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SUITIARY

Enzyme activity of liver alcohol dehydrogenase is inhibited
by a number of compounds vhich can react with thiol groups. This
study includes work with parachloromercuribenzoate, 5,5'-dithiobis-
(2-ritrobenzoic acid), iodoacetate, iodoacetamide, 3-iodopropionate,
3—(2-bromoacety1)—pyridine, 2-chloroethanol and 2-iodoethanol.
Jodoacetate and 3~(2—bromoacety1)»pyridine were found to alkylate
one thiol group per subunit of inactivated enzyme.

Inactivation of the enzyme with iodoacetate was found to
follow Nichaelis-Menten kinetics. This wes used to study the
binding of other ligands, and to examine their mutual interactions,
Fatty-acids, adenine nucleotides, chloride and A4-biphenyl-carboxvlic
acid protgcted the enzyme competitively, while bromide and iodide

showed mixed kinetics. Orthophenanthroline protected non-

competitively. Imidazole stimulated inactivation, and weakened
the binding of iodoacetate. Imidazole is thought either to bind
at more than one site, or to mediate a conformation-change in the
enzyme, perhaps by altering the co-ordination geometry of zinc.
Decanoate and ADP-ribose were found to be mutually competitive, as
was imidazole with decanocate and orthophenanthroline. Imidazole
strengthened the binding of AMP and ADP-ribose at high pH, but
binding was still weaker than at pH 7.4; it is suggested that the
phosphate of AMP may be bound to an imidazole~insensitive, pH-
sensitive "positive centre" on the enzyme - possibly a lysine
residue., Binding of chloride was found to be complex, and several
different complexes can probably be formed.

Tt is pointed out that the Michaelis-Menten kineties of
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inactivation with iodoacetate could be produced by reversibly-bound
iodoacetate protecting the enzyme from alkylation by iodoacetate
molecules free in solution: it is suggested that this may be more
likely than the more obvious interpretation whereby reversibly-
bound iodoacetate alkylates a thiol group adjacent to the site of
reversible binding.

Carboxymethyl enzyme was found to have 2 - 2.5 % residual
activity, which was not due to a minor isoenzyme component. It
formed some disulphide bonds on standing, and in this and other
respects had some similarities with low-zinc alcohol dehydrogenase.
Carboxymethyl enzyme formed binary complexes with NADH, ANP,
imidazole, decanoate and h—biphenyl—carbéxylic acid; ternary
complexes were formed with NAD* ang pyrazole, NAD" and decanoate,
and NADH and imidazole. However, stable, highly-fluorescent com-
plexes with NADH and amides (which are a characteristic of the native
enzyme) were not formed. It is suggested that the formation of
these highly-fluorescent complexes may take place by & mechanism
also necessary for catalysis, which carboxymethylation disruvts. The
introduction of an enion into the active centre by carboxwvmethylation
would be expected to considerably reduce the binding of other anions.
It is suggested that either the carboxymethylation causes no net
change of charge, or that the thiol group is not in the active
centre.

Bromoacetyl-ovyridine has been shown to be a strong,
specific alkylating agent for the enzyme, but no evidence was
found for non-covalent interaction with the active centre.

Halogenated ethanol derivatives, although powerful reversible
inhibitors, were very weak alkylating agents.
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Some comparisons with yeast alcohol dehydrogenase have
been made. Its reactive thiol group is more reactive than that
of the liver enzyme, but reaction with 5,5'-dithiobis=-(2-nitrobenzoic
acid), protection from iodoacetate by AMP and labilisation by

imidazole were qualitatively similar.
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ABBREVIATTIONS AND SP=CIAL T™(PRZSSIONS

Non-standard abbreviations have been kevt to a minimum.
A number are used in equations, tables and figures, but defin-
itions are given. The following are used more generally:

ADH  Alcohol Dehydrogenase (tables and figures only)

DINB  5,5'-Dithiobis-(2-nitrobenzoic acid)

PCHMB Parachloromercuribenzoic Acid

The expression "carboxymethylation", unless otherwise
stated, refers to specific carboxymethylation of one thiol per
subunit (cysteine 46) in liver alcohol dehydrogenase. It does
not refer to exhaustive carboxymethylation of all potentially-

reactive groups made available by denaturation.



"A11 things were made through Him, and without Him was not

anything made that was made."

John 1, v.3. (R.S.V.).
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1,1, treface,

The purpose of this chapter is to give a concise account of
the present state of knowledje of alcoliol elydroenase (3.C,
1.1,1.1,) from horse liver, The enzyme has been studied
extensively, Reviews by Theorell (1958), Sund and Theorell (1963),
McKinley-McKee (1964) and Theorell (1964, 1967, 1970) cover most of
the various aspects of the past work, More detailed discussion of
previous work will be deferred to the experimental chapters (4-8),

or to the General Discussion (Chapter 9),

1.2, Historical,

Alcohol-oxidase activity was observed in 1910 by Batelli and
Stern (1910), in various mammalian tissues, Horse liver had the
highest activity, and the bulk of the work since then has been
performed on enzyme from this source, (uibell (1938) showed that
NAD was a cofactor for it, and so did Lutwak-Mann (1938), who also
partially purified it by precipitation with acetone or ammonium
sulphate, The enzyme was crystallised by Bonnichsen and WHS&;n
(1948), This marked the beginning. of over two decades of inten-
sive study on the purified enzyme, first in Theorell's laboratory

in Stockbolm, and later elsewhere as well,

1.3, Purification, and Isoenzymes.

Fd
Bonnichsen and Wassen (1948) used several precipitation

2



reactions (after initianl heat—denaturation) and a final crystallisu-
tion fros ereonive sulpliste {T0=37 caturation), Hranichsen and
Brink (1955) modified this, using chloroform-ethanol to remove
haemoglobin, followed by precipitciien by 80y, etlhunol, and
crystallisation (in more dilute ethanol), Dalziel (1958) reversed
the order of the first three steps, and iniroduced a chromatography
step using carboxymethyl-cellulose, This removed an acidic,
enzymically-active subfraction, but even after several
recrystallisations it did not yield an electrophoretically homo-
ceneous proleins  Taniguehi, ibeorell and .keson (1v67) purified
it to homogencity by further chrceuatography on carboxymethyl-
cellulose,

Electrophoresis of liver alcohol dehydrogzenase preparations
(McKinley-Mclee and Moss, 1965) also showed that it contained
several ethanol-active components,. Pietruszko, Clark, Graves and
Ringold (1966) found that steroid 3p-ol dehydrogenase activity of
liver alcohol dehydrogenase (Ungar, 1960) was associated with a
mipnor, basic component of the enzyme, The main steroid-active
component was purified on carboxymethyl-cellulose, and crystallised
from 25% ethanol (Theorell, Tanigucbi, Akeson and Skursky, 1966),
As well as steroid debydrogenase activity, it had about half the
normal ethanol activity, and the alcohol and steroid binding-sites
appeared to be different and independent, Further work
(Pietruszko, Ringold, Li, Vallee, Skeson and Theorell, 1969;
Pietruszko and Theorell, 1969) has shown that steroid activity is
due to a different subunit type, the S subunit, Ethanol-active

subunits have been named E subunits., Normal ethanol-active enzyme

is type EZ; the steroid-active isoenzyme described above is type
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13, Another nore basic form, S35, has been purified to homogeneity

(Theorell, 1070), and has been cryetallised (cuoted by J:}Ir.‘nval].,

1970a). The type SS has a little activity towards ethanol, as

well as substvantial steroid activiiy. The £ subunii Lss been feund
aming-acid

to have a very s1mxlarxsequence to the E subunit (Jornvall, 1969,

1970a),

In addition to these complexes, one or more minor, more acidic
components mizrate near EE and ES on electrophoresis, These have
been named EZ', EE", ES', ES", etc. (Pietruszko and Theorell,
1969).,  Theorell (1970) reported that B3 could be converted to
EE' and EE", but that ES' could not be converted to EE; he
sugzsested that loss of amide nitrogzen was responsible, However,
Lutstorf and von Wartburg (1969) showed that B3' and TE" can be
converted to BE, and sugrested that the different EE types are
"econformers" - i,e, have the same primary structure but different
conformatlions of the polypeptide chain,

The experiments described in this thesis were performed on

enzyme consisting very largely of the form LB,

1.4, Physical and Chemical Properties,

Horse-~liver alcohol dehydrogenase is a globular protein:
Theorcll and Bonnichsen (1951) found its molecular weight to be
73,000, Ehrenberg and Dalziel (1957, 1958), using enzyme with a
higher snecific activity, redetermined this: its sedimentation
coefficient was 5,11 S (at infinite dilution), its diffusion

coefficient was 5,96 F, its partial specific volume was 0,750, and
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its molecular weizht was 83,300, Later results have shown that
the molecular weizht is about 80,000 from physical measurements
(Green and McKay, 1969) and also from chemical constituents
(J;rnvall and llarris, 1970),

The ethanol-active enzyme (EE) contains two subunits which are
very probably identical, Theorell and Bopnichsen (1951) showed
that approximately two molecules of NADH were bound per 73,000
molecular weight units, Two molecules of NADH were bound very
tightly in the presence of amides (lfiner and Theorell, 1960:
Theorell and McKinley-McKee 1961b), and two molecules of NAD' in the
presence of pyrazole (Theorell and Yonetani, 1963), The molecule
can be split into separate subunits (with molecular weight of
approximately 40,000) by sodium dodecyl sulphate (Blomquist, Smith
and Martinez, 1967) and guanidine hydrochloride (Green and McKay,
1969; Butler, J;rnvall and Harris, 1969), Harris (1964) showed
that two cysteine residues per molecule gave only one labelled
peptide with radioactive iodoacetate, Extensive sequence work
(J;rnvall and Harris, 1970; J;rnvall, 1970b) has shown that only
one type of polypeptide chain is present, with 374 amino-acids and
a molecular weight of approximately 40,000, This shows that the
subunits are identical, with one polypeptide chain in each, X-ray

syvametrically related

crystallography, too, indicates two ’( halves per molecule,
after allowing for the solvent content of the crystal (Brandgn,
1965), There have been reports of liver alcohol debydrogenase
containing more than two subunits (Drum, Harrison and Li, 1967a;
Drum, llarrison, Li, Bethune and Vallee, 1967b; Cheng, McKinley-
McKee, Greenwood and Hourston, 1968), These results may be due to
particularly labile peptide bonds, as found in aldolase (Sine and

Hass, 1969); or to contamination by proteolytic enzymes, as found
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with yeast hexokinase (Pringle, 1970) and yeast alcohol
dehydrogenase (Bahner and Sund, 1969).

The amino~acid composition of the enzyme has been reported by
Theorell ct al, (1966), and by Carmon and Mciay (1969), Rach
subunit contains 14 cysiteine residues, no cystine, 12 arzinines,

7 or 8 histidines, 2 tryptophans and 4 tyrosines, The enzyme is
quite rich in acidic residues and amides, lysine, proline,
phenylalanine, aliphatic amino-acids and hydroxy-amino-acids, The
results of sequence studies have been published, with at least half
the amino-acids located in cysteine- and tryptophan-containing
peptides (J;rnvall and Harris, 1970; Jgrnvall, 1970b); Recently
the complete sequence has been announceﬁ (J¢rnvall, 1970c). The
differences between the E and the S polypeptide chains have been
mentioned above (Section 1.3).

The thiol groups have been studied for reactivity and effect
on catalytic activity and coenzyme binding, PCMB reacts with 28
thiol groups per molecule (Witter, 1960), abolishing activity and
coenzyme-binding but reacting nonspecifically with essentially all
of the thiol groups. A derivative of N-ethylmaleimide (Witter,
1960), iodine (Li and Vallee, 1965) and silver ions (Bonnichsen,
1953; Wallenfels, Sund, Zarnitz, Malbotra and Fischer, 1959) react
with 25 to 30% of the enzyme's thiol groups, Iodoacetate (Li and
vallee, 1963, 1964a, 1965; Harris, 1964; Evans and Rabin, 1968)
does react specifically with one thiol group per subunit; it was
protected by coenzymes and other ligands, and was considered to be
in the active centre. This reaction was studied in more detail,
and much of this thesis describes the results. J;rnvall (1970b)
has located the thiol as residue 46 in the sequence, Witter (1960)

suggested that thiol groups were probably mainly involved in
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maintaining the tertiary structure of the protein, It has not
proved possible to reversibly block all the thiol greups, and then
release them and regain activity, although this has been done
successfully on lactate debydrogenase (Pfleiderer and Jeckel, 1967).
This may be because the alcohol dehydrogenase subunit has 14 thiol
groups, while pig heart lactate dehydrogenase has only four,
Therefore even if the thiol groups themselves do not play a central
réle in maintaining the protein's conformation, modifying them will
cause a bigzer disruption by the groups introduced. More specific
r8les of thiol groups in the catalytic mechanism of the enzyme have
been sugiested: see, for example, Evans and Rabin (1968). However,
evidence for such mechanisms is slender{

It has been suggested that histidine may be important in
dehydrogenase mechanisms(Babin and Whitehead, 1962; Ringold, 1966;
Evans and Rabin, 1968), Photo-oxidation (wi{h Methylene Blue or
Rose Bengal) causes changes in activity of liver alcohol
dehydrogenase, and also of lactate dehydrogenase (Robinson, Stollar,
White and Kaplan, 1963), &-zlycerophosphate dehydrogenase (Apitz-
Castro and Suarez, 1970) and glyceraldehyde phosphate dehydrogenase
(Bond, Francis and Park, 1970). The changes were correlated with
a loss of histidine, Two histidine residues wcre lost in alcohol
debhydrogenase without loss of catalytic activity with NAD® or any
observed change in secondary or tertiary structure, However, with
acetylpyridine adenine dinucleotide, resction with the first two histi-
dines did curtail catalytic activity. When more than two
histidines were modified, the activity was affected - but the
tertiary structure was too, Therefore one cannot draw firm
conclusions at present about the presence or role of histidime in

the active site,



Lysine groups have been maleylated in denatured protein, to
stabilise and solubilise separate polypeptide chains (Butler et al,,
1969). Pyridoxal phosphate inhibits the enzyme (Cheng, 1970;
Morris, 1970), However, Plapp (1970) has found that modification
of about three lysine groups per subunit is associated with an
increase in catalytic activity; the reaction of these lysine
groups, and the effect on activity, is largely abolished in ternary
complexes (’AD+ and pyrazole, or NADH and isobutyramide) while most
of the rest of the enzyme's lysine groups are still free to react,
The enhancement of activity is attributed to faster dissociation
of the binary enzyme-coenzyme complexes; at least one lysine zroup
is considered to be near the active centre, although probably not
playing a direct r6le in bindinz or catalysis, Glyceraldehyde
phosphate dehydrogenase (Polgzar and Harris, 1965), glutamate
dehydrogenase (Holbrook and Jeckel, 1969; Freedman and Radda, 1969)
and lactate dehydrogenase (Schwert, 1970) have lysine groups which
affect activity; but in these cases specialist functions (such as
acylation or binding of anionic substrates) are their suzgested
réles,

Schellenberg and co-workers have found that a tryptophan can
be tritiated when labelled substrates (tritiated at the hydrogen
which is transferred) are used, for several dehydrogenases
(Schellenberg, 1966, 1967; Chan and Schellenberg, 1967); however,
the exact significance of this is not clear, at present,

Apart from amino-acids in the peptide chain (and the N-terminal
acetyl groups: J;rnvall, 1967), the only other component of liver
alcohol debhydrogenase is zinc, Yeast alcohol debydrozenase
contains four atoms of zinc i.e. one per subunit (Vallee and Hoch,

1955). Theorell, Nyzaard and Bonnichsen (1955) and Vallee and
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Hoch (1957) reported that the liver enzyme contained two atoms of
zinc (also onme per subunit), However, Rkeson (1964) found that
many enzyme samples and several methods of analysing for zinc con-
sistently cave four atoms of zinec per wmolecule, or two per subunit,
This has since been confirmed (Oppenheimer, Green and McKay, 1967;
Drum et al., 1967b; Drum, Li and Vallee, 1969a,b). As well as the
main component EB, other, minor, components contain four zinc atoms,
e.2. ES (Theorell et al,, 1966) and what is probably EE' (Sandler
and McKay, 1969),

The chemistry and function of zinc in the enzyme has been
studied by three main methods:

(a) The effect on the enzyme of known zinc-complexing agents.,
These are discussed briefly in Section 1;7, and more fully in
Chaper 6.

(b) Measuring the rate of zinc-exchange. The zinc in the
enzyme can be exchanged with zinc ions in solution, and the rate of
this can be measured using 65Zn. Substrates, inhibitors and
coersymes decrease the exchange rate (Druyan and Vallee, 1964),

Most of these experiments were performed before it was realised
that each subunit contains two different zinc atoms, presumably in
different environments, However, it has been shown that acetate
buffer prevents half of the zinc atoms from being exchanged, and the
inactivating the enzyme
other half can be removed by diethyldithiocarbamatg@ the zinc atoms
stabilised by acetate are labilised by carboxymethylation of the
cysteine residue which is reéctive towards iodoacetate (Drum et al,,
1967b),

(¢) Removal of the zinc, and studying the apo-enzyme, The

apo-enzyme is inactive but still binds coenzyme (Hoagstrom, Iweibo

and Weiner, 1969) and has been crystallised (Brandén, Zeppezauer,
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Boiwe, Soderlund, Soderbergz, and Nordstrom, 1970); but other
e xperiments with substrates and inhibitors have not yet been
reported,

A fourth method hes been useful for otler zinc metalloenzymes.
In carboxypeptidase A (Vallee and Riordan, 1969), carbonic anhydrase
(Bdsall, 1968; Lindskoz, 1966), and alkaline phosphatase (Simpson
and Vallee, 1968) the zinc can be replaced by other metals, e.g,
cobalt, The resulting enzymes are active but with modified cataly-
tic properties, Furthermore, the spectral properties of cobalt can
be used to deduce features of the metal lizands in the enzyme
(Dobray-Duclaux and May, 1968)., Recently, Drum (1970) has reported
that all the zinc in liver alcohol dehydrogenase can be replaced by
cobalt or cadmium, giving enzyme with 70% and 28% activity,
respectively. Barlier, cadmium derivatives that were inactive
were described (Witter, 1960; Druyan and Vallee, 1962), Cobalt
can replace part of the zinc of yeast alcohol dehydrogenase when
incorporated during biosynthesis (Curdel and Iwatsubo, 1968), Many
workers have suggested that a zinc atom is in the active centre of
liver alcohol dehydrogenase, and that it binds the substrate, and
possibly the nicotinamide of the coenzyme as well (Theorell et al,,
1955; Theorell and McKinley-McKee, 1961b,c; Plane and Theorell,
1961; Dalziel, 1963a; Yonetani, 1963a,b; Theorell and Yonetani,
1963; Taniguchi et al,, 1967; Sigman, 1967; Evans and Rabin,
1968)., However, preliminary X-ray data (Branden et al., 1970)

suggest that at least one zinc atom may not be at the active centre.



1,5, Catalvsis and Substrate Specificity,

Alcohol dehydrogenase catalyses the following overall reaction:

; + ; +
.-CHGI-, + N = R.-C:0-1, + NADII + 11
1 2 1 2

The equilibrium constant, K, is =siven by:
i s Iy S ¥

K = é—lldchydg, L’ﬁ",i}_{7‘ il{;
L:-‘:lcohug ‘ .[..—:_7
L
K has been measured for ethanol and acetaldehyde (Backlin, 1958),

At 20° and ijonic strensth 0,1, it is 0,801 (10.011).10'11. It

increases with iperecasing ionic strength, Therefore at pH values
belov 11, the eguilibrium lies in favour of ethanol,

The enzyme is rather non-specific for the alcohol substrate:

a wide variety of primary and secondary alcohols (Winer, 1958), and
also cyclic alcohols (Merritt and Tomkins, 1959) serve as substrates.
Primary alcoliols are in general better substrates ithe longer the
aliphatic chain, The activity of the enzyme with methanol is a
disputed guestion (Winer, 1958; Kini and Cooper, 1961), although
formaldehyde can be reduced. Farnesol (Waller, 1665) and Vitamin A
(Bliss, 1951) are substrates,

Attempts have been made to use the wide substrate-specificity
of liver alcohol dehydrogenase to define the geometry of the
substrate~binding site, Dickinson and Dalziel (1967a,b) showed
that the (+) isomers of butan-2-0l and octan~2-0l were the preferred
substrates, altliough specificity was not absolute., Prelog (1964)
put forward a "lattice theory" sugsesting that carbon atoms in
substrates could occupy positions in a diamond-like lattice of
defined shape and size, Elliott, Jacob and Tao (1969) discussed

possible ways in which substrates could be positioned relative to
the nicotinamide of the coenzyme, and correlated this with observed

reactivities of methyl-cyclohbexanols and -cyclohexanones, Graves,
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Clark and Ringold (1965) carried out a similar study using
substituted cyclohexanols and decalones, Ringold, Bellas and
Clark (1967) showed, however, that substrate geometry was not the
only important factor: adamantone, which from its geometry should
be a good substrate, was in fact a very poor one, They sugzested
that this was because the enzyme undergoes a conformation-change
wien the substrate binds,

Coenzyme specificity is also comparatively low, Liver
alcohol dehydrogenase is active with a large number of analogues of
NAD (see review by Sund and Theorell, 1963). The ¢-isomer of NAD is
inactive, Hypoxanthine can replace adenine (Fawcett and Kaplan,
1962; Shore, 1969). Inserting an extra phosphate moiety between
the two ribose residues gives a coenzymé with some activity
(Fawcett and Kaplan, 1962), Almost all modifications of the amide
of the nicotinamide which preserve a carbon (with M-orbitals)
attached to the ring at the 3-position are active: exceptions are
P-acrylamido—pyridine and nicotinic acid (Colowick, Van Eys and
Park, 1966; Biellmann and Jung, 1970). NADP can also act as a
very weak substrate (Dalziel and Dickinson, 1965a).

Liver alcohol dehydrogenase transfers hydrogen stereospecific-
ally to the A-face of the dihydropyridine ring of NADH (levy and
Vennesland, 1957)., These experiments also show that the hydrogen
atom is itself transferred between coenzyme and substrate, without
equilibration with solvent protons,

Crystalline preparations of 1i§er alcohol dehydrogenase
usually contain some triose phosphate isomerase activity; however,
this can be separated by chromatography with crude carboxymethyl-
cellulose (Snyder and Lee, 1966), The separated triose phosphate

those of
isomerase has properties very similar to/the enzyme from muscle,

12



It appears therefore that it is not an activity of the alcohol
dehydrorenase protein,

Steroid 3p-ol dehydrogenase activity has been shown to be due to
certain isoenzymes of alcoliol dehydrogenase (see Seciion 1,3, above).

Liver alcohol dehydrozenase also shows aldehyde mutase activity:
two molecules of aldehyde are converted to one each of alcohol and
acid, Acetaldebyde or formaldehyde are substrates, This does seem
to be a genuine activity of the alcohol dehydrogenase enzyme (Abeles
and lee, 1960), These authors, and also Dalziel and Dickinson

(1965b), have suggested that the aldehyde mutase reaction involves

hydrated aldehyde which is oxidised similarly to a normal alcohol,
while aldehyde-reduction would be of the non-hydrated aldehyde.
The apparent Km for aldehyde in the mutase reaction is hizher than
for aldehyde reduction, The overall reaction would be:

(1) B-NAD® + hydrated aldehyde = E-NADH + acid

(2) E-NADH + non-hydrated aldehyde = B-NAD" + alcohol

1.6. Kinetics,

In some senses it is creating artificial divisions to include a
separate section on kineties, Howvever, kinetic studies have played
an important part in work on liver alcohol dehydrogenase, and
conlributed to zeneral concepts of enzymology,

Theorell and Bonnichsen (1951) showed that alcohol dehydro-
genase can bind NADH, in the absence of aldehyde. Theorell and

Chance (1951) suzzested the following kinetic mechanism:
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This mechanism assumes not only that there is a compulsory order of
addition of substrates (coenzyme beiny added first and lost last),
but that the concentration of ternary complexes (between enzyme,
coenzyme and substrate) is very low, At high concentrations of
coenzyme and substrate, the rate-limiting step will be the release
of coenzyme-product,

Initial-rate measurements at various concentrations of sub-
strates and products, using both aldehyde reduction and ethanol-
oxidation, allow all six rate-constants to be measured, and also
checked for constancy and hence for adherence to the Theorell-Chance

mechanism (Dalziel, 1957a), Furthermore, direct determination of

t
k--1 and k-1 (the dissociation-constants of NAD* and NADH) under
k k!
+1 +1

equilibrium conditions (see 1.7) can be made and compared with the
kinetically-determined values, Theorell and Chance (1951) found
only moderate azreement between their theory and their results,
Theorell et al., (1955), in another.kinetic study, found quite close
agreement with the Theorell-Chance mechanism at high pH, but some
discrepancy at lower pH, Theorell and McKinley-~McKee (1961a,b,c)
found that Theorell-Chance kinetics were approximately followed, but

that enzyme-alcohol and enzyme-aldehyde complexes were also formed,
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Dalziel (1£63b) showed that with ethanol/acetaldehyde and purified
coenzymes, the observed initial-rate kinetics were very close to the
Theorell-Chance mechanism, Impurities in NAD' and NADH (Dalziel,
1963¢
196la, 1962a~-c) caused deviations, esnecially at lower pH values,
Ethanol causes high-substrate inhibition (Theorell et al.,
and Dickinson, 1966a,b;
1955; Theorell and McKinley-Mckee, 196lc; Dalziel K Shore
s\
and Theorell, 1966b), It forms an "abortive" ternmary complex with
enzyme and NADH, which breaks down more slowly than the bipary
complex of enzyme and NADH, However, with cyclic
secondary alcohols, high-substrate activation is observed at high
coenzyme concentrations (Dalziel and Dickinson, 1966a,b), and inhibi-
tion at low coenzyme concentrations, They suggested that activa-
tion was because NADH dissociated more rapidly from the "abortive"
ternary complex than from the enzyme-NADH binary complex; and they
attributed inhibition at low coenzymes levels to the existence of an
enzyme-alcobol binary complex, which combined more slowly with NAD®
than did free enzyme,

The overall picture, therefore, is one approximating to the
Theorell-Chance mechanism, but with a preferred-order rather than
compulsory-order of addition of substrates; ternary complexes inter-
convert quickly, but enzyme-alcohol complexes can exist, and
“"abortive" complexes can form as well,

As well as steady-state kinetics, pre-steady-state or transient
kinetics of liver alcohol dehydrogenase have been studied,.

Theorell and Chance (1951) measured the rate of combination of NADH
with the enzyme using dual-wavelength spectrophotometry.  Theorell,
Ehrenberg and de Zalenski (1967), using stopped-flow fluorimetric

measurements, reported that this reaction took place in two stages;

but Geraci and Gibson (1967) found no such effect., Czerlinski
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(1962), using temperaturc-jump experiments on liver alcohol
debyvdroeenase with YADH and imidazole, obtained evidence for a
rearrangement of the enzyme-NiDlI-imidazole ternary complex,

shore (1969) measured the rate of formation and breakdown of
the enzyme-NADI complex, and also those of two coenzyme analozues,
Nicotinamide-modified coenzymes can have hisher maximum rates of
reduction than the native coenzyme. The Theorell-Chance mechanism
predicts that this will be because the breakdown of the enzyme-NADH
complex is faster: Shore confirmed this, for acetyl-pyridine
adenine dinucleotide, The activation of the enzyme produced by
modification of lysine residues (Plapp, 1970; see Section 1,4) was
also attributed to an increased rate of breakdown of enzyme-
coenzyme complexes, Theorell, Rkeson, Liszka~Kobec and de
Zalenski (1970) found good agreement between the measured rate-
constants for formation and breakdown of the enzyme-NADI complex,
and the observed dissociation-constant of this complex,

Stopped-flow experiments have also shown that the two catalytic
sites are kinetically not independent and identical (Bernhard, Dunn,
Inisi and Schaclk, 1970): when substrates are in excess, there is a
rapid "burst" of product formation, equivalent to half the number of
active sites, When enzyme is in excess over one of the substrates
(NADH_2£ aldehyde), the burst is equivalent to half the limiting
substrate, Therefore the rate éf formation of ternary enzyme-
coenzyme-substrate complexes is the same for each site, but the rate
of catalysis is not, The second (slower) reaction corresponds to
the steady-state rate, and so may control it, Dutler (1970) showed
that this "burst", however, depends on which substrates, and what
luffer solutions are used,

As well as ipitial-rate steady-state kineties, and kinetics of
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complex formation and breakdown, some useful work has been done on
the kinetics at equilibrium,  This method was developed by
Silverstein and Boyer (1964). The interconversion of NAD® and NADﬁ,
or alcolol and acetaldeliyde, were measured using radioactive tracers
under equilibrium conditions at a range of coenzyme and substrate
concentrations, Substrate interconversion was always greater than
coenzyme interconversion; and, whereas substrate interconversion
rose to a maximum, coenzyme interconversion reached a peak and
dropped off azain as the substrate concentration was raised. The
results sugsested that coenzyme was preferentially bound before
substrate, but were not compatible with a strict compulsory-order
mechanism, Recently this has been extended to mixtures including
imidazole (Silverstein, 19?0), which increases coenzyme turnover and
decreases substrate turnover, However, the substrate conceniration
was very high ~ sufficient to give much high-substrate inhibition;
and imidazole chloride or nitrate was used, and both these ions

affect the enzyme (Theorell et al., 1955),

1.7. Ligand Bindingz,

A large number of compounds - substrates or modifiers - have
been shown to bind to liver alcohol dehydrogenase. The effect of
most modifiers was observed, in the first instance, on the rate of
the enzyme-catalysed reaction, Binding can sometimes be measured
directly by using equilibrium dialysis, ultracentrifuzation, ultra-
filtration or gel-filtration; or indirectly by, for example,

protection from denaturation or irreversible inhibitors; or (with
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a wmetallo-enzyme such as liver alcohol dehydrogzenase) retardation of
exchan:ie of metal-ion (Druyan and Vallee, 1064), However, specific
methods are available to study the binding of particular ligands,
and are ziven below: the effect of other lizunds on tie binding of
the specific ligand concerned can also be studied,

(1) NADH., When NADH binds to liver alcohol dehydrogenase, the
absorption-spectrum undergoes a blue-shift and a slisht decrease in
intensity (Theorell and Bonnichsen, 1951); the fluorescence emissim
is intensified and shifted to shorter wavelengths (Boyer and
Theorell, 1956); the polarisation of fluorescence is increased
(Weiner, 1968); and an extrinsic Cotton-effect is produced (Ulmer,
Li and Vallee, 1961), Of these four methods, the fluorescence
methods are the most sensitive, and therefore the most useful,
because NADH is bound tightly, This method can also be used for
substances which form ternary complexes with enzyme and NADH: the
ternary complex may have altered optical properties, compared with

the enzyme=NADH binary complex,

(2) Adenine Nucleotides, The absorption-spectrum of the

adenine is modified when bound to the enzyme (Theorell and Yonetani,
1964), This has been used to measure the binding of ADP-ribose
(Theorell and Yonetani, 1964) and of NiD' (Taniguchi et al., 1967)
to the enzyme, This method is not very sensitive, and so cannot
be used to measure very small dissociation-constants, It also
requires rather a lot of enzyme, and of care,

(3) NAD' plus Pyrazole, NAD" and pyrazole react togzether on

the enzyme surface, perhaps giving an addition-complex, with an
optical absorption at 290 nm (Theorell and Yonetani, 1963)., Both
NAD" and pyrazole are firmly bound with dissociation-constants of

about 0.1 pﬁ. This is useful for measuring the binding-site

18

—_—



concentration, but is of limited use in studying the effcct of other
lizands on the enzyme. Ternary complexes ol enzyme, Nib' and
amides have been reported (Sigman and Winer, 1970), which may be
similar to pyrazole coplexes,

(4) Spin-Labelled Compounds, Weiner (1969) studied the

effect of a nitroxide-labelled coenzyme analogue on liver alcohol
debydrogenase, He could measure the bindinz of this to the enzyme
in two ways: by the decrease in ESR signal when the analozue bound
to the enzyme, and by the effect of free and bound radical on the
proton relaxation rate of the water (Mildvan and Weiner, 1969a),
The second method could also be used to deduce properties of the
water around the bound radical, Perturbation of protons on other
ligands bound to the enzyme was also observed, and their distances
from the unpaired electron estimated (Mildvan and Weiner, 1969b),
Althouzh these studies gave a wealth of information, some of it
conflicted with earlier, hitherto accepted data. An alternative
but similar approach has been described: a nitroxide radical can be
covalently attached to the protein (Griffith and McConnell, 1966),
and the resonance properties of this are modified by ligand-binding,

(5) Halide-Binding NMR Measurements, The NMR spectra of
81

8 Br , are broadened considerably when bound to

5Cl—, and 79Br- and
proteins (Stenzle and Baldeschweiler, 1966), Line broadening is
also shown by liver alcohol dehydrogenase (Zeppezauer, Lindman,

Fors;n and Lindgvist, 1969).

(6) Metal-Chelating Asents, Orthophenanthroline binds well to

liver alcohol dehydrogenase (Vallee,Coombs and Williams, 1958).
Sigman (1967) has used spectrophotometric observations of the binding
of 2,2'-bipyridyl to the enzyme to study the binding of many ligands,

(7) Fluorescent Dyes. Anilino-naphthalene sulvhonate, Rose
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Bengal and Auramine 0 bind to the enzyme (Brand, Gohlke and Rao, 1967;
Turner and Brand, 1968; Conrad, lleitz and Brand, 1970), The
fluorescence emission of these dyes is enhanced and undergoes a blue-
shift, enablingy their bindiny to be nieasured,.

(8) Jodoacetate, This thesis describes the demonstration and
use of reversible binding of iodoacetate. In some ways this is an
extension of the work of Evans and Rabin (1968), who used protection
or labilisation to study the effects of ligands on the enzyme;

however, they did not observe reversible binding of iodoacetate.

Compounds which have been shown (directly or indirectly) to
form complexes with liver alcohol dehydrogenase can be classified
as follows:

(l) Cocnzymes, coenzyme analosues and frazments (e.g. adenine

nucleotides; Theorell and Yonetani, 1964),

(2) Aliphatic fatty-acids (Winer and Theorell, 1960), These

act as "alcohol analogues”, They form binary complexes with the
enzyme, and also strong ternary complexes with enzyme and NAD+, but

not NADII,

(3) Aromatic fatty-acids, These include 4-biphenyl-

carboxylic acid and phenanthroic acid (Sigman, 1967); salicylic
acid (Dawkins, Gould, Sturman and Smith, 1967); and thyroxine and
derivatives (McCarthy, Lovenberg and Sjoerdsma, 1968; McCarthy and
Lovenberg, 1969; Gilleland and Shore, 1969), These are
competitive with coenzyme, but unlike aliphatic acids they do not
form ternary complexes with NAD+. Fluorescent dyes (e.g.
anilinonaphthalene sulphonate, see above) should probably be
included here as well, Auramine 0 may be an exception, being

cationic,



(4) "Aldehyde analozues."™ Under this heading it is useful to

include all compounds which form complexes of the type enzyme-NALI-I.
Amides are perhaps the prime example (Viner and Theorell, 1960;
Theorell and McKinley-McKee, 1961b,c; VWoronick, 1961, 1963a,b),
Dimethyl sulphoxide (Perlman and Wolff, 1968) and alcchols (see
Section 1,6) also form such complexes. Compounds of this type can
be studied using the optical properties of NADH, Woronick

(1963a,b) used fluorescence to study a wide variety of amides,

which affected the fluorescence of enzyme-bound NADH,

(5) Metal-complexing azents, A number of reagents which

could complex with zinc bind to the enzyme. For bidentate ligands,
e.g. orthophenanthroline (Vallee and Coombs, 1959) and 2,2'-bipyridyl
(Sigman, 1967), spectral changes provide evidence that a zinc atom
is chelated, For monodentate bases (Theorell, Yonetani and Sjoberg,
1969), the evidence is less strong, Imidazole and derivatives can
stimulate breakdown of the enzyme-coenzyme complex under some
conditions; pyrazole and derivatives, and also amides, appear to
form adducts with NAD+, as mentioned above. Thiel compounds can
also inhibit powerfully (Yan Eys, Stolzenbach, Sherwood and Kaplan,
1958; Lambe and Williams, 1965; Cheng, 1970; Morris, 1970), and
hydroxylamine (Kaplan and Ciotti, 1954; Kaplan Ciotti and
Stolzenbach, 1954) forms adducts with NAD+. All these may well

form ligands with a zinc-atom in the enzyme: but so may alcohols,
aldehydes, amides, fatty-acids and other anions, so this category is
not to be considered exclusive, Further consideration is given to
this in Chapter 6,

(6) Miscellaneous. Other compounds known to bind to alcohol

dehydrogenase include a variety of anions (Theorell et al., 1955;

Plane and Theorell, 1961), folate derivatives (Snyder, Vogel and
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Schulman, 19G5), and some druzs (see Sund and Theorell, 10G3),

The bindins properties of each subunit of the dimeric enzyme
have usually been found to be independent, Zven the AS isoenzyme
hehaves just like a mixture of W& and SS (Theorell, et nl,, 1970),
However, only one NADH wmolecule per dimeric enzyme molecule reduced
the line-broadening of 3501- in NMR experiments (Lindman, Zeppezauer
and Rhesun, 1970); in the presence of isobutyramide, this is
increased to two, lHoagstrom et al,, (1969) reported that the zinec-
frec (apo) enzyme contained dissimiliar binding sites for NADIL,
These results, and also the kinetic results discussed above

(Bernhard et al,, 1970) suzgest that subunit interactions may occur,

1,8, Liver Alcohol Dehvdrozensse [rom Other Enecies

Most of the work on liver alcohol dehydrogenase has used the
enzyme from horse, which appears to be the richest source (Batelli
and Stern, 1910; Xrebs and Perkins, 1970), It has also been
purified and crystallised from buman liver (von Vartburg, Bethune and
Vallee, 1964; Mourad and Woronick, 1967), and hizhly purified from
rhesus monkey (Papenberg, von Wartburg and Aebi, 1965), Partial
purifications have been reported from rat (Merritt and Tomkins,

1959; Lambe and Williams, 1965), fish (Boeri, Bonnichsen and Tosi,
1955), rabbit and lamb (Bliss, 1951), The horse eﬁzyme appears to
be more stable than the enzyme from other sources,

The human enzyme is similar to the horse one in specific activity
(Mourad and Woronick, 1967); in beinz heterogeneous (Blair and

Vallee, 1966); in rolecular weizht (provisionally 87,000) and in

containing zine (von Wartburg et al,, 1¢0%)., lowever, some humans
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can contain an atypical alcehol debhydrozenase, with a higher activity
and a lower pll-optimum (von wartburz, iupenberg and debi, 1665),
Apart frowm liver, alcohol dehydrogenase is feund in several
otiier hissues, but the onlyv one with upreciable activity is kidney;
each tissue seems to have a different pattern of isoenzymes {von
Wartburg and I'apenberg, 1966), The enzyme found in zastric mucosa

nay be of bhacterial orisin (irebs and lerkins, 1970
o ]

1.9, Physiolosical Sisnificance,

Althougsh liver alcohol dehydrogenasé has been studied so
extensively, and exists in high concentration in liver cytoplasm
(Nyberg, Schuberth and Knggrd, 1853), no obvious physiological rdle
for it wus apparent, fthanel is not usually a significant content
of the diet of mammals (except in the recent history of "civilised"
man), It can occur in fermented fruit in tropical countries; very
small quantities are produced in peripheral tissues (McManus, Contag
and Olson, 1966) and it can also be produced by bacterial fermenta-
tion in the intestines (Krebs and Perkins, 1970), Farnesol oxida-
tion (Waller, 19G5) may be catalysed by alcohol dehydrozenase, but
this would require perhaps 6% of the alcohol dehydrogenase activity
actually found, Vitamin A can be oxidised by the enzyme, and a
similar enzyme is involved in retinol oxidation in the eye (Koen and
Shaw, 1966), Alcohol dehydrozenase has also been implicated in
steroid demethylation (Okuda and Takigawa, 1968). Indeed the broad
substrate specificity for large primary and secondary alcohols

(Winer, 1958) suzsests that the enzyme might be important in many
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detoxification reactions, Hovever, it is not obvious why these
processes should require the hi:h concentrations of the enzyme-found
in liver tissue (in horse, 20 p}; Waller, Theorell and Sjovall, 19G),
Krebs and Perkins (1970) consider that ethanol oxidation is the (or
the major) physiolozical function of liver alecohiol dehydrogzenase.

A different su;:estion for the hizh content of alcohbol dehydro-
Jenase in liver has been put forward by Reynolds (1970), Most of
the intracellular N.DI is enzyme-bound (B;cher and Klingenberz,
1958; B;cher, 1970). Althouzh alcohol delivdrogzensse is not the
only major dehydrcienase present, it could contribute siznificantly
to the binding of NADI; this would help to buffer the concentration
of cytoplasmiec NADH in liver, Because of the strong complexes
formed with fatty~acids, and with AMP, ‘t.-he buffering range could
alter in the same way that the NADI concentration alters, under
different physiological conditions, Unfortunately, it is beyond

the scope of this thesis to discuss such theories in more detail,

1,10, Non-Mammalian Alcohol Dehydrozenases,

Alcohol dehydrozenase from brewer's yeast was the first
nicotinamide-nucleotide=linked dehydro:enase to be crystallised
(Negelein and Wulff, 1937), The enzyme from baker's yeast (Racker,
1950, 1955) has however attracted much more investigation: see the
review by Sund and Theorell (1963), It is simple to prepare, and

like the brewer's yeast enzyme is much more active than the liver

enzyne, It has a molecular weight of 140~150,000 (Hayes and
"
Velick, 1954; Bubner and Sund, 1969) and probably contains four

subunits, each of molecular weight 36,000 (Chta and Ogura, 1965;
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Butler et al., 1969), ach subunit contains one zinc atom (Vallee
and Hoch, 1955) and one coenzyme~binding site (Hayes and Velick,
1954), The substrate specificity is rather low, but in zeneral it
is more specific for smaller alcohols (except riethanol) than is the
liver enzyme (I}ichinson and Dalziel, 1937a,b).

It mizht appear that the yeast enzyme is similar to a dimer of
liver enzyme molecules, llowever, tihere are many significant
differences, The yeast enzyme is inhibited by orthophenanthroline
at much hisher concentrations than is the liver one, and appears not
to chelate the zinc atom (Anderson, Reynolds and .nderson, 1966),
Thiols (e.g. mercaptoethanol) are powerful inbibitors of the liver
enzyme but not of the yeast enzyne (Cheng and McKinley-Mckee, 19068;
Cheng, 1970), The kinetic mechanism of the veast enzyme is in
dispute, but it is unlikely to be Theorgll—Chance. Hayes and Velick
(1954) and Nygaard and Theorell (1935a,b) sugsested that it was a
random-order mechanism, with the rate-limiting step beinz intercon-
version of the ternary complexes. Dalziel (1957a), however, pointed
out that Nygaard and Theorell's data were equally consistent with a
compulsory order mechanism, with the interconversion of ternary com-
plexes being rate-=limiting, Wratten and Cleland (1963), using
product inhibition, cluimed that the mechanism was clearly compulsory-
order, Silverstein and Boyer (1064), however, usinz their
equilibrium-rate determination method, claimed to have e;cluded
interconversion of ternary complexes as the rate-determining step.

Another point of difference with the liver enzyme concerns the
thiol groups, The yeast enzyme contains eight or nine per polypep~
tide chain (Wallenfels and Sund, 1957a), One is very reactive
towards iodoacetate and iodoacetamide (Habiﬁ and Whitehead, 1962;

that
Rashed and Rabin, 1968) -~ much more reactive than[in the liver

2



enzyme, Crystalline preparations of the liver enzyme usuzlly have
constant, maximal specific activity, and a constant number of thiol
groups (28). However, the yeast enzyme varies from preparation to
preparation in both activity and thiol content, although the two
are related (Wallenfels and Sund, 1957a). The yeast enzyme is

much more unstable, althouzh it is not clear how much this is due

to proteases (Bahner and Sund, 1969). It is considerably protected
by thiol~containing compounds (Atkinson, Eckermann and Lilley,
1967). These problems help to explain why the liver enzyme is
better understood than the yeast one,

Recently, multiple forms of yeast alcohol dehydrogenase have
been reported (Schimpfessel, 1968; Lutstorf and Megnet, 1968),
Probably, different enzymes are biosynthesised for alcohol-
production ih fermentation, and alcohol-utilisation as carbon-
source,

Alcohol dehydrogenase also occurs in plants, particularly
enbryos as they germinate, which may be anaerobic, such as barley
(Duffus, 1968), wheat (Stafford and Vennesland, 1953), rice
(App and Meiss, 1958), pea (Cossins, Kopala, Blawacky and Spronk,
1968) and corn (Hageman and Flesher, 1960), The enzyme is also
found in latex (d'Auzac and Jacob, 1968),

Drosophila contains alcohol dehydrogenase, which has been
purified (Sofer and Ursprung, 1968),

Many micro-organisms contain alcohol dehydrogenase, including
E. coli, (Still, 1940), Leuconostoc (DeMoss, 1955)Iand Neurospora
(Nason, Kaplan and Colowick, 1951), Pseudomonas contains an NAD-
linked, unstable benzyl-alcohol dehydrogenase when grown on toluene
as carbon-source (Subara, Takemori and Katagziri, 1969):

Pseudomonas can also contain a non-NAD-linked alcohol dehydrogenase,
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with no metal component, and a prosthetic group which is probably a
pteridine derivative (Anthony and Zatman, 1967a,b).
The above only represent a sample of sources of alcohol

dehydrogenase, Others are given in Sund and Theorell (1963).
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2.1, Materials,

Enzymes, Most of the liver alcohol deliydrozenase used was purchaséd
from C.¥., Boebrinier und Sochne (Mannheim), who had prepared it by
the method of Dalziel (1958), Mowever, some of the earlier experi-
ments, described in Chapter 4, used enzyme prepared in Stockholm by
Dr, McKinley-Mckee, by the method of Bonnichsen and Brink (1955),

In either case, enzyme was stored as a crystalline suspension

(8 mg/ml) in 30% ethanol at -14°, Before use, crystals from
anpproximately 1.5 ml of suspension were collected by centrifuging,
dissolved in 1 ml glycine buffer (pH 10) and dialysed for 3 days at

0 - 4° in Visking dialysis tubing (which had been soaked in distilled
water), against 3 changes (1,7 litres each) of 40 mM phospbate buffer
(ionic strength 0,1) (pH 7.4). The enzyme was centrifuged to remove
a small amount of denatured, precipitated protein,

Yeast alcohol debydrogenase was obtained from C.F., Boehringer
und Soehne (Mannheim), as a crystalline suspension (30 mgz/ml) in
anmonium sulphate, and stored frozen at approximately -200.

Freshly purchased enzyme was used except where otherwise stated,

The crystals were collected by centrifuzing, dissolved (in 40 mM
phosphate, pH 7.4) and dialysed against two changes of 10 mM phosphate
(pH 7.4) at 0 - 4° for two days, and centrifuzed before use, Some-
times, bacteria grew rapidly in the dialysis buffer as judged from

the odour produced. This may be due to proteolysis (Bahner and

Sund, 1969) providing peptides and amino-acids for bacteria to
utilise,

The activity and purity of the enzyme preparations are discussed

in Section 2.4,



1 . ¢ o . . .
Coenzymes, Nucleotides and Nucleosides, NiD (used wmainly in the

enzyrie assays) was obtained from Siima Chemical Co, (St, Louis),

C.F. Boehringer und Soehne (Mannbeim), and P.-L. Biochemicals
(Milvaukee), No differences in activity were observed,  Morris
(1970) found that most of the samples from P.-L. Biochemicals
contained alecohol, This was serious when doing pyrazole titrations,
coenzyviie from this source

andxwas not used for them; but it was quite satisfactory for enzyme
assays in an excess of ethanol,

NADH, 3',5'-cyclic AP, ADP, ATP and adenosine were obtained
from Sigma Chemical Co, (St. Louis), aMP and ADP-ribose were
obtained from Sigma Chemical Co, (St, Louis) and from P,~L, Bio-
chemicals (Milwaukee). The concentration of NADH was determined
from absorbance at 340 nm (millimolar extinction coefficient = 6,22;
Horecker and Kornberg, 1948); and of the adenine nucleotides and
adenosine, and GMP, from the absorbance at 260 nm, The millimolar

extinction coefficient for adenine was taken to be 15.4 (Morell and

Bock, 1954), and for guanine, 11,8 (Volkin and Cohn, 1954),

Sephadex, Sephadex G-25 (Medium) was obtained from Pharmacia

(Uppsala).

Other Chemicals. Other chemicals were the purest commercially

available, and were used without further purification, Exceptions
were as follows:

Iodoacetate (for the majority of the experiments) was
recrystallised (by Dr., J.S. McKinley-Mckee or by the author) from
60°-80° petroleum ether. It was white, with melting-point 81,1-
81.70, and iodine content 68,26%., In some experiments it was used

as obtained from Sigma Chemical Co. It was also white, with iodine
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content 68,25%, (Blemental analysis of iodoacetate and iodoaceta-
nmide was Lindly performed by Dr. J.W. Minnis.)

Iodoacetamide was recrystallised (by Dr., J.S. McKinley-Mckee)
from elhonol-water and water, It wos white, with meltini-point
92,9-92,4°, and iodine content 68,304,

3-Todopropionate (Bastman) was recrystallised from water.

PCMB was dissolved at neutral pH and precipitated twice with
acid (by Dr, J.S. McKinley-Mckee), as described by Boyer (1954},

Imidazole and isobutyramide were recrystallised by Dr, J.S.
McKinley-}cKee (Theorell and McKinley-tcKee, 1961b),

4-Biphenyl-carboxylic acid (Fluka AG, Buchs SG) was
recrystallised from methanol and methanol-water (by Dr., J.S.
McKinley~McKee ).

Bromoacetyl-pyridine hydrobromide was a generous gift from
Dr, D.K. Apps. It was prepared by brominating 3-acetylpyridine,
and recrystallised from pyridine,

4-Bromo- and 4-iodo-pyrazole were generous gifts from

"
Prof, 1. Huttel (Munchen).

Distilled Water, Tap-water was distilled in a Manesty still, and

then redistilled in an all-zlass apparatus, Its pH was normally

between 5,5 and 6,

Glassware, Glassware was usually cleaned with "chromic acid"
(chromic oxide in concentrated sulphuric acid), soaked in water, and
rinsed several times in distilled water before being oven-dried at
?Oo_(for non-volumetric zlassware), Carlsberg micropipettes were
used (1-300 pl), and cleaned by filling with chromic acid, and then

soaked in water, Then distilled water was sucked through followed
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by air to dry,

2.2, Solutions,

Buffer Solutions, These were made up as follows:

Phosphate, pH 7.37, This was made up with 10 mM Na!-[zl’o4 and

30 mM N32HP04,

strengths at this pll were wmade up wro ruta,

siving an ionic strenzth of 0,100, Other ionic

Phospvhate, »ll 6.0, This was made up with 70 mM NaH2P04 and

10mM Nag HPO4, giving an ionic strenzth of 0,1,

Phosphate, pH 8,0, This was made up with 2 M NaH2P04 and

31,7 mM NazHPO #iving an ioniec strength of 0,1,

43
Tris—phosnhate, pH 7,9, A solution of NaH2P04 (to zive 34,5

wM finally) was brought to pH by addinz tris (free base), giving an
ionic strength of 0,1, Cther ionic strenzths were made up pro rata,
2PO4 and

iving an ionic strength of 0,1, Gther ionic

Phosphate, pll 7.9, This was made up with 2,4 mM Nall

31 v} Na, HIO

2 4’5

strenyths were mode up pro rata,

Trjs-phosnhnte, n»ll 8,6, This was made up as for pH 7.9, but

the concentration of phosphate was 33 uM,

Glycine-NaOH, If a ziven zlycine concentration was required

(e.g. for enzyme assay solutions), glycine was weighed out, dissolved
in water, and brouzht to pH by adding a solution of 2M NaOl, If a
¢iven ionic strenzth was required (taken to be equal to the concen-
tration of Na(OH added, i.e, iznorinyg the zwitterion), then 2} NaOlIl

was pipetted out, diluted, and brouzht to pH by dissolving solid
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slyeine, Unless othervise stuted, the buficer at pil 9,25 (ienic

stren:th 0.1) contained 36 mM slveinate anion, with rhosphate and

other indicated anions making up the ionic strenzth. At pll 10,0
(ionic strenth 0,1), slyecinate anion wus 13-20 12, with phosphate

and otlier indicated onions wmaking up the ionic strengzth,

PCHB. This was weighed out, dissolved in water with two drops of
2M Na(OH, ncutralised with NaH2P04, and any faint precipitate
redissolved by addinz a trace wmore NaOH, The concentration was

deterizinred by absorbance at 232 nm (millimolar extinetion

coefficient = 16,9; DBoyer, 1954),

Decanoate and 4-Biphenvl-Carboxvlic Acid, ‘leizhed samples were

dissolved in water with two drops of 2M Na(Cll, and brou;ht to the

required volume with either water or phosphate buffer,

+ + ; ; " i ¢
NAD and MADI, NAD was dissolved in water, giving an acidic

solution (pl 3.4), in which it is stable for several days, NADH
was dissolved in zlycine-NaOH buffer, pH 10, diluted with water,

and used within 2-3 days.

Iodoacetate and 3-Jodopropionate, It was necessary to neutralise

these reagents so that they would not siznificantly affect the pH of
solutions, and give known ionic strenzth contributiens, Neutralised,
0.20M solutions were used, usually 5 ml beinz made up, Weighed
samples were dissolved in water, and carefully neutralised with

2M NaOH to pH 4,7-5.3 for iodoacetate; since the pKa for iodoacetic

acid is 3,12, this represents 95-99% neutralisation,
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3-lodopropionute would not dissolve completely until it had been
largely neutralised: approxirately pll 6 was used, Any samples
that were over-neutralised were discarded, since iodoacetate hydro-

lyses at hi_jher pH values,

2.3, Instruments,

pll. Measurements of pH were mwade on a Cambridge bench-type pl-

zlass electrode and a reference calonel electrode,

(=1

meter, with a

Spectrorhotometry, Spectrophotometric measurements were all made

using at least 2,5 ml of solution in 1 cm cells, Only quartz cells
were used below 340 nm, A Hilger Uvispek spectrophotometer or a
Gilford Model 2000 recording spectrophotometer coupled to a Unicam
SP 500 monochromator were used., Both had thermostatted sample~

chambers, The tewperature was 23,5°.

Fluorimetry. A recording spectrophotofluorimeter (Farrand Optical
Co. Inc., New York) with grating monochromators for both excitation
and emission was used, The light source was a 150-watt Xenon-arc
lamp. Silica cells (1 cm-square), with approximately 3 ml of
solution were used, The sample-chamber was thermostatted at 23.50

in all experiments,

Amino-Aicid Analysis, A Locarte automatic amino-acid analyser was

used,



2.4, Methods,

Assay of Liver Alcohol Dehvdrozenase, The protein concentration was

1

determined fro itz ahsorbance at 280 nu, A solution of 1 n"g/r'l]. has
an absorbance of 0,42 (Dalziel, 1958) or 0,455 (Donnichsen, 1950;
Taniguchi et al., 1967), In the present work, a value of 0,45 was
assumed, and a molecular weight of 84,000 (Section 1,4),

The catalytic activity of the enzyme was assayed as described
by Dalziel (1557b), The absorbance at 340 nm of N.DH produced in a
1 em cell was observed, The cuvette contained 1.0 ml NAD'

O0.47 m! om assay cwelke
(1 mg/myp, 150 pl ethanol (95% ethanol diluted 100-fold), and 1.85 ml
glycine~NaOll buffer (glycine 0,1M) pH 10,0, at 23,5°, The assay was
started by stirring in a small volume of enzyme on a glass rod, and
the time for an increase in absorbance of 0,2 units (to 2) was

inversely ’

determined: this isxproportional to enzyme activity (Dalziel, 1957b),

The enzyme concentration in the added solution was calculated as

follows:

Y 1.13 1 3.00 + v
Enz ) = .
yee (42 %9.2°v * 84,000 © 3,00 ° 083

where v = volume of enzyme added (in wl), The first term gives the
concentration in mg/ml (Dalziel, 1958), The second term converts
to molarity, by dividing by the molecular weigzht. The third term
allows for dilution of the NADH produced, by the volume of enzyme
added, The fourth term (0.83) was introiuced to brinz the values
into line with the concentration of NADI-bindingz-sites (Theorell and
McKinley-Mckee, 1961a),

The concentration of coenzyme binding-sites was determined, in
some samples, by fluorescence titration with NADH in the presence of

excess isobutyramide (Theorell and McKinley-McKee, 1961b); or by
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titration with NAD' in the presence of pyrazole (Theorell and
Yonetani, 1963),

Compared with the concentration determined from absorbance at
280 nm, activity zave an apparent purity of 83-94%, Lut rost samples
were 88-03¢, Bindinz-sites concentration (assuming 2.0 per

molecule) yave an anparent purity of 90-100:,

Assay of Yeast Alcohol Dehvdrorenase, The absorbance at 280 nm was

used to determine protein concentration, a solution of 1 m;/ml
haviny an absorbance of 1,26 (Hayes and Velick, 1954), A molecular
weight of 150,000 was assumed (llayes and Velick, 1954),

The catalytic activity was determined from the initial rate of
production of NADH (measured by increase in absorbance at 340 nm).
The cuvette contained, in 3 ml, 1 ng NAD+, 0,2M ethanol and 37 mM
glycine buffer, pH 8,8, The hishest activity found was 230

international units per mg,

Determination of Thiol Content in Proteins,

PCMB,  Thiol groups in liver and yeast alcohol debydrozenases
react rapidly with PCMB (Wallenfels and Sund, 1957a; Witter, 1960;
Dalziel, 1961b), Therefore, they could be titra£ed, and the
formation of the mercury-mercaptide bond monitored at 255 nm (Boyer,
1954), Aliguots of PCMB were added both to the solution containing
enzyme, and to the spectrophotometer blank, This method is accurate
and widely used, but is rather tedious, It vas uséd in this study
mainly for yeast alcohol dehydrogenase,

DINB, The method used was that of Ellman (1959), Thiol
groups give disulphide exchanze with DINB, and the liberated

thiophenylate ion has a millimolar extinction coefficient of 13,6
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-1 . s
cm at 412 mm; pH 8,0 or 7.4 was uscd, the reaction nroceeding

soreviat faster at pl 8,

Since DINB reacted rather slowly with the alcohol dehydrozenases
(sec Chapter 4)y it was necessary Lo wse a densturing agent, In 5!
guanidine hydrochloride, pll 8, liver alcohol dehydrozenase appeared
to react in about five seconds, and yeast alcohol dehydrogenase in
about ten seconds, However, the yellow colour produced was seen
to fade rapidly (half-time 14 min.), presumably due to aerobic
oxidation of the thiophenylate ion, catalysed by impurities (perbaps
metal ions) in the suunidine hydrochloride, Por this reason, other
denaturing azents were souzht, The fading reaction occurred slowly
under most conditions, and necessitated fairly rapid denaturation of
the enzymes to zive a reliable estimate of thiol content, Urea (SM)
was ideal for liver alcohel dehydrogsenase, the reaction with DINB
reaching completion after 4 min, Ilowever, it was too slow a
denaturant for the yeast enzyme. Sodium dodecyl sulphate was too
slow with each enzyme. Therefore, PCMB was used for thiol
determinations on the yeast enzyme, and DINB in 8M urea for the
liver enzyme,

Another problem was that iodoacetamide  (but not iodoacetate)
appeared to react with the liberated thiophenylate ion, producing
fairly rapid fading, Instead of 8M urea as denaturant, a mixture
of 2,5M gwanidine hydrochloride and 4} urea was used, with liver
enzyme, This gave a maximal absorbance at 412 nm after 30 sec.;
althouzh subject to a certain systematic error, it still proved a

useful method of monitoring enzyme thiol content,

Inactivation Txperiments, These were carried out in 1 cm guartz

or glass cuvettes, total volume 3 ml, Buffer and ligands being
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studied were added first, and the cuvette kept at 23,50. Then

enzyme was added and stirred with a gless rod, and finally the
inactivating agent added and stirred, and the stop-clock started,
Aliguets were withirawn for sctivity assay as described above,
Usually, the range 100-40% activity (or lower) was followed, with
usually six (or more) assays, DINB itselfl absorbs strongly at
340 nm; iodoacetamide inhibits the assay (W ronick, 1961), Both
these effects will be constant for a particular inactivation,

The results were plotted on semi-~loz sraph-paper (see Fiy. 5.1)
which gave a linear gréph except where otherwise stated, The half-
time, and hence the rate-constant of inactivation (= 0,693/half-time)
were determined from this,

When DTNB was the inactivating agent, direct wmeasurement of
absorbance at 412 nm gave the concentration of reacted thiol :roups,
With PCMB, this was taken to be eyual to the concentration of PCMB
added, With iodoacetate and iodoacetamide, aliquots were removed
and added to DINB + 8M urea, or to 4M urea-2,5M zuanidine-HCl, as
described above, to zive the unreacted thiol content, (The
concentration of iodide ion, and therefore of reacted alkylating
azent, can be followed usings the iodide electrode: Rabin, Ruiz Cruz,

Watts «nd Whitehead, 1964; Evans and Rabin, 1968,)

Preparation of Carboxymethvlated Liver Alcohol Dehvdrorenase,

Dialysed samples of native enzyme (1 ml, 80-110pM) were alkylated
with iodoacetate (4-6 mM) at room-temperature (approx, 200).
Advantage was taken of the enhanced sensitivity of the enzyme to
iodoacetate conferred by imidazole (@vans and Rabin, 1968), and 1-4
mM imidazole was added to the enzyme, Since it is probable that

only the "essential" thiol is rendered more sensitive to alkylation,
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side~reactions with other residues in the cnzyme should be minimised,
After 1-2 hours, when the reraining sctivity was 2-2,54% (see
Chapter 7), imidazole, iodoacetate and iodide were removed by

A

Cialysis, or Ly passage thwouh a colunm (1.4 x 12 er) of

Sephadex G=25,

Fluorescence Titrations, As far as possible, conditions were used

which exactly duplicated those for inactivations, Buffer, ligands
and enzyme, total volume 3 ml, were placed in the Farrand spectro-
photofluorimeter sample;chamher, thermostatted at 23,5°, Uxcitation
was at 325-335 mm (isobestic point = 328 nm: Theorell and
Bonnichsen, 1951), and emission was usually weasured at 410 nm,

The spectrophotofluorimeter had four slits - before and after each
monochromator., TFor scanning spectra, these werelof 10, 5, 10, and

5 nm (in order in the lizht-path), For dissociation-constant
determinations, they were 20, 20, 10 and 10 nm,

Aliquots of NADH solution (usually ziving concentration
increases of 10 x 0,06 pM, 7 x 0,19 p}, and 5 x 1.2}1M) vere added on
a slass rod, and the fluorescence monitored continuously on the
recorder, The fluorescence of a perspex standard was measured
irmediately lLefore and after each titration, to check that the
fluorescence vemained constant, The standard was never left in the
light-path, as the fluorescence tended to decrease with time,

Sudden decreases of light intensity were noticed, on occasions; when
this happened during a titration, the results were discarded,

The method of calculation is described and discussed in Chapter

3, Section 3.4,



Amino-Acid Analyses, Protein samples were hydrolysed for 24 hours

in approximately GN IIC1 at 1050, after freezing and thawing, and

sealing under vacuum, to remove oxyzen, Automatic amino-acid

analysis was carried out by the accelerated method of Spackman,

Moore and Stein (1958) on 1-2 mg protein, in the Locarte amino-acid

analyser, with the assistance of Mr, John Kay and Mr, Jack McGowan,
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3.1. Micheelis-Menten Kinetics of Inoctivation.

In Chapter 5, it is shown that the inactivation of liver
alcohol dehydrogenase by icdoacetate has kinetics of the Michaelis-
¥enten type (lMichaelis and Menten, 191.3)., By assuming a general
model for this, involving reversible binding of iodoacetate, an

equation will be derived, which is used in Chapter 5.

The lodel.
E LS ;I S BT
A
+IJ " k!
BT E'-I

Let ® represent enzyme (alcohol dehydrogenase).

" T " inhibitor (iodoacetate).
" RBI g the reversible complex of E and I.
L 1 L the dissociation-constant of EI.

" E'-I and E"-I represent irreversibly-inactivated enzyme.

=

k' reprrnsent the first-order rate-constant for the reaction
between E and bound I.

Let k" and k, represent the second-order rate-constants for the
reactions of E and %I respectively with molecules of I in
free solution.

Let brackets indicate concentrations.

5 Ef revresent free (uncomplexed) enzyme, and Et total enzyme

(but excluding irreversibly-inactivated enzyme ).

As shown in the scheme above, & reversible complex between

he



B and I is postulated; but no particular assumptions are made
regarding the rates of inactivation, except that they obey the
Law of Mass Action.

Now, ﬁj.kZth' and k «k" ; otherwise, Michaelis-Menten

kinstics would not be obeyed. In addition, it will be assumed

that k' and k" are too small to upset the equilibrium between T and
EI.
The rate of formation of E'-~I, therefore, will be:
k". [2] . [1] + %' [ET]
Now, PEI = [Et]’[I]
K + [q
and |[E,| = F%J'K
% X + [1]
. . _ BT " ,
. Tnactivation rate = L't K"K+ k') -(1.1)
K + |fr

Since [Et] will be continuously decreasing as inactivation
proceeds, one may divide both sides by [Et] to give the rats-

constant of inactivation, v:
- I . "n 1 -
v = 1—{% (k K+ k ) (1.2)

This equation is used and discussed in Chapter 5. Its

derivation has been summarised previously (Reynolds and McKinley-

McKee, 1959), and is similar to one given by Baker (1967).



3.2. Binding of an Effector (“ﬂ.ch Ts WMot a Comvnlete Tnhihitor)

to_an FEnzyme.

In Chapter 6, it is shown that imidazole increases the
rate of reaction of liver alcohol dehydrogenase with iodoacetate.
The kinetics seem to be analogons to enzyme kinetics in the
presence of a modifier which alters both KM and V.

Consider an enzyme, with one substrate, where both

substrate and modifier can bind reversibly to the enzvme:

Kn s vy
B — 2 > RS > E + Products
E,H K&,
ufi S v2
{ E At TMS > 2 + M + Products

The equilibria between enzyme complexes will be assumed to

be maintained.

Let ¥ represent enzyme (one active centre).

" s v substrate.

I " modifier.,

Y " maximum velocity in the absence of modifier.
", " i c with an infinite concentration

of modifier.
let brackets indicate concentrations.
" RS, EM and ¥MS represent reversible complexes.
" Bo represent free (uncomplexed) enzyme, and let E; represent
total enzyme.

Iet us define the following dissociation-constants:

- .19
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B Uﬂ ' S]‘ Fﬁﬂ
Kr,g = el < Pl

Since enzyme concentration is conserved,

[‘?:t] = [“ﬁ‘,f.] + [F‘S] + [‘L”"f] + [E“‘S]
Substitution of concentrations of enzyme complexes by use of

functions of the dissociation-constants defined above, gives:

[[%:: 1/[1-&1{[—8-]- +%ﬂ~ +'.l,-}ﬂ-"'[8—l—} -(2.1)

E,S B, M CEM,S
The observed rate of the enzyme-catalysed reaction, v, will be:

v = .v + A .V
R M
Now,
o N R Y
Eﬁﬂ] = KE‘,S. [_}-f;] (from above)
and

e]

‘ . ﬁ] (from above).

=i
3
n
HIE
o2

) s AL ]
" By {vl' Kes 2 51" Pmy,s

v = =k -(2.2)

However, a convenient way of estimating XK , is to
._J’q.
determine v at a series of values of [M] . To be useful for this,

Equation (2.2) requires rearranging. Cross-multiplication, and
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lzl

collection of the terms containing K , Elves:
B,
oo dhy ol Lov el
BM = MR, S E,S Z,5
[5 g
5 1 +:~'—]--) -Y,.
[ ]'{v( T Ko s
K = -
E,M ] ] (2.3)
V1° =2 oy o+ )
KE,S E,S

The above derivation has been published (Revnolds, Morris
and McKinley-'cKee, 1970). A more general derivation, under
steady-state conditions (rather than equilibrium conditions

assumed above), has been given by Reiner. (1969).

3.3. Mutual Interaction on an Enzyme of Two Inhibitors, One

Being Competitive and One Non-competifiive with Substrate

An analysis has been given (Yonetani and Theorell, 196.4)
describing the mutual interaction of two inhibitors, each of which
is competitive with substrate. In Chapter 6, the interaction of AMP
and orthovhenanthroline is examined. Although AMP is competitive
with iodoacetate (the "pseudo-substrate"), orthophenanthroline is
approximately non-competitive. Therefore, an analysis similar to that
of Yonetani and Theorell (1964) is given here, only for one
substrate-competitive and one substrate-noncompetitive inhibitor.
Equilibrium conditions will be assumed, in the binding of

ligands (including substrate) to the enzyme.
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Let Ic revresent a sudbstrate-competitive inhibitor,

" Inc L ' 9 -noncompetitive inhibitor.

"R . enzyme (one active centre).

“ 8 = substrate.

¥ W maximum velocity (infinite substrate, no
inhibitors).

Let brackets indicate concentrations.
"W, Pl EI,., BI I, and ®SI represent reversible comnlexes.
" Ef and E; represent free (uncomplexed) enzyme and total

enzyme, respectively.

Let us define the following dissociation-constants:

K = (Bl [5]

>

Kc = [Ef'] ‘[Icl
(*Lc]

Knc= [Ef] ‘[Inc] = 1. [EIc]'[Inc] = 1. [ 5] [nc]
EI.] « [ELI ] P [T

In these equations, « represents the interaction constant
between the two inhibitors; when one is bound to the enzyme, the
other is bound with a dissociation-constant « times that with free
enzyme. B represents, analogously, the interaction constant
between I~ and substrate. If I . is a perfectly non-competitive
inhibitor, then P= 1. If it is partially uncompetitive, p<1,
and if partially competitive, p7l.

Conservation of total enzyme concentration requires:

[(Be] = [Be] + [BS] + [BSI, ] + [EI.] + [EI.I,J] + [*I
Using the dissociation-constants defined above and substituting

for the enzyme-complex concentrations gives:
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L4, [cg [,4 CUnal |

K
s nec nec c ne

"
ot
—

i
Ly
’_bxa
[ S—

e

[

= [Ff] X R (for simvlicity of handling).

Since only ES can react to form product, the reaction velocity,

v, will be:

5

[F

el
fad]

max*

=4
]
b
| o

"
-Jf
However, ﬁ'_d] is known (in terms of ligand concentrations and

dissociation-constants) from above. When this is substituted,

one obtains:

= S d
v"vmax'[lgs * R

L e KS R

¥ vmax. [E'T )
¥hen R is expressed in full, but with the terms regrouped and
factorised, one obtains:

X "B
%=[§jfs.,v1_.{(1+[§]8),(1+g4) g— +¢[;<—§2-]—)} -(3.1)

max nc

If [I] is varied at different fixed velues of [I ] and
[5], straight lines will be produced when %- is plotted against [Ic],
'
Tet us define the intercept on the abscissa as [Ic] » and on the

ordinate as 1 and calculate them:

v
a) [T, ] (i.e. when-— = 0)

(1+%(])(1+F—‘d) - C}(l-ﬁ-[:-l-ré—‘l]-)

nc




I
Koo (1 + [%).(1 + [g{*m‘]J

-[z] = 2 28 -(3.2)

nC]
Qo+ Gx)
nc

b) L. (i.e. when [Ic] = 0)

X, L L L)
%1 =l %rmax.(l + [;i)-(l + OTEH_C;) -(3.3)

The gradient of the line can be found from the negative of

the retio of these two:

Cradient = i(.s_ 1 1 a + Erlg]_) {B:h)
TtV K xK .
max ¢ ne

The point of intersection of these lines (with different
fixed values of [I ] but constant [S]) can be found by using the
fact that at this point % is independent of [Inc] . This will be at
& particular value of [I ], which we can call [Ic]“.

In Equation (3.1), putting [I_] = [T c]", end putting &
equal for two values of [Inc] (which we can call [Inc]l and [Inc]2),

one obtains:

]E | ) I
Q-+ []SJS).(I + Knc 1) + |:'I:-?-"'].(l + [_1’.1.‘:‘.]...1.) « {1 # [1%]).(1 . [Inc!2)
nc [¢]

X K'nc S Knc
[I_c_]“ i [Inc]Z
X, - «Knc) 0
‘s [[Inch = [Inc]2}'Ftnc‘(l v [1%1,) ¥ [RI—E] | &]—-K-H-CI -0
Bl = - [Fsi). K. -(3.5)

The corresponding expression for interaction of two

&2



substrate-competitive inhibitors is very similar: it contains no

(1 + E? ) term (Yonetani and Theorell, 1964).
8

Therefore, knowing [3], K_ and K,» one can calculate «
from the observed value of [;cf.

It is worthwhile examining the two special cases of & =®
(complete interaction, i.e. I, and I are mutually competitive);
and « = 1 (complete independence, i.e. I, and I are mutually non-
competitive).

a) If x = 00 (mituallyv comnetitive). TIn this case,

Ic = -00, and the family of lines with different values of [Inc]
are parallel. (This is also found with a mutually competitive

pair of substrate~competitive inhibitors (Yonetani and Theorell,

1964).
b) If ®=1 (mutually non-competitive). In this case,

Fcf =-(1+ [%1)‘Kc
Comparison with Equation (3.2) shows that |;cj = [;cf - i,e. the
point of intersection of the family of lines at different values of
[Inc]is identical with the intercept of any line on the abscissa.
This is different from the case of two substrate-competitive
inhibitors (unless [S] <4 Ks) , when the voint of intersection will
be in the second quadrant.

The above derivations have been published (Reynolds et al.,

1970).



3.4, Titrations of ™nzvme vith "ADH, Measured bv Winarescence

Fnhancement.

Boyer and Theorell (1956) found that when NADH was bound to
liver alcohol dehydrogenase, the fluorescence intensity of the
coenzyme was increased, and the emission maximum, normally 462 mm
(Duysens and Amesz, 1957), was shifted towards shorter wavelengths
by about 20 nm. At a wavelength of about L10 nm, enzyme-bound NADH
fluoresces quite strongly, while free NADH fluoresces comparatively
weakly: enhancement of fluorescence, on binding to enzyme, is about
10 to 14 = £01d (Theorell and YcKinley-McKee, 1961b). At shorter
wavelengths, although the enhancement factor would be increased,
the intensity of emitted light decreases markedly. Emission at
410 - 430 nm has been the basis of several studies of conenzvme-
binding (Theorell, 1958; Theorell and Winer, 1959: Viner and
Theorell, 1960; Theorell and }McKinley-McKee, 1961b; Woronick,
1963a,b; Theorell et al., 1970).

The methods used flor calculation of the dissociation-
constants for NADH have differed. It is usually assumed that each
subunit behaves independently of the other - both regarding
dissociation-constant, and fluorescence-enhancement; also, that
free NADH (and other substances in solution) do not quench the
fluorescence of bound or free coenzyme., Sometimes the data
required that these assumptions be revised; and it therefore seems
desirable that the method of calculation should be sble to reveal
inconsistencies.

Theorell and Viner (1959), and Theorell and McKinley-¥cKee

(1961b) used numerical methods, adding six or eight equal aliquots
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of 1TADH, end determining KE,R (the dissociation-constant of the
enzyme-NADH complex). Xnowing the enhancement-factor vhen NADH
binds to the enzyme, and the concentration of binding-sites, K, -

iy R
could be calculated for each addition of NADH, However, if only
one wvas knowvn, the other could be calculated together with KE,R
for anv vair of values of added HADH. These methods gave constant
values of KE,R at all concentrations of NADH used: therefore it
does seem that the assumptions above are validated.

In the vresent work (Chapter 7), carboxymethylated alcohol
dehydrogenase was examined. Weiner and co-workers (Hoagstrom et al.,
1969) produced evidence that zinc-free alcohol dehydrogenase had
two different binding-sites, with differént dissociation-constants
for NADH; it was therefore conceivable that carboxymethylated
enzyme would too. A graphical method was considered preferable.
The celculation was in two stages: firstly, calculation from the
fluorescence values observed, and from the quantities of NADH added,
of the concentrations of enzyme complex, and of free NADH: and
secondly, graphical representation of this to estimate the
dissociation-constant, The second stage is exactly analogous to
enzyme kinetics. It was decided to use plots of the concentration
of the enzyme-NADH comvlex versus enzyme-NADHY/free NADH, enalogous
to v gglv/é plots (Woolf-Hofstee plots: Hofstee, 1959). Such
plots are the same as Scatchard plots (Scatchard, 1949), used by
Hoagstrom et al., (1969), except that the axes are reversed.

Other graphical methods for calculation of fluorescence-~titrations
have been used by Anderson and Weber (1965), Cassman and Englard
(1966) and Winer, Schwert and Millar (1959). Illingworth and

Tipton (1970) used a simple (but comparatively imprecise) graphical
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method given by Dixon (1965).

Fluorescence of solutions with and without enzyme were
measured as aliquots of NADH vere added (described in Chapter 2,
Section 2.4). These were then divided by the value of the perspex
fluorescent standard, and the values of fluorescence before adding
any NADH were subtracted. The standardised fluorescence values
thus produced for each NADH concentration were subtracted from
each other, to give the increase in fluorescence due to binding
of some of the NADH to some of the enzwvme.

Before vroceeding, it was necessary to know (a) the enzyme
concentration, and (b) the fluorescence enhancement that would have
been produced when the enzyme was saturated with NADH., 1In
practice, (a) was known (pyrazole titratfiﬁ%';lfzd (b) was
estimated from the enhancement values obtained. If the estimate
was inaccurate, this was shown up by the graph not extrapolating
to the known enzyme concentration, at an infinite concentration of
NADH, It was a simple matter torecalculate it with a revised
estimate of the saturated fluorescence enhancement.

This enabled the concentration of the enzyme~NADH complex
to be calculated. Subtraction gave the concentration of free NADH,

Calculation was greatly simplified by the use of an
0livetti Programma P10l desktop computer. The author is indebted
to Mr. I.A. Mimmo for his help in the use of this, and for
writing the program used. The logical steps outlined above were
used: in the first stage, the fluorescence standards and initial
fluorescence values were typed in, followed by pairs of values
(with and without enzyme), and the fluorescence enhancement was

printed out. The estimated enhancement at saturation was typed
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in together vith the enzyme concentration; then, values of NADH
added and fluorescence enhancement were typed in; values of the
concentration of the enzyme-NADH comnlex, and of the ratio
enzyme-HADH/Free NADH, were printed out directly. These were
then plotted graphically as described above, and the apparent
dissociation-constant was determined from the negative of the
gradient.

It should be noted that this calculation requires (a) that
the enzvme concentration be knovn, with fair accuracy; and (b)
the assumption that fluorescence enhancement is the same at each
coenzyme-binding site. If the second assumption is invalid, then
the method is invalid unless modified. The linear graphs usually
obtained (see Chapter 7) indicate that, if it is not valid, the
dissociation-constants for the two sites must be sufficiently
different to cancel the expected non-linearity; this must be
considered unlikely. Hoagstrom et al. (1969), who used fluoresc-

ence polarisation, were less liable to this kind of criticism.
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Fig. 4.1. Inactivations of liver ADH (A) and yeast ADH (B) with
PCMB. In phosvhate buffer, ionic strength 0.1 (pH 7.4) at 23,5°,
Liver enzyme, 2.9 FM; yeast enzyme, 0.96 p}«t aged enzyme (o), and
1.5 pM fresh enzyme (o). Arrows indicate points where 21l the
thiol groups had been titrated with PCMB.



4,1, Tuntroduetion,

Both liver and yeast alcohol dehydrogenase are inhibited by com-
pounds which react with thiol groups (Sund and Theorell, 1963), Doth
PCMB and DINB are specific, widely-used reagents for thiol groups,
PCHB had been used previously in several studies on the yeast enzyme
(Wallenfels and sund, 1957a; Vallenfels and Mﬁller—ﬂill, 1964).

PCMB (Witter, 1960; Dalziel, 1961b) and the equivalent sulphonic
acid compound (Yonetani and Theorell, 1962) have been used on the
liver enzyme, PCMB was re-examined, and DTNB was examined, to see
if selective reaction with some of the thiol groups could be achieved.

and thus to try to learn something about their function in the enzyme,

4,2, Results.,

PCMB, The effect of PCMB on the activity of liver and yeast alcohol

dehydrogenases is shown in Figs, 4.la and 4.1b, These are similar to

earlier data of Witter (1960) and Wallenfels and Muller-Hill (1964)
respectively, Liver alcohol debydrozenase shows initially a certain
amount of selectivity - i.e. the proportional loss of activity is
more than the proportional loss of thiol groups. However, this may
be because reaction of any of several thiol groups will reduce acti-
vity, rather than because some are more reactive than others.
Activity is not completely lost until all thiols have reacted.

There was no indication of any anomalous effects when small amounts
of PCMB were added, indicatiny that no one thiol group (essential or

non-essential) reacted preferentially with the reagent.
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Fig. h.2, Inactivations of liver ADH (A) and yeast ADH (B) with
DINB. In phosohate buffer, ionic strength 0.1 (pH 8.0) at 23.5°,
Liver enzyme, 2.9 pM; yeast enzyme, 1.0 pM aged enzyme (o), end
1.5 pM fresh enzyme (o).



The linear loss of activity shown by yeast alcohel dehydro-
genase extrapolates to zero activity when about four thiol sroups
per molecule of enzyme (one per subunit, on average) remain, in
fresh enzyme, In aged enzyme, the value was nearer 2,5; as will
be seen below, approximately 40% of the thiol groups in this prepara-
tion were in inactive enzyme, The fresh sample of enzyme had a

turnover number of 34,500 min._l, and the aged sample, 13,600 min.—l.

DTNB. Liver and yeast alcohol dehydrosenases were reacted with an
excess of DINB. The loss of activity followed pseudo~firsit-order
kinetics, and (with one or two provisos - sec below) so did the loss
of thiol groups. At times during the reaction, activity and thiols
reacted were measured, and the results are shown in Figs, 4.2a and
4.2b, The liver enzyme shows no selectivity at all, the proportion
of thiol groups reacted being the same as the proportion of activity
lost., The reaction was slow, with a half-time of 5 hours: simple
thiols e.g. cysteine, or enzyme in S5M guanidine hydrochloride,
reacted in a few seconds,

Fresh yeast alcohol dehydrogenase (Fig. 4.2b) produced a similar,
near-linear relationship, However, the aged preparation (stored
frozen for several months) produced a rapid burst of reaction with
DTNB, which did not affect activity. The burst was complete in ten
minutes, while the half-time for activity loss was one hour, The
burst reaction may be with dissociated enzyme (Bahner and Sund, 1969)f

Dithiothreitol was able to partially reactivate liver alcohol
dehydrogenase, Enzyme (3 PM) was inactivated to 32% of its initial
activity with DINB (300 pM), Dithiothreitol (1.3mM) was added,

which produced a slow reactivation: after 35 min., activity was 44%,
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Fig. L.3. Rates of inactivation of liver ADH with 0.67 mM DTNB,
In phosphate buffer, ionic strength 0.1 (pH 7.4) at 23.5°,
Enzyme, 0.6 pM. Without additions, e. With imidazole (vase
form, 26 mM), A. With orthophenanthroline (27 pM), o. With

AP (132 pM), V.
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Fig, 4.L. Reaction of liver ADH and carboxymethylated liver ADH

with DTNB (0.33 mM). In phosphate buffer, ionic strength 0.1
(pH 7.4) at 23.5°. Circles represent native liver ADH (0,75 pM),
and triangles represent carboxymethylated ADH (0.75 PM)' Open

symbols, with imidazole (base form, 26 mM); filled symbols,

without imidazole.



and after 2} hours, 524, It was noticed that dithiothreitol, like
wercaptoethanol, was a powerful inhibitor of liver alcohol dehydro-
genase (Lambe and Willjams, 1965; Pietruszko and Theorell, 1969;
Cheng and MckKinley-lckee, 1968; Cheng, 1070).

No "fading" of yellow colour was observed when native enzymes
were being reacted with DINB, until almost all the thiol zroups had
reacted, (See Chapter 2, Section 2.4).

Imidazole partially protects liver alcohol dehydrogenase from
PCMB (Witter, 1960), It was found that imidazole, orthophenanthro-
line and AMP protect the enzyme from [TNB (Fig. 4.3), Chloride and
formate also protect, but are less effective. Guanidine hydrochlo-

those of
ride (1M) was found (under conditions analogous tq{Fig. 4.2a) to
increase the rate of reaction ten-fold, but the proportionality
shown in Fig, 4.2a was maintained, At higher pH (9.6), the
reaction rate was increased by a factor of 3, compared with pH 7.4
(both with 0,67 mM DINB),

At higher concentrations of DINB, a saturation-effect was
observed with liver alcohol dehydrogzenase: concentrations of DINB
of 0,67, 1,33 and 3,33 uwM gave half-times of 76, 71 and 71 miputes,
for activity loss,

The reaction of carboxymethylated liver alcohol dehydrogzenase
with DTNB is shown in Fiz. 4.4, The rate of reaction is somewhat
higher than with native enzyme, and imidazole protects it as well,
This was an aged preparation of carboxymethylated enzyme (see
Chapter 7), containing approximately 16 free thiol groups per

molecule,



4,3, Discussion,

The experiments with PCMB produced virtually no new information
about the enzymes, Ihe curious observation that yeust alcohol
dehydrozenase loses all activity when it still has four thiol groups
left has been made previously (Wallenfels and Sund, 1957a;

Wallenfels and MGller—Hill, 1964), Coenzyme-binding, on the other
hand, is directly proportional to the thiol groups remaining
(Wallenfels and Maller—Hill, 1964), For the liver enzyme, too,
coenzyme-bindinz seems to be nearly proportional to thiol-content,
while activity is proportionally lower (Witter, 1960; see also
Yonetani and Theorell, 1962),

The lack of selectivity of DINB was disappointing, The burst
reaction with an inactive component in agzed yeast enzyme is interest-
ingz, but not particularly useful in aiding understanding of thiol
function in the native enzyme. The proportionality between activity
lost and thiols reacted may indicate that the first thiol to react on
a particular enzyme molecule may cause some denaturation, enabling
the remaining thiol groups of that wolecule to react more rapidly,
This has also been suggested by Yonetani and Theorell (1962),  The
labilising effect of 1M guanidine hydrochloride may be because it
weakens the overall tertiary structure of the enzyme, while ligands
such as imidazole, orthophenanthroline and AMP may contribute to
strengthening it, It is unlikely that direct, specific shielding
of thiel groups takes place. The similarity of carboxymethylated
liver alcohol dehydrosenase with native enzyme, in reactivity with
DINB and protection by imidazole, indicated that the thiol which is

carboxymethylated does not play a very significant rcle in the
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reaction of the enzyme with DTNB,

The slow, partial reactivation of the liver enzyme with
dithiothreitol may indicate that renaturation and disulphide
exchange, and not Jjust simple thiol regeneration, is occurring,

The saturation-effect found for rate of reaction of DINB with
the liver enzyme, as the DINB concentration was raised, sugzests
that a reversible enzyme~DINB complex may form, This is perhaps
not surprising, since many aromatic compounds can bind to the enzyme
(sce Chapter 1, Section : i3 O The enzyme is protected comparatively
strongly.by orthophenanthroline, and weakly by AMP, formuzte and
chloride (compared to their dissociation-constants with the enzyme -
see Chapter 6)., Therefore, DINB may bind non-competitively with
orthophenanthroline, but perhaps competitively with AMP (and
possibly also formate and chloride), This is exactly the pattern
found with some other aromatic anions (see Chapter 6). Thiol
groups in the reversible enzyme-DINB complex (if it exists) could
either react {"internally") with the enzyme-bound DINB, or be
protected from ("external") attack by other molecules of DINB free
in solution (this is considered in following chapters in more
detail, for iodoacetate),

The rate of reaction of liver enzyme with DINB is faster at
high pH, but the reaction with iodoacetate is slower (see Chapter 5),
Also, imidazole effectively protects the enzyme (native or carboxy-
methylated) from reaction with DINB: but iodoacetate reacts faster
with pnative enzyme in the presence of imidazole. This suggests
that, even if reversible binding of iodoacetate and DINB should be
at the same site on the enzyme, the reaction with thiol zroups is

very different, If the rate-limiting step for reaction with DTNB
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is the reaction with the first thiol, then this must proceed by a
different mechanism from the reaction with iodoacetate, and

probably involves a different thiol group.



CHAYTER 5

Todoacetate, Iodoacetamide and 3-Jodopropionate
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5.1, Introduction,

Liver alcohol dehydrozenase has two thiel groups per molecule
which are reactive towards iodvacetute (Li and Vallee, 10u3, 16065;
Harris, 1964), and yeust alcobol dehydrogenase has four which are
reactive towards iodoacetamide (Rabin et al., 1964) and iodoacetate
(Harris, 1964), Initially, it was intended to study the effect of
pH on alkylation of the liver enzyme (as had been done on the yeast
enzyme using iodoacetamide; Rabin and Whitehead, 1962), After a
series of such observations had been made, results of a similar
investigation on liver alcohbol dehydrogenase using both iodoacetate
and iodoacetamide were published (Evans and Rabin, 1968) and also
on the yeast enzyme (Rashed and Rabin, 1968),

However, during the present exveriments it was noticed that, at
higher concentrations of iodoacetate, a saturation effect was occurr-
ing; the rate-constant of inactivation showed Michaelis-Menten-type
kinetics at various concentrations of iodoacetate, This seemed
important, and the primary purpose of this chapter is to demonstrate
that iodoacetate forms a reversible complex with active liver alcohol
dehydrozenase,

Some of the results described in this Chapter have been published

(Reynolds and McKinley-McKee, 1969; see Appendix),

5.2, Results,

Iodoacetate, Liver alcohol dehydrogenase is inactivated by

iodoacetate; the reaction is first-order with respect to enzyme
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Fig., 5.1. TInactivations of liver ADH with iodoacetate (semi-
expressed as % of activity in the absence of iodoacetate
log graph). In 25 - 4O mM phosphate buffer (pH 7.4), ionic
strength 0.1, at 23.5°. Enzyme, 0.6 - 1.6 pM, Todoacetate
concentrations: o, 1.33 mM; A, 2.0 mM; e, 4.0 mM; A, 13.3 nM,
(Prom Reynolds and McKinley-McKee, 1969, with publishers'

permission. )
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Fig. 5.2. Double-reciprocal plots of inactivation rate-
constants of liver ADH as a function of iodoacetate concentration.
Conditions as in Pig, 5.1, but with added anions (as sodium
salts): o, none (calculated from Big. 5.1); A, chloride

(26.7 mM); o, formate (26.7 m¥); V¥, acetate (26.7 mif); and

A, decanoate (60 pM). (From Reynolds and McKinley-McKee, 1969,

with publishers' permission).



Table 5.1. Dissociation-constants at pH 7.4, ionic strength 0.1,

determined from Fig. 5.2 (by ratio of slopes, for protecting ions).

Dissociation-Constant

-:-[-9-2 Previous
This work (other methods)  Seference

Iodoacetate L.5 mM -

Chloride 23 mM -

Formate 2, mM 47 mM (a)

Acetate 51 mM 100 mM (4)
900 mM (B)

Decanoate 39 pM 230 pM (a)
68 pM (B)
L5 pM (c)

References: A = Winer and Theorell (1960).

Sigman (1967).
C = Theorell and McKinley-McKee (1961b).

s )
n



Half-time ( min.)

i 1 1 1

o4 06

0.2 |
Tlodoacetate] (mM™)

Fig, 5.3. Inactivation kinetics of liver ADH at pH 7.9.
Tonic strength 0.104, at 23,5°, Enzyme, 0.6 - 1.6 pM,

0, in tris-phosphate buffer; ¥, in phosphate buffer; y, in
tris-chloride buffer: A, in tris-phosphate buffer + sodium
chloride (26.7 mM); 4, in tris-phosphate buffer + sodium

formate (26,7 mM).
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Fig. 5.k. Inactivation kinetics of liver ADH at pH 8.6 (tris-
phosphate buffer). Ionic strength 0.104, at 23.5°, Enzyme,
0.6 - 1.6 pM. o, no additions; A, + sodium formate (40 mM);

¢, + sodium chloride (4O mY).
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Pig. 5.5. Inactivation kinetics of liver ADH at pH 9.35
(glycine-NaOH buffer + phosphate). Tonic strength 0.104,
at 23.5°. TFnzyme, 0.6 - 1.6 pM. o, no additions; 4, + sodium

formate (LO mM); Vv, + sodium chloride (40 m¥),
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Fig. 5.6. Dissociation-constants of iodoacetate, chloride and
formate, as functions of pH, relative to their value at pH 7..4.
The line represents theoreticel curve with pK = 9.0 (acid
asymptote, 1.0 and alkaline asymptote infinity, i.e. no
binding). Points calculated from Figs. 5.2 - 5.5: o, iodo-
acetate; A, chloride; e, formate. (From Reynolds and McKinley-

McKee, 1969, with publishers' permission).



activity (Fig. 5.1), Using 1.9 mM iodoacetate, the stoichiometry
was 1 ~ 1,2 thiol :roups lost for each subunit of inactivated enzyme,
between pH 6 and 9, in accordance with Li and Vallee (1963, 1965), ‘
However, at pH 10 a much jreater loss of thiol groups was observed,
the proportion of which was nearly equal to the proportion of
activity lost, Also, the log (activity) vs, time plot levelled off,
It is suggested that hydrolysis of iodoacetate, or reaction with the
glycine buffer, may be reséonsible. At all these pll's, the enzyme
was stable in the absence of iodoacetate (losing less than 5%
activity in several hours),

The rate-constants of inactivation follow Michaelis-Menten-~type
kinetics, as shown by the Lineweaver and Burk (1934) plot in TFig.
5.2, This is in contrast to the linear dependence found by Evans
and Rabin (1968), The most likely explanation of these kinetics is
that a reversible enzyme-iodoacetate complex can form,

Fatty-acids, and chloride, protect the enzyme from alkylation,
and show excellent competitive kinetics (Fig., 5.2); their
dissociation-constants (calculated from ratios of slopes) agree
quite well with literature values, as is seen in Table 5.1, The
reversible binding of fatty—acids, therefore, seems to be competitive
with the reversible binding of iodoacetute, However, at high
concentrations of decanoate, non-linear Dixon plots (Dixon, 1953)
were obtained, indicatiny that protection was not quite complete:
bhowever, it was about 98%, and so should not significantly affect
results at low concentrations of decancate, The enzyme was stable
in the presence of decanocate and absence of iodoacetate,

The kinetics of inactivation were also followed at three other
pH values (Figs, 5.3 - 5.5), Dissociation-constants are summarised

in Fig, 5.6, and rate-constants (at infinite iodoacetate concentration)

(3%



Table 5.2. The effect of pH on the extrapolated maximum rate of

inactivation of liver alcohol dehydrogenase, determined from

Figs. 5.2 = 5.5.

PH Max, Tnactivation Rate-Constant
7.k 7.8 x 1072 min™}
7.9 7.45 x 1072  min™?
8.6 7.5 x 1072 min~

9 35 6.1 x 1072 min~}
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g, 5.7, Reaction_of liver ADH with iodoacetamide: semi-log
graovh of loss of activity, and of thiol groups. Ionic strength
0.1, at 23.5°. Enzyme, 2.|-PM; jodoacetamide, 13.3 mM, Circles,
pH 7.4 (phosphate buffer); triangles, pH 6.2 (phosphate
buffer). Open symbols represent activity, and filled symbols

represent thiol content,



in Table 5.2, The dissociation-constants of iodoacetate and
protecting fatty-acids vary similarly, and the maximum velocity of
inactivation varies only slightly (and probably not significantly).-
The pll-variation wmuy indicate a pi. on the enzyme of around 9,
However, this is estimated very largely from the values at pH 9,35,
These experiments were the most difficult to perform, due to the
non-linearity of the semi-log graphs (see above), These inactiva-
tiors were all performed in duplicate, with up to ten enzyme assays
beiny used to follow carefully the first part of the inactivation,

The glycinate anion binds to the enzyme (Theorell and Mckinley-Mclee,

ir
=

1961b) but should have very little effect at the low concentrations

used here,

Yodoacetamide. Iodoacetamide inactivates liver alcohol dehydro-

genase much more slowly than does iodoacetate (Li and Vallee, 1965),
A preliminary report has stated (McKinley-Mckee, 1963a) that iodoace-
tamide reacts with most of the thiol groups of the enzyme when it
inactivates, and not just one per subunit like iodoacetate,

The loss of activity and thiol groups on reaction of the enzyme
with iodoacetamide at pH 7.4 and pH 6.2 is shown in Fig. 5.7,
Between pH 7 and 9, the loss of activity is pseudo-first-order,
However, the loss of thiol zroups was always found to follow the
pattern shown - a relative increase in rate with time, This may be
because the reraininz thiols on the inactivated enzyme can react
faster than on native enzyme. At pH 6, the same phenomenon (a
downward-curving semi-log graph) for loss of activity was observed,
It may be that there is progressive reaction of non-essential groups,
which howvever after reaction cause the essential groups to react

faster, Even initially, there is more than one thiol jiroup lost per
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Fig, 5.9. Inactivation kinetiocs of liver ADH with
3-jodopropionate. Ionic strength 0.104, pH 7.4 (phosphate

buffer), at 23.5°. Enzvme, 1 pM.



subunit of inactivated enzyme; and as the inuactivation proceeds it
becomes less and less selective,

Attempts were made to look for a saturation-effect with iodoacé—
tamide, shown in Fix, 5.8, The elfect is possibly non-existent, and
at best very weak, with an apparent dissociation-constant greater
than about 50 umM,

3-Jodopropionate, 3-Iodopropionate also shows a saturation-eflect

with liver alcohol dehydrogenase (Fiz. 5.9), with a dissociation-
constant of 3 mM. It is a much less powerful alkylating agent than
iodoacetate, 3-Iodopropionate protected the enzyme from iodoace-
tate, but the calculated dissociation-constant (1 mM) did not agree
well with the value (above) found directly. In Fig., 5.9, it appears
that the rate of inactivation deviates from strict Michaelis-Menten

kinetics at high concentrations of 3-iodopropionate,

5.3, Discussion,

The above results show that iodoacetate follows Michuelis-
Menten-type kinetics when it inactivates liver alcohol dehydrogenase,
This suggests that a reversible complex between iodoacetate and the
enzyme can form, and the rate-constant of inactivation is propor-
tional to the fraction of enzyme present as this reversible complex,
In Chapter 3, Section 3.1, a model is described in which free enzyme
can be alkylated by free iodoacetate (with second-order rate-constant
k"); and the iodoacetate which is reversibly bound to the enzyme can
itself alkylate it (with a first-order rate-constant k'), The
observed rate-constant of alkylation, v, was shown to be (eguation

1.2):



1 :
Vo= (k".K + k')

Two comments can be made concerning this: firstly, the
observed dissociation-constant, K, will be identical to the real
dissociation-constant of the reversible enzyme-iodoacetate complex,
provided that k' and k" do not disturb the reversible binding

condition

eyuilibrium, Thisxis probably valid because (a) the rate of inacti-
vation is comparatively low; (b) semi-lor plots are linear from
the outset; and (c¢c) in the enzyme assays linear initial progress
curves are found, indicating rapid dissociation of the enzyme-
iodoacetate binary complex, Secondly, Michaelis-Menten kinetics
will be observed, whatever the relative values of k' and k", If k"
is zero, then the reversible enzyme-iodoacetate complex will be a
necessary intermediate in the alkylation process, and the reactive
thiol group is presumably located near the reversible binding-site
of iodoacetate, It is convenient to describe this process as
internal alkylation, However, if k' is zero, then the formation of
the reversible enzyme-iodoacetate complex protectis the enzyme
completely from alkylation by iodoacetate, It is convenient to
describe this as external allkylation, In this case, presumably the
reactive thiol group would be further from the reversible binding-
site, or perhaps sterically positioned so that reaction was impossille,

Therefore, kinetic measurements are completely unable to distin-
guish between internal and external alkylation, In the general
case, the overall reaction will be a combination of the two, However,
the reversible complex must be unable to react with another molecule
of free iodoacetate (i.e. kZ must be zero), otherwise Michaelis-
Menten kinetics will not be obeyed. 3-Iodopropionate, which does

appear to deviate at high concentrations, may have a non-zero value

&



for kz.

The competitive protection by chloride, and by cther carboxylic
acids, and also their similar pH-dependence, is circumstantial
evidence which helps to coniirm the observation of lormation of
reversible complexes, Attempts to measure the formation of the
reversible complex by compétition with NADH (observed fluori-
metrically) failed, because a rapid, time-dependent loss of NADII-
fluorescence occurred in the presence of iodoacetate: it was quite
rapid in the absence of enzyme, but much more rapid with enzyme
present. The reason for this is unknown, Some iodine-containing
compounds catalyse the hydration (Schreier and Cilento, 1969) and
autoxidation (da Silva Araujo and Cilento, 1969) of NADI. However,
iodoacetate itself is unlikely to cause such a rapid effect (Cilento,
1970), Iodoacetate inhibits the aldehyde mutase reaction (Abeles
and Lee, 1960), and is competitive with formaldehyde; its apparent
dissociation-constant is approximately 5 mM, This may be
coincidental, since a hizh concentration of NAD was present,
Yodoacetate may perhaps react with NADH or NAD+, or may be able also
to form a complex of enzyme, NAD" and iodoacetate.

Michaelis-Menten kinetics would also be given if the iodoacetate
solution contained an impurity which bound reversibly to the enzyme
and protected it from attack by iodoacetate, However, this is
unlikely because two different samples of iodoacetic acid, and also
sodium iodoacetate, gave indistinguishable inactivation-kinetics,
Provided that the iodoacetate concentration was not high enough to
significantly affect the pH, neutralised and un-neutralised samples
gave the same results, too, FRthylene diamine tetra-acetate (1 mM)
also produced no change in the inactivation-kinetics, Enzyme

obtained from Seravac (as used by Evans and Rabin, 1968) also gave
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the same results, The reasons for the discrepancies between their
results and the present ones are not known; however at some pll
values they used buffers containing chloride, without realising
that it protected the enzyme.

The binding of fatty-acids agrees quite well with literature
values, althouzh it may be significantly stronzer. Quantitative
figures for chloride-binding are not available, but from kinetics
(Theorell et al., 1955), effect on N.iDil-bindingy (Theorell, 1958;
Theorell and Winer, 1959; Li, Ulmer and Vallee, 1963) and NMR
(Zeppezauer et al., 1969), chloride is known to vind to liver alcohol
dehydrogenase,

The much weaker binding by iodoacetamide is in keeping with the
generally weaker binding of amides, compared with acids, to the
enzyme (Winer and Theorell, 1960; Woronick, 1961, 1963a,b). Some
preliminary experiments with isobutyramide (see Chapter 6) indicated
that at high iodoacetate concentrations it stimulated alkylation by
iodoacetate, Jodoacetamide may be binding reversibly to the enzyme,
but the binding may be haviné only a small effect on reactivity of
the thiol group (or groups)., Chloride did zive a certain amount of
protection against iodoacetamide, Iodoacetamide probably does react
with the same thiol groups that iodoacetate alkylates, but it also
reacts with others, The specificity decreases as the reaction
progresses, Iodoacetamide forms reversible complexes with the
enzyme and NADH (Woronick, 1961, 1963a,b), from which iodoacetamide

It was
has a dissociation-constant of approximately 2 mM. .{ also

&N
estimated that the dissociation-constant of the enzyme-iodoacetamide
binary complex was 24 mM (Woronick, 1963b),

The ionisation (with a pK of around 9) implicated in the binding

of anions is not far from the value of 8,75 which affects NAD -

5]



binding (Taniguchi et al., 1967), and may be the same one. It wus
sugrested that this was ionisation of a water molecule bound to zine
(Theorell and McKinley-McKee, 1961b,c; Taniguchi et al,, 1967).

The relative constancy of the rate-constants at infinite iodoacetate
concentration (Table 5.2) requires different explanations dependiny
on whether alkylation is internal or external. If internal (k" =
0), then k' must be essentially independent of pH, If external

(k' = 0), then k" must decrease with the same pl-dependence as does
the affinity of the enzyme for anions. Each of these explanations
is feasible, However, it is perhaps rather unlikely that allkylation
would be a combination of internal and external mechanisms, Further
discussion of the relative probability of internal and external
alkylation is deferred until Chapter 9, when other evidence is
considered as well,

The Michaelis-Menten kinetics of inactivation found when
iodoacetate inactivates liver alcohol dehydrozenase are very similar
to results found for another zinc-enzyme, carbonic anhydrase.
Bromoacetate has a dissociation-constant with human carbonic
anhydrase B of 3.8 mM, and iodoacetamide, 20 mwM; acetate and
chloride, which protect competitively with bromoacetate, have
dissociation-constants of 22 mM and 15 mM respectively, at ionic
strength 0,075 (Whitney, Nyman and Malmstrom, 1967), Iodoacetate
also shows Michaelis-Menten kinetics, with a dissociation-constant
of 1,6 mM (Bradbury, 1969a). The maximum rate of inactivation is 2
to 3 times slower than for alcohol dehydrogenase, and the residue
alkylated is a histidine, not a thiol; most of the carboxymethyl-
bistidine was found in one peptide (Bradbury, 1960b) but some was

present in a different sequence, Carbonic anhydrase has an

10



ionisation with a pK of 6.4 - 8,2 (depending upon which isoenzyme,
and what ionic conditions, are used: Ward, 1970), Only the acid
form of the enzyme binds anions well; replacing the zinc by cobalt
alters the dissociation-constunts for anions; and the bindiny of
anions (but not iodoacetamide) is nearly abolished by removal of
zinc (Whitney et al., 1967). It seems that the metal is intimately
involved in the binding of anions, and anions may bind to the metal,
The ionisation is probably due to zinc-bound water molecule,
possibly in conjunction with a histidine residue (Whitney et al.,
1967; Coleman, 1967), Carboxymethylated carbonic anhydrase has
some residual activity (Bradbury, 1969a), like alcohol dehydro-
genase (Chapter 7); but since the reactions catalfsed are so
different, it would be as well not to put too much weight on this
observation, Therefore, although the two enzymes are very
different, they show some remarkable parallels; this is probably

attributable to their zinc,
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Fig. 6.1. Tffect of bromide and iodide on inactivation of
liver ADH by iodoacetate. In sodium phosphate buffer (pH 7.4),
jonic strength 0.10k, at 23.5°, ﬁnzyme, 0.4 - 0.6 pM.

0, + sodium bromide (20 mM); 4, + potassium iodide (20 mM);

line without points, no additions (see Fig. 6.8).



6.1, Introduction.

In Chapter 1, Section 1,7, different methods of measuring
ligand-binding to liver alcobol debydrosenase have been described,
Since the enzyme can bind a wide variety of substances, specific
measuring of one can be used to examine interactions between ligands.
In the previous chapter, it was shown that reversible binding of
iodoacetate can be measured by determining the rate-constant of
inactivation at different concentrations of iodoacetate, Compared
with other methods, it is very simple to perform and to obtain highly
self-consistent and repeatable results, It reqguires reasonably
small quantities of enzyme, But it is somewhat tedious,

Using the large collection of previous knowledge about ligand-
binding to the enzyme, many interactions have been investigated.

This is a logical continuation of the work described in the previous
chapter, concerning effect of pH and protectingz ligands, Adenine
nucleotides, orthophenanthroline and imidazole were used by Evans
and Rabin (1968), Most of ;he results described in this chapter

have been published (Reynolds et al., 1970),

6.2, Results,

Halide Jons. In the previous chapter, chloride was shown to
protect liver alcohol dehydrogenase from inactivation by iodoace-
tate, competitively with iodoacetate: the estimated dissociation-
constant of the enzyme-chloride binary complex was 23 mM. Fig., 6.1

shows the effect of bromide and iodide, Neither 4g perfectly

3
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Fig. 6.2. Effect of AMP, ADP, and ATP on inactivation of liver
ADH by iodoacetate. Conditions as for Fig. 6.1. Enszyme, 0.5 pM.
0, + AMP (91.2 pM); 4, + ADP (425 pM); v, + ATP (565 pM); line
without points, no additions (see Pig. 6.8). (From Reynolds

et al., 1970, with publishers' permission.)
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Fig. 6.3. FEffect of adenosine, ADP-ribose and GMP on inact-
ivation of liver ADH by iodoacetate. Conditions as for Fig,
6.1. Enzyme, 0.5 pM. o, + adenosine (27.4 mM); A, + ADP-
rivose (38.5 pM); v, + GMP (313 pM); line without points,

no additions (see Fig. 6.8). (From Reynolds et al., 1970,

with publishers' permission).



Table 6.1. Dissociation-constants of complexes of liver ADH
with adenosine and nucleotides. The values were calculated from

Figs. 6.2 and 6.3 by ratio of slopes.

Dissociation-Constant, K

Protecting Ligand

This 7ork Other (Reference )
(pH 7.5) (pH 7 - 7.5)
Adenosine 17,200 pM 6,200 pt (A)
AP 32 p 69 pM (a)
140 p¥ ()
8o pu  (c)
ADP 180 pM 390 pu (B)
ATP 708 pM b
ADP-ribose 10.5 pM 26 pM (B)
25 pM  (C)
3% pv (D)

16 - 20 pH (E,F)

GHP 110  pM 16 pN (¢)

References: A = Reynolds et al. (1970).
B = Yonetani and Theorell (1964).
C = 1i and Vallee (1964b).
D = Theorell and Yonetani (1964).

E,P = Yonetani (1963a,b).
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Fig. 6.L. Effect of cyclic 3',5' AMP on inactivation of

liver ADH by iodoacetate. Conditions as in Pig. 6.1. Enzyme,

0.5 pM; iodoacetate, 3.33 mM,
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Fig., 6.5. Effect of orthophenanthroline on inactivation of
liver ADH by iodoacetate, Conditions as in Fig. 6.1. Enzyme,
0.5 pM. o, + orthophenanthroline (8.67 PM); A, + ortho-
phenanthroline (4.33 p}a!); line without points, without
orthophenanthroline (see Fig. 6.8). (From Reynolds et al.,

1970, with publishers' permission.)
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Fig, 6.6, Effect of 2,2'bipyridyl (a) and pyridine (o) on
inactivation of liver ADH by iodoacetate. Conditions as in
Fig. 6.1. Enzyme, 1.1 pM; iodoacetate, 3.33 mi. (From

Reynolds et al., 1970, with publishers' permission).



competitive with iodoacetate, indicating that ternary enzyme-
iodoacetate-halide complexes can form, The calculated
dissociation-constants for the enzyme-halide complexes are

16 mM for bromide ana approximately 9 mM for iodide.

Adenine Nucleotides, The effect of AMP, ADP and ATP is shown in

Fig., 6.2, and of ADP-ribose, GMP and adenosine in Fig. 6.3, The
nucleotides are competitive with iodoacetate, while adenosine shows
mixed kinetics, The experiments with adenosine were made difficult
by the low solubility of adenosine, and its weak protection, The
calculated dissociation-constants are shown in Table 6.1, As with
fatty-acids, (Chapter 5, Section 5.2), the apparent bindinz is some-
what tighter thaziigtermined by other methods, However, the high
value obtained for adenosine, 17 mM compared with 6 mM by substrate

t al,, 1970; see Appendix) suggests that

——

kinetics (Reynolds
protection may not be complete, Also, a weak enzyme-adenosine-~
iodoacetate ternary complex appears to be formed,

31',5'-Cyclic AMP was only a weak protector of liver alcohol
dehydrozenase (Fig. 6.4). If it is assumed to be competitive with

iodoacetate, its apparent dissociation-constant was 2 mM,

Bidentate Chelatinz-Aczents, Unlike adenine nucleotides, the protec-

tion of the enzyme by orthophenanthroline (Evans and Rabin, 1968) is
approximately non-competitive with iodoacetate (Fig, 6.5),
Dissociation-constants for the two concentrations were 5.8 and

6.3 pM, in reasonable agreement with Yonetani (1963b) who obtained

8 pM at pH 7, 2,2'-Bipyridyl also protects (Fig, 6.6) with a
dissociation-constant estimated to be 500 Ph (assumed non-

competitive): Sigman (1967) obtained 400 FH’ from direct

L3
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Fig. 6.7. FEffect of imidazole on'inactivation of liver ADH by
iodoacetate. At 23.5°, ionic strength 0.10. Enzyme, 0.6 pM,
0, in imidazole-phosphate buffer, pH 7.4 (base form of
imidazole, 29 mM); v, imidazole (63 mM) in glycine-NaOH
buffer + phosphate, pH 10.0 (glycinate anion, 16 mM);

4, imidazole (0.46 M) in glycine-NaOH + phosphate buffer,

pH 10.0 (glycinate anion, 16 mM); line without points, in
phosphate buffer (pH 7.4) without imidazole (for points, see
Fig. 6.8). (Prom Reynolds g’g al., 1970, with publishers'

permission., )



Table 6.2. Dissociation-constants of the liver ADH - imidazole
complex. Ionic strength 0.1, 23.50.

acetate, 3,33 mM,

The method of calculation is given in Chapter

Enzyme, 0.4 pM, and iodo-

3, Section 3.2; constants used are given in the text.

pH Imidazole
base form
7.4 0
B 0.3 mM
Y .72 =
" 1.20 "
Y 2.0 "
" 28.6 "
10.0 0
" 1.60 mM
" 2,667 "
1 5:3% "
. 10.67 "
. 63.5 "

Dissociation-

RS aeeD
21.42 min. -
15.0 1.06 mM
11.08 " 0.72 »
9.67 " 0.7 "
8.62 0.93
6.3 * -
Average 0.86 mM
80.5 min. -
26,67 " 5.7 mM
22,33 " 6.2 "
14.25 " 59 "
1.8 " 5.6 "
8.55 " L
Average 5.9 M




spectrophotowmetric observation, Neither 2,2'-bipyridyl nor ortho-
phernanthroline apnears to protect the cnzyme conpletely. This was
not due to slew inactivation by the chelatinz agent itself, because

when the iodoucetate was omitted, the enzyme was found to Le stable,

Monodentate Ncutral Lizands, Evans and Rabin (1968) found that

imidazole stimulated inactivation of liver alcohol dehydrozenase by
iodoacetate. As shown in Fig, 6,7, the half-time at infinite iodo-
acetate concentration decreased approximately ten-fold, and the
binding of iodoacetute became approximately five-fold weaker, at

pH 7.4, Results at pH 10 were very siwmilar, but alkylation was
around 30§ slower, This was not due to incomplete saturation of the
enzyme with imidazole at pH 10; increasing the concentration of
imidazole from 60 mM to 460 mM caused a further slisht fall in
reactivity, This may indicate that imidazole is binding, more
weakly, at extra sites,

Using BEqguation 2.3 (Chapter 3, Section 3.2), the dissociation-
constant of imidazole from the enzyme-imidazole binary complex was
determined at pH 7.4 and pH 10: results are shown in Table 6,2,

The followinz values were used in the calculation (M, or modifier,
being imidazole, and S, the "substrate", being iodoacetate):

pH 7.4: KE,S“ 4,4 mM
Irom Fig, 6.8

v; = 0.0767 min"1

KEH,S= 24,2 mM

Vé = 0,925 min_1

From Fig. 6.7

pH 10: KES = 22,7 mM (From V, and value without imidazole,

1
see Table 6.2),

V. = 0.06 min > (Assumed, see Table 5.2).

1

il
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Fig. 6.8. TEffect of ethanol and 4-biphenyl-carboxylic acid

on inactivation of liver ADH by iodoacetate. Conditions as in

Fig. 6.1. Enzyme, 0.6 pM. o, without additions (iodoacetate,

enzyme and phosphate buffer only); A, + ethanol (0.84 M);

Vs + L-biphenyl-carboxylic acid (58.5 pM). (From Reynolds

et 21., 1970, with publishers' permission).



I%ﬁhs 30,0 mM

From Fig, 6.7

|
V2 = 0,770 min

The averaze values for the dissociation-constant c¢f the enzyme-
imidazole binary complex (0,86 m at pH 7.4, and 5.9 at pil 10, for the
base form of imidazole) are only approximate, because the values of
the above constants critically determine the values obtained, and
several are only known approximately themselves, Theorell and
McKinley-McKee (1961b) obtained 0,55 mM at pH 7, 0.68 mM at pH 8 and
0.67 mM at pH 9, Althouzh this agrees reasonably with the value
found here at pH 7.4, their results gave no indication of a signifi-
cant weakening at high pH, FEvans and Rabin (1968) obtained 0.7 mM
at pH 7,2, and 5,4, at pH 9,0, However, they were unaware of the
reversible binding of iodoacetate to the enzyme. If the results in
Table 6.2 are recalculated by their method, dissociation-constants
of 14 mM (pH 7.4) and 6,08 mM (pH 10) are obtained,

Pyridine can also stimulate alkylation of the enzyme by iodoace-
tate (Fig., 6.6), and so can ethanol (Fig. 6.8) but only at high con-
centrations of iodoacetate: at lower concentrations of iodoacetate
it protected. -Preliminary experiments sugzested that isobutyramide
had an effect similar to ethanol in this respect. Isobutyramide
inhibited the enzyme assay and gave non-linear progress curves;
imidazole was included in the assay cuvettes, to partially overcome
the inhibition by isobutyramide, Ethanol (0,17 M) also protected

the enzyme slightly (30%) against iodoacetamide,

Aromatic acids, A number of aromatic acids can bind to alcohol

dehydrogenase (Chapter 1, Section 1,7), Only one was used in

the present study, 4-biphenyl-carboxylic acid. It protected,

16
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[AMP] (ut)
Fig. 6.9. Effect of AMP on inactivation of liver ADH by
iodoacetate, in excess imidazole. At 23.50, ionic strength 0.1l.
o, at pH 7.4, in imidazole-phosphate buffer, (base form of
imidazole, 29 mM), enzyme, 0.5 pM, iodoacetate, 1,33 mN;
A, at pH 10.0, in glycine-NaOH buffer + phosphate (19 mM in
glycinate anion) containing imidazole (98 mM), enzyme 1.0 M,
iodoacetate 1.33 m¥, (Prom Reynolds et al., 1970, with

publishers' permission).
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Fig, 6.10. Effect of ADP-ribose on inactivation of liver ADH by h
jodoacetate, in excess imidazole. Conditions as in Fig. 6.9.
Enzyme, 0.5 pM. o, at pH 7.4, in imidazole-phosphate buffer
(base form of imidazole, 29 mM), iodoacetate 1.33 mM; A, ot
pH 10.0, in glycine-NaOH buffer containing phosphate and
imidazole (63 mM), and iodoacetate (2.0 mM). (From Reynolds

et al., 1970, with publishers' permission.)



Table 6.3. Dissociation-constants of AMP and ADP-ribose from
complexes with liver ADH in the presence of excess imidazole.

From Figs. 6.9 and 6.10,

Dissociation-Constant

MNucleotide 1S Excess Imidazole No Imidazole  (Ref,)

Tk 5L.2 pM 32 -0 pM (A)
AMP

10.0 169 " 460 " (B)

7.4 2,6 " 10.5-36 " (a)
ADP-ribose

10.0 8, " 100 - 145 " (c)

400 " (D)

References: A see Table 6.1.
B = Reynolds et 2l. (1970).
C = Yonetani (1963a,b).
D = Theorell and Yonetani (196L).



competitively with iodoucetate (Iiz. 6.8), rsiving a dissociation-
constant of 45 pM; Sigman (1067) found 60 P The zituation may
be rather complicated, however, since Dixon (1953) plots showed a
biphasic pattern, with weaker Lindirgz at hizlier concentralions of
biphenyl-carboxylic acid. It may be that it can bind in more than
one place per subunit: or-perhaps there are inter-subunit interac-
tions in the dimeric enzyme molecule, The conditions in Fig. 6.8

represent the lower concentration range,

Interactions Detween Imidazole and Other lizands., Since imidazole

activates the alkylation reaction with iodoacetate, one can compare
the effect of protecting ligands in the presence of a near-saturing
concentration of imidazole with the protection without imidazole,
If the factor by which bindinz of the protecting ligand is weakened
is the same as the ratio of imidazole-concentration to that of its
dissociation~constant from the enzyme, then imidazole and the
protecting ligand are very likely to be mutually competitive,
Adenine pucleotides (Aﬂf, Fig, 6.9, and ADP-ribose, Fig. 6.10)
still protect the enzyme considerably, Dissociation-constants
(assuming the nucleotides are still competitive with iodoacetate,
and allowing for the small amount of enzyme-imidazole-iodoacetate
ternary complex formed) are shown in Table 6,3, When compared
with Table 6,1, it is seen that imidazole only weakens the binding
of these nucleotides by a factor of 1,7 - 2,5, at pH T7.4. Direct
comparison at pH 10 could not be carried out since inactivation
without imidazole was not feasible at pH 10, However, substrate
kinetics gave an inhibitor-constant for AMP at pH 10 of 460 pM

(Reynolds et al,, 1970; see Appendix), which was 6.7 times higher
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Table 6.4, Effect of excess imidazole on the protection of
liver ADH against iodoacetate by orthophenanthroline, decanoate
and L-binhenyl-carboxylic acid. ITonie strength 0.1, 23,.5°,
Enzyme, 0.5 - 1.0 PM; iodoacetate, 1.33 mM at pH 7.4 and 2.0 m¥

at pH 10.0,

Added Protector pH Half-Time LSEIm,I X%,I Ratio Tmidazole

(min. ) () '(T;ﬁ)' (mil)
None Tl 1547 - - - 27
oP (52 FM) " 21.08 133 6.1 22 24
Dec (645 pit) " 2,08 1040 39 27 27
BPCA (240 i) " 26.17
310 446 7.6 27
" (720 PM) " 44,08
None 10.0 13,58 = = - 63
BPCA (360 pu) " 25.17%
420 ? - 50
" (720 pu) " 34.50

estimated dissociation-constant of the ligand concerned,

]

KETn, 1

from its ternary complex with enzyme and imidazole.
KE,L = dissociation-constant of the ligand concerned, from its
binary complex with the enszyme (from Chapters 5 and 6).

Ratio

KEIm L/KE L’ i.e. the factor by which imidazole weakens
H ]

the binding of the ligand.

OP, Dec and BPCA represent orthophenanthroline, decanocate and

L-biphenyl-carboxylic acid respectively.



than at pll 7.2, Theorell and Yonetani (1964) determined the
irthibitor-constant of .AiDP-ribose at pil 10 to be 400 pM. ‘fhe presence
of imidazole cdoes appear to strengthen the binding of these
nucleotides at pil 10 (and weaken it at pl 7.4), and thorefore
reduce their pl-dependence: however, there is still a difference
of at least three-~fold between their binding at pll 7.4 and pl 10,
Theorell and Yonetani (1964) found that the binding of ADP-ribose
to the enzyme was wesker when investigated using difference
spectrophetometry than found in earlier investizations using
kinetics, and fluorescence of NADH, They sugiested that small
amounts of stropgly~-binding impurities in the ADP-ribose could
account for these low values in the earlier investigations (when a
large excess of ADP-ribose over enzyme was used), which would be
less evident in their spectrophotometric experiments, where a much
hizher ratio of enzyme to ADP-ribose was used. In the present
inactivation experiments, a large excess of ADP-ribose over enzyme
was used, and a low value for the dissociation-constant with ADP=-
ribose was found (Table G.Ij. The considerable increase in the
presence of imidazole would be consistent with the binding of the
postulated impurities beinz weakened by imidazole; imidazole
weakens the bindinz of NADH (at pll 7 - 8) by nearly ten-fold
(Theorell and McKinley-McKee, 1961b),

Imidazole weakens the binding of orthophenanthroline, decanocate
and 4-biphenyl~carboxylic acid to liver alcohol dehydrogenase
(Table 6.4)., Orthophenanthroline and decanoate give excellent
agreement with what is predicted if they are competitive with
imidazole (see above), On the other hand, biphenyl-carboxylic

acid is a beiter protector than expected if competitive: an

~
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Table 6.5. Effect of excess imidazole on protection of liver ADH
from iodoacetate by chloride and formate. ITonic strength 0.1, at
23.5°. Enzyme, 0.6 Pﬂ; imidazole (base form) 29 mlf, at pH 7.4 and

63 mM at pH 10,0; iodoacetate, 1.33 mM at pH 7.4 and 2.0 mM at pH 10,0,

Added Protector of  Half-Time  Ymm,5, ‘.1

(m:i.n.) (mM) mM
None T 14.75 - -
Chloride (38.7 mM) " 2747 L) 23
Formate ( " ) " 17.0 (250) 2l
None 10.0 13.33 - -
Chloride (38.0 ml) n 23.67 46 (?)
Formate ( " ) L] 16.7 (152) (?)

KEIm,L = estimated dissociation-constant of the ligand concerned
from its ternary complex with enzyme and imidazole.
(Values in brackets are unreliable.)

K = dissociation-constant of the ligand concerned from its

binary complex with the enzyme (see Chapter 5).
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Fig. 6,11, Effect of both ADP-ribose and decancate on
inactivation of liver ADH by iodoacetate. Conditions as in
Fig. 6.1. Enzyme, 0,6 pM; iodoacetate, 3.33 mM. o, without
decanoate; V, + decanoate (80.7 }xM); A, + decancate (161.5 pM).

(From Reynolds et gl., 1970, with publishers' permission).
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Fig., 6.12, Fffect of increased ionic strength on inactivation of
liver ADH by iodoacetate, and on protection by AMP and chloride.
At 23,5° and ionic strength 0.60, in sodium-potassium phosphate
buffer, pH 7.4. Enzyme, 0.5 pM. o, without protecting
compound; A, + chloride (140 mM); v, + AMP (161 p¥). (Prom

Reynolds et al., 1970, with publishers' permission).
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Fig. 6.13, Fffect of AMP together with decanoate or chloride
on inactivation of liver ADH by iodoacetate., Conditions as in Fig.

6.12. Enzyme, 0.5 pM; iodoacetate, 6.67 mM. o, without decanocate
or chloride; A, + sodium chloride (140 mM); V, + decanoate (198 pM).

(Prom Reynolds et al., 1970, with publishers' permission).



enzyme-biphenylecarboxylate—imidazole ternary complex may therefore be
formed. The pll-devendence in the presence of excess imidazole is
seen to be small, since protection is almost as effective at pH 10,
The protecting efiect of chloride 1s not abolished by imidazole
(Table 6.5), although its bindinz is weakened by a factor of two,
This bindingz now appears to be pll-independent, Formate, however
(which binds very similarly to chloride, in the absence of imidazole:

see Chapter 5), becomes a much weaker protector in excess imidazole,

ADP-Rihose and Decanoate, Since both these are protectors, competi-

tive with iodoacetate, the method of Yonetani and Theorell (1964)
was used to examine their interactions, Results are shown in Fig.
6.11. Parallel lines are obtained, indicating that decancate and
ADP-ribose are competitive with each other, The deviation at high
concentrations of ADP-ribose and decanocate is probably due to slight
instability of the enzyme: a small effect would make a noticeable
difference, since the rate of inactivation was slow anyway, on that

part of the graph,

Increased Jonic Strenzsth, Interactions which are due to electro-

static attraction or repulsion should become weaker in more polar
surroundings, Some experiments were done to investigate this, At
an ionic strength of 0,6, AMP and iodoacetate are still competitive,
with each of their dissociation-constants increased by a factor of
2.7 (Fig. 6.12). Protection by chloride, however, became mixed:
the dissociation-constant of the enzyme-chloride binary complex was
increaﬁed by a factor of 3.3,

AMP is nearly competitive with decanoate and chloride (Fig.

6.13), but more so with chloride than decanoate,

12,



200 4

Half - time (min)
8

7z

> 0 00 10 200
[AMP] (uM)

Fig, 6.1k, FEffect of both AMP and orthophenanthroline on the
inactivation of liver ADH by iodoacetate. Conditions as in
Fig. 6.1. Enzyme, 0.5 pM; iodoacetete, 3.33 mM. o, without
orthophenanthroline; Aand V, + orthophenanthroline (4.33 pM
and 8,67 pM respectively). (From Reynolds et al., 1970, with

publishers' permission.)



Half - time (min)

00 200 %0 0
[Chtoride] (mM)
Fig, 6.15. Effect of both chloride and orthophenanthroline on
the inactivation of liver ADH by iodoacetate. Conditions as in
| Fig. 6.12., FEnzyme, 0.5 pM; diodoacetate, 6.67 mM, o, without
orthophenanthroline; A, + orthophenanthroline (7.49 pM). .

(From Reynolds et al., 1970, with publishers' permission.)



Table 6.6. Some inactivation experiments on yeast ADH with

iodoacetate, IJonic strength 0.1, pH 7.4, at 23.5°, Enzyme, 0.1 FM'

Added Ligand Igg%zzgtate Hali;i%me
None 0 (approx. 90)
" 0.67 6.63
L 6.67 0.84
Imidazole (base, 29 mM) 0.67 4,22
AP (1.58 mM) 0.67 9.07
Na Chloride (40 mi) 0.67 6.77

Na Formate (40 mi) 0.67 6.15



Orthophenanthroline and AMP, AMI' is competitive with iodoacetate,

but orthophenanthroline is approximately non-competitive. To study
their interaction, a method of analysis was devised, and is given
in Chapter 3, Section 3.3, It is very similar to that of Yonetani
and Theorell (1964), but is for one substrate-competitive inhibitor
(varied) and one substrate-noncompetitive inhibitor (different fixed
concentrations used), The lines meet just below the abscissa,
indicating that the binding of AMP and orthophenanthroline are
almost indevnendent of one another, but with perhaps a slight

weakening effect, (Fig. 5.14),

Orthophenanthroline and Chloride, In order to be able to have a

sufficiently high concentration of chloride, an ionic strength of 0,6
was used, The results are shown in Fig, 6,15, At low concentra-
tions of chloride, it seems to be competitive with orthophenanthroline;
but at higher concentrations of chloride, complexes involving enzyme,
orthophenanthroline and one or more chloride ions seem to be formed.
The evidence of one curve, containing few experimental points, is not
very convincing: but Morris (1970) has obtained exactly similar
curves from substrate kinetics (varying chloride, at several fixed
concentrations of orthophenanthroline, and maintaining the ionie
strength with phosphate), It should be borne in mind that the

varied phosphate concentration may itself be having an effect,

Comparison with Yeast Alcohol Dehydrogenase, Table 6.6 shows the

results of some preliminary experiments on yeast alcohol debydro-
genase, The thiol group is much more reactive, and scarcely any

saturation-effect was discernible at the highest concentrations it
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was possible to measure, Imidazole stimulated inactivation, and
AMP protected it, Chloride and formate had no effect at the

concentrations used (40 mM), In the absence of iodoacetate, the
enzyme wos rather unstable at low conceutralions, However, more

concentrated solutions appeared to be much more stable,

6.3, Discussion,

When interpreting these experiments, it is necessary to bear two
points in mind: firstly, that the cowmplexes postulated are only ones
that do exert an effect measurable by inactivation with iodoacetate,
Other complexes may well form which have no effect on this,

Secondly, what appears to be one simple reversible complex may in
fact be several different complexes between the enzyme and a ligand
combining in several different ways, If only one molecule of ligand
is bound at once (i.e. all the compleies are mutually competitive)
then the overall result will be one "hybrid" dissociation-constant,
However, the different complexes may have different interactions with
other types of ligand, It is distinctly probable that this kind of
behaviour is occurring with some of the ligands used in the
experiments described above,

Adenine nucleotides are perhaps comparatively simple. Under
all conditions they seem to be competitive with iodoacetate,
Therefore, it seems reasonable to postulate that adenylate compounds
and iodo-acids (and also aromatic acids - see below) bind, if not at
the same site, at least at overlapping sites.

Adenosine is more complex, Its ability to act as a metal-
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chelating agent may enable it to bind non-competitively with
iodoacetate (like orthophenanthroline), as well as competitively
(or partly competitively) at the adenylate site. Ilowever, its
much (3-iold) weaker apparent dissociation-constant for protection
compared with substrate-kinetics (Reynolds et al., 1970: see
Appendix) sugzests that protection may be only partial.

A number of previous studies have used bivalent chelating-
agents (orthophenanthroline or bipyridyl) to investigate liver
alcohol dehydrogenase, following the discovery (Theorell et al.,
1955) that, like the yeast enzyme, it contains zinc, Orthophenan-
throline inhibits the enzyme reversibly (Vallee and Hoch, 1957) and
difference spectra (Vallee et al.,, 1958; Vallee and Coombs, 1959)
indicate that it binds to zinc, The dissociation-constant for
orthophenanthroline from the enzyme (33,}M, Vallee and Coombs,

1959; 8!1M, Yonetani, 1963b; 9 PM’ Yonetani and Theorell, 1964;

6 pM, this work, above) agrees quite well with the third molecule
forming Zn(o-phenanthroline),

of orthophenanthroline chelating inorzanic zinc ionsK(Kolthoff, )

Leussiny and Lee, 1951; Vallee and Coombs, 1959; Plane and Long,

1963), Dalziel (1963a) has pointed out that published inhibition

kinetics (Vallee, Williams and Hoch, 1959; Plane and Theorell,

1961) are quite compatible with a compulsory-order mechanism

(coenzyme binding before substrate) with orthophenanthroline

compefing with coenzyme.

2,2'-Bipyridyl has been shown by Sigman (1967) to bind to
alcohol dehydrozenase; the inspiration for a number of the present
experiments with iodoacetate came from his work, As with
orthophenanthroline, two molecules are bound per molecule of enzyme,

and both spectra and magnitude of the dissociation-constant sugzest
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that it binds to zinec. However, Sigmin (1967) was uble to show

that bipyridyl could, under certain conlitions (high sub-trate
concentrations) activate the enzyme-catalysed reaction, Therefore

it seems that Dbipyridyl, unlike orthophenanthroline (but like imidazole)
can form ternary complexes with enzyme and coenzyme.

The present ex-eriments have shown that imidazole and decanoate
are competitive with orthophenanthroline, while AMP is approximately
non-competitive: these results are in accordance with the effect of
imidazole, decancate and adenine nucleotides (Sigman, 1967) on
bipyridyl-binding; however, acetate did not compete effectively
with bipyridyl, indicating that (in the absence of NAD+) it way bind
awvay from the zinc, possibly like aromatic acids, The incomplete
protection given by decanoate (Chapter 5) also would indicate that
its binding may be somewhat different from that of iodoacetate.
Yonetani and Theorell (1964) found that orthophenanthroline
tightened the binding of AMP and ADP (but bound independently of
ADP-ribose), With AMP in particular, they found it to be a weaker
inhibitor than did other workers (Li and Vallee, 1964b; Reynolds
et al,, 1970); but its binding becaume three-fold stronger in the
presence of orthophenanthroline, and was then similar to the value
found here, The binary complexes of enzyme with ADP-ribose, and
with orthophenanthroline, and also the ternary complex with both
ligands bound simultaneously, have been crystallised (Yonetani,
1963a).

The effect of pH, and of imidazole, is rather complex,

Theorell and McKinley-McKee (1961b,c) suzsested that imidazole was
binding to zinc in the enzyme, displacing a water molecule, They

observed that it also abolished or reduced some of the effects
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normally observed on raising the pll: therefore it wuas sugrested
that the ionisation at hi:h pll was that of the zinec-bound water
molecule, When ionised, the hydroxide ion was considered to
neutralise the one positive charge on the zinc (the other was
presumed to be neutralised by an anionic ligand from the protein),
This explained well the greater affinity of the enzyme for NaD" at
hizher pH; the positive zinc would repel the nicotinamide's
positive charge in the presence of a neutral ligand (imidazole or
water), but not if it carried one negative charze (hydroxide, or
carboxylate).

This provided a nice explanation for the mutual stabilisation
of NAD+ and fatty-acids in ternary complexes with the enzyme -~ the
extra positive charge of the nicotinamide assisting binding of the
anionic carboxylate group, as well as vice versa (see above),
However, NADH and fatty-acids were observed to be competitive (Winer
and Theorell, 1960), This could scarcely be due to steric
interaction, because of the ready formation of complexes with Nap*
and fatty-acids, The competition observed between decanoate and
ADP-ribose (Fig. 6.11) is perbaps due to electrostatic repulsion
between the bound carboxylate group and the phosphates of the
nucleotide, The slizbtly weaker interaction at hisher ionic
strength (Fig. 6.13) between AMP and decanocate may support this
concept, although using AMP instead of ADP-ribose may have been
responsible,

Both imidazole and orthophenanihroline (Yonetani, 1963b) are

.
bound much more weakly at high pH, If they displace a zinc-bound

water-molecule at neutral pH, but a zinc-bound hydroxide ion at

high pH, the latter could well be bound much more tizhtly,.
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The stimulation of inactivation by pyridine, by ethanol (at high
iodoacetate concentrations) and possibly also by isobutyramide
sugzrests that it may be a zeneral phenomenon of neutral monodentate
ligands; it is therefore unlikely tiat imidazole stimulates
inactivation by a specific mechanism such as that sugzested by
Rabin, Evans and Rashed (1970). Binary enzyme—ethanol complexes
have been reported previously (Sigman, 1967), but may have no kinetic
significance (Theorell and McKinley-McKee, 196la,c; Shore and
Theorell, 1966a,b; Dalziel and Dickinson, 1966a,b). McKinley-
McKee (1963b) has stated that ethanol does not affect inactivation
by iodoacetamide.

The binding of NADH (Theorell and Winer, 1959; Theorell and
McKinley-McKee, 1961b; Theorell et al., 1970), and of ADP-ribose
(Yonetani, 1963a,b; Theorell and Yonetani, 1964), and probably of
AMP (Reynolds et al,, 1970) show similar pH-dependence, being bound
much more weakly above pH 9, It would be of interest to know
whether this was due to the same ionisation as described above or
not. If the same, the pH-dependence should be suppressed by
imidazole, The results in Figs, 6,9 and 6,10 and in Table 6.3
indicate that the pH-dependence is reduced quite appreciably by
imidazole - but a three-fold difference in binding still exists
between pH 7.4 and pH 10 for AMP and ADP-ribose., This is in
contrast to adenosine, which (even without imidazole) appears to
bind equally well at the two pH values (Reynolds‘gg‘gl., 1970).
Therefore, although the phosphates of ADP-ribose and AMP probably
are attracted to a certain extent by the (postulated) zinc's
positive charge, one may tentatively postulate another, imidazole-

insensitive positive charge (perhaps a lysine) with a pK probably
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Table 6.7.

Summary of dissociation-constants of coenzymes and

coenzyme fregments from liver ADH, at pH 7 - 7.5.

Ligand Dissociation-Constant References
(px)

Adenosine 6,200 Reynolds et al. (1970).

AMP 32 - 140 Table 6.1.

ADP 180 - 390 Table 6.1.

ADP-ribose 10.5 - 36 Table 6.1.

NADH 0.3 Theorell and McKinley-McKee,
51961b); Anderson and Weber,
1965).

NAD® 130 Taniguchi et sl. (1967).

NMN 10,000 Sigman (1967).

NRPPR (approx. 3,000) Fawcett and Kaplan (1962).

NN = Nicotinamide mononucleotide.

NRPPR = Nicotinamide-B-ribosyl-pyrophosphoryl-ribose (i.e.

NAD with the adenine removed).



below 10, which is involved in binding the phosphate sroups - mainly
thie phosphate nearer adenine, It is not clear wiether ihis could
be one of the lysine groups responsible for activating the enzyme
when modified (Plapp, 1970),

Table 6,7 contains a summary of dissociation-constants of
coenzymes and coenzyme frayments with the enzyme. They serve to
emphasize the importance of the phosphate of AMP in bindiny (as
discussed by Li and Vallee, 1964b), and sugzest that the phosphate
nearer nicotinamide may play only a minor role in coenzyme bindingz,
The oxidised form of the coenzyme analozue acetyl-pyridine adenine
dinucleotide bLinds as stronzly as N.-LD+ (Shore and Theorell, 1967;
Shore and Gilleland; 1970), but the reduced form was bound more
weakly than NADH, The nicotinamide of NAD' seems to be a
hindrance to binding, at neutral pH, As discussed above, this
may be due to repulsion by a positive charge (probably zinc) in the
enzyme, which is neutralised at high pH, Nicotinamide mononucleo-
tide does not displace bipyridyl from the enzyme (Sigman, 1967), and
the observed inhibition by it mizht be due to adenine-containing
impurities, or perhaps due to nicotinamide binding at the adenine
site on the enzyme. In this respect, yeast alcohol dehydrogenase
is different: quaternary ammonium and pyridinium compounds can
bind (Fonda and Anderson, 1967), and binding is strengthened by
adenine nucleotideé. Dogfish lactate dehydrogzenase only binds
nicotinamide mononucleotide in the presence of AMP (McPherson,
1970): the phosphate of AMP might trigger off a conformation
change, forming tle nicotinamide binding-site (Adams et al., 1970a,b;
McPherson, 1970),

Dalziel (1963d) has sugzested that the large negative entropy



of activation when NAD® or NADH dissociate frow the enzyme may be
due to separation of electrostatic charges in the transition-complex,

The pli~-dependence of NADH-bindinz to the steroid isocnzyme
appears to be less Lhan for the cthanol-active form (Theorell
et al., 1970), Since none of the altered amino-acids (J;rnvall,
1970a) has a pK in the pH 9 - 10 region, the effect may be an
indirect one,

The binding of iodoacetate itself, and of 4-biphenyl-carboxylic
acid, may be similar to each other, This is shown by
plil-dependence with anl without imidazole, competition with adenine
nucleotides and non-competition with orthophenanthroline and
bipyridyl (Sigman, 1967). The pl~dependence, with and without
imidazole, suggests that their binding is largely dependent on the
zinc (i.e, imidazole-sensitive positive charge), The weakening
effect of imidazole on their binding, although not competitive, is
understandable, However, if this is the case, it is hard to see
why orthophenanthroline and bipyridyl, which are larger than
imidazole, have virtually no effect on their binding., One can
postulate that thé carboxylate anion of these acids is held near

whose positive charge ;
zinc, K provides electrostatic binding (rather than the

with the carboxylate group
lysine postulated above), but A far enough away (or positioned
at such an angle) that orthophenanthroline does not affect its
binding,
The effect of imidazole, in exerting an effect which bidentate
lirands do not, is alse difficult to explain satisfactorily. One
possibility is that it causes a conformation-chanze in the enzyme

(perhaps mediated by a chanze in co-ordination zeometry of zinc),

This would be supported by the protection which imidazole zives to
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the enzyme from PCMB (Witter, 1960); it is considerably rore
eflective than the very stron: enzyme-N.'lil-isohutyramide ternary
complex, lowever, both imidazole and orthophenanthroline provide
zo0d proiection zguinst WD {(ji:ai:ter -‘t). another possibility is
that, unlike orthophenanthroline, imidazole is able to bind at more
than one site., Rather high concentrations of imidazole were used,
and binding to secondary sites, perhaps other than zinc, is a
possibility; indeed, it was suggested above (by the data in

Fizx

o

6,7) that this was probably occurringz. Temperature-jump
studies (Czerlinski, 1962) shoved two different enzyme-NADii-
imidazole ternary complexes, but this could be interpreted in terms
of either of the above mechanisms,

The binding of halide ions is complex, The results defy
rational explanation unless one postulates that they bind in a
number of different ways. Bromide and iodide are the only anionic
compounds found not to be competitive with iodoacetate at ionic
strength 0,1, Chloride and bromide can form ternary complexes
with enzyme and NADH (Theorell et al.,, 1955; Plane and Theorell,
1961), stimulating the dissociation of NADH from the enzyme. In
this sense, they are acting like imidazole, However, they are
unlikely to bind simply and solely like imidazole, because fatty
acids (which are competitive with imidazole, while chloride is not)
are competitive with NADH, The near-competition with AMP
(Fig. 6.13) and largely non-competition with imidazole (Table 6.5)
indicate that chloride-binding has much in common with that of the
phosphate of AMP, However, imidazole renders chloride-binding
independent of pll, but not nucleotide-bindingz, With orthophenan-

throline (Fig. 6.15) it appears that there is competition at low
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concentrations but not at high concentrations of chleride,
sugzestinz some comparatively strony bindinz to zinc (or near it),
and weaker binding elsewvhere as well, probably at more than one
site, Carbonic anbydrase B can bind up Lo about six chloride ions
simultanecusly (Verpoorte, Mehta and Edsall, 1967),

Further evidence for the complex bindinz of chloride, and of
its interactions with other ligands, is obtained from the recent
NMR investigations of Lindman et al., (1970), NADH (with or
without isobutyramide) partially reduces the line-broadening of
3501— when it interacts with liver alcohol dehydrogenase. In the
absence of isobutyramide, the effect is complete when one
equivalent of NADH has bound per dimeric enzyme molecule; but in
the presence of isobutyramide, two molecules of NADH are required,
i.e. one per active site.

In all these experiments no effect of inorganic phosphate on
alkylation (except by alterinz the ionic strength) has been noticed.
However, it does bind to the enzyme competitively with NADP (Dalziel
and Dickinson, 1965a), and it is very difficult to dialyse the
enzyme free of phosphate (Reynolds, 1967)'. Therefore phosphate
very probably is bound to the enzyme, although its effect on alkyla-
tion is unknown, Several phosphate ions can bind to glyceraldehyde
phosphate dehydrozenase (Velick and Furfine, 1963); anions protect
this enzyme (Boross, Cseke and Vas, 1969), and also

creatine kinase (Milner-White and Watts, 1970) from alkylation.

The brief experiments with yeast alcohol dehydrogenase sugzest
that in some senses it may be similar to the liver enzyme, AMP

provides protection, and imidazole appears to stimulate the reaction
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slishtly; further studies would be required, to reach any definite
conclusions, The enzyme only has one zinc atom per subunit (Vallee
and loch, 1955), Binding by phenanthroline compounds (Anderson

t al,, 1966) is much weaker than to the liver enzyme; it is

equally good for derivatives that cannot act as chelating agents;
those obtained on
and difference spectra are similar toﬂtransferring the compounds
into less polar environments (as well as to the formation of
chelates). Therefore, it seems likely that the yeast enzyme does
not readily form zinc chelates, Other, more coumprehensive studies
using ipactivation by élkylation have bec¢n made by Rabin and
Whitehead (1962); Whitehead and Rabin (1964); Rabin et al.,
(1964); nRashed and Rabin (1968); Eisele and Wallenfels (1968);
Plapp, Woenckhaus and Pfleiderer (1968), and Tipton (1968), The
last two references provide some positive evidence that a thiol
group near the active centre is being alkylated,

Eisele and Wallenfels (1968) showed that the different optical
isomers of 2-iodopropionate react at different rates with yeast
alcohol dehydrogenase, This is perhaps not surprising: proteins
themselves are optically active, being made up of the L isomer of
optically-active amino-acids, The reaction of the liver enzyme with

too, slow’

2-iodoproplonate was(to be useful (Eisele, 1969); it also showed

a saturation-effect,
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7.1, Introduction

In the preceding chapters, doubts were raised as to whether the
thiol _sroup which is reactive towards iodecacetate (cysteine 163
Jgrnvall, 1970b) is at the active site of the enzyme, As mentioned
in Chapter 1, Section 1,4, Li and Vallee (1965) showed by optical
rotatory dispersion that the position, sign and shape of the extrin-
sic Cotton effect of enzyme-bound NADH is the same in carboxymethy-
lated as in native enzyme; the reduced amplitude and breadth was
attributed to increased flexibility of the bound dihydropyridine
group, but the environment was considered to be unaltered.  They
also showed, by spectrophotometric titration, that NADH was bound by
the carboxymethylated enzyme, but much more weakly than by native
enzyme,

The discussion of Chapter 6 indicated what kind of effects
might be expected if un extra anionic group was introduced into the
active centre, In this Chapter, experiments are described using
carboxymethyl alcohol debydrogenase, to examine the effect of
carboxymethylation on lizand binding,

Part of this work bas been published (Reynolds and McKinley-

McKee, 1970),

7.2, Results,

Residual Activity., Samples of liver alcohol dehydrogenase were

carboxymethylated with iodoacetate, as described in Chapter 2,

Section 2.4, In all preparations, it was found that activity wus
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Fig., 7.1. TFxtensive inactivation of liver ADH by iodoacetate.
Ionic strength 0.1, in sodium phosphate buffer, containing
imidazole (3.6 mM), at 23.5°. Enzyme, 13 pMf; iodoacetate,

6 mM. o, without AMP; A, + AMP (170 pM); v, + AMP (340 pk).
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Fig. 7.2, Sfarch—gel electrophoresis of native and

carboxymethylated liver ADH, in 10 mM sodium phosphate buffer,

pH 7.4. The electric field was 13 volts/em. 1.5 x actual size.



lost rapidly until about 2 - 2.5% of the initial activity remuined;
but the last trace of activity was much more resistunt to
inactivation, This was true whether imidazole was present or not,
The kinetics of this are shown in Fig, 7.1,

It was thought that a likely explanation of this residual
activity would be that a minor isoenzyme component was resistant to
iodoacetate, Starch-gel electrophoresis, performed exactly as by
McKinley-Mckee and Moss (1965), and using the same apparatus, gave
the results shown in Fig., 7.2, The native enzyme showed one main
protein band, EE, and a very faint minor protein band, LS. Activity staining
showed an intense band, EE, and fainter bands ES, EE' and ER", The
carboxymethylated enzyme showed one band of activity and of vprotein,
both having approximately the same mobility as EE in the native
enzyme, This shows that the residual activity is a property of
protein with the same mobility as the bulk of the protein present, and
hence is unlikely to be due to a minor isoenzyme in the native protein

Residual activity might not be a genuine catalytic activity of
the carboxymethylated enzyme, but might instead represent a small
fraction of the protein bein: alkylated at some other residue; this
mizht be more resistant, now, to alkylation at cysteine 46. If this
postulated "other" residue is not protected effectively by AMP, then
inactivations in the presence of AMP should enable more of this
"variant" modified enzyme to accumulate, and give an increased
residual activity. This clearly does not occur (Fig., 7.1).
Therefore, if this "other" residue does exist, it must also be pro-
tected by AMP: however, this does lessen the likelihood of this
explanation being correct; it appears that residual activity probably
is a genuine catalytic activity of liver alcohol dehydrogenase (EE)

carboxymethylated at residue 46 (Jornvall), 1970b).
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Fig, 7.3. Titrations of native and (24 hours old) carboxymethyl
liver ADH with L-iodopyrazole. Tonic strength 0.08, in sodium
phosphate buffer (pH 7.4), at 23.5°, NAD', 136 pM. o, native

enzyme (2.45 p.M): A, carboxymethyl 'enzyme (2.6 pM).



When ethanol (8 mlM) was added to carboxymethylated enzyme
(0.7 PH) and NAD" (460 PM) at pH 10, no'burst" of increased fluore-
scence was observed, indicatins no sudden ﬁroduction of (enzyme—
bound) NaDH. Therefore, if the bulk of the protein does have
residual activity, and the affinity for NAD" and ethanol is not
reduced too drastically, it does not obey the Theorell-Chance

mechanism (Theorell and Chance, 1951),

Amino-Acid Analvsis, When the thiol content was measured

immediately after carboxymethylation, a loss of 1 - 1,2 thiol zroups
per subunit was found (see Chapter 5), However, after carboxy-
methylated enzyme had been kept for at least 24 hours, or if the
reaction with iodoacetate was terminated by dialysis, up to 30% or
more of the thiol groups were lost, i.e. about 5 out of 14 per
subunit, Amino-acid analysis showed that one S-carboxymethyl-
cysteine was present per subunit, but also some cystine (approxi-
mately 2.5 residues per subunit), The column of the amino-acid
analyser had been rec;ntly repacked, and was giving excellent
separations: otherwise, the cystine peak would not have been
resolved, It is possible (but unlikely) that the cystine was an
artifact due to oxidation during hydrolysis., Native liver alcohol
dehydrogenase (unlike the yeast enzyme) is comparatively stable, and
preparations normally have (and retain) full activity and a full

complement of thiol groups when stored for a few days at 0 - 40.

Complexes with NAD" and Pyrazole, As shown in Fig, 7.3, titrations

of native and carboxymethyl enzyme with 4-iodopyrazole in excess
NAD" were very similar, The same csradient at low pyrazole concen-

trations indicates that the complex formed has the same extinction
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Fig, 7.h. Titrations of (aged) carboxymethyl liver ADH with
pyrazole: effect of decanoate. Conditions were as in Fig. 7.3.
Carboxymethyl ADH, 2 pM; NAD®, 136 pM. o, without decanoate,

except as indicated (e); A, + decanocate (33 pM).



coefficient at 290 nm, The curvature as the end-point of the
titration is reached is similar, and estimated dissociation-
constants of 4-iodo-pyrazole from the (assumed) ternary complex of
enzyuc, D" and pyrazole derivative were also similar (approxima-
tely 0.1 Pl‘l),_\fhich is rather hisher than obtained from kinetic
estimates by Theorell et al., (1969)., However, the XAD" concentra-
tion (186 pM) will not be sufficient to saturate the enzyme, in the
absence of pyrazole; the dissociation-constant of the native
enzyme—NAD+ binary complex is approximately 130 pM at pH 7 and

30 pM at pH 8 (Taniguchi et al., 1967),

Titrations with 4-iodo-pyrazole did enable an estimate of the
coenzyme~binding~site concentration to be made. It was usually
about 10% less than on a sample of native enzyme with the same
absorbance at 280 nm, suggesting a small loss of binding-sites
either by denaturation or by chemical reaction of other groups in
the enzyme, When the alkylation of native enzyme was terminated
by dialysis (instead of by passage through Sephadex G-25), or on
keeping, the loss was 20 - 30%,

Fatty-acids form strong ternary complexes with enzyme and
NAD™ (Winer and Theorell, 1960)., Fig, 7.4 shows that decancate
does appear to displace pyrazole from the carboxymethyl-enzyme-
NAD+-pyrazole ternary complex, * The titration curve in the presence
of a constant concentration of decanoate may be misleading because
pyrazole could only displace decanoate to form its own ternary
complex rather slowly (see Theorell et al,, 1969), Native enzyme
showed similar effects when decanoate displaced pyrazole.

Estimates of the dissociation-constant for decanoate from the

ternary complex of carboxymethyl-enzyme, NAD' and decanoate were

2



N

Fluorescence (inches)

400 500

Fig. 7.5. Uncorrected fluorescence-emission spectrum of NADH
in the presence of carboxymethyl liver ADH, Ionic strength 0.1,
in sodium phosphate buffer (pH 7.4), at 23.5°, Excitation at
330 nm., NADH, 0.8 jM; carboxymethyl enzyme concentrations as

follows: a, zero: b, 0.7 pM; ¢, 2.1 pM,
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Fig. 7.6. Anomalous fluorescence inteﬁsity of NADH at low
concentrations, ITonic strength 0.1, in sodium phosphate
buffer (pH 7.4), et 23.5°, Excitation at 330 nm, emission at
410 nm, The dashed line represents an extrapolation of the

experimental line between 1 and 7 PM (which was linear).



rather erratic, and varied between 1 and 9 PM. The value for

native enzyme was 2 PH (Theorell and Mekinley-Mchee, 1561b),

Fluorescence sSxyperiments with MNALMH, The fluorescence emission of

NADH is enhunced considerably, and the peak underzoes a blue shift,
when bound to native liver alcohol dehydrogenase (Boyer and Theorell,
1956; Theorell and McKinley-}cKee, 1961b). However, as shown in
Fig, 7.5, carboxymethylated liver alcohol dehydrozenase only
slightly enhances the peak height of the emission spectrum of NADII,
The considerable broadeninz of the shorter-wavelength part of the
spectrum deoes give an enhancement of 7 to 8-fold at 410 nm, and
this m.y be used to estimate the dissociation-constant of NADIH from
its complex with the carboxymethylated enzyme,

Fluorescence titrations were found to be comparatively
difficult to do accurately, and many refinements could with
advantage have been adopted to the method which was used, The
main problem was that at very low concentrations of NADH (without
any enzyme), the fluorescence observed was greater, proportionately,
than at higher concentrations, This effect is shown in Fig, 7.6,
The effect was only observed when the NADH concentration was below
about 1 pM;  from 1 to over 6 PM, fluorescence increased linearly
with concentration of NADH, The effect was always observed, but
its magnitude was not precisely reproducible, It occurred in the
presence of protein too; if sufficient allowance was not made for
it, anomalous (stronger) binding of NADH at low concentrations
appeared to take place. The reason for this is unknown; one
sugzestion (made by Dr. G.K. Radda) was that it was due to
adsorption of NADH to the walls of the cuvette; the fluorescence

measured should, however, be from the centre of the cuvette.
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Fig., 7.1. Fluorescence titrations of native liver ADH with
NADH, Tonic strength 0.1, in sodium phosphate buffer (pH 7.4),

at 23.5°. o, without AMP; 2, + AMP (61 pM); v, + AMP (122 pi).

Ethanol (8 mM) was present.



Contaminating wmetal ions (or other impurity) may also be a
possibility, Mercuric ions bind to NADH and abolish its absorp-
tion at 340 nm (Doukin and King, 1968); it is probable that other
metals can bind too, but unlikely that they would increase
fluorescence,

Other sources of error might be scattered light within the
enission monochromator; this could be cut out by using optical
filters, Scattered light from the cuvette could be caused by
particles present in the solution in it, and might be rewoved by
centrifugation or filtration, or using optical filters as above,

The method of calculation is described and discussed in
Chapter 3, Section 3.4,

The technique was tested using native enzyme (Fig. 7.7). A
considerable amount of N.ilH-oxidising material (presumably aldehyde)
was found to completely prevent useful titrations being performed.
A low concentration of ethanol (8 mM) was used to suppress this,
In the absence of AMP, a good titration-curve was given, with
dissociation-constant 0.296,1M. This is in excellent agreement
with literature values (0.29‘pM: Anderson and Veber, 1965: 0.31
jM, Theorell and McKinley-McKee, 1961b), With AMP present (61 or
122|1M), dissociation-constants for the enzyme-AMP binary complex
were calculated to be 53,2 and 69.T|1H: the lack of agreement
between these figures was rather disappointing,

A small but noticeable amount of NADH-oxidation was observed
during fluorescence titrations of carboxymethyl enzyme. This
could either be corrected for by the method of Theorell and Winer
(1959), or abolished by adding ethanol (2 - 8 mM)., The latter

method was adopted, as it was considered very unlikely that this
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Pig. 7.8, Fluorescence titrations of freshly-prepared

carboxymethyl liver ADH with WADH: effect of AMP. Conditions

as in Fig. 7.7. o, no other ligand: 4, + AMP (122 pM),
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Fig. 7.9. Fluorescence titrations of carboxwvmethyl liver ADH
(stored 24 hours) with VADH: effect of decancate. Conditions
as in Fig. 7.7. o0, no other ligand; A, + decanoate (50 p?J);

V¥, + decanoate (100 PM>'



Fig, 7.10. TFluorescence titrations of carboxymethyl liver ADH

(stored 24 hours) with NADH: effect of A-biphenyl-carboxylic
acid and of lower pH. Conditions as in Fig. 7.7. Dashed line
without points, no added ligand at pH 7.4 (see Fig. 7.9);

o and &, + 4-biphenyl-carboxylic acid (50 pM and 100 pM
respectively) at pH 7.4; V, no added ligand (pH 6.1, sodium

phosphate buffer).
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Fig. 7.11. Fluorescence titrations of carboxymethyl liver ADH
(stored 24 hours) with NADH: effect of acetamide, and of
imidazole. Conditions as in Fig. 7.7. Dashed line without
points, no added ligand (pH 7.4); o, + acetemide (0.37 ¥) at
pH 7.4; e, + imidazole (base form, 29 mM) at pH 7.4; A, +
imidazole (97 mM) at pH 9.8 (glycine-NaOH buffer + sodium

phosphate, 19 mM in glycinate anion).



Table 7.1. Apparent dissociation-constants of NADH from carboxy-
methyl liver ADH in the presence of other ligands, determined by

fluorescence enhancement., Evaluated from Figs. 7.7 - 7.11.

K'l"
7, L
Added ILigand pH D Cl-ADH lative ADH (Ref.)
(ptt) (FBT' (pii)
None 7.4 7.2-7.6 1,70 -
AVP (122 pm) " 8.2 3,50 115 32 - 140 (A)
Dec (50 pM) » T4 3.16 58.5
39 - 230  (B)
Dec (100 pM) " 8.0  4.59 571
BPCA (100 pM) " 3,1 (8.49) (25) L5 - 60 (a,¢)
Acetamide (0.4 M) " 8.8 2.3 - - (see D)
Imidazole
(base, 29 mM) " 5.5 2.9 - (see E)
None 6.1 6.8 1.38 -
None 9.8 (no binding of NADH detected)
Imidazole (97 mM) 9.8 3.5  L.42 - (see E)
Q = factor by which NADH fluorescence is enhanced upon binding

to carboxymethyl enzyme.

D = apparent dissociation-constant of NADH from carboxymethyl-ADH,

KE,L = calculated dissociation-constant of the binary enzyme-ligand
complex, assuming ligand is competitive with NADH,
BPCA = L-biphenyl-carboxylic acid.

Dec = decanoate.

CM- = carboxymethyl-.

Brackets around values (D and Kq L) indicate large experimental error.
’

References: A, see Table 6.1. D, Winer and Theorell (1960)
B, see Table 5.1. E, Theorell and McKinley-

¢, Sigman (1967) McKee (1961b)



would make a significant difference to binding of NADH to the
carboxymethyl enzyme, when it made none to the native enzyme,
Results are shown in Figs, 7.8 = 7.11, The effects of AMP,
decanoate and 4-biphenyl-carboxylic acid respecectively are shown in
Figs, 7.8, 7.9 and 7.10, Fig., 7.11 shows the effect of imidazole
at pH 7.4 and at pH 9.8, and of acetamide. At pH 9.8, but without
imidazole, no binding could be detected, The experiment with
4-biphenyl-carboxylic acid was particularly erratic, Anomalous
results at low saturation of the enzyme are probably due to the non-
enzymic enhancement described above, At pH 6, binding of NADH is
slightly stronger than at pH 7.4 (Fig., 7.10).

The results of these fluorescence titrations with carboxymethyl
enzyme are summarised in Table 7,1, It is seen that AMP and
decanoate still bind well to the carboxymethylated enzymue, The
close agrecment of the two figures for decanoate must be considered
coincidental, as is seen from inspection of Fig, 7.9, Imidazole
seems to quench the fluorescence of bound NADH, indicating a ternary
complex of carboxymethylated enzyme, NADH and imidazole; NADIH,
however, is bound quite firmly to this complex; in fact, the

that of

strength of binding of NADH is very similar tqknative enzyme
(Theorell and McKinley-McKee, 1961b), even though NADH is bound six
times more weakly to the binary complex. Acetamide appears (like
imidazole) to make NADH bind a little more weakly, but without
changing the fluorescence of bound NADH, Isobutyramide was also

the behaviour of
found to do this, This is considerably different from/the native
enzyme, where imidazole and many amides cause enhancement of

fluorescence of bound NADH; imidazole wealiens the binding of NADH

(Theorell and McKinley-McKee, 1961b) while amides strengthen
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NADH-binding (Winer and Theorell, 1960; Theorell and McKinley-
McLee, 1961b; Voronick, 1961, 1963a,b),

Ethanol in bish concentrations (Shore and Theorell, 1966a,b)
can form a ternary (abortive) complex with native enzyme, to which
NADH is bound more strongly than to the enzyme~NADH binary complex,
and in which the fluorescence enhancement is reduced. Dime thyl
sulphoxide (Perlman and Wolff, 1968) forms a tisht, hizhly
fluorescent complex with enzyme and NADH, just as some amides do,
Both ethanol (3%) and dimethyl sulphoxide (0.3%) had only a small
effect on carboxymethyl enzyme,

The results with 4-~biphenyl-carboxylic acid, althouzh erratic,
show that it does bind quite tishtly to the enzyme, The reduced
value of ¢ (enhancement factor of bound NADH) may be an experimental
error, If not, it could indicate that ternary complexes of carboxy-
methyl enzyme, NADH and biphenyl-carboxylic acid can form. Normally
aromatic acids are competitive with coenzyme (Sigman, 1967); there-
fore the molecule is binding at some other, secondary site; such a
possibility was raised in Chapter 6, because of biphasic Dixon plots,
The quenching of the fluorescence of the binary native enzyme-NADH
complex by Nap”* (Theorell and McKinley-McKee, 1961b) could indicate
secondary sites for NAD+. Secondary bindinz-sites have been found

for the spin-labelled coenzyme analogue used by Weiner (1969).

7.3. Discussion.

The residual activity found apjears to be a genuine catalytic

activity of liver alcohol debydro:enase carboxymethylated at

2



cysteine 46 in the amino-acid sequence (J(')‘rnvall, 19?0b). It is
appurently not due to a ninor isoenzyme component which is resistant
to iodoacetate, and probably not due to a small amount of "variant"
modified enzyme, modified at a different residue and now resistant
to alkylation at residue 46, The apparently unaltered electro-
phoretic mobility su:iests that carboxymethylation may not alter the
charge on the enzyme, Carboxymethylation does not detectably alter
the enzyme conformation (Li and Vallee, 1965). The findinz that
residual activity (if due to the bulk of the protein) may not obey
the Theorell-Chance mechanism is not surprising. A reduction of
40-fold or more in the dissociation velocity constant of the enzyme-
NADH complex would probably result in tighter binding of NADH, yet
in practice it was observed to be weaker,

Amino-acid analysis confirmed the specificity of alkylation by
iodoacetate, since only one mole of S-carboxymethyl-cysteine per
subunit was found, However, the unexpected provisional finding of
cystine indicates that four or more cysteines become able to form
disulphide bonds in the carboxymethylated enzyme, This may be due
to a general loosening of structure. The disulphide bonds could
be within subunits, or between subunits in the dimeric enzyme
molecule, or between enzyme molecules leading to aggregation, No
attempt was made to determine which of these mechanisms was
operating, It is interesting to note that Hoagstrom et al., (1969)
found that zinc-free liver alcohol dehydrogenase (prepared by
dialysis) only contained 8 out of an initial 26 thiol groups per
molecule, Also, Oppenheimer et al,, (1967) found that, over a
period of a few days, 5 disulphide bonds per molecule (i.e, 2.5 per

subunit) formed, Green and McKay (1969) found that low-zinc enzyme
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tended to aggregzate, even in the presence of reducing agent, It
may be, therefore, that zinc-removal and carboxymethylation have
similar effects on the general structure of the enzyme molecule,

It is possible that sonie of the properties of carboxymethylated
alcoliol dehydrogenase could be due to secondary loss of zinc, rather
than to the carboxymethylation itself, During the course of a
preparative inactivation, it was feund that after 15 min.,, both
activity and formation of the highly-fluorescent enzyme-NADI-
isobutyramide complex had decreased to 20% of their initial values,
Secondary loss of zinc is unlikely to occur so rapidly; but it may
occur more slowly, associated with the formation of disulphide
bonds., Drum et al., (1967b) found that two of the four zinc atoms
in the enzyme could be removed much more easily after carboxy-
methylation, No difference in binding properties was noticed
when fresh or aged samples of carboxymethylated enzyme were used,
apart from the decrease in bindinz-sites,

The disulphide bonds formed may not be equally distributed
among the modified enzyme molecules, Some enzyme molecules may
be denatured, be unable to bind N.ADII, and contain more than five
disulphide bonds per molecule,

The carboxymethylated enzyme is seen to be qualitatively and
quantitatively similar to the native enzyme in the following
properties:

(i) Formation of ternary complexes, absorbing at 290 nm,
with NAD® and pyrazole.

(ii) Formation of ternary complexes with NAD® and deéanoate.
(iii) TFormation of binary complexes with NADH, AMP, decanoate,

imidazole (see also Chapter 4), orthophenanthroline (Drum et al.,
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1967b) and (probably) 4-biphenyl-carboxylic acid. In the presence
of imidazole, the pl-idependence of binding of NiDH appeurs to be

similar to that of AMP and ADP-ribose in the native enzyme,

The main differences, however, are:

(i) Near-abolition of catalytic activity (as described above),

(ii) Inability to enhance fluorescence of bound NADH, except at
the short-wavelength part of its emission spectrum, Compounds which
produce highly fluorescent ternary complexes with native enzyme
(imidazole, amides and dimethyl sulphoxide) have little eflect on
the binding of NADH,

In the previous chapter, it was shown that introduction of a
negative charge (as a reversibly-bound anion) at the postulated zinc
site has the following effects: abolition (or considerable weakening)
of binding of NADH, adenine nucleotides and iodoacetate; strengthen-
ing of binding of NAD+; and competition with imidazole, orthophenan-
throline and decanoate, A reversibly-bound anion at the postulated
nucleotide-phosphate site might have the following effects:
prevention of binding of NADH, adenine nucleotides, aromatic acids armd
(by charge-repulsion) decanoate; on the other hand, it should have
liitle effect on imidazole-binding, or on orthophenanthroline-binding,

It is seen, however, that covalent introduction of a carboxy-
methyl anion has only a small effect on the binding of any of these
compounds, although the largest effect is on NADH itself,

Therefore, either carboxymethylation does not take place at the
active centre; or, if it does, no net change of charze is brought
about, This could occur if the thiol was present as the anion:

this is unlikely because of its low reactivity with iodoacetate and
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(more especially) iodoacetamide: see Chapter 9, Section 9.1, It
could also be produced by protonation of a neizhbouring ;xroup taking

place concomitantly with carboxymethylation of the thiol, for

exanple: o

COO

i
N\ $ H—N/\N-H

ey s NaNy NN ENNRs

It is not clear why the present experiments should show NADH-
binding to be quite strong (dissociation-cunstant 1.7 uM) while Li
and Vallee (1965) found it to be 40 PM’ by spectrophotometry,

Yeast alcohol dehydrozenase reacts with iodoacetamide; its
reactive thiols are sufficiently sensitive for specific alkylation
with iodoacetamide to be possible, The resulting carboxamido-
methylated enzyme is still able to bind NADH, as shown by gel-
filtration in the presence of NADH (Auricchio and Bruni, 1969).
Inactivation with 2-bromo-2-phenyl-acetaldehyde (Tipton, 1968) is
very probably due to reaction with a thiol at the active site of
the enzyme; yet the inhibited enzyme was still able to bind NADH
with unaltered fluorescence enhancement. The phenyl-acetaldehyde
group introduced in this reaction is however uncharged, which may -
explain the lack of effect on NAlll-binding and fluorescence
enhancement, Unfortunately, iodoacetamide did not react.
specifically enough with liver alcohol dehydrogenase for specific
carboxamidomethyl enzyme to be attainable, It might perhaps be
possible in the presence of imidazole, Lactate’dehydrogenase (from
pig heart, H4 enzyme) can bind N.iDI, and N and sulphite, after

inhibition by maleinimide, but about ten times more weakly

]
]
N
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(molbrook, 1966); however a larger maleinimide derivative, N(N-acetyl-
sulphamoyl-phenyl) maleinimide, inactivates lactate dehydrogenase and
reduces the stoichiometry of bindinz of NADH without altering its
dissociation-constant. Coenzyme also protects lactate dehydro-
genase, Thus lactate dehydrogenase and the two alcohol

dehydrogenases do show some similarities,
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Fig. 8.1. Inactivations of liver ADH by bromoacetyl pyridine.
At 23.5%, ionic strength 0.1, in sodium phosphate buffer.

Enzyme, 0.5 pM; bromoacetyl pyridine, 0.67 mM, Filled symbols,
no further additions; o, + imidazole (base form, 29 mM); ¥, +

orthophenanthroline (15 PM); A, + a¥p (136 p).



8,1, Introduction,

EBarlier chapters of this thesis, and references cited, have
shown that nitrogen-base compounds (e.z, imidazole and pyridine) and
also ethanol can form binary complexes with liver alcohol dehydro-
genase, It was hoped that by using halogenated compounds based on
these, it might be possible to specifically alkylate any reactive
group that was close to the reversible binding-site of the parent
compounds,

Bromoacetyl-pyridine (which will be used instead of its full
name, 3{2-bromo-acetyl)-pyridine) was chosen for several reasons:
being a nitrogen base, it should be able to bind reversibly to the
enzyme, as described above; it has already been used on another
dehydrogenase, lactate dehydrozenase from pig heart, in which it
reacted with a histidine as well as with a cysteine residue
(Woenckhaus, Bergh;user and Pfleiderer, 1969); and also, due to
the kindness of Dr, D.,K, Apps, it was available pure in this
laboratory, 2-Iodoethanol and 2-chloroethanol were used because

of their ready commercial availability.

8.2, Results.

Bromoacetyl-Pyridine: Kinetics of Inactivation., Bromoacetyl-

pyridine hydrobromide was dissolved in phosphate buffer, pH 7.4, and
used in the inactivation experiments shown in Fig. 8.1, It proved
quite a powerful alkylating agent, as found by Apps (1969). The

stock solution probabl& also hydrolysed slizhtly, as shown by the
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Table 8.1. FHalf-times of inactivation of liver ADH with bromoacetvl-

pyridine. Values are calculated from Fig. 8.1, and are given in

the order in which the inactivations were performed.

Added Ligand Half-Time
min.
None 3.65
Imidazole (base, 27 mk) 4.8
Decanoate (119 PM) L.9
AMP (136 PM) 12.7
oP (15 Pu) 6.3
Chloride (40 mM) 5.05
None L.

Factor of
Inersase

1,2
1.23
3.2
1.58
1.26

Factor
Ixpected

30

3.0 *
k.1
2.7
1.7 *

* not shown in Fig. 8.1.

OP represents orthophenanthroline.

"Factor of Increase" represents the ratio:

Half-time + added liegand

Half-time -~ added ligand
"Factor Expected" is calculated assuming that the binary enzyme-

ligand complex is totally resistant to alkylation: the

concentration of the enzyme-ligand complex is calculated

from its dissociation-constant for protection against iodo-~. .

acetate (Chapters 5 and 6).



decrease in rate of inactivation in the two cases without other
ligands (TFig, 8.1): these were performed first and last. Table
8.1 shows the half-times, and fractional increase in half-times,
caused by the protectinz lizand, The main disappointrent was that
imidazole protected only very slizhtly, If irreversible alkylation
was preceded by reversible biqding of the pyridine moiety, then
imidazole should provide considerable protection, On the other

bromoacetyl pyridine
hand, if / alkylates by a mechanism similar to that of iodoacetate

: . . imidazole .
or iodoacetamide (Evans and Rabin, 1969), then ( should stimulate
inactivation, It may be that the two effects are tending to cancel
each other out, None of the ligands protects as much as would be

expected on the basis of their known dissociation-constants (Chapter

6), but AMP is the most effective, followed by orthophenanthroline,

Bromoscetyl-Tyridine: Incorporation into Protein., Woenckhaus et

al, (1969) found that bromoacetyl-pyridine reacted with a specific
histidine group as well as a cysteine in pig heart lactate dehydro-
genase, Therefore, attempts were made to determine which groups in
liver alcohol dehydrogenase were alkylated, by means of hydrolysis
and amino-acid analysis,

N-acetyl-cysteine reacted rapidly with bromoacetyl-pyridine,
Using the procedure of Woenckhaus et al. (1969), N-acetyl,S-
(2-hydroxy-2-(pyridyl-(3)-ethyl)-cysteine was prepared, by borohy-
dride reduction after alkylation, After hydrolysis in 6N HCl in
vacuo for 24 hours, its elution profile was examined in the Locarte
amino-acid analyser, and an estimate of its colour constant made
(7.8). Attempts to make the histidine derivative, NIm-(2-—hydruxy-
2(pyridyl-(3))-ethyl)-histidine were not successful due to the very

low yield, However, a very small peak, considerably more basic than
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ammonia and histidine, was ubserved ufter bydrolysis in the amino-
acid anulyser,

Liver alcohol dehydrosenase (0.5 ml containinz approximately
4 mg) was reacted with 60 Pl of JmM bromoacetyl-pyridine solution
at room-temperature (pH 7.4) for about 1 hour; this reduced tle
activity to 46% of the initial value. The enzyme was cooled to
00, and reduced with 1 mg of sodium borohydride, After 1 hour, it
was dialysed azainst 2x2 litres of phosphate buffer (pH 7.4, 20 mM)
for 2 hours and 14 hours respectively, The specific activity of
the enzyme was now 42%, and so borohydride treatment had had almost
no effect on activity. A greater degree of inactivation was not
used because it was feared that this would lessen the specificity
of reaction, as was found with iodoacetamide (Chapter 5),

Hydrolysis and amino-acid analysis gave one small extra peak
compared with native enzyme, which eluted in exactly the same
position as the S-cysteine derivative., Approximately 1.0 - 1.3
residues per inhibited subunit were estimated, correlating very well
therefore with the loss of activity, No extra basic peak (attribut-
able to modified histidine) was observed. However, bad there been

one, it may have eluted with the arginine peak,

Iodoethanol and Chloroethanol, In the presence of 13 mM iodo-

ethanol, no significant inactivation occurred in one hour: however,
the enzyme assay was inhibited 40%. The concentration of iodo-
ethanol in the assay cuvette would be 213 pM, The estimated
apparent inhibitor constant was 250 - 300pM; for 2-chloroethanol,

also inhibited the assay svystem,
which & X B it was estimated to be 450 - 500pM,

kY

Imidazole (base form approximately 30 mM) did not labilise the

enzyme to chloroethanol (50 mM), In fact it seemed to protect it:
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after 90 min,, activity was 97% ac compared with 73% without it
(40 mM phosphate buffer, pll 7.4, at 23.5°),

The presence of NAD" made almost no difference to the inactiva-
tion, Addition of one aliquot of NaD" (0.9 or g}ﬁ) to enzyme
(0.7 PM) plus iodoethanol (13 mM) caused a rapid drop of 13 - 16%
in enzyme activity, but after that the enzyme was just as resistant
to inactivation as before, Addition of ethanol (5 mM) to generate

NADH caused no change in enzyme activity.

8.3. Discussion,

The protection effects of several ligands against browmoacetyl-
pyridine gave no clear indication that it inactivated the enzyme
after first forming a reversible complex, Imidazole only protected
very slightly, indicating no competition for binding by the two
compounds, However, as mentioned above, it may be that the
stimulation-effect shown by imidazole (Evans and Rabin, 1968) on
inactivation by iodoacetate and iodoacetamide was tending to annul
the protecting effect that could also be occurring,

It should be noted that bromoacetyl-pyridine is uﬁlikely to
bind analogously to the nicotinamide portion of NAD, The nicotin-
amide moiety appears to be unable to bind properly to liver alcohol
dehydrozenase in the absence of the adenylate moiety, as discussed
earlier, in Chapter 6, Section 6,3 (see also McPherson, 1970),

The stoichiometry of acetyl-pyridine incorporation into the
enzyme is interesting. The specificity is considerably greater

than that of iodoacetamide (Chanter 5); this may be due to its
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greater reactivity, or to a specific property of the protein,
Although one may perhaps presume that the same thiol group is
modified by iodoacetate, by bromoacetyl-pyridine and (among a few
others) by iodoacetamide, there is no positive evidence to support
this,

The failure to find any modified histidine in the bromoacetyl-
pyridine-inactivated enzyme was disappointing, and may be due to
inadequate techniyues, Woenckhaus gi_gl, (1969) used radioactive
bromoacetyl-pyridine, which is a considerably more satisfactory
method, They found that the thiol was much more reactive than the
histidine, and the reactive thiol in alcohol dehydrogenase is
considerably more reactive than the essential thiol of lactate
dehydrogenase (Fondy et al., 1965). Also Woenckhaus et al. (1969)
were able to reversibly block all the thiol groups of lactate de-
hydrogenase with mercuric ions, Reversible blocking has not yet
proved possible for liver alcohel dehydrogenase,

The most interesting feature of chloroethanol and iodoethanol
is their powerful inhibition of the enzyme assay. The concentra-
tions ziving 50% inhibition were about 250 - 300 pM for iodoethanol,
and 450 - 500 PM for chloroethanol, If the inhibition is by
formation of ternary complexes of enzyme, NADH and ethanol-
derivative, then the disscociation constunt of ethanol from this
complex will be approximately equal to the above figures: if NADH
can dissociate from this complex at a significant rate, then the
dissociation-constants for ethanol derivatives from it will be lower,
If inhibition is by forming complexes of enzyme, NAD" and ethanol-
derivative (presumably competitive with ethanol), then the

dissociation-constants of ethanol derivatives from these complexes

would be much lower. Sigwan (1967) has shown that trifluoroethanol
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is competitive with ethanol, with an inhibitor constant of 7.2 }1}1,
so the second possibility, above, is quite fecsible,

The sudden small drop in enzyme activity on adding NAD+ was
repeatable, and only observed for the first aliyuot of NAD® added
to enzyme plus iodoethanol, The reason for this is unknown, If
iodoethanol or chleroethanol were substrates, then the generated
halogenated aldehyde should be a much more powerful alkylating
agent than the parent compound, due to the electron-withdrawing
p;operties of the carbonyl zroup. However, fluorethanol is not
a substrate for horse-liver alcohol dehydrogenase (Treble, 1962):
it was @n inhibitor, competitive with ethanol (inhibitor constant
2 mM).

Van Eys et al. (1962) used a thiazole-analogue of NAD to
covalently wmodify a thiol group of liver alcohol dehydrogenase.
Other attempts to use affinity-labelling to demonstrate reactive
groups at the active site of this enzyme have been unsuccessful
(Tipton, 1968), It is not clear whether the thiol residue

modified by Van Eys et al,. (1962) is the same one alhylated by

iodoacetate (cysteine 46).

-
ad
—t

I:



Chanpter 9

General Discussion

Internal versus Bxternal Alkylation ..eeeecececocsecoss 113

Ligand-Binding LRI IO B IR I B B B B BB B B B B I B I B B R ) 117

Function of the Reactive Thiol Group seeeceeeveeessess 120

(-
=
n



9.1. Internal versus fixternal Allkylation

In Chapter 5, it was shown that alkylation of liver alcohol
dehydrozenase by iodoacetate cculd occur in two possible ways, or a
combination of them: internal alkylation, in which the reversibly-
bound iodoacetate then alkylates the thiol group; and external
alkylation, in which the reversibly-bound iodoacetate protects the
enzyme from alkylation by iodoacetate in the surrounding solution,
Inactivation-kinetics alone are unable to distinguish between the two
mechanisms, However, using the other experimental evidence presented
in this thesis, and drawing analogies from the literature, one can
examine the relative likelihood of each mechanism. In the case of
internal alkylation, the reactive thiol must be close to the rever-
sibly-bound iedoacetate: this could also be the case with external
alkylation, but need not be,

The chemical reactivity of the thiol group of liver aleohol
dehydrogenase with iodoacetate is between that of a simple thiol (SH)
and a simple mercaptide ion (S”) (Evans and Rabin, 1968); its
reactivity with iodoacetate and iodoacetamide as a function of pH is
anomalous, and does not appear to represent a normal thioel ionisation
(Bvans and Rabin, 1968). Enhanced reactivity upon binding is one
criterion for internal alkylation (Baker, 1967), However, the
uncertainty of the ionisation state of the thiol in the enzyme
prevents this being good evidence in favour of internal alkylation,
In Chapter 5, Section 5.3, it was suggested that the comparative
constancy of the rate-constants of inactivation at different pH
values indicated it to be unlikely that a combination of internal
and external alkylation was taking place,

The specificity of iodoacetate's reaction with one gZroup on
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liver alcohol dehydrogenase, compared with less or much less
specilicity shown by all the other ihiol reasents used (except
bromoacetyl-pyridine), but including PCMB and DTNB (Chapter 4),
iodoacetamide (Chapter 5), iodine (Li and Vallee, 19U5), a deriva-
tive of N-ethyl-maleinmide (Witter, 1960) and silver ions
(Bonnichsen, 1953; Wallenfels et al,, 1959), may be considered to
favour internal alkylation: none of these other reazents (whether
anions, cations or neutral molecules) react specifically with just
the one thiol per subunit. Therefore, the specificity may be due
to an orientation effect (due to binding), rather than to a greater
chemical reactivity of the thiol group itself,

Protection of reactive groups by substrates, inhibitors or
coenzymes is often taken as evidence that they are near the active
site: however, this is not always the case, as has been found for
lactate dehydrogenase (see below). Also, it could be invoked for
external alkylation just as readily as for internal alkylation,
Therefore, in this case, protection by substrates, inhibitors and
coenzymes is of no help in distinguishing between internal and
external alkylation,

The experiments with carboxymethyl enzyme (Chapter 7) sugzested
that the carboxymethyl sroup is probably not at the binding-site of
aliphatic acids (possibly zinc), or of the phosphate of AMP, or of
the carboxyl group of 4-biphenyl-carboxylic acid, Although the
Ithiol group could perhaps be near these sites in the native enzyme
and swing away after carboxymethylation, there is no evidence for a
conformation~change (Li and Vallee, 1965), The finding of some
residual activity also implies that the thiol group may not be

actually in the active centre,
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Imidazole both weakens the bindinz of iodoacetate (5-fold) and
stimulutes inactivation (10-fold, at insinite iodoucetate conceniva-
tion). Part of the stimulation mway be due to iodoacetate now being
less able to protect the enzyme by reversible binding, wbich would
point towards external alkylation, Similarly, ethanol's stimula-
tion at high iodoacetate concentrations may be for this reason,

The non-competitive protection shown by orthophenanthroline shows
that iodoacetate can be bound without alkylation taking place: but
protection by orthophenanthroline from bound or unbound iodoacetute
would be equally possible, In general, for all these experiments
on inactivation kinetics, a feasible explanation of all phenomena
on the basis of either internal or external alkylation can be
produced,

A number of other systems show Michaelis-Menten kinetics of
inactivation. Baker, Lee and Tong (1962) found that
4-(iodoacetamido)-salicylic acid and 4-(iodoacetamido)-berwoic acid gave
saturation-effects when inactivating ylutemate and lactate dehydro-
genases: enzyme inactivation parallelled binding ability and not
chemical reactivity alone, indicating internal rather than external
alkylation, Michaelis-Menten kinetics were also found for
acetylcholinesterase and organophosphorus compounds (Main, 1964;
Aldridgze and Reiner, 1969); wx-chymotrypsin and phenylmethane
sulphonyl fluoride (Gold and Fahrney, 1964); triose phosphate
isomerase and l-hydroxy-3-iodo-2-propanone phosphate (Hartman, 1968);
carbonic anhydrase and iodoacetate (Bradbury, 196%a), bromoacetate
and iodoacetamide (Whitney et al,, 1967), and bromoacetazolamide
(Kandel, Wong, Kandel and Gornall, 1968); ribonuclease and a uridine

analozue (Pincus and Carty, 1970); hexokinase and iodoacetate under
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some conditions (Jones, 1070); and D-umino-acid oxidase and N-alkyl
malcinides (Fonda and snderson, 1969), None of these authors appear
to have considered the possibility of external alkylation: all
(except Jones, 1970) considered the reactions to he internal,

Fonda and Anderson (1969), however, found the same first-order rate-
constant for internal alkylation for a series of N-alkyl maleimides
which had similar chemical activities for alkylation but showed

largze differences in binding: this is zood evidence for internal
allkylation,

For yeast alcohol dehydrozenase, Nl—(2~bromnucetamidoethyl)
nicotinamide zave Michaelis-Menten kinetics of inactivation, and
ADP enhanced its reactivity (Plapp et al., 1968). These authors
considered that alkylation was probably internal, Tipton (1968)
found that 2-bromo-2-phenyl acetaldehyde is a potent inhibitor of
the yeast enzyme; it alkylates a thiol sroup which is very probably
at the enzyme's active site. The reagent was unreactive against
the liver enzyme, Jodoacetate reacts with one thiol sroup per
subunit of liver and yeast alcohol dehydrogzenase, and these are
contained in similar sequences (Harris, 1964), It is not known
whether iodoacetate and 2-bromo-2-phenyl acetaldehyde react with
the same thiol zroup.

Lactate dehydrozenuse has one essential thiol group per subunit
(Fondy et al., 1965; Holbrook and Jeckel, 1967) which is protected
by coenzyme; yet X-ray crystallography has shown (Adams et al.,
1970a,b) that the essential thiol group in dogfish M4 lactate
dehydrogenase is 13,5 A% from the nearest part of the coenzyme
molecule, the nicotinamide. It appears to be on a polypeptide

backbone which is near to the coenzyme, but the cysteine is pointing
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awvay from it (Adaws et al,, 1970¢),

On balance, it seews that the thiol group is probably more
likely not to be actually at the active centre, or at the reversible
bindinz-site of iodoacetate, This study appears to be the first
in which the faveured explanation for Michaelis-Menten kinetics of

inactivation is external rather than internal alkylation,

9.2, Lirand-Bindinz,

In Chapter 6, the binding of different ligands and the nature of
their possible binding~sites was investigated, and discussed
extensively, This section will only summarise the main findings,
and discuss some of them in relation to work in other chapters,

Some of the results are summarised in Fig, 9.1, Halide iom
sites are difficult to allocate: they apvear to bind in many
different ways, as discussed in Chapter 6., Some evidence that
would favour the binding of AMP by a lysine is that AMP protects
one lysine per subunit from pyridoxal phosphate (Morris, 1970),

The hydrophobic (adenine) site would also bind aromatic anions and
dyes, and the iodine of iodoacetate, Another, "thinner" hydro-
phobic site (not shbwn) would bind substrates and substrate analogws
(e.g. decanoate), The zinc would bind metal-complexingz agents,
alcohol and decanoate, and presumably aldehyde and alkyl amides too,
The ionisations of the two postulated positive charges would be
nrecise
required to interact in a rather complex anq(manner; the pH data in
earlier chapters is guite insufficient to elucidate this in detail.

The principle of only one of these "positive centres" being able to

bind anions at a time (see Chupter 6) would also apply to the pK's
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of these _sroups: if either was in the bhase form, the ph of the
ctlier would be required to be raised conziderably; this could
explain why the binding of NAD" as a function of pll follows a
ponovalent dissociation-curve (Panizuchi et al,, 1967); the
phosphate-site's pK would otherwise lessen the binding of NAD® at
pH 10, This interaction of positive charges is not what would be
expected, for two adjacent positive zroups; in fact, they would be
expected to show a strong preference not to be both charged at the
same time, Therefore, their interaction is presumably mediated by
the protein (with an anionic jroup possibly involved),

Fig

FE

9,1 certainly represents an oversimplification, because it
takes no account of the effect shown by imidazole (but not ortho-
phenanthroline) on the binding of iodoacetate and 4-biphenyl-
carboxylic acid, Eithef imidazole can bind in another place as
well; or the binding of each of the two complexing agents produces
a different conformation of the enzyme. The latter effect could be
wmediated by altering the co-ordination geometry of the zinc., Also,
the concept of two anion-bindinz sites (one imidazole-dependent, and
one independent) fails to account for the pH-insensitive binding of
NAD® (or chloride) in the presence of imidazole (Theorell and
McKinley-McKee, 1961b), Perhaps the only way to rationalise these
observations is by postulating that imidazole does cause a
conformation-change (as discussed above and in Chapter 6)., More
work is clearly needed on this,

The dissociation-constants determined in Chapters 5 and 6 for
anions (fatty-acids and AMP, in particular) were usually somewhat
smaller tha%?%%%ermined by other methods, In Chapter 7 the

dissociation-constant for AMP, determined by fluorescence titrations

18

———



with NADH, agreed with kinetic determinations (ileynolds et al.,
1070) but was ap roximately twice as lerze as determined from
competition with iodoacetate: yet the same conditions, and the same
sample of AP, were used, Presumably, this could be due to the
presence of ethanol (8 mM) during the kinetics and fluorescence
titrations: or to the presence of iodoacetate duringz the inactiva-
tions., Bindinz of some of these compounds to sites other than
their normal ones (Weiner, 1969) might account for this, Anderson
and Weber (1965) suszested that unequal binding of NADH to M-type
subunits of lactate dehydrogenase was probably due to relaxation
effects: that is, an enzyme subunit that has just parted with a
molecule of NADH may be in a different conformation (with different
binding properties) than enzyme which has been uncomplexed for a
"long" time, They found no such effect with Hy lactate dehydro-
genase, or with liver alcohol dehydrojenase, Adams et al.
(1970a,b) found that the dogfish M4 lactate dehydrozenase subunits
became non-equivalent in the presence of coenzyme, separating into
two crystallographically-different pairs, Relaxation effects may
perhaps occur after AMP-binding (and fatty-acid binding) or after
iodoacetate~binding, to liver alcohol dehydrogenase, This may
account for the interesting positive interaction between AMP (or
ADP) and orthophenanthroline (Yonetani and Theorell, 1964) which
was mentioned in Chapter 6: it was only shown in suﬁstrate-
kinetics experiments, [Relaxation effects also occur in the binding
of carbon monoxide to haemoglobin (Gibson, 1959); in this case,
they probably involve association-dissociation reactions of the

protein subunits (Gibson and Antonini, 1967).



9.3, Function of the Reactive Thiol Group,

This study has served, like many predecessors, to underline one
of the truisms of enzyme investigations: the disvarity between the
complexity and intricacy of enzyme structure and riechanism on the
one hand, and the difficulty of using experimental methodology to
answer important questions about the enzyme, on the other, This
work has provided some small clues towards understanding the functian-
of the reactive thiol group, but much more information will be
required before a reasonably satisfactory (let alone complete)
description can be given.

When chemical modification of an amino-acid residue in an enzyme
abolishes activity, it is normally considered "essential", Another
definition of an '"essential" residue is one which is retained in the
same protein from different species, az shown by sequence work, In
neither case does it necessarily follow that this residue plays a
positive rBle in catalysis, or substrate-binding, or even maintaining
the conformation of the protein, VWhat does follow is that the
modification (chemical, or (presumed) mutational) has zltered some-
thing, rendering the protein no longer active. However, even some
knowledge of the properties of a chemically-modified protein may be
useful in indicating what sort of disruption has been brought about;
this may help one to understand more about the way the enzyme
functions, Such caution of interpretation has been urged many times
(for example: Cecil, 1963; Boyer and Schulz, 1959; Boyer, 1959).

The binding studies on carboxymethyl-enzyme (Chapter 7) have
shown that carboxymethylation probably produces no net change of

charge at the active centre: this is considered to favour the

20

———



possibility that the introduced carboxymethyl group (and therefore
probabl, the thiol group in the intact enzyme) is not at the active
site. However, the similarity of optical rotatory dispersion in
native and carboxymethyl enzymes (Li and Vallee, 1965) indicates
that no zreat conformational differences are produced by carboxy-
methylation, It may be that catalytic activity, and fluorescence
properties, are affected by very subtle chanzes of enzyme structure
and interactions, The finding of residual activity does indicate
that, as in aldolase (Szajéni, Friedrick and Szabolecsi, 1969;
Szajgni, Sajgo, Biszlku, Friedrich and Szabolcsi, 1970) and possibly
creatine kinase (Noda, Nihei and Moore, 1961; Kimudavalli, Moreland
and Watts, 1970), the free thiol is not-absolutely required for
catalysis,

The effect of carboxymethylation is in sowme ways similar to
that of removing zinc from liver alcohol dehydrogenase., An average
of approximately 5 disulphide bonds can form per molecule of enzyme
in each case (discussed in Chapter 7)., Fluorescence enhancement of
bound NADH is considerably reduced (by carboxymethylation;

Chapter 7) or abolished (by zinc removal; Hoagstrom et al,, 1969),
Carboxymethylation labilises the zinc atom to which orthophenanthro-
line does not bind (Drum et al,, 1967b) ("structural® zinc), to
removal or to exchange with rudioactive zinc, In fact, it is
possible that the thiol group is a ligand for this zinc atom,  The
thiol group shows abnormal pH-dependence in its reactivity (Evans
and Rabin, 1968) which was interpreted as possibly due to hydrogen-
bonding to an imidazole side-chain; complexing to zinc would also
explain it, Drum (1970) has commented that the spectrum of the
cadmium derivative of liver alcohol dehydrozenase might indicate

cysteine to be a metal ligand, The zinc to which orthophenanthroline
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bind appears not to have a sulphur ligand (¥lane and Long, 1963),
suz:estinzg that the "structural" zinc is responsible,

The greater reactivity of the thiol group with iodoacetate as
compared with icdoacetamide sugiests that iodoacetate muy be drawn
in by a positive charge, If alkylation is internal, then it is
probably by the active-centre zinc atom (Chapter 6); but if
external, it is probably another positive charge on the enzyme,
This could be a gzuanidine or amino xroup (or possibly imidazole),
or perhaps the other ("structural") zinc atom, At higher ionic
strenzth, the waximum rate of inactivation (at infinite iodoacetate
concentration) is somewhat decreased, which mizht indeed indicate
external alkylation facilitated by an ionic interaction,

The protection of this "structural" zinc from exchange with
652n by acetate is probably not due to the complex described in
Chapter 5 and by Winer and Theorell (1960), because its effect
would be too weak, Instead, acetate probably binds tightly else-
where on the enzyme, and may cause a local conformation-change
(Drum et al., 1967, 1969a,b), Jornvall (1967) found that it was
very difficult to remove acetate completely from the enzyme,

The near-loss of catalytic activity caused by carboxymethyla-
tion may have a close connection with the reduction of ability to
produce coenzyme fluorescence-enhancement, and in particular the
loss of ability to form stable complexes with NADH and amide,
These complexes have been considered to be analogous to complexes
of enzyme, NADH and aldehyde. The enzyme-NADH complex probably
has a somewhat different conformation from free enzyme: although
its optical rotatory dispersion is very similar (Rnsenberg,

Theorell and Yonetani, 1964, 1965), its crystal structure is
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Table 9.1.

Comparisons of parts of the sequences of alcohol (ADH),

lactate (IDH) and glyceraldehyde phosphate (GPDH) dehydrogenases.

1)

Tyr.Ser.Gly.Val.Cys.His.Thr.Asp.Leu.His.Ala.Trp.His.Gly.Asp

2) Met.Val.Ale.Thr.Gly.Tle.Cys.Arg.Ser.Asp.Asp.His.Val,Thr.Ser.Gly.leu

3) Met.Val.Tyr.}et.Phe.Gln.Tyr.Asp.Ser.Thr.His.Gly.Lys.Phe.His.Gly.Glu

L) Met.Val.Tyr.Met.Phe.Lys.Tyr.Asp.Ser.Thr.His.@y.Val.Phe.Lys.Gly.Glu

5)

Val.Ile.Gly.Ser.Gly.Cys.Asn.Leu.Asp.Ser.Ala.Arg

6) Tle.Val.Ser.Asn.Ala.Ser.Cys.Thr.Thr.Asn.Cys.leu.Ala.Pro.Leu.Ala.Lys

7) Val.Val.Ser.Asn.Ala.Ser.Cys.Thr.Thr.Asn.Cys.Leu.Ala.Pro.Val.Ala.Lys

1 represents yeast ADH around reactive cysteine (Herris, 1961..).

2

n

liver ADH around eysteine 46 (Harris, 196k; J8rnvall,
1970b).

pig GPDH around tyrosine 46 (Harris and Perham, 1968;
see also Harris et al., 1970).

lobster GPDH around tyrosine 45 (Davidson et al.,

1967).

LDH (several species) around cysteine 149 (Holbrook et
8l., 1967; Pfleiderer and Mella, 1970; see Adems et al.,
1970¢).

pig GPDH around cysteine 149 (Harris and Perham, 1968).

lobster GPDH around cysteine 148 (Davidson et al.,

1967).



different (Brand;n, 1065; ]iraradgn et al., 1965, 1970). Ternary
complexes of enzyme with NADIH and isobutyranmide, and YA and
pyrazole are distinctly different from free enzyme by both these
criltevia, On the other hand, complexes of enzyme witlh ADDI-ribvose
or orthophenanthroline, or both, are similar to free enzyme rather
than to these ternary complexes, Carboxymethyl enzyme apparently
cannot form ternary complexes with amides, but can with pyrazole,
This conformation-change may also be necessary for catalysis;
carboxymethylation may disrupt both complex-formation (with NADII
and amides) and catalysis by interfering with the conformation-
change,

Another possibility is that the small change in enzyme structure
introduced by carboxymethylation prevents transfer of vibrational
energy by the enzyme molecule (Fhillipson, 1968), lowever, if this
were the only effect, carboxymethylation would not be expected to
abolish the formation of stable ternary enzyme-NADli-amide complexes
and yet not enzyme—NAD+—pyrazole complexes,

If the thiol group plays an important rdle in alcohol dehydro-
genase, then one might expect other nicotinamide-nucleotide~linked
dehydrogzenases to show similar properties, Most of these enzymes
can be inhibited by reagents which react with thiol groups: the
main exception appears to be cytoplasmic malate dehydrogenase
(Siegel and Enylard, 1962; Guha, Englard and Listowsky, 1968),

Glyceraldehyde phosphate dehydrogenase has one very reactive
thiol group per subunit: it is at position 149 in the pig enzyme,
and 148 in the lobster enzyme (see Table 9.1). The surrounding
sequences are somewhat related to those around the reactive thiols

in yeast and liver alcohol dehydrogenases, and also around the
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essential thiol in lactate dehydrogenase, Althouzh the alcohol and
lactate dehydrogenase seguences around the thiol :roup are similar,
the thiols are not at equivalent positions in the amino-acid sequence

of the polypeptide chains; in dogfish M, luctate dehydrozenase,

4
high-resolution X-ray studies (.Adams et al., 1970c) have shown that
the thiol is at position 149 (as in jlyceraldehyde phosphate
dehydrogsenase), while chemical studies of liver alcohol dehydro-
zenase show that the thiol is at position 46 (J;rnvall, 1970b). In
alcohol dehydrogenase, residue 149 is a tyrosine (J;rnvall, 1970c).
The chemical reactivity of the alcohol dehydrogenase thiol (position
46) is intermediate between that of glyceraldehyde phosphate
dehydrogenase and lactate dehydrogenase (both being at positions

148 - 149); however the thiol is much more reactive in heart than
in muscle lactate dehydrojenase (Pfleiderer, 1970), Table 9.1
compares the sequences around cysteine 149 in lactate and 46 in
alcohol dehydrogenases, and also shows both these parts of the
glyceraldehyde phosphate dehydrogenase sequences, Residue 46 in
pig glyceraldehyde phosphate dehydrogenase (45 in lobster enzyme)

is tyrosine, not cysteine, showing that cysteine is not "essential"
here, either, for dehydrogzenases in general, In dogfish lactate
dehydrogenase, residue 46 (identity unknown) is part of a parallel
pleated sheet structure, not particularly close to the coenzyme-
binding site (Adams et al., 1970c). Therefofe by analogy (and the
two enzymes do have similar topology: see Sund, 1970) it would
appear that cysteine 46 in liver alcohol dehydrogenase may not be

at the active centre; chemical modification of it may affect
activity mainly by disrupting some aspect of the protein's

conformation,



The reason for the different chemical reactivities of the
thiol roups in these different enzymes is unknown. In zlyceralde-
hyde phosphate dehydrogenase, the reactive cysteine can be acylated
by substrates (sece Velick and Turfine, 1963), and therefore the
exceptional chemical reactivity rmay well be a necessary part of the
catalytic mechanism, Barlier work (Li and Vallee, 1963, 1564a,
1965; Harris, 1964) established that the thiol group was the only
major site of reactivity of iodoacetate with liver alcohol
dehydrosenase, However, in other proteins iodoacetate (and
iodoacetamide) can react with other residues; for exawple, in
pancreatic ribonuclease it reacts with histidine, methionine and
lysine residues (Gundlach, Stein and Moore, 1959); in ribonuclease
Tl it reacts with a gzlutamate residue (Takahashi, Stein and Moore,
1967).  Iodoacetamide inactivates mitochondrial malate dehydro-
genase, reacting specifically with one histidine per subunit
(Anderton, 1970; Anderton and Raﬁin, 1970), but iodoacetate had
no effect, Cytoplasmic malate dehydrozenase, however, is inactivated
slowly by iodoacetate; methionine (two per subunit) is carboxy-
methylated (Leskovac and Pfleiderer, 1969), Methionine is
specifically carboxymethylated in NADP-linked isocitrate
debydrozenase, producing partial inactivation (Coleman, 1968),

The reactivity of these three different types of amino-acid in
different dehydrogzenases is perhaps best considered as due to
unigue properties of the environment of the sroup concerned (in the
case of liver alcohol dehydrogenase, a positive charge may be near
the thiol), These properties may well have no direct connection
with the functioning of the enzyme concerned: however, as in the

studies described in this thesis, the reactivity can sometimes be
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exploited to learn morc about the enzyme,
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ADDZNDA

After the bulk of this thesis had been typed, the follow-

ing important papers appeared:

(1) J8rnvall, H, (1970). EJB 16 25. The complete amino-
acid sequence has been determined. Except for the N-terminal portion
(one-sixth of the polyveptide chain), there is no apparent homo-
logy with glyceraldehyde phosphate dehydrogenase. J8rnvall also
describes (iggg., P. 41) the evperimental details of his character-

isation of the differences between the E and S-type subunits.

(2) Whitney, P.L. (1970). EJB 16 126. ZExperiments on
carboxymethylated carbonic anhydrase B, described here, underline
the similarity of this enzyme with liver alcohol dehydrogenase.
Carboxymethylated carbonic anhydrase, as well as having residual
activity, still forms reversible complexes with ligands (including
bromoacetate itself) which are very similar to those formed by the
native enzyme. These results show that the carboxymethyl group is
in different positions in the reversible complex and in the
covalently-modified enzyme. However, the author concluded that
the alkylation mechanism is internal (i.e. alkylation proceeds via
the reversible complex). This is the opposite of the tentative
conclusion advanced in this thesis, even though the experimental

results in each case show very considersble similarities.

(3) Mani, J.-C., Pietruszko, R. and Theorell, H. (1970).



ABB 140 52. The question of activity of alcohol dehydrogenase
towards methanol is largely resolved by this work. The enzymes
from yeast, horse liver and human liver all have a similar (low)
catalytic activity for methanol oxidation, the human liver enzyme

having the greatest affinity for the substrate.

(4) Holbrook, J.J. and Stinson, R.A. (1970)., Biochem. J.
120 289. The binding properties of pig heart HL lactate dehydro-
genase, inactivated by thiol modification, have been studied in
detail. The results may be compared with those described in
Chapter 7, for liver alcohol dehydrogenase, although the modified
thiol is probably residue 149 in lactate dehydrogensse, and 46 in
alcohol dehydrogenase, The two modified dehydrogenases form
similar binary complexes with NADH; but lactate dehydrogenase can
form no ternary complexes (except with NAD* ana sulphite, 105 -
104 fold weaker than with native enzyme), while alcohol dehydro-

genase does form some ternary complexes but not others.



APPENDIX

The following papers have been published, describing
some of the work in Chapters 5, 6 and 7. The substrate-
kinetics exneriments described in the second paper were kindly

performed by Mr. David L. Morris.
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Todoacetate alkylates and irreversibly inhibits horse-liver alcohol dehydrogenase. A reversible
enzyme-iodoacetate complex also forms, as deduced from the following evidence:
1. Rate of inactivation is not proportional to iodoacetate concentration, but, rather, follows

Michaelis-Menten-type kinetics.

2. The enzyme is protected competitively by other fatty-acids, and also by chloride.

3. The dissociation-constants of iodoacetate, and formate, and chloride all vary similarly
with pH (increasing at high pH, and suggesting a pK = 8.9—9.1).

These results are discussed in terms of a model, and it is suggested that the reversible enzyme—
iodoacetate complex may be stable, rather than a necessary intermediate for alkylation of the

enzyme.

The great similarity of the results to those of another zinc-enzyme, carbonic anhydrase, is
discussed ; and it is suggested that anions bind to a zinc atom in the enzyme.

Aleohol dehydrogenase from horse-liver has two
cysteine groups per molecule which are reactive
towards iodoacetate [1,2]. Evans and Rabin [2] used
this to study the binding of several ligands to the
enzyme. They reported that the rate of loss of enzyme
activity was directly proportional to the concentra-
tion of iodoacetate: however, the experiments re-
ported below show a saturation effect, and Michaelis-
Menten-type kinetics apply. Moreover, the enzyme
is competitively protected by fatty acids, and by
chloride. This enables the dissociation constants of
complexes between enzyme and these anions to be
calculated. Compounds which form binary complexes
also tend to form ternary complexes with the enzyme
and one or both forms of the coenzyme [3,4]. There-
forc a simple independent method for measuring the
formation of binary complexes may prove very
useful.

MATERIALS AND METHODS

Horse-liver alcohol dehydrogenase was purchased
as a crystalline suspension from C. F. Boehringer &
Sochne (Mannheim): before use, samples were centri-
fuged, the enzyme was dissolved, and dialysed against
three or four changes of phosphate buffer (ionic
strength 0.1, pH 7.4) for 3 days at 4°, The enzyme
was centrifuged, and assayed as deseribed previously

Enzymes. Alcohol dehydrogenase or aleohol: NAD*
oxidoreductase (EC 1.1.1.1); carbonic anhydrase or carbo-
nate hydro-lyase (EC 4.2.1.1).

[5,6]. Assuming an extinction coefficient (K} mg/m!)
at 280 nm of 0.45, the apparent purity was 87—939/,.

Iodoacetic acid was purchased from Sigma
Chemical Co. (St. Louis, Mo.) and recrystallised twice
from petroleum ether. It was white, with melting-
point 81.1—81.7°: total iodine content was 68.269/,.
Before use it was neutralised to pH 4.7—5.3 with
sodium hydroxide. JTodoacetamide was purchased
from Sigma Chemical Co. and recrystallised from
ethanol—water and then water before use. It was
white with melting-point 92.2—92.4° and total-iodine
content 68.30°/,. NAD* was purchased from P-L
Biochemicals (Milwaukee, Wis.) and used without
further purification. Other chemicals were of reagent
grade. Distilled water was redistilled in quartz ap-
paratus.

Enzyme inactivations were carried out in stop-
pered 1 em cuvettes with enzyme concentration 0.6
to 1.6 pM: all experiments (inactivations and enzyme
assays) were carried out at 23.5°: since the rate of
inactivation was found to be strongly dependent on
ionic strength, this was kept constant by adding
phosphate. When glycine buffer was used, the zwit-
terion was considered not to contribute to the ionic
strength. Enzyme activity was measured on a Gilford
Model 2000 spectrophotometer, by withdrawing
50 pl samples from the inactivation mixture, adding
these to assay cuvcttes on a glass rod, and measuring
the initial rate of production of NADH (£, = 6.22
at 340 nm). The assay cuvettes contained 1 mg
NAD*, 8 mM ethanol, and 62 mM glycine/NaOH
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buffer, pH 10.0, in 3.0 ml. Normally, six enzyme
assays per inactivation were carried out, covering
the range 100—40 9/, activity. At pH 9.35, iodoacetate
hydrolyses appreciably: inactivations were done in
duplicate, and up to ten assays used to follow care-
fully the first part of the inactivation.

RESULTS
The loss of enzyme activity was first-order with
respect to enzyme, as shown by a linear relationship
of log (activity) versus time (Fig.1). Semi-log graphs
such as this were used to determine the half-time,

100

Activity (%)

20k

1B 30 45 60
Time (min)

Fig.1. Semi-log graph of inactivation with time at different
iodoacetate concentrations. Inactivations were carried out in
stoppered glass or quartz cuvettes, at 23.5° total volume
3.0ml. Buffer was 0.025M phosphate, pH 7.4, enzyme
concentration 0.6—1.6 pM. Ionic strength 0.104, maintained
by adding phosphate where necessary. Iodoacetate concen-
trations: O, 1.3 mM; 4, 2.0 mM; e, 4.0 mM; A, 13.3 mM

and hence the rate constant of the reaction, using
the relationship: rate constant = (In 2)/half-time.

The variation in rate of inactivation with iodo-
acetate concentration is shown in Fig.2. This is a
double-reciprocal plot; it shows a linear relationship,
and the lines do not pass through the origin. In the
absence of iodoacetate, the enzyme is stable under
these conditions. Moreover, other fatty acids (for-
mate, acetate and decanoate) and also chloride protect
the enzyme competitively. With chloride, the pro-
tection was not quite perfectly competitive; the
intercept on the ordinate was very slightly above
those for the fatty acids alone. This may not be
significant: if it is, it suggests that chloride-binding
may be slightly different from fatty acid binding,
with a very weak enzyme—chloride—fatty acid
complex being able to form.

These results appear to constitute strong evidence
that iodoacetate, as well as the protecting ions, form
reversible binary complexes with the enzyme. The
dissociation constants for these complexes were
calculated from the slopes of the graph (Fig.2) and
are shown in Table 1. The table also shows values
obtained from previous work (by competition with
NADH, measured by fluorescence enhancement
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Fig.2. Double-reciprocal plot of inactivation-rate versus sodo-
acetate concentration. Conditions as in Fig.1 but with added
ions (as sodium salts) as follows: O, none (calculated from
Fig.1); A, chloride (26.7 mM); o, formate (26.7 mM); v,
acetate (26.7 mM); and A, decanoate (60 uM)

Table 1. Dissociation constants at pH 7.4

Dissociation constant

Ion 3 Previous work
This work? (other methods) Reference
mM uM mM M
Todoacetate 4.5 —
Chloride 23 —
Formate 24 47 [3]
Acetate 51 100 [3]
900 8]
Decanoate 39 230 [3]
45 [7
68 [8]

& Evaluated from Fig.2 (from ratio of slopes, for protecting ions).

[3,7]: or by competition with 2,2’ bipyridyl, measured
spectrophotometrically (8]). No values are available
for chloride: but Theorell and Winer [9] found a de-
creasing affinity of the enzyme for NADH which
(allowing for the difference in ionic strength) would
indicate a figure similar to the one obtained here. Li,
Ulmer and Vallee [10] showed that chloride, formate
and other ions and bases (including Tris) reduce the
extringic Cotton effect of NADH : but they did not
evaluate enzyme-ligand dissociation constants, and
interpretation is difficult because of apparently non-
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constant ionie strength, and also the possibility of
ternary complexes being formed.

Todoacetamide, on the other hand, showed no
such saturation effect (at pH 8.9). If there was one,
the dissociation constant would be greater than
50 mM.

Although these results suggest that the en-
zyme—{fatty acid binary complex cannot react with
iodoacetate, they do not rule out a small residual
reactivity. This was investigated in the following
experiment. A constant and rather high iodoacetate
concentration was used, with various decanoate con-
centrations, from zero to very high. (Decanoate was
chosen because of its high affinity for the enzyme.)

Ton-Binding to Aleohol Dehydrogenase

50
40+
30+ &
20+
.
& e
10F o & L 5 I \
73 80 85 90 95

Fig.3. The dissociation constants of iodoacetate, chloride and
formate at different pH values, shown as ratios of their values
at pH 7.4 (see Table 1), Enzyme, 0.6—1.6 uM. Buffers used:
pH 7.4, phosphate; pH 7.9 and 8.6, Tris-NaH,POQ,; pH 9.35,
glycine-NaOH. Ionic strength 0.104, at 23.5° throughout.
Concentrations at pH 7.9 and 8.6 were the same as at pH 7.4
(see legend to Fig.2). At pH 9.35, formate and chloride were
40 mM, and glycine-NaOH buffer was 0.036 M in NaOH.
Continuous line: theoretical titration curve for pK = 9.0,
with ratio of dissociation constants 1.0 at acid pH and
infinity at alkaline pH. Points are experimental: O, iodo-
acetate; A, chloride; and @, formate

The reciprocal of the reaction velocity was plotted
against decanoate concentration, after the method
of Dixon [11]. If protection by decanoate was com-
plete, a straight line would be obtained even at very
high decanoate concentrations. But at high decanoate
concentrations, inactivation was faster than expected
on this basis, indicating some residual sensitivity of
the enzyme—decanoate complex to (external) iodo-
acetate. Under these conditions, but without iodo-
acetate, the enzyme was found to be stable. This
residual activity has a second order rate constant
(estimated from the above experiment) of approxi-
mately 0.35 M~!xmin-!, compared with 20 M-1
xmin-! under these conditions for free enzyme,
assuming external alkylation (see Discussion). So,
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assuming that the protecting effect is similar for the
other enzyme—fatty acid complexes, it is small
enough not to affect the results of the experiments.
Also, if the reversible enzyme—iodoacetate complex
could react with another iodoacetate molecule, the
line in Fig.2 would deviate towards higher velocities
at high iodoacetate concentrations. Therefore k; (see
Discussion) appears to be negligible.

The effect of pH on the reaction of the enzyme
with iodoacetate, and the dissociation constants of
chloride and formate were determined. The results
are shown in Fig.3: the ratios of the dissociation
constants at pH 7.4 (Table 1) are plotted versus pH,
so that a direct comparison of the way that they vary
with pH can be made. The line is a theoretical curve
calculated assuming an ionisation on the enzyme
with pK 9.0, with no binding to the alkaline form.
It is evident that the binding of all three ions varies
similarly with pH, and a pK of approximately 8.9 to
9.1 would appear to be involved. However, this value
may be slightly inaccurate: glycine has been shown
to complex with the enzyme, with a dissociation
constant of 230 mM at pH 9.0 [7]; this would cor-
respond to 106 mM for the anionic form, which was
thought to be the species which binds. In the ex-
periments reported here, anionic glycine would be
36 mM. Previous work has shown that binding of
NAD+ to the enzyme is affected by an ionisation
with pK on the free enzyme of 8.6 [7] and more
recently 8.75[12]. It may be the same ionisation
which affects anion-binding here.

Tris has been shown [10] to have an effect on liver
alcohol dehydrogenase. However, at pH 7.9, very
similar results were obtained when phosphate buffer
was used instead of Tris-phosphate. Therefore, it
seems that specific buffer effects at pH 7.9 and 8.6
due to Tris will not be very significant.

In contrast to the variation of dissociation con-
stants with pH, the velocity extrapolated to infinite
iodoacetate concentration varied only slightly, as
shown in Table 2.

Table 2. Effect of pH on the maximum inactivation rate
Maximum inactivation rate was determined graphically by
extrapolating to infinite iodoacetate concentration, from the
same experiments used to determine dissociation constants

(see Pig.3)

pH Maximum inactivation rate
min~*
74 7.8 x10-2
7.9 7.45x 1072
8.6 7.5 x10-2
9.35 6.1 x10-2
DISCUSSION

Theorell and co-workers have shown that com-
plexes form between liver alcohol dehydrogenase and
fatty acids [3,7] and therefore it is not surprising
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that the experiments described here should show
them too: the values obtained (Table 1) are in general
lower than those previously obtained with other
methods, although the redetermined value for de-
canoate [7] does agree well. However, the occurrence
of a reversible enzyme—iodoacetate complex does
not prove that it is a necessary intermediate in the
formation of carboxymethyl-enzyme. The following
scheme shows, in a general way, the various possi-
bilities:
E'-T

5 ]k.. lk.

E'-1 E'-I

I represents the inhibitor (i.e. iodoacetate); EI
the reversible complex ; E'—I and E”” —1 irreversibly-
inhibited enzyme; &' and %'’ the first- and second-
order rate constants respectively and K the disso-
ciation constant of EI. If one assumes: (a) that k,
is negligible (as suggested above in Results) and
(b) that k’ and k'’ are too small to upset the equilib-
rium between E and EI [this is reasonable since the
inactivation rate is low, and inactivations (Fig.1) are
linear from the outset], then the rate of formation
of E'—I can be shown to be:—

(k" K + ¥} - [E] - [1]

rate = K+ (1)

Where [E] represents the total concentration of
active enzyme remaining (. e. E 4 EI), and there-
fore is what the enzyme assay will measure. This
scheme represents essentially a summary of that of
Baker [13].

From Eqn. (1) the following statements concern-
ing the model may be made: (a) It will obey Michaelis-
Menten-type kinetics, being of exactly the same form
as the Michaelis equation. (b) The K which will be
obtained experimentally is the dissociation constant
for EI, regardless of the relative values of X’ and %"
Either X' or k' could be zero—in the latter case the
inhibitor is protecting the enzyme from itself, by
forming a reversible complex. It will be convenient
to describe alkylation via k' (or k;) as external al-
kylation, and vie k&’ as internal alkylation.,

The data presented here do not permit a definite
decision to be made as to which process is predomi-
nating. The following would point to external
alkylation:

a) Iodoacetamide reacts very similarly to iodo-
acetate, including enhancement of reactivity in the
presence of imidazole [2]. No saturation effect was
observed with iodoacctamide.

b) Yeast alcohol dehydrogenase has thiol groups
which are considerably more reactive than the liver
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enzyme, and which are contained in similar sequences
[14]; yet it shows no saturation effect with 2-iodo-
propionate [15]. Liver alcohol dehydrogenase does
show reversible binding with 3-iodopropionate [15a].

However, internal alkylation may be suggested
by the selectivity which iodoacetate (and, to a lesser
extent, iodoacetamide) shows towards these two
sulphydryl groups (one per subunit), out of the total
of 28 per molecule [16]. Parachloromercuribenzoate
[16] shows little selectivity, and parachloromercuri-
sulphonate [17] and 5,5'-dithiobis (2-nitrobenzoate)
show none [15a). Iodine [1], a derivative of N-ethyl-
maleimide [16], and silver ions [18] react with 25 to
309/, of the sulphydryl groups.

The pK implicated in the binding of anions (8.9
to 9.1) is higher than the value of 7.9 suggested by
Evans and Rabin [2] but nearer the values of 8.6 [7]
and more recently 8.75 [12] found by Theorell and
co-workers which affected NAD*-binding. However,
Evans and Rabin used Tris-chloride buffer between
pH 7.9 and 8.6, which may account for this discrep-
ancy, because of the binding and protecting effect of
chloride. Both groups of workers suggested that the
ionisation is of a zine-bound water molecule. This
might be expected to have a pK of approximately
8.7 [19].

Therefore the results reported here might be
considered to strengthen, rather than weaken, the
conclusions of Evans and Rabin [2]. These workers
used enzyme obtained from Seravac, whereas in this
study C. F. Boehringer & Soehne (Mannheim) enzyme
was used. However, two samples of Seravac enzyme
(specific activity 32°/, and 50°, compared with
Boehringer’s 90¢/,) were found to give inactivation
kinetics which were indistinguishable from those
reported above. Therefore it appears that these
differences in pK, as well as the apparent lack of a
saturation effect, are unlikely to be due to the enzyme
being from a different source.

The relative constancy at different pH values of
the inactivation-rate at infinite iodoacetate concen-
trations requires different explanations depending on
whether alkylation is internal or external. If it is
internal then if k" = 0, ¥’ must be independent of
pH. If it is external then if ' = 0, &’ must decrease
with inereasing pH, probably being affected by the
same ionisation which increases K.

The results reported here bear a remarkable
similarity to experiments on human carbonic an-
hydrase B [20]. Inactivation by bromoacetate (and
iodoacetamide) follows Michaelis-Menten type kinet-
ics, in this case a histidine residue being alkylated:
dissociation constants were 3.8 mM for bromoacetate
and 20 mM for iodoacetamide. Acetate and chloride
bind reversibly and protect the enzyme (K = 22 mM
and 15 mM respectively, at ionic strength 0.075).
Carbonic anhydrase can be prepared as the apo-
enzyme (¢. e. without the zine): this still binds iodo-
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acetamide but not the anions: and also the zinc can
be replaced with cobalt, when the ions are bound
tighter. As with liver alcohol dehydrogenase, only
the acid form of the enzyme (pK = 7.4) binds anions
appreciably [21]. Thus the metal is involved inti-
mately in the binding of anions.

One molecule of liver alcohol dehydrogenase
contains four zinc atoms and binds two molecules of
coenzyme [22] and so it seems likely that in this case
too, zinc binds these anions. Orthophenanthroline
inhibits the enzyme [4,23], and spectroscopic evidence
suggests that it binds to the zine [24]. It has been
suggested that substrates and substrate analogues
(amides and fatty acids) bind to zine in the enzyme
[7,8]. The observations reported in this paper would
appear, for anions at least, to add strength to this
hypothesis.

The authors thank the Medical Research Council for
grants aiding this work, and for personnel remuneration for
C. H. B.
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The Michaelis-Menten-type kineties of inactivation of horse-liver alcohol dehydrogenase
with iodoacetate have been used to study the binding of a number of known ligands. Adenine
nucleotides protect competitively with iodoacetate as do halides and aromatic acids. Uncharged
chelating-agents (orthophenanthroline, and 2,2’-bipyridyl) protect non-competitively. Uncharged
monodentate ligands (e. g. imidazole) stimulate inactivation.

The effect of imidazole on the binding of various ligands at pH 7.4 and at pH 10 was studied.
Multiple inhibition analysis was used to examine the mutual interaction of pairs of substances
which protected the enzyme from iodoacetate. ADP-ribose and decanoate were mutually com-
petitive, while AMP and orthophenanthroline were non-competitive, Increasing the ionic strength
was found to affect differently the mutual interactions of pairs of anions, as well as to weaken
their binding to the enzyme.

In some cases, kinetic studies of reduction of NAD+ were used to complement the inactivation
studies.

It is concluded that, in the coenzyme, the phosphate group nearer to adenosine is important
for binding. Most, but not all, of the ligand-ligand interactions can be explained by steric or
electrostatic effects; it is tentatively suggested that conformational changes may also be involved.
Precise interpretation, however, is complicated: there are two different types of zinc in the
enzyme, and anions might bind to either, or neither.

It has already been shown [1] that iodoacetate
binds reversibly to horse-liver alcohol dehydrogenase,
as well as inactivating it by alkylating two essential
sulphydryl groups, i.e. one per subunit [2—4]: at
ionic strength 0.1, various anions were found to
protect the enzyme competitively with iodoacetate.
In this study, the work is extended to include nucleo-
tides and zinc-binding agents known to bind to
alcohol dehydrogenase. Multiple inhibition kinetics
are used to examine the mutual effect of different
pairs of ligands. Since these inactivation studies
cannot be carried out satisfactorily at pH 10 (in the
absence of imidazole), substrate-kinetics studies are
also used in some cases, to complement the inactiva-
tion studies.

MATERIALS AND METHODS

Horse-liver alcohol dehydrogenase was purchased
as a crystalline suspension from Boehringer Mann-
heim GmbH (Mannheim). It consisted largely of the
isomer EE [5]. The apparent purity [1] was 87—93¢/,.

Todoacetic acid was obtained from Sigma Che-
mical Co. (St. Louis, Mo.): melting point 80—82°,

Enzyme. Alcohol dehydrogenase, or alcohol: NAD+
oxidoreductase (EC 1.1.1.1).

iodine content 68.25°/, (theoretical = 68.26°/,). Be-
fore use it was neutralised to pH 4.7—5.3 with sodium
hydroxide.

Nucleotides were purchased from Sigma Chemical
Co. (St. Louis, Mo.) or P-L Biochemicals (Milwaukee,
Wis.). Imidazole was recrystallised as described previ-
ously [6]. 4-Biphenyl-carboxylic acid was purchased
from Fluka AG (Buchs, Switzerland) and recrystal-
lised from methanol and then methanol—water:
melting point 223—225°. Other chemicals were of
reagent grade.

Inactivations were always carried out at 23.5°,
at constant ionic strength, maintained by adding
phosphate where necessary. At pH 10, glycine buffer
was used, concentration approximately 20 mM in
glycinate anion. With imidazole present, hydrolysis
of iodoacetate (found previously, at high pH [1]) was
negligible, as inactivation experiments were usually
completed comparatively quickly. For experiments
at pH 7.4 with excess imidazole, sodium dihydrogen
phosphate and imidazole (free base) were used, to
give the same pH and the same phosphate concen-
tration as in experiments without imidazole [6]. En-
zyme assays (usually six) normally spanned the range
100—40°/, activity: a Gilford Model 2000 spectro-
photometer recorded the initial increase in absorb-
ance at 340 nm, for details see [1].
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Kinetics of NAD* reduction by ethanol were ob-
served using a sensitive filter fluorimeter to measure
the fluorescence of NADH, after the instrument had
been calibrated with known concentrations of NADH.
Under the experimental conditions, response was
linear.

RESULTS
Adenine Nucleotides
Evans and Rabin [2] showed that AMP and ADP
protected liver alcohol dehydrogenase from iodo-
acetate. As shown in Figs.1 and 2, protection by

AMP, ADP, ATP, GMP and ADP-ribose is com-
petitive with iodoacetate. Adenosine protection,

Half - time (min)

40

0.2 0.4 0.6

1/[lodoacetate] (mM-1)

Fig. 1. Double-reciprocal plot showing protection of liver alcohol
dehydrogenase from todoacetate by adenine nucleotides. Enzyme,
0.5 uM, 23.5°. Phosphate buffer approximately 40 mM,
pH 7.4. Tonic strength 0.10 (maintained by varying phos-
phate concentration). Line without points, no protecting
compound (see Fig.7 for points); O, AMP (91.2 uM);
A, ADP (425 pM); v, ATP (565 puM)

however, shows mixed kinetics. The dissociation-
constants of these compounds, calculated from the
ratio of slopes = 1 4 (ligand concentration/disso-
ciation constant), are listed in Table 1.

Reduction of NAD* by ethanol was used to
determine inhibition constants for AMP and adeno-
sine, at pH 7.14 and 10.0 as shown in Fig.3 and
Table 2. For AMP, as with other nucleotides [7], it is
usually found that substrate-kinetics studies give
larger values for the dissociation constants than in-
activation studies. Adenosine is bound very much
more weakly than AMP, and is pH-independent,
unlike AMP. This indicates that the phosphate group
has a strong influence on binding, and that its binding
is pH-dependent. It could be that a positive charge
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Table 1. Dissociation-constants of complexes of liver alcohol
dehydrogenase with adenosine and nucleotides, determined by
protection from iodoacetate
The results were obtained from Fig. 1 and 2 by ratio of slopes

Protecting ligand Dissociation constant K

uM
Adenosine 17200
AMP 32
ADP 180
ATP 708
ADP-Ribose 10.5
GMP 110
80
60 v
-E_ i /
g
L 40
£
20 /
/

o1 02 03 04
1/[lodoacetate} (mM-1)

Fig.2. Double reciprocal plots showing protection from iodo-
acetate. Conditions as for Fig.1. O, Adenosine (27.4 mM);
A, ADP-ribose (38.5 pM); v, GMP (313 pM)

Table 2. Kinetic determination of inhibition constants, K, for
AMP and adenosine at pH 7.14 and pH 10.0

At pH 10, evaluated from Fig.3 by ratio of slopes. At pH7.14,

an analogous set of experiments was performed, using phos-

phate buffer, ionic strength 0.1, at 23.5°; enzyme 1.4 to

2.8 nM
Inhibition constant
Inhibitor pH 7.14 PH 10.0
This work Previous This work
M ub uM
AMP 69 140 [7] 460
80 [21]
Adenosine 6200 - 5800

on the enzyme is involved, which is deprotonated at
high pH. ADP is bound more weakly than AMP, and
ATP more weakly still. Inactivation experiments
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1/[NAD*] (uM-1)

Fig.3. Effect of AMP and adenosine on NAD+-reduction by

ethanol and liver alcohol dehydrogenase at pH 10.0. Enzyme,

90 pM; ethanol, 8.25 mM; buffer, 10 mM glycine-NaOH

plus phosphate (pH 10.0, ionic strength 0.1, at 23.5°. O,

without inhibitor; A, -+ AMP, (660 uM); v, + adenosine
(14.6 mM)

3

Half - time (min)
S 8 5 8
\\

0.2 0.4
1/[lodoacetate] (mM-1)
Fig.4. Double-reciprocal plot showing effect of orthophen-
anthroline on rate of alkylation of alcohol dehydrogenase by
iodoacetate. Enzyme, 0.5pM at 23.5°. Phosphate buffer
(pH 7.4) approx. 40 mM (ionic strength 0.1, maintained by
varying phosphate concentration). Line without points,
without orthophenanthroline (for points see Fig.7); A, ortho-
phenanthroline (4.33 uM); O, orthophenanthroline, (8.67 M)

(Table 1) imply that adenosine binds more weakly
than do the kinetic experiments (Table 2). Therefore
adenosine would seem not to protect the enzyme
completely; and a weaker enzyme-adenosine-iodo-
acetate ternary complex can form.

3’:5'-Cyclic AMP was found to protect the enzyme
from iodoacetate but only at high concentrations:
the apparent dissociation-constant was 2 mM.

Eur, J. Biochem.

[Bipyridyl | {mM)
0.2 0.4 06 0.8
. = = i
P o
80 L
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E
£ w0
20
O
0 20 30 40
[Pyridine] (mM)

Fig.5. Effect of 2,2"-bipyridyl (n) and pyridine (O) on in-

activation of liver alcohol dehydrogenase iodoacetate

(3.33mM). Enzyme, 1.1 M, 23.5°, 40 mM phosphate buffer
(PH 7.4)

Bidentate Chelating-Agents

Orthophenanthroline inhibits liver alcohol de-
hydrogenase [8,9], and spectroscopic evidence sug-
gests that it binds to zinc [10]. Sigman [11] has
shown that 2,2'-bipyridyl is bound to the enzyme,
with a stoichiometry of two molecules of bipyridyl
per molecule of enzyme, although one molecule of
enzyme (with two coenzyme-binding sites) contains
four zinec atoms [12].

Evans and Rabin [2] showed that orthophen-
anthroline protects the enzyme from inactivation by
iodoacetate, and so the kinetics of this were investi-
gated: Fig.4 shows that orthophenanthroline is ap-
proximately non-competitive with iodoacetate: it
does not prevent iodoacetate binding to the enzyme,
but does protect the sulphydryl group from being
alkylated. 2,2 Bipyridyl (Fig.5) also protected the
enzyme, but not quite totally. A control experiment
omitting iodoacetate showed that this was not due
to inactivation by bipyridyl alone, but to incomplete
protection of the reactive sulphydryl groups. Ortho-
phenanthroline also did not protect totally.

The two concentrations of orthophenanthroline
(Fig.4) gave dissociation-constants of 5.8 and 6.3 pM
(average 6.1 uM). 2,2 Bipyridyl was found to have
a dissociation-constant of 550 uM. Sigman [11] found
400 pM, spectroscopically. This could explain why
his values for dissociation-constants of several ligands
which competed with bipyridyl (e.g. decanoate),
were rather higher than usual.
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As well as displacing bipyridyl [11], aliphatic
fatty-acids form strong ternary complexes with liver
alcohol dehydrogenase and NAD* [13]. However, an
aromatic acid, 4-biphenyl-carboxylic acid, acted as
a coenzyme-competitive inhibitor but it did not
displace bipyridyl from the enzyme, and did not
form a ternary complex with enzyme and NAD-+,
Todoacetate, perhaps because of its bulky iodine
atom, would appear to be binding in a manner
similar to aromatic acids rather than aliphatic ones.

20_
151
:E_
F
0
5_
A g
02 04 0.6
1/[Todoacetate] (mMm-1)
Fig.6. Double-reciprocal plots showing the effect of imidauzole
on inactivation of liver alcohol dehydrogenase by iodoacetate.

Enzyme 0.6 uM, at 23.5° and ionic strength, 0.1. Line without

points, without imidazole (in phosphate buffer, pH 7.4. For

experimental points, see Fig.7); O, imidazole (base form

29 mM)-phosphate buffer (pH 7.4); v, imidazole (63 mM)

in glycine/NaOH/Na,HPO, buffer (NaOH, 16 mM), pH 10.0;

A, imidazole (0.46 M) in glycine/NaOH/Na,HPO, buffer
(NaOH, 16 mM), (pH 10.0)

Monodentate Neuiral Ligands

Evans and Rabin [2] found that imidazole in-
creased the rate of reaction of iodoacetate with liver
alcohol dehydrogenase, and rendered it almost pH-
independent. The kinetics of inactivation with
iodoacetate in the presence of excess imidazole are
shown in Fig.6. At pH 7.4, imidazole weakens iodo-
acetate-binding by about 5-fold, and increases the
maximum rate of inactivation (extrapolated to
infinite iodoacetate concentration) about 10-fold.
These figures are approximate only, since considerable
extrapolation was required. At pH 10, results were
similar, except that alkylation was a little slower, or

2 Eur. J. Biochem., Vol.14
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binding a little weaker. When the imidazole concen-
tration was raised even further, the rate of inactiva-
tion decreased : this shows that the difference between
rates at pH 7.4 and pH 10 was not due to incomplete
saturation of the enzyme with imidazole at pH 10:
and it indicates that imidazole can bind weakly at a
second site (perhaps competitively with iodoacetate),
this time protecting the sulphydryl group.

Using the above data, and also a series of in-
activations with constant iodoacetate (3.33 mM) and
varying imidazole concentrations, an attempt was
made to calculate the dissociation-constant of the
imidazole-enzyme complex at pH 7.4 and pH 10. The
method of calculation was as follows.

Let [E;] represent total (unmodified) enzyme
concentration: let E represent free enzyme (one
subunit, since the two subunits are independent):
E-Im and E-TIAe, the binary reversible complexes of
enzyme with imidazole and iodoacetate respectively;
E-Im-TAc the reversible ternary complex of enzyme,
imidazole and iodoacetate; and let [IAc] and [Im]
represent the iodoacetate and imidazole concentra-
tions (always in large excess over [E;], when present).
Let us define the following dissociation constants:

_ [E][IAc] _ [E1[Ac]
K, = 355 1.0 [E-TAc] = i
K, = 0 5 [BIm1Ac) = (Bl e
_ _[E][Im] _ [E][{Im]
o= T > (I = g

Also:
[B(] = [E] -+ [E-TAc] + [E-Im] + [E-Im-IAc].

Substitution, followed by rearrangement of the
equation, gives:

L g ffy e 000 B, o BT,

[E4] K K, K,
Since
[E-TAe] _ [TAc] [E]
(Ed] K, (B
and
(E-Im-Ac] — [Im] % [TAc] x ﬂ
[E:] K, K, [Ee]

the proportion of E-IAc and E-Im-TAc present can
be calculated. Let V; and V, represent the rate
constants of alkylation (assumed internal [1]) of
E-TAc and E-Im-TAc respectively, in the presence of
infinite iodoacetate. Then, assuming Michaelis-Menten
kinetics [1], the experimental rate-constant of in-
activation, v, will be:

_ [EIAq]
B

[E-Im-TAc]

X W —E]

X V.
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Substituting the values derived above for the relative
concentration of these enzyme complexes,

(IAc] [Im] [IAc]
_ heg o thee g
YT, OAq Tmlm) (A

It=g =% vE K

When rearranged, this gives:

g, et G) - G )

[ o 259)]
» was determined at various concentrations of
imidazole (v = 0.693/half-time of enzyme activity);
the results are given in Table 3. At pH 74, K, =
44mM; V,=00767min"'; K, =242mM and
Ve = 0.925 min-1. At pH 10.0 V; = 0.06 min~? (as-
sumed, see[1]); K; = 22.7mM (from V; and the
value without imidazole present, see Table 3);
K, = 30.0 mM; ¥, = 0.770 min—?*. It must be empha-
sised that these figures for Kj, given in Table 3, are
only approximate: the values of the constants, given
above, critically determine the values obtained, and
several are not known accurately.

The mean values obtained for Kj, the dissociation-
constant of the enzyme-imidazole binary complex,
were 0.86 mM at pH 7.4 and 5.9 mM at pH 10: these
refer to the concentration of the base form of imid-
azole, determined as described above (Materials and
Methods). Theorell and McKinley-McKee [6], using
fluorescence enhancement of NADH, found this
dissociation-constant to be 0.55 mM at pH 7, 0.68 mM
at pH 8 and 0.67 mM at pH 9, thus agreeing rea-

Table 3. Determination of dissociation-constants of the liver
alcohol dehydrogenase-imidazole complex
Todoacetate 3.33 mM. Enzyme 0.4 pM. 23.5°, ionic strength
0.1. At pH 7.4, in 40 mM phosphate

Dissociation constant

rH Imidazole Half-time (caleulated)®
mM min mM
0 21.42 —
0.36 15.0 1.06
74 0.72 11.08 0.72
1.20 9.67 0.74
2.40 8.62 0.93
28.6 6.35 —
Average 0.86
0 80.5 —_
1.60 26.67 5.7
10.0 2.667 22.33 6.2
5.33 14.25 5.9
10.67 11.86 5.6
63.5 8.55 —_
Average 5.9

* For method of caleulation and constants used, see text,

Eur. J. Biochem.

sonable with the above value at pH 7.4. However,
they gave no indication of an increase at higher pH-
values. Evans and Rabin [2] found 0.7 mM at pH 7.2
and 5.4 mM at pH 9.0: however, in their calculation,
they made no allowance for reversible binding of
iodoacetate to the enzyme. When the results in
Table 3 are calculated by their method, values of
1.14 mM (at pH 7.4) and 6.06 mM (pH 10) were ob-
tained.

Imidazole is not the only compound which
stimulates alkylation. Pyridine does (Fig.5) at quite
low concentrations. High concentrations of ethanol
gave the results shown in Fig.7. At low concentra-

3

&

Half - time (min)

/]

0.2 04 0.6
1/[Todoacetate] (mM-1)
Fig.7. Effect of 0.84 M ethanol (1), and 58.5 pM 4-biphenyl-
carboxylic acid (V) on inactivation of liver alcohol dehydro-
genase (0.6 pM) with iodoacetate. At 23.5°, ionic strength
0.1, in phosphate buffer (approx. 40 mM, pH 7.4). O, with
iodoacetate, enzyme and buffer only

tions of iodoacetate, ethanol protected the enzyme,
while at high concentrations of iodoacetate it stimu-
lated alkylation. Preliminary experiments indicated
that isobuytramide had a similar effect. (Experiments
with isobutyramide were difficult because low con-
centrations inhibited the enzyme assay, and also
gave non-linear progress curves in the assay. This
was partially alleviated by including imidazole in
the assay mixtures.) Therefore it seems that, in
general, neutral molecules which bind to the enzyme
(and which are not polyvalent metal-chelating agents)
can stimulate alkylation by iodoacetate.

Imidazole and Adenine Nucleotides

The effect of imidazole on the binding of AMP
and ADP-ribose was studied. Using a constant (ex-
cess) concentration of imidazole, and constant iodo-
acetate, the rates of inactivation at various concen-
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Half - time {min)
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Fig.8. Effect of AMP on inactivation of liver alcohol dehydro-
genase with todoacetate in excess imidazole, at 23.5° and ionic
strength 0.1. O, pH 7.4: phosphate buffer, 40 mM, containing
imidazole (base form, 29 mM); enzyme, 0.5 uM; iodoacetate,
1.33 mM. A, pH 10.0: glycine/NaOH/Na,HPO, buffer (19 mM
in NaOH) containing imidazole (98 mM); enzyme, 1.0 uM;
iodoacetate, 1.33 mM

Half - time (min)
8 5 8

3

(=]

100 200

[ADP - Ribose] (M)
Fig.9. Effect of ADP-ribose on inactivation of liver alcohol
dehydrogenase with & in excess imidazole. Enzyme,
0.5 uM, at 23.5° and ionic strength 0.1. O, pH 7.4: phosphate
buffer, 40 mM, containing imidazole (base form, 29 mM):
iodoacetate 1.33 mM. A, pH 10.0: glycine/NaOH/Na,HPO,
buffer (16 mM in NaOH) containing imidazole (63 mM);

iodoacetate, 2.0 mM

trations of AMP and ADP-ribose are shown in
Figs.8 and 9, respectively [14]. From these figures,
apparent dissociation-constants of nucleotide from
the ternary complex with imidazole and enzyme were
determined : after correction for the small amount of
enzyme-imidazole-iodoacetate  ternary complex,
these are shown in Table 4. In the absence of imid-

o
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Table 4. Dissociation-constants of AMP and ADP-ribose from
their ternary complexes with enzyme and imidazole
Determined using profection from iodoacetate (Fig.8 and 9).
Values in the absence of imidazole are also given, for

comparison
Dissociation-constants
Nucleotide rH
+ excess imidazole o imidazole
M M
AMP 7.4 54.2 328
69—1407
10.0 169 460°
ADP-Ribose 7.4 24.6 10.52
16—20¢
364
10.0 84 100—145¢
4004

& Protection from iodoacetate (Table 1), (N. B.—Only these values
are directly comparable with the previous column.)

© Tnhibition of NAD*-reduction (Table 8 and [7,21]).

¢ Inhibition of NAD*-reduction, NADH-oxidation, and competition
with NADH-binding measured fluorimetrically [19].

4 Determined by difference spectra, at much higher enzyme concen-
trations (therefore probably more accurate) [89].

azole, inactivation studies (Table 1) gave disso-
ciation-constants smaller than those in the presence
of imidazole, at pH 7.4, but similar to the kineti-
cally-determined values (Table 2). At pH 10, in the
absence of imidazole, only kinetic data are available
for comparison: inactivation studies with excess
imidazole (Table 4) gave smaller dissociation-con-
stants. Therefore, the variation with pH of binding
of these adenine nucleotides is less in the presence
of imidazole than in its absence, but is still quite
appreciable (more than three-fold between pH 7.4
and pH 10).

Imidazole and Orthophenanthroline

In the presence of excess imidazole, orthophenan-
throline becomes a much weaker protector of liver
aleohol dehydrogenase from iodoacetate (Table 5).
The factor by which it became weaker agrees quanti-
tatively with what would be expected if orthophenan-
throline was competitive with imidazole [assuming
that the dissociation-constant of the enzyme-
imidazole complex was approximately 0.9 mM (see
above]). Imidazole was also found to displace 2,2’ bi-
pyridyl from the enzyme [11].

Imidazole and Decanoate

Decanoate, like orthophenanthroline, becomes a
weaker protector in the presence of imidazole: and,
here again, the results indicate that imidazole and
decanoate are competitive (Table 5).
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Table 5. Effect of excess imidazole on the protection of liver alcohol dehydrogenase from iodoacetate by orthophenanthroline, decanoate
and 4-biphenylearboxylic acid
Conditions as in Fig.8. Iodoacetate 1.33 mM at pH 7.4 and 2.0 mM at pH 10.0

Kgim,1®

Additions pH Half-time (apparent) Kgp® Ratio Imidazole

wM uM mM

Without protector 7.4 15.17 — — — 27

-+ Orthophenanthroline (52 M) 7.4 21.08 133 6.1 22 24

+ Decancate (645 M) 7.4 24.08 1040 39 27 27

+ Biphenylcarboxylic acid (240 pM) 7.4 26.17 ;

+ Biphenylcarboxylic acid (720 pM) 7.4 44.08 320 4449 L 27

Without protector 10.0 13.58 — - - 63

-+ Biphenylcarboxylic acid (360 pM) 10.0 25.17 490 % N 50

+ Biphenylcarboxylic acid (720 uM) 10.0 34.50 E

» Bstimated dissociation constant of the ligand concerned, from its ternary complex with enzyme and imidazole.
b Dissociation-constant of the ligand concerned, from its binary complex with the enzyme. (From thiz work, and [1].)

Table 6. Protection of liver alcohol dehydrogenase from todo-
acetate by chloride and formate in the presence of excess
tmidazole
Conditions were the same as described in the legend to Fig.6

Additions pH  Half-time Egmmi® KEzi®

min mbl mM
No protector 74¢ 14,75 - -
~+ Chloride (38.7 mM) 74 2717 44 23
-+ Formate (38.7 mM) 74 170 (250) 24
No protector 10.0¢  13.33 — -
-1 Chloride (38.0 mM) 10.0  23.67 46 (?)
-+ Formate (38.0 mM) 10,0 16.7 (152) ("

s Bstimated dissocialion constant of the ligand concerned from its
ternary complex with enzyme and imidazole.

b Dissociation constant of the ligand concerned from its binary
complex with the enzyme [1).

¢ Jodoacetate 1.33 mM and imidazole, base form 29 mM.

d Todoacetate 2.0 mM and imidazole 63 mM.

Imidazole and 4-Biphenylearboxylic Acid

Results with 4-biphenylcarboxylic acid were
complicated by the fact that it gave biphasic Dixon
plots[14], indicating apparently a higher dissociation-
constant at higher biphenylcarboxylic acid concen-
trations. Fig.7 shows that (in the lower concentration
range) it is competitive with iodoacetate. However,
Table 5 shows that protection from iodoacetate,
although weaker than in the absence of imidazole,
is nevertheless greater than predicted by competition
with imidazole: raising the pH to 10 weakens the
protection further, but only slightly. These results
are both very similar to the effect of imidazole on
iodoacetate-binding. This strengthens the above
suggestion that iodoacetate binds in a manner
similar to 4-biphenyl-carboxylic acid, and different
from decanoate.

Imidazole and Chloride

Excess imidazole weakens the protecting effect
of chloride (Table 6), but only by a factor of two (at

Half - time (min}

0 50
| ADP - Ribose] (uM)

Fig. 10. Effect of both A DP-ribose and decanoate on inactivation
of liver alcohol dehydrogenase with iodoacetate. Enzyme, 0.6 uM,
at 23.5° and ionic strength 0.1, in phosphate buffer (40 mM,
pH 7.4). Iodoacetate, 3.33 mM. O, without decanoate; v,
with decanoate (80.7 pM). 4, with decanoate, 161.5 M

pH 7.4). At pH 10, the effect is almost identical to
that at pH 7.4—the pH dependence [1] of chloride-
binding has been abolished by imidazole.

ADP-Ribose and Decanoate

Since both these ligands protect liver alcohol de-
hydrogenase (competitively) from iodoacetate, their
mutual interactions cannot be studied by saturating
the enzyme with one ligand (as was done with imida-
zole, above). Instead, the method of Yonetani and
Theorell [7] was used: results are shown in Fig.10.
The parallel lines obtained indicate that decanoate
and ADP-ribose are competitive: the deviation at
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high concentrations of decanoate and ADP-ribose
(where inactivation was slow) may be due to in-
stability of the enzyme. This difficulty was not ex-
perienced in other experiments. Since strong enzyme-
NAD+-decanoate ternary complexes can form, it
seems likely that this competition is due to electro-
static repulsion of the negative charges on the phos-
phate groups and the carboxylic acid group.

Effects of Increased Ionic Strength

If the binding of anions, as well as their mutual
competition, is due to electrostatic effects, then
raising the ionie strength should weaken them. Fig. 11
shows that AMP is still competitive with iodoacetate

100 -

Half -time (min)

g

vy
A1 I

ol 02 03 04 05
1/ [fodoacetate ] (mMm-1)

Fig.11. Effect of increased ionic strength on inactivation of

liver alcohol dehydrogenase with iodoacetate, and protection by

AMP and chloride. Enzyme, 0.5uM, at 23.5° and ionic

strength 0.6 (maintained by varying phosphate). Phosphate

buffer, approximately 200 mM (pH 7.4). O, without protect-

ing substance, s, with chloride (140 mM). v, with AMP
(161 M)

at ionic strength 0.6: chloride, on the other hand,
now shows mixed competitive-non-competitive pro-
tection, compared with almost perfectly competitive
protection when the ionic strength was 0.1 [1]. Disso-
ciation-constants were 2.7-fold weaker for AMP, and
3.3-fold weaker for chloride, compared with ionic
strength 0.1, indicating the importance of electro-
static interactions in their binding: however, if
phosphate (buffer) was to bind to the enzyme and
was competitive with AMP or Cl-, it could contribute
to weakening the binding. AMP was examined for
competition with decanoate and chloride (Fig.12).
Both are nearly competitive with AMP, but chloride
more so than decanoate. This difference with Fig.11
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could be due to using AMP instead of ADP-ribose;
but it seems likely that the higher ionic strength has
weakened the interaction of adenine nucleotides with
decanoate. Chloride, however, appears to interact
more with AMP than does decanoate.

Orthophenanthroline and Chloride

At ionic strength 0.1, it was not possible to use
a sufficiently high concentration of chloride to
examine its interaction with orthophenanthroline.
In Fig.13, the results are shown of such an experi-
ment, at ionic strength 0.6. They appear to indicate
complex interactions, with orthophenanthroline being
competitive with chloride at low concentration and

200

Half - time (min)

00 200 300
[AMP] ()
Fig.12. Effect of AMP logether with decanoate or chloride, on
tnactivation of alcohol dehydrogenase with iodoacetate. Enzyme,
0.5 uM at 23.5° and ionic strength 0.6. Phosphate buffer,
approximately, 200 mM (pH 7.4). Todoacetate, 6.67 mM.
O, without decanoate or chloride. A, with chloride (140 mM).
v, with decanoate (198 uM)

becoming non-competitive at higher ones, This sug-
gests that chloride binds strongly, competitively with
orthophenanthroline, and weakly non-competitively.
However, it should also be pointed out that at higher
chloride concentrations, the phosphate concentration
was lowered : if phosphate had a specific effect, then
it could alter the results considerably. However, the
linear protection in the absence of orthophenanthro-
line suggests that this is probably not significant.

Orthophenanthroline and AMP

Yonetani and Theorell [7] analysed the inter-
action of AMP, ADP and ADP-ribose with ortho-
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Fig.13. Effect of chloride together with orthophenanthroline on
the inactivation of liver alcohol dehydrogenase with iodoacetate.
Enzyme, 0.5 pM, at 23.5° ionic strength 0.6. Phosphate
buffer, 75—240 mM (pH 7.4). Iodoacetate, 6.67 mM. O,
without orthophenanthroline. A, with orthophenanthroline

(7.49 p)

phenanthroline: all these inhibitors are competitive
with coenzyme, and their calculations were based on
this assumption. However, since orthophenanthroline
is approximately non-competitive with iodoacetate,
a modification to their method of calculation is
required.

Let I represent a substrate-competitive inhibitor,
Inc a substrate-non-competitive inhibitor, S the sub-
strate and E the enzyme (one active centre, as above).
Assume that the enzyme obeys Michaelis-Menten
kinetics, with the dissociation-constant of the ES
complex equal to the Michaelis constant. Define
dissociation-constants as follows:

R o [E] [Tne] 1 [ES][Inc]

[(Blned B [FSIne] °

(If inhibition is perfectly non-competitive, which is
the case we shall consider, f=1:if partially com-
petitive, > 1, and if partially uncompetitive,

B<1)
B[]
° = T[EL]
_ (B8]
K = "xs)
[ETe] [Inc]
i A A

Eur. J, Biochem.

where « (the interaction constant) has the same
meaning as in Yonetani and Theorell’s analysis [7].
It represents the ratio of the dissociation-constant
of one inhibitor with an infinite concentration of the
other, compared to that in the absence of the second
inhibitor.

Also,

[Ee] = [E] + [ES] -+ [ESIp]
+ [Elne] + [Ele] + [ElcIne]

where [E;] represents the total enzyme concentration.

(B = [B] x {1+ £ B Lo
[Inl.'] [Ic] [Tncl [Ic]
+ + + “Km: x Kc }

Now, since only ES will react to form product, the
reaction velocity will be given by :—

[ES] _ v [E] [3]
[Ed maxX TR K,

¥ = Vmax X

On substitution and inversion (and factorisation) this
gives:
1 K, 1 S Ine
<1+ ) x (1 +5)
lc Inc
e ) o

[S] Vinax
Experimentally, if [I.] is to be varied at different
fixed concentrations of I,., the intercepts on the
abscissa ([I;]' when 1/v = 0) and ordinate (1/v’, when
[Ic] = 0) are calculated thus:
a) [I]. When 1/v = 0,

(B )2
ch(1+—[ﬂ)><(l+ [11{1:.3)
)

b) 1/v’. When [I] = 0,

bk x (8 < (0 2.

Vinex
The gradient will be the negative of the ratio of these
two,

(1 e [Inc])

K ne

— L] = 2

1 1

gradient = L X % X(1-1

B L [Lad] )

aKpe

The intersection of the family of such lines with
different fixed concentrations of Ipe is found from
Equation (1) by determining the concentration of I,
which will give a value of 1/v which is independent
of the concentration of Iye. This ([I,]”) is found to be:

[L]” = _(1 [S])x K. X a.
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This expression is very similar to the corresponding
one for two substrate-competitive inhibitors [7],
which has no 1 + [S}/K; term.

In the two special cases of & = co {mutually com-
petitive) and « =1 (mutually non-competitive),
[Te)' = — o0 and — (1 + [E]

Therefore, if competitive, a family of parallel lines
will be obtained with different concentrations of Ip,,
as with mutually competitive substrate-competitive
inhibitors [7]. If non-competitive, however, com-
parison with Equation (2) shows that the intercept
of the lines is the same as the intercept on the ab-
scissa. This is different from two substrate-com-
petitive inhibitors which are mutually non-com-
petitive, which would meet in the second quadrant.

) X K, respectively.

200 1

150 4

Half - time (min)
8

1 L

= 50 100 150 200
[AMP] (M)

Fig.14. Effect of AMP together with orthophenanthroline on
the inactivation of liver alcohol dehydrogenase with iodoacetate.
Enzyme, 0.5pM, at 23.5° ionic strength 0.1. Phosphate
buffer, approximately 40 mM (pH 7.4). Iodoacetate, 3.33 mM
O, without orthophenanthroline. 4, with orthophenanthroline
(4.33 uM). v, with orthophenanthroline (8.67 M)

When applied to inactivation-kinetics of liver
alcohol dehydrogenase, protected by various con-
centrations of AMP (competitive with iodoacetate)
at different fixed concentrations of orthophenanthro-
line (non-competitive with iodoacetate), the results
shown in Fig. 14 were obtained. The lines meet near
the abscissa, indicating that AMP and orthophenan-
anthroline are approximately non-competitive, 1. e.
show almost independent binding. Yonetani and
Theorell [7] found that AMP and ADP were bound
more tightly in the presence of orthophenanthroline,
but that ADP-ribose was unaffected.
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It must be emphasised that the complexes
mentioned, and dissociation-constants calculated,
concerning inactivation by iodoacetate, are only
insofar as they affect alkylation. Other complexes of
the enzyme with these ligands (especially, perhaps,
chloride) are likely: human carbonic anhydrase B,
for example, forms a specific complex with chloride
at the active centre but can also bind other chloride
ions up to a total of about six, in 0.1 M potassium
chloride [15].

DISCUSSION
Binding-Sites of Different Ligands

In the previous paper [1], all the ligands examined
were competitive with iodoacetate, in protecting
liver alecohol dehydrogenase from iodoacetate, and
there was no evidence for considering the sites to be
different (with the possible exception of chloride’s).
Sigman [11] showed that aliphatic carboxylic acids
(with four or more carbon atoms) displaced 2,2'-bi-
pyridyl from the enzyme, and therefore in all prob-
ability were bound to zinc. However, acetate and
aromatic carboxylic acids (e. g. 4-biphenyl-carboxylic
acid) did not displace bipyridyl effectively.

In this study, it has been shown that imidazole
is probably competitive with orthophenanthroline
(Sigman [11] showed that imidazole displaced 2,2’-
bipyridyl), and also with decanoate. The simple
conclusion, then, would be that all these ligands bind
to the same zine atom, although there are two different
zine atoms per active subunit [12,16—18]. However,
there is one difficulty with this explanation: ortho-
phenanthroline does not seem to affect the binding
of iodoacetate (see above), and 4-biphenyl-carboxylic
acid does not affect the binding of 2,2'-bipyridyl [11].
However, as shown above, imidazole does markedly
weaken (but not abolish) the binding of these two
acids, by five-fold and about seven-fold, respectively.
Since one might expect imidazole to occupy one of
the two zine-bonds chelated by orthophenanthroline
and bipyridyl, and is of a similar size, it is hard to
see, per se, why imidazole should exert an effect
which bipyridyl does not. Perhaps the most plausible
possibility is that imidazole or orthophenanthroline
induces a conformational change in the enzyme. If
the enzyme is in different conformations when it
binds imidazole and orthophenanthroline, it could
explain why imidazole stimulates alkylation of the
sulphydryl group by iodoacetate, while ortho-
phenanthroline and bipyridyl protect it.

The pH-dependence of orthophenanthroline [19]
and imidazole binding is similar: at pH 10 binding
is much (seven-fold) weaker than at around pH 7.
Each may displace zinc-bound water molecules [2, 6]
at neutral pH, but a zinc-bound-hydroxide ion at
higher pH (pK 8.6—9); the hydroxide ion may well
be bound more firmly than neutral water, which
would explain this effect.
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The binding of adenine nucleotides seems to be
independent of orthophenanthroline-binding. ADP-
ribose does not displace orthophenanthroline [7,19]
or 2,2-bipyridyl [11]; ADP-ribose and orthophen-
anthroline show mutually non-competitive kinetics
[7], and can be co-crystallised as a mosaic complex
with the enzyme [20]. However, Theorell and Yone-
tani [7] found that AMP and ADP were bound tighter
in the presence of orthophenanthroline than in its
absence; for AMP, the dissociation constant (pH 7)
was 140 uM, decreasing to 40 uM in excess ortho-
phenanthroline. In the present study, substrate
kinetics gave 69 uM; and inactivation kinetics gave
32 M in the absence of orthophenanthroline, in-
creasing a little in its presence, to approximately
39 uM. Therefore, although the different methods
give different results for the dissociation-constant of
AMP from its binary complex with the enzyme, the
results converge remarkably in the presence of ortho-
phenanthroline. However, the reasons for the dif-
ferences in the absence of orthophenanthroline, and
for this convergence in its presence, are unknown.

Imidazole (pH 7.4) seems to weaken the binding
of AMP and ADP-ribose (Table 4), by about 1.6- to
2-fold, Evans and Rabin [2] claimed that ADP-ribose
was bound independently of imidazole: this was
probably a coincidence due to the (5-fold) weaker
reversible binding of iodoacetate in the presence of
imidazole. Imidazole is thought to displace a zinc-
bound water molecule [2,6] therefore retaining the
positive charge on the zinc at higher pH-values: this
makes NAD+ binding weaker and independent of pH,
indicating charge-repulsion between the positive
charges on nicotinamide and zinc: indeed, below
pH 8, NAD is bound more weakly than ADP-ribose
or AMP. Imidazole seems to strengthen the binding
of AMP and ADP-ribose at pH 10, indicating that,
to a small extent, the postulated positive charge on
the zinc does play a minor part in attracting the
phosphate or phosphates of adenine nucleotides.
However the considerably (3-fold) weaker binding of
nucleotides at high pH even in the presence of
imidazole, indicates that there may be another pH-
dependent group involved in the binding of the phos-
phate of AMP: this is also indicated by the finding
that adenosine-binding does not weaken on raising
the pH from 7 to 10. The 2.7-fold weakening of AMP-
binding, when the ionic strength was raised from
0.1 to 0.6, suggests that electrostatic binding is
important. Li and Vallee [21] have also drawn
attention to the importance of the AMP group in
coenzyme-binding. NMN+*, on the other hand, is
bound very weakly: NAD+ displaces 2,2’-bipyridyl
from the enzyme but NMN+ does not, even at con-
centrations where it should bind [11]; therefore it
seems that, when NMN+ does bind, the nicotin-
amide group may bind where the adenine should
normally.
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The weaker binding of ADP, and especially ATP,
compared with AMP, is interesting; this may have
physiological significance, and has been discussed
recently [22]. A similar variation occurs in the bind-
ing of these adenine nucleotides to glyceraldehyde-3-
phosphate dehydrogenase [23].

Todoacetic acid itself seems to bind in a similar
way to aromatic acids (4-biphenyl-carboxylic acid
and phenanthroic acid [11], thyroxine and derivatives
[24,24a], thyro-acetic acid [24,25] and salicyclic acid
[26]). These ligands are characterised by being com-
petitive with adenine nucleotides; indeed, salicylic
acid seems to be a general inhibitor of nicotinamide-
nucleotide-linked dehydrogenases [26], competitive
with coenzyme. Unlike aliphatic acids [13], they do
not form strong ternary complexes with liver alcohol
dehydrogenase and NAD+. Also, they do not displace
orthophenanthroline or bipyridyl, (but tri-iodo-
thyroacetic acid weakens the binding of orthophen-
anthroline [25]). These results suggest that aromatic
acids bind at the coenzyme site. The finding that
adenosine protects (partially) from iodoacetate is
not incompatible with this suggestion.

The carboxylic acid group of aromatic acids could
bind where the phosphate of AMP binds, rather than
where aliphatic acids bind (probably & zinc atom [6]):
the non-interaction with orthophenanthroline also
might indicate this. However, the much stronger
effect of imidazole in rendering the binding of iodo-
acetate and 4-biphenyl-carboxylic acid pH-inde-
pendent, compared with adenine nucleotides, indi-
cates that the carboxylate anion is still attracted to
the same “positive centre’ as aliphatic acids, rather
than that of the phosphate of AMP. The non-com-
petition with orthophenanthroline may be because
the acid group is now held further away from the
zine-atom.

Winer and Theorell [13] and Theorell and
McKinley-McKee [6] found that aliphatic fatty acids
were bound to liver alcohol dehydrogenase competi-
tively with NADH : yet in the presence of fatty-acids,
NAD* was bound tighter, which was explained by
mutual attraction of the nicotinamide’s positive
charge and the carboxylate’s negative charge. The
competition between NADH and decanoate [6,27],
and decanoate and ADP-ribose found in this study,
are best explained as due to repulsion of the negative
charges on the decanoate and phosphate groups.
Indeed, the studies reported in this and the earlier
paper [1] indicate that, at ionic strength 0.1, usually
only one anion (including nucleotides) can be bound
at a time, unless a positive charge (as on NAD*) is
also present. Halide ions are exceptional, in that they
can combine with the enzyme-NADH complex (see
below).

The effect of ethanol (Fig.7) indicates that an
enzyme-alcohol binary complex can form: but its
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kinetic significance (if any) is difficult to assess [27
to 30]. Ethanol also displaces 2,2’ -bipyridyl [11].

The binding of halide ions is interesting and com-
plex. It should be borne in mind that, if a ligand can
bind in several different ways, but only one ion is
able to bind at a time, then the overall effect will be
intermediate between that of the invididual com-
plexes, and yet will behave like a simple dissociation
of a binary enzyme-ligand complex. Indeed, this may
be relevant in considering the effect of other ligands,
e.g. iodoacetate, 4-biphenyl-carboxylic acid and
imidazole; these can all form complexes with some
sort of “intermediate” properties; the presence of
another ligand alters their affinity for the enzyme,
and this could be due to competition for one site,
while not interfering with binding at another site.

Chloride-binding is different from decanoate-
binding (a ternary enzyme-imidazole-chloride com-
plex can form, independent of pH): and it is different
from iodoacetate-binding (mixed kineties of in-
activation at higher ionic strength); but these two
effects may be explained if chloride binds (in the
enzyme-imidazole-chloride complex) like iodoacetate,
while, partially (at high ionic strength) like imidazole
or like the phosphate of AMP. At higher ionic strength,
chloride seems to bind more competitively with AMP
than does decanoate, which would favour the latter
suggestion.

The experiment with chloride and orthophen-
anthroline (Fig.13) was designed to test whether
they are competitive or not. The results would seem
to indicate that they are, at low concentrations of
chloride, but that ternary complexes can form at
higher concentrations. Chloride [31], bromide [8] and
iodide [32] all form ternary complexes with enzyme
and NADH or NAD+ (the former breaking down
faster than the enzyme-coenzyme binary complex,
the latter slower). Recent nuclear magnetic resonance
studies [33] using #'Br (0.6 M NaBr) have shown that
liver alecohol dehydrogenase broadens the peak of
81Br, and that this is not decreased by NAD+, NADH,
or oxyquinoline; therefore bromide can be bound in
the presence of these compounds. Human carbonic
anhydrase also broadened the peak of 81Br, and again
oxyquinoline made little difference. However, the
broadening of the peak of 3Cl was diminished by
oxyquinoline, indicating that bromide and chloride-
binding may be different. Human carbonic anhydrase
B (apo or holo-enzyme) binds about six chloride ions
in 0.1 M potassium chloride [15].

Nature and Function of the Reactive Sulphydryl
Group

In the earlier paper [1], it was pointed out that
the kinetics of inactivation could be explained equally
satisfactorily in two ways: firstly by considering the
iodoacetate, when bound reversibly, to protect the
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reactive sulphydryl group: or, secondly, by the more
obvious mechanism of reversibly-bound iodoacetate
then inactivating the enzyme by irreversible alkyla-
tion. The present results do not resolve this situation.
Recent X-ray studies on lactate dehydrogenase [34]
have shown that the essential sulphydryl group is
about 13 A from the nearest part of the coenzyme
molecule (the nicotinamide) on the enzyme-coenzyme
complex: yet several lines of evidence [35] indicated
that the sulphydryl group was involved in coenzyme-
binding. Since the essential sulphydryl groups in
alcohol and lactate dehydrogenases [4,36] occur in
similar sequences, it may be that the “active-centre”
sulphydryl group is some distance away from the
active centre of alcohol dehydrogenase as well. NADH
shows an extrinsic Cotton-effect when added to
carboxymethylated alcohol dehydrogenase, very
similar to the one shown by NADH and native en-
zyme [3]. NADH was bound more weakly by carboxy-
methylated enzyme, but its environment was con-
sidered to be unaltered. Therefore a central function
of the sulphydryl group in coenzyme-binding seems
to be ruled out.

Carboxymethylation of the reactive sulphydryl
groups labilises the zinc atoms which do not bind
orthophenanthroline or 2,2'-bipyridyl [16]: and (in
native enzyme), 0.1 M acetate protects these ‘“‘non-
active-centre” zinc atoms from exchange with %%Zn.
A local conformation change was suggested as a pos-
sible explanation [16]; it was considered that the
acetate must be bound very firmly and not to the
“active centre” zinc atom [17,18]. Jérnvall [37]
found that the enzyme is very difficult to free com-
pletely of acetate.

High-resolution X-ray structural studies of liver
alcohol dehydrogenase are proceeding in Uppsala
[38], and this should help to resolve these ambiguities.

The authors wish to thank the Medical Research Council
and the Royal Society for grants aiding this work, the
Medical Research Council for personal remuneration for
C.H.R. and the Science Research Council for a Studentship
for D. L. M.
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Aleohol dehydrogenase (EC 1.1.1.1) from horse
liver contains two identical subunits (Jérnvall &
Harris. 1970): ecach subunit contains one thiol
group that is reactive towards iodoacetate (Li &
Vallee, 1963, 1965; Harris, 1964), and alkylation is
accompanicd by inactivation. We report here that
the carboxymethylated enzyme was found to con-
tain 2-2.5%, residual activity. and the possible
significance of this is discussed.

Horse liver aleohol dehydrogenase was pur-
chased from C. FF. Boehringer und Sochne Gan.b.H.
(Mannheim, Germany). Details of the enzyme.
assay and reagents have been deseribed previously
{(Reynolds & McKinley-McKee, 1969; Reynolds,
Morris & MeKinley-MeKee, 1970). Carboxymethyi-
ation of Lml samples of enzyme in 40mii-sodium
phosphate buffer, pH 7.4, was carried out in stop-
pered cellulose acetate tubes. Imidazole was added.
because it increases the rate of reaction of the
reactive thiol group with iodoacctate (Evans &
Rabin, 1968; Reynolds et al. 1970); consequently
the enzyme requires a shorter cexposure to 1odo-
acetate, and this should minimize the chance of
other groups being earboxymethylated. The loss
of activity with time is shown in Fig. 1.

It was thought that the residual activity might
he due to a minor isoenzyme component. Native
enzyme was comparcd with carboxymethylated
enzyme by starch-gel eleetrophoresis (MeKinley-
McKee & Moss, 1965) in 10mn-sodium phosphate

buffer, pH7.4; the gel was sliced, and one half

stained for aleohol dehydrogenase activity and the
other for protcin. Native enzyme showed one very
intense band of activity, corresponding to the EE
isoenzyme (Pictruszko & Theorell, 1969), with one
weak basic band (probably ES) and two less basic
bands (probably EE’ and EE”). The carboxy-
methylated enzyme showed just one weak band of
activity, corresponding to the main component of
native enzyme. The protein staining showed one
main band. of the same mobility, for both native
and carboxymethylated enzyme, and this corre-
sponded to the main activity bands (EE) described
above. The more basic isocnzyme protein (in
native enzyme) was also just disccrnible.
26

These results show that the residual activity is
unlikely to he due to a minor isocnzyme com-
ponent. The similar mobility of native and carbo-
xymethylated enzyme is not surprising, since they
have similar physical properties (Li & Vallee, 1965).
The simplest cxplanation is that it is a genuine
catalyticactivity of the carboxyinethylated enzyme.
However, it is also possible that a small fraction of
the enzyme had been carboxymethylated at some
other amino acid residue, and that this does not
abolish activity but does render the protein
resistant to alkylation at its cssential thiol group.
In the presence of AMP, which protects the enzyme
from iodeoacctate, the residual aetivity in this case
should be higher, if AMP does not protect this other
postulated residuc. Since AMP appears not to alter
the amount of residual activity (Fig. 1), then this
other group would also be proteeted from earboxy -
methylation by AMP. However, this result can be
considered to strengthen the probability that the
residual activity is a genuine property of the
carboxymethylated enzyme.

Some ereatine kinases, which have a very reactive
thiol group, also show considerable residual activity
(Kumudavalli, Moreland & Watts, 1970). In
lactate dehydrogenase, which contains an essential
thiol group in & similar sequence to that in aleohol
dehydrogenase (Holbrook et al. 1967), the thiol
group is 13 A from the nearest part of the coenzyme
on the enzyme surface (Rossmann, 1970). Li &
Vallee (1965) showed that ecarboxymethylated
aleohol dehydrogenase has an identical extrinsie
Cotton effect with NADH at 327nm, except that
the amplitude and breadth are decrcased: they
interpreted this as showing that coenzyme is bound
in an identical asymmetrie environment, but is less
firmly attached to the enzyme. The finding of
residual activity would also support the view that
the coenzyme site is not very closc to the carboxy-
methylated residuc.

The actual function of the reactive thiol group
in the enzyme is still obseure. Carboxymethylation
does not prevent the binding of NADH (Li &
Vallee, 1965), and it appears now that it is not
absolutely essential for ecatalysis. It may be
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Fig. 1. Inactivation of liver alecohol dehydrogenase.
Enzyme (13 pn), iodoacetate (6mm) and imidazole (base
form, 3.6 mm) were incubated in 40my-sodium phosphate
buffer, pH7.4, at 23.5°C. O, Without AMP: ‘. with
AMP (170 am): 7, with AMP (340 o).

concerned with a subtle stabilization of conforma-
tion, or of conformation changes during the reaction
cycle. Carboxymethylation does not produce gross
changes in conformation (Li & Vallee, 1965).
However, we have observed a slow loss of some of
the remaining thiol groups (after removal of iodo-
acetate with Sephadex (-25), which does not occur
with native enzyme. [The method of Ellman
(1959) was used, in 8M-urea.] Itseemsthat carboxy-
methylation may make the enzyme more flexible,
permitting thiol oxidation, presumably to eystine.

Native liver aleohol dehydrogenase follows the
Theorell-Chance mechanism (Theorell & Chance.
1951), in which at maximal velocity the rate-
limiting step is the breakdown of the complex
between coenzyme-product and cnzyme. There-
fore (for ethanol oxidation) a ‘burst’, i.e. a rapid
production of NADH (stoicheiometric with the
enzyme active sites present, and bound to enzyme)
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would be produced. Ethanol (8mM) was added to
NAD* (0.46mm) and carboxymethylated enzyme
(0.7 uM) in 62mm-glyeine-NaOH buffer, pH 10, at
23.5°C. The fluorescence at 460nm (excitation at.
340nm) was observed in a spectrophotofluorimeter
(Farrand Optical Co. Inc., New York, N.Y., U.8.A.).
No sudden production of NADH was observed, but
only the expected steady inerease due to residual
activity. Thercfore, if the residual activity is due
to the bulk of the modified enzyme (and not to justa
small fraction of it), it does not obey Theorell

Chance kinetics. This could perhaps be a useful
method of examining the actual catalytic part of
the reaction: with native enzyme, & very small
proportion of the enzyme is actually catalysing the
interconversion of ternary complexes at any one
instant. If the carboxymethylated enzyme is a valid
model system, then it may be that the proportion
is much higher.
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