AURAMINE O BINDING TO ALCOHOL DEHYDROGENASE

Relation of the Auramine O Binding Site to the Active Site of

Horse Liver Alcohol Dehydrogenase”

James R. Heitzt and Ludwig Brand}

ABSTRACT: Auramine O, a diphenylmethane dye, binds to
horse liver alcohol dehydrogenase at a location adjacent
to the active site. By monitoring changes in auramine O
binding and fluorescence properties upon addition of certain
active site directed compounds, the location of the dye

Horse liver alcohol dehydrogenase is the first purified
enzyme shown to form a fluorescent complex with auramine
O (Conrad, 1968). The characteristics of this interaction
are: two binding sites per enzyme molecule, association
constant of 1.0 X 10° M~ and noncompetitive inhibition
of the enzymatic reaction with respect to both NAD and
ethanol (Conrad et al., 1970). Some other fluorescent dyes,
including rose bengal and several arylaminonaphthalene-
sulfonate derivatives, also inhibit the activity of the enzyme,
but they bind competitively with NAD (Brand ez al., 1967).

In this paper fluorescence, equilibrium dialysis, and inhibi-
tion Kkinetic experiments are described which further define
the auramine O binding site on the enzyme. We also show
the relationship between the auramine O binding site and the
substrate and coenzyme binding sites of the enzyme. This
work leads to a topographical mapping of the active-site
region of horse liver alcohol dehydrogenase.

Materials and Methods

Crystalline LADH (EC 1.1.1.1) was obtained from C. F.
Boehringer, Mannheim, West Germany, and dialyzed
against 0.1 M sodium phosphate (pH 7.4) as previously
described (Brand er al., 1967). Enzyme concentrations were
determined by 280-nm extinction (Sund and Theorell, 1963),
NAD-pyrazole absorption titration (Theorell and Yonetani,
1963), and NADH-isobutyramide fluorescence titration
(Winer and Theorell, 1960).

NAD, NADH, ADPR,! ADP, and AMP were obtained
from Sigma Chemical Co., ST. Louis, Mo. Pyrazole was
purchased from the Aldrich Chemical Co., Cedar Knolls,
N. J. Isobutyramide was a product of Fastman Organic
Chemicals, Rochester, N. Y. Potassium chloride was obtained
from J. T. Baker Chemical Co., Phillipsburg, N. J. Auramine
O was purchased from Allied Chemicals, New York, N. Y.,
and purified as described previously (Conrad et al., 1970).
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binding site relative to the active site was defined. A topo-
graphical map has been constructed showing the relationship
between the binding sites of each of these compounds.
The dye binding site overlaps the cyclohexanol binding site
but not the ethanol binding site.

N'-Benzylnicotinamide chloride was prepared according
to Karrer and Stare (1937). Pharmco USP 200 proof ethanol
was obtained from Publicker Industries, Inc., Philadelphia,
Pa. The water used for the preparation of all solutions had
been passed through deionizing columns supplied by Hydro
Service and Supplies, Inc., Durham, N. C.

Fluorescence spectra were obtained with a ratio fluorometer
constructed in this laboratory (Witholt and Brand, 1968).
Absorption spectra were obtained with a Cary 14 spectro-
photometer. Fluorescence kinetics were run on an Aminco-
Bowman spectrofluorometer, Reactions were followed by
measuring the appearance of NADH by fluorescence with
excitation at 340 nm and emission at 460 nm. Absorption
of the emitted light by auramine O was corrected.

Equilibrium dialysis experiments were carried out in cells
constructed in our machine shop. The capacity of each side
of the cells was 2.5 ml; however, the volume used in each
side was routinely 2.0 ml. The cells were equilibrated in a
shaking water bath calibrated at 25° Equilibrium was
attained within 18 hr. The auramine O concentration was
measured both inside and outside the membrane by reading
the extinction at 430 nm, which is the isosbestic point between
free and bound dye.

Results

The binding of auramine O to horse liver alcohol dehydro-
genase (hereafter called dehydrogenase) was measured by
means of equilibrium dialysis. Results of these experiments
are shown in Figure 1, which indicates the moles of dye
bound to dehydrogenase as a function of dye concentration.
The middle curve shows the interaction between auramine O
and dehydrogenase alone. The upper curve demonstrates
enhanced binding in the presence of NAD. We have previ-
ously shown (Conrad et al.,, 1970) that the fluorescence
decreases when NAD is added to a mixture of auramine O
and dehydrogenase. Thus dehydrogenase, auramine O,
and NAD appear to form a ternary complex in which the dye
binds miore tightly than in the absence of coenzyme but with a
lower fluorescence yield. The lower curve shows that auramine
O does not bind to the ternary complex of dehydrogenase,
NAD, and pyrazole.

Figure 2 shows the corrected fluorescence emission spectra
of the auramine O-dehydrogenase complex alone (curve 1)
and also in the presence of saturating NAD (curve 2) and
NADH (curve 3). NAD causes a significant decrease in the
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x TABLE 1: Modifications of Auramine O Binding to Dehydro-
*/ genase Due to Presence of Various Additives.

~ x/x/ Additive to Auramine App Concn of
° / x O-Dehydrogenase K. X 1077 Additive (M)
@ >(/" i - ° None 0.90 None
2 / x o ° NAD 2.54 6.9 X 107~
= < / ADPR 1.0 2.0 % 10
<t / s ADP 1.33 1.6 X 1077
z XA AMP 2.28 7.1 % 10
z ! / Isobutyramide 0.59 9.0 % 107
x / /° ° Pyrazole 0.51 2.0 x 1072
< i/ N'-Benzylnicotinamide ~ 0.37 1.0x 1072
e i chloride
3 / KCl 1.07 1.0 X 10-
© / NAD -- pyrazole No binding 6.9 X 107

° 1.0 X 107

N ° °
0 OOOAQ Po o Y
1 i 5
o} 0.5 1.0 intensity of the bound dye but no shift in the maximum

AURAMINE O (MOLES x107)

FIGURE |: Equilibrium dialysis measurement of auramine O binding
to three dehydrogenase complexes. Dialysis cells were constructed
to contain 2,0-ml total volume on each side of the membrane. One
side of the membrane contained 8.56 X 10~® mole of dehydro-
genase. A range from 6.8 X 10~? mole to 2.8 X 1077 mole of aur-
amine O in 0.1 M sodium phosphate (pH 7.4) was added to the other
side along with the following additions: middle line (C), none;
top line (). 1.10 X 10=% mole of NAD; bottom line (), 1.10 X
105 mole of NAD plus 8.0 X 10~° mole of pyrazole.
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FIGURE 2: Corrected emission spectra of auramine O bound to
several enzyme complexes. The curves show the fluorescence of
2.08 x 1079 v auramine O in the presence of 2,02 X 107¢ M de-
hydrogenase in 0.1 M sodium phosphate (pH 7.4) and the following
additions: curve 1, none; curve 2, 1.48 X 10=¢* M NAD; curve 3.
2.56 % 107 M NADH. Excitation was at 430 nm.
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wavelength. This occurs in spite of the fact that more dye is
bound in the presence of NAD. This is shown in Table I
which summarizes the results of a series of equilibrium
dialysis experiments aimed at studying the effect of NAD,
its analogs, and substrate competitive inhibitors on the
ability of dehydrogenase to interact with auramine O. The
apparent association constant of the dye-enzyme complex is
increased almost threefold in the presence of saturating
concentrations of NAD. NADH causes only a slight decrease
in the fluorescence emission but also causes a definite red
shift (2 nm) of the maximum wavelength.
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FIGURE 3: Enhancement of the corrected fluorescence emission
spectra of the auramine O-dehydrogenase complex in the presence
of various adenine-containing compounds. Each curve represents
5.06 % 10=¢ M auramine O and [.80 X 107% »m dehydrogenase in
0.1 M sodium phosphate (pH 7.4) plus the following additions:
curve 1, none; curve 2, 1.84 X 1074 M ADPR; curve 3, 3.46 X
10~¢ M ADP; curve 4, 1.90 X 10~ M AMP. Excitation was at 430
nm,
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FIGURE 4: Corrected fluorescence emission spectra of the auramine
O-dehydrogenase complex in the presence of N1-benzylnicotinamide
chloride. Curve 1 contains 1.80 X 10~% M dehydrogenase and 5.06
X 107% M auramine O in 0.1 M sodium phosphate (pH 7.4). Curve
2 contains an addition of 1.13 X 10~% M AN!-benzylnicotinamide
chloride. Curve 3 contains an addition of 1.13 X 102 M potassium
chloride. When the effect of potassium chloride is subtracted from
the effect of N!-benzylnicotinamide chloride, the dotted line (curve
4) results. Excitation was at 430 nm.

Since oxidized and reduced coenzyme had significantly
different effects on the environment of the bound dye, the
effect of coenzyme fragments on the dye fluorescence was
also investigated. Figure 3 illustrates the effects of saturating
concentrations of some adenine-containing compounds.
Curve 1 shows the fluorescence of the auramine O-dehydro-
genase complex. In contrast to the situation with NAD,
ADPR (curve 2), ADP (curve 3), and AMP (curve 4) enhance
the fluorescence.

Although AMP causes no shift in wavelength maximum,
there is a 1-nm shift observed with ADP and a 2-nm shift
caused by addition of ADPR. This latter effect is similar
to the red shift caused by NADH. The effect of saturating
concentrations of ADPR, ADP, and AMP on the binding
of auramine O as measured by equilibrium dialysis is shown
in Table I. The fluorescence enhancement can be explained
by the corresponding changes in binding constants shown in
Table 1.

As is shown in Figure 4, N'!-benzylnicotinamide chloride
decreases the fluorescence of a mixture of auramine O and
dehydrogenase. Curve 1 is the emission spectrum of the
enzyme-dye mixture alone. Curve 2 is the spectrum after
addition of N'-benzylnicotinamide chloride, chloride ion
itself (curve 3) decreases the fluorescence. Curve 4 represents
the subtraction of the chloride ion effect from that of N!-
benzylnicotinamide and may therefore reflect the effect
of the coenzyme fragment.

Figure 5 shows the effect of N'-benzylnicotinamide chloride
on the binding of auramine O to dehydrogenase as measured
by equilibrium dialysis. These experiments and similar
experiments are summarized in Table I ahd show that the
coenzyme fragment competes with the binding of the dye,

FIGURE 5: Equilibrium dialysis measurement of inhibition of aur-
amine O binding to dehydrogenase by Nl-benzylnicotinamide
chloride and potassium chloride. The Scatchard plots were gen-
erated in 0.1 M sodium phosphate (pH 7.4) with 3.15 X 107 m
dehydrogenase-auramine O ranging from 2.5 X 1076 to 7.5 X
108 M, and the following: top line (+), 0.1 M potassium chloride;
bottom line (O), 0.1 M N!-benzylnicotinamide chloride. Lines gen-
erated by least-squares analysis.

thus explaining the decrease in fluorescence shown in Figure
4,

The effect of two substrate competitive inhibitors, pyrazole
and isobutyramide, on the binding of auramine O to the
enzyme is shown in Figure 6. From these binding curves
one observes that both isobutyramide and pyrazole inhibit
the binding of auramine O to dehydrogenase. Scatchard
(1949) analysis of these curves indicates a decrease in the
apparent binding constant of the dye in the presence of
either inhibitor (Table I). Higher concentrations of either
inhibitor completely release the dye from the enzyme. Like-
wise, increasing concentrations of either pyrazole or iso-
butyramide cause a decrease in the fluorescence emission
to zero with no shift in the maximum wavelength.

Since the auramine O binding site seemed to be closer to
the substrate binding sites than to the coenzyme binding
sites, it was decided to look at auramine O inhibition of the
enzyme with cyclohexanol as the substrate. Figure 7 is a
Lineweaver~Burk plot (1934) of the observed inhibition.
The K; calculated from this figure for auramine O is 6.96 X
10~ M. The K., for cyclohexanol is 7.46 X 10—* m. Figure 8
is a Dixon plot (Dixon, 1953) of the inhibition at three
concentrations of cyclohexanol. The Ki of 7.05 X 1075 M
agrees well with the previous determination. The X, calculated
from the K values is 1.43 X 10¢ m~! and compares with the
K. (1.54 x 10% m~1) determined previously with ethanol as
the substrate (Conrad ez al., 1970).

Discussion

The available research to date indicates that auramine O
interacts with dehydrogenase in a most specific, as well as
unique, manner. Previously, dehydrogenase was shown to bind
2 moles of auramine O with a X, of 1.0 X 10% m~? (Conrad

2697

BIOCHEMISTRY, VOL 10, no. 14, 1971



o —
@ N

BOUND AURAMINE O (MOLES x 0%

BOUND AURAMINE O {MOLES x10%)

5 I |
o 05 e

AURAMINE O (MOLES x107)

FIGCRE 6: Effect of pyrazole and isobutyramide on the binding
of auramine O to dehydrogenase measured by equilibrium dialysis,
In both sections the binding curve of auramine O to dehydrogenase
in 0.1 M sodium phosphate (pH 7.4) (O) is used for comparison,
Upper section: bottom line (4) represents binding of 1.0 X 1073
to 3.0 X 1077 mole of auramine O to 1.21 X 1078 mole of dehy-
drogenase in the presence of 8.0 X 10~% mole of pyrazole. Lower
section: bottom line (4-) represents binding of 1.0 X 1078 mole
to 3.0 X 1077 mole of auramine O to 1.21 X 1078 mole of dehy-
drogenase in the presence of 4,0 X 10~* mole of isobutyramide.

et al., 1970). The data also indicated that the dye molecules
do not bind at either the coenzyme or substrate binding sites.
It was of interest to determine where on the enzyme the
auramine O binding site lay with respect to other known
binding sites; and also, whether changes in the dye binding
site could be caused by molecules binding at regions of the
active site.

Figure 9 is a schematic representation of the interrelation-
ships between the various binding sites on the enzyme.
For the most part, NAD and NADH are shown occupying
the same site. That they compete for the same site has been
known for some time (Theorell and Winer, 1959).

The coenzyme binding site is depicted in an open conforma-
tion (Velick, 1961) rather than in a closed conformation.
Fluorescence spectra show a doubling of the auramine O
intensity in the presence of saturating AMP. As larger
adenine compounds were added, the auramine O fluorescence
enhancement becomes correspondingly smaller. The equi-
librium dialysis experiments show that the binding constant
for auramine O is increased in the presence of adenine com-
pounds to the same degree that the fluorescence intensity
is enhanced. Addition of either oxidized or reduced coenzyme
cause a reduction in the dye fluorescence.

The available data are consistent with the following map
of the active-site region. There is an adenine recognition site
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FIGURE 7: Lineweaver-Burk plot of auramine O inhibition of de-
hydrogenase with respect to cyclohexanol. Formation of NADH
was followed fluorometrically with an Aminco-Bowman spectro-
photofluorometer; excitation at 350 nm and emission at 460 nm.
Reaction mixtures contained 1.64 X 10-¢ M NAD, cyclohexanol
from 2.62 x 10-%to 1.64 X 10~2 M, and (®) no inhibitor, (4-) 2.43
% 107% M auramine O, (O) 4.87 X 107¢ M auramine O, in a total
volume of 3 ml of 0.1 M sodium phosphate at pH 7.4. The reactions
were initiated by addition of 8.8 X 10~1?2 mole of enzyme.

on the enzyme which is at some distance from the auramine
O binding site. This site, when occupied, causes a modification
in the auramine O-dehydrogenase interaction which doubles
the affinity as well as the fluorescence intensity. As the adenine
compounds used become larger they extend closer to the
dye binding site with a concomitant lowering of the enhance-
ment and slight red shift of the emission maximum.

The oxidized and reduced nicotinamide rings of NAD and
NADH, respectively, are accorded separate binding sites
due to their significantly different structures and the grossly
different pH profiles of their binding affinities (Theorell and
Winer, 1959). That there may be two separate binding sites
for the oxidized and reduced nicotinamide rings of the
coenzyme has been previously suggested by Anderson for
yeast alcohol dehydrogenase (Anderson et al., 1965; Fonda
and Anderson, 1967) and rabbit muscle L-a-glycerophosphate
dehydrogenase (Anderson er al., 1970). The observation here
supporting the theory of separate sites for the reduced and
oxidized nicotinamide moieties of the coenzyme is the signifi-
cant difference in auramine O fluorescence caused by addition
of NAD or NADH. NADH resembles ADPR in causing
a red shift of the emission maximum but NADH causes a
slight decrease in the intensity. NAD causes a drastic decrease
in the fluorescence intensity but causes no change in the
maximum wavelength. It was also observed that N!-benzyl-
nicotinamide chloride releases auramine O from the enzyme
and exhibits no evidence of ternary complex formation.
Since NAD makes the dye bind more tightly to protein, it
appears that the release of the dye brought about by the
analog can be attributed to the benzyl moiety.

Ethanol and acetaldehyde have been shown previously
10 occupy separate sites on the enzyme (Winer and Theorell,
1960; Wratten and Cleland, 1963). Conrad et al. (1970)
showed that the auramine O binding site does not overlap the
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FIGURE 8: Dixon plot of auramine O inhibition of dehydrogenase.
Reaction mixtures contained 1.64 X 10~¢M NAD, auramine O from
0to 3.41 X 10~ Mand (@) 1.60 X 10~% M cyclohexanol, (+) 9.61 X
102 M cyclohexanol, (O) 3.20 X 1073 M cyclohexanol. Other condi-
tions as described in the legend to Figure 7.

ethanol binding site. Both pyrazole, a competitive inhibitor
of ethanol, and isobutyramide, a competitive inhibitor of
acetaldehyde, have been shown to be competitive inhibitors
of auramine O binding. These findings suggested that the
auramine O binding site is adjacent to but distinct from the
normal substrate binding site.

The kinetic studies using cyclohexanol as the substrate
tied together all the binding sites. Auramine O exhibited
competitive inhibition with respect to cyclohexanol. These
results provide for an overlap between the auramine O
binding site and the cyclohexanol binding site; although
previously, it had been established that auramine O and
ethanol do not share a mutual binding site on this enzyme.
The site of these interactions is within an extensive hydro-
phobic region where the long-chain alcohols, aldehydes, fatty
acids, and fatty acid amides, interact with the enzyme (Winer,
1958; Winer and Theorell, 1960).

The topographical map presented in this report is different
from two previously presented active-site maps (Theorell
and McKinely McKee, 1961; Wallenfels and Sund, 1957).
Although the other maps incorporated functional groups
of the enzyme as an integral part, this map does not include
any residues of the protein. The purpose of this map is to
elucidate the geometric relationship between the various
binding sites within the active site. The coenzyme is pictured
in an open conformation whereas the previous maps showed
the coenzyme in a closed conformation. Separate binding
sites for the oxidized and reduced nicotinamide ring systems
should satisfy the recent microscopic reversibility arguments
applied to the separate substrate binding site hypothesis
(Sigman and Winer, 1970). In previous schematics separate
oxidized and reduced substrate binding sites have not been
utilized.

The worth of the present map will be enhanced as the
location of more site specific compounds are precisely posi-
tioned. For instance, 2,2'-bipyridyl was shown by Sigman
(1967) to interact with several enzyme-bound adenine and
nicotinamide containing inhibitors in much the same fashion
as does auramine O. Two differences observed are the compe-
tition of NAD with bipyridyl but not with auramine O
as well as the metal-chelating ability of bipyridyl. From this
one would position bipyridyl slightly nearer the coenzyme
binding site than auramine O and possibly overlapping
part of the nicotinamide binding sites. This would place a
zinc atom somewhere in the region between the nicotinamide
binding sites and the auramine O binding sites.

. \
/' Region '\
\

FIGURE 9: Topographical map of various binding regions at active
site of dehydrogenase.
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Threonine-Sensitive Aspartokinase—Homoserine Dehydrogenase

of Escherichia coli K 12. Reaction with

6-Mercapto-9-3-p-ribofuranosylpurine 5’-Triphosphate”

Paolo Truffa-Bachit and Henry d’A. Heck?

ABSTRACT: An adenosine triphosphate (ATP) analog, 6-mer-
capto-9-8-p-ribofuranosylpurine 5’-triphosphate (SH-TP), is
a substrate for the aspartokinase activity of aspartokinase
I-homoserine dehydrogenase I of Eschierichia coli K 12, In-
cubation of the enzyme with SH-TP in the absence of L-
threonine leads to a labeled enzyme of essentially the same
molecular weight as the native protein which has specifically
lost its aspartokinase activity while retaining in full its homo-
serine dehydrogenase activity. The dehydrogenase activity of
the modified enzyme is desensitized to threonine, but is in-
hibited both by aspartate and by ATP. Reaction of the modi-
fied enzyme with mercaptoethanol releases three molecules of
SH-TP per molecule of protein. Saturating levels of threonine

[)hysical and chemical studies of the bifunctional enzyme,
aspartokinase I-homoserine dehydrogenase I (aspartokinase
or ATP:L-aspartate 4-phosphotransferase, EC 2.7.2.4; homo-
serine dehydrogenase or r-homoserine:NADP oxidoreduc-
tase, EC 1.1.1.3) of Escherichia coli K 12, have shown that
the protein is composed of six identical, or nearly identical,
subunits (Truffa-Bachi er al., 1969). The enzyme possesses
six binding sites for the inhibitor, L-threonine, and the attach-
ment of this ligand is cooperative (Janin ez al., 1969). On the
other hand, a variety of evidence points to the existence of
only three active sites for the homoserine dehydrogenase
function (Janin et al., 1969 ; Heck and Truffa-Bachi, 1970).

The recent demonstration that 6-mercapto-9-3-p-ribo-

* From the Departments of Bacteriology and Immunology (P. T.-B.)
and Chemistry (H. d’A, H.), University of California, Berkeley, Cali-
fornia 94720. Received January 5, 1971. The results of this investigation
were presented in part at the 160th National Meeting of the American
Chemical Society, Chicago, 1ll., Sept 1970, This research was supported
by the U. S. Public Health Service Grant No. AM [3164-02.

T Postdoctoral Fellow of the North Atlantic Treaty Organization.
Present address: Service de Physiologic Microbienne, Institut Pasteur,
Paris XVe, France.

1 Addressee for correspondence.
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protect the enzyme completely against SH-TP. Inactivation
of the aspartokinase function by SH-TP probably does not
occur by affinity labeling of the aspartokinase site(s) since (1)
ATP and adenosine diphosphate (ADP) protect against SH-
TP only at concentrations much greater than that of SH-TP;
(2) ATP and aspartate bind to the native and modified enzymes
with virtually unaltered affinities; and (3) the kinetics of re-
action with SH-TP is not influenced by the presence of
aspartic acid. Since reaction of the enzyme with SH-TP does
not prevent binding of aspartokinase substrates, it is proposed
that inactivation occurs by an interference with asparto-
kinase catalysis. The relevance of the SH-TP reaction to the
subunit structure of the enzyme is discussed.

furanosylpurine 3’-triphosphate (SH-TP)! reacts specifically
with sulfhydryl groups at the adenosine triphosphatase sites
of myosin (Murphy and Morales, 1970) suggested the possibil-
ity that this reagent might react selectively with the particular
sulfhydryl groups necessary for the aspartokinase activity of
aspartokinase I-homoserine dehydrogenase I (Truffa-Bachi
et al., 1966, 1968). Since the selective reaction of SH-TP with
the enzyme could conceivably provide information relevant
to the number of aspartokinase sites, which is a question of
considerable interest, the experiments described in the present
paper were undertaken.

Experimental Section

Materials. E. coli K 12, strain Tir 8 (Szentirmai er al., 1968),
was grown on a minimal medium containing 1% glucose as
the carbon source. The cells were harvested in the late-log
phase and stored at —15°. The homogeneous protein was
isolated from bacterial extracts and purified as described by

7 Abbreviations used arc: SH-TP, 6-mercapto-9-3-p-ribofuranosyl-
purine 5'-triphosphate; PMB, p-mercuribenzoate; DTNB, §,5'-dithio-
bis-2-nitrobenzoate.




