies,
A standard assay graph is shown in Figure 2.

The activity of the solution for the standard assay graph is cal-
"culated from thé'change in absorbance for a 15 second interval during
the iﬁitial part of the reaction while the reaction is linear with time.
For this solution, the change was 0.100 in 15 seconds. This is a change.
of 0,400 absorbance units per minute. According té the definition of
Racker, this solution contained LOO units of enzyme., Since 0.1 ml of
the enzyme solution was added, the activity of this solution was 4,000
units/ml. This is the lower limit of activity for inhibition studies.

To determine the protein content of an enzyme solution, WArburg
and Chr%stian (101) worked out a method based on absorption which does
not require the use of a standard curve., This method gives the protein
concentration of enzyme solutions fairly accurately even though enzymes
vary in their amino acid composition. warburg and Christian developed
a series of facfors which relate the absorbance of an enzyme solution
at 280 mpu to the protein concentration. These facéors"correlate the
ratio of the absorbance of tyrosine and'tryptophah at 280 mu and 260 mpu
to.the to£a1 protein concentration. They also account for absfrbance

due to nucleic acids at these wavelengths, since nucleic acids are often

present in orude enzyme preparations., These correction factors, when
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Figure 2. Standard Assay Graph
Absorbance vs timg.
Chart speed 8 in/min.
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multiplied by the absorbance at 280 muy give the protein content of the
enzyme solution in mg/ml. | |

Figure 3 shows the absorption spectfum between 260 and 280 mu for
the enzyme solution used fof the standard assay graph. The absorbance
at 260 mu is 0.41‘5 and at 280'mp is 0.401. The A28o/4260 ratio is 0,966,
' From the table given by Chaykin (102), the factor is 0.765. When this
is multiplied by the absorbance at 280 my, one fiﬁds that this enzyme '
solution contained 0,307 mg of protein per milliliter.

One can noﬁ calculate the specific activity of this enzyme solu-
tion., This is an indication of the purity of an enzyme solution, and
is particularly valuable during recrystallization. To determine this
value, one dividés the activity by the'protéin content. For this en~
zyme solution, it was 13,029 units/mg.

Plots of initial velocity versus substrate concentratiqn and of
initial velocity versus coenzyme concentration are presented in Figures
L through 7. These plots show that the enzyme reaction reaches a point
of saturation above which further addition of substrate or coenzyme does
not increase the rate of reaction. In an‘enzyme reaction, such as that
of YADH, where the reaction is dependent on both a coenzyme and a sub-
strate, it is very important to keep the concentration of the one that
is being held §onstant at a point of saturation; so that the change in
the reaction rate is due only to the substance beiﬁg varied. |

For the inhibition studies with NaF, KF, Naél_, and KC1, the enzyme
solutions varied from approximately 400 to 700 units. The aalf solutions
varied from 0.001 to 0:12 M in concéntration. Both potassium and sod-

" ium salts were used to show any possible effect of the cation. The salt
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solution was adde@ to the reaction mixture in the cuvette immediately
before the reaction was started go prevent any possible effect éf time
of contact in inhiditing or activating the reaotién;

Some of the inhibition studies were done holding the DPN' concen-
tration constant at 5 x 10-l+ M while the ethanol concentratioh was
varied from 0.01 to 0.1 M. During the rest of the studies, the ethanol
concentration was held constant at 0.2 M while the DPN' concentration
was varied from 5 x 1072 to 5 x 10-'1+ M.

The inhibifion studies were conducted at two different pH levels.
Since QH 8.5 is the optimum pH of the enzyme (9), it was chosen as one‘
pH, and pH 7.5 was chosen as the other one because it is closer to
physiological pH; For the studies at pH 7.5, the pyrophosphate buffer
of pH 8.5 was replaced with 0.5 ml of 6 x ‘IO"2 M pyrophosphate buffer
of pH 7.5.

" The reactions were run at 27°C 1.0.500. Since there is no con-
stant temperature bath on the instrument, the temperature of the reac-
tion mixture was recorded at the beginning and. at the end of the reaé;
tion, and found to vary not more than 0.500. A thermometer was'kept

inside the cell compartment to check variation in c¢ell compartment

temperature. This was found not to vary mare than 1°C.

Treatment of Data

The initial velocities of the reactions werq determined from the
instrument recordings. These data were then graphed in two different
ways. One method made use ®f the Michaelis-Menten equation (103):

V.. (8)
vo = Max - (2)
(8) + Ky
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- Lineweaver and Burk (103) rearranged this equation in such a manner that

the Yo and (S) were linear functions of each other. Using the following'

equation,

<[

o Max Max

they graphed 1/¥ovs 1/(8). Graphically, 1/vﬁax will be the y intercept
vand KH/'V'Max will be the slope. In this type of graph, 1/v tends to show
little variation at high ﬁubstrate concentrations,

The other method of graphing the data is called a Hanes plot.
The Hénesrplot tends to place a morereven distribution on the points
even though it is based on the same original equation (103). Hanes
rearranged the equation to read (103): '

(8) (8) K,

vo VMax -V
Max

(&)

Hanes graphed (S)/’vo vs (S), where the slope equals 1/Vmax énd the y
intercept equals KM/VMax‘

| Together these plots were used to determine points which were
incdnsiatent and beyond experimental error. These points were deleted
in the finai Lineweaver-Burk plots which are shown in Figures 8 through
26, Hanes plots are shown in Figures'9, 20, & 22, The maximal veloci:

ties and Michaelis constants calculated from the twg different methods

agree reasonably well. \

The percent activity was calculated as Vﬁéx/VMaxo,vwhere VMax was

the maximum velocity observed in the presence of added salts, and vMax

4 (]
was the maximum velocity observed in the absence of added salts., This

ratio was plotted as a function of the square root of the ionic strength.
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See graphs 27 through 31.
| Since the ionic strength is based on the concentration of ions in”
solution, it was necessary to calculate the species in solution in the
pyrophosphate buffer, This was done qsing the Henderson-Hasse;balch

equation: pH = pK_ + 1lo (salt)

a acid o The predominant species in solu-

. . -4 -3 -2
tion in the pyrophosphate buffer were: P207 ’ HP’ZO7 s H2P207 , and

HPOu-a. These were then used in the following equation to calculate
2 .. ' ' -
= .ﬁcizi
) ’ 2 .o
butes an ionic strength of 0.07 in the reaction mixture at both pH

the ionic strength: « The pyrophosphate buffer contri-
M

levels.

Results

The Lineweaver-Burk plots show that at pH 7,5, the maximél velo;
city decreases with an increase in salt concentration, while the
Michaelis constants remain the same. At pH 8.5, the maximal velocity
decreases with an increase in salt concentration when the concentra-
tion of ethanol is held constant and the DPN+ concentration is varied;
and it inbréasea at low salt concentrations, and decreases at high salt
concentration when the DfNT concentration is held,constant an& the etha:
nol concentration is varied. The KM remains constant for al; the salt

concentrations. -

The average values for the Michaelis constants are:

ADHDPN®  pH 8.5 - 3x a0~
. pH 7.5 2'x 107 |
ADH*Et0H pH 8.5 1.5x 1072 |
| 2

PH 7.5 7 x 10
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All these values are given for 2700 1;0.500. They agree reasonably weli
‘with those given in the literature as can be seen by referring to Table
IV in the historical background section.

Thé maximal velocity varies with the different enzyme solutions.
Since the maximal velocity chang;s and the ﬁichaelis constants do not,
the inhibition observed is'the classical non-compétitive type. The
inhibition is greater at pH 7.5 than at pH 8.5. | |

At pH 8.5, the inhibition is very slight regardless of whether
the coenzyme coﬁéentration or the substrate concentration is being
varied. The maximum inhibition is 5% when the ethanol concentrafioh is
varied and 18% when the DPN' concentration is varied. The maximum ac-
tivation is 13%‘when the ethanol cohcentrafion is varied. There is no
activation observed with the variance of the DPN' concentration. There
is no observable difference between the fluoride and the chloride salts.
In the plots of per cent activity va the vAduring the variation of the
ppN* concentration, NaCl and KF show almost a linear relationship between
the per cent activity and thewx, KCl and NaF show a sharper decrease
and then level off to almost the same point as NaCl and KF.

In the plots of fer cent activity vs the virduring the variation of
the ethanol concentration, the chloride salts are essentially the same
with both showing some activation at the lower ionic sfrength. This
agrees with the previous work of Whitaker and Tapp;; (104). In Figure 29,
their poipts can be seen along with the present, d;rk. Combining points
for the sodium and potassium chloride togethef, a straight line is formed
which parallels the lfﬁe that Whitaker and Tappel drew combin;ng their

data on sodium and potassium chloride.

¢

Rk
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At pH 7.5, the inhibition shows a definite difference between the.
variation of the ethanol concentration and the variation of the DEN'
concentration. With the variation of the DEN* concentration, the maxi-
mum inhibition is 34%, and it is 49% with the variation of the ethanol
concentration. There is no observableractivation at this pﬁ. The
chloride and fluoride salts inhibit to approximately the same extent.

The inhibition increases much more rapidly at the lower salt con-
centrations with the variation of the concentration of ethanol than when
the concentratioﬁ of DPN' is varied. With the variation of the ethanol
conce#tration, the inhibition levels off quite readily after the initial
sharp decrease in activity. This can be seen in the'plot ofvthe per
cent activity vé_the~¢§‘in Figure 30. |

In Figure 31 is shown the plot of the per cent activity vs the
for the variation of the DPNf concentration. When the data forvsodium '
and potassium fluoride are combined, they form almost a straight line,
NaCl gives a straight line, and KCl gives a straight line after a
small dip, .They all come down to essentially the same percent acti;
vity at high salt concentration (66% to 73%).



DISCUSSION

The oxidation of ethanol by YADﬁ is inhibited to a very sﬁail ex=
tent at pH 8.5 by the potassium and sodiumvsalfs of chlorine and fluorine,
It is essentially the same whether the concentration of ethanol 6r of
DEN is being varied, 5% and 18% respectively. With the variation of
the ethanol concentration, a maximum activation of 13% is observed.

This activation‘is not observed when the DEN' concentration is varied,
The activation occurs at 1;w salt concentrations with increasing inhi-~
bition occurring as the éalt concentration is incrgased.

The inhibition is almost a linear function of the v. It is
of the non-competitive type as shown by the constancy of the Michaelis
constants and the general deﬁrease in fhe maximal velocity when these
values are determined from the Lineweaver-Burk plots. The inhibition is
more a general halide effect than a specific halide effect, since there
is no observable difference betﬁeen the pwo different halides.

As already shown by Whitaker and Tappel (104), there is no differ~
ence between the potassium and sodium salts. The percent inhibition
and the type of inhibition are the same for the potassium salts and the
sodium salts. It does not appear that the cation has any specific effect
on the inhibition., The inhibition may be due to aA.ionic strength effeét!‘
but this §annot be stated definitely from this,sthdy 8ince only halide |
salts were used. |
The greatest inh}bition observed in this study was at PH 7.5. At

this pH, the enzyme is slightly less active than'at pH 8.5 (9). At pH
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7.5, vhen fluoride salts are used, there is a.small amount of HF present,

It varies in concentration from 8.94 x 10-8

to 1.07 x 10™° M. The ob=
served inhibition cannot be attributed to the prq?&hce of this HF, since
there is ﬁo difference between the chloride and fluoride salte and HCi
is known to be 100% ionized. |

The degree of inhibition is much greater when the ethanol concen-
_tration is varied than when the DPN' concenfration is varied; Thé eth-
anol must be exerting some protective effeét either by attaching to the
activg site and feacting with the DPN' or by sterically blocking the
DPN+ from the ions. The latter of these two possibilities can be ruled
out, If the inhibition was based upon reaction of the ions with the
DPN+, the degree of inhibition should be greater when the DPN' concen~
tration is varied since th; DEN" would not be available in excess and
any reduction in the concentration of DPN' would have a greater effect
on the rate of reaction.

The order of binding of coenzyme and substrate was discussed in
the historical section of this work. it was shown that recent evidence
points towards an Qrdered binding with the coenzyme binding fifst. It
was shown by nmr studies fhat it was necessary for the coenzyme to bind
before the ethanol would bind,. ’This could be interpreted as an allo-
steric effect by the coenzyme., That is, the coenzyme changes the struc-
ture of the enzyme in such a way as to facilitate the ﬁinding of the

ethanol. .

|
- fluoride and chloride ion inhibition. It facilitates the interaction

The coenzyme may be functioning ih this same way during the

of the anion at or near the binding site of the ethanol by making the
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site more readily available to the ion. By attaching near the site
of the ethanol binding, the anion may be interfering by blocking the
ethanol binding site without actually binding directly at the ethanol
binding site., The attraction of the anion is tighter than the binding
of the ethanol, so that even though the ethanol and fluoride ion are
competing for the same site, the kinetics are non-competitive, Nqn;
competitive kinetics are observed whenever an inhibiting species binds
at or near either the substrate or the coenzyme site irreversiﬁiy. Sinée
the iphibitor biﬁds irreversibiy at or near the same site as the sub-
strate, it‘ie seen to have a greater inhibitory effect when the sub-
strate is being vaiied than when the»substrate is held constant at a
high concentration. The ethanol binding is less affécted by the presence
of the ion when it is present in a high concentration than when it is

present at a low concentration.




CONCLUSION

The higher halide salts of potassium and sodium exhibit a non-
coﬁpetitive type inhibition with respect to both ethanol and DPN+. The.
fluoride salts show no greater inhibition fhan the chloride salts even
at pH 7.5, although the per cent of inhibition is greatly increased
from that at pH .8'54" This inhibition at pH 7.5 is not due to the pre-
sence of HF, Flﬁorine containing compounds, toxic in quite small amounts
are yet little hydrolyzed to HF or the fluoride ion. Any effect they

may have on this‘v enzyme system cannot be attributed to hydrolyais.
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