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Interaction of a Spin-Labeled Analog of Nicotinamide—Adenine
Dinucleotide with Alcohol Dehydrogenase. I1. Proton Relaxation
Rate and Electron Paramagnetic Resonance Studies of Binary and

Ternary Complexes®

A. S. Mildvan and H. Weiner

ABSTRACT: Adenosine diphosphate 4-(2,2,6,6-tetra-
methylpiperidine-1-oxyl), a paramagnetic analog of
nicotinamide-adenine dinucleotide, increases the lon-
gitudinal proton relaxation rate of water. The binding
of adenosine diphosphate 4-(2,2,6,6-tetramethylpiper-
idine-1-oxyl) to liver alcohol dehydrogenase enhances
the effect of the unpaired electron on the proton relax-
ation rate of water by a factor (¢) as great as 81. Hence,
the relaxation enhancement phenomenon, previously
discovered for complexes of Mn?* and Cu?* with pro-
teins and nucleic acids, is extended to complexes of or-
ganic radicals with macromolecules. From temperature
studies, € is ascribed to a hindrance, by the protein, of
the relative rotational motion of the bound radical and
its hydration shell. Titration of alcohol dehydrogenase
with adenosine diphosphate 4-(2,2,6,6-tetramethylpiper-
idine-1-0xyl) measuring e reveals two tight binding sites
(Kp = 15 uM) and five or six weak binding sites (Kp =
83 uM) on the enzyme, in agreement with previous re-
sults obtained by electron paramagnetic resonance line
broadening. The tight binding sites for adenosine di-
phosphate 4-(2,2,6,6-tetramethylpiperidine-1-oxyl) cor-
respond to the reduced nicotinamide-adenine dinucleo-
tide binding sites as determined by competition studies.
The electron paramagnetic resonance spectrum of ade-
nosine diphosphate 4-(2,2,6,6-tetramethylpiperidine-1-
oxyl) bound at these sites is broadened, suggesting im-
mobilization of the radical. The enhancement factor
of the bound radical, €,, decreases from 81 to 13 as the
occupancy of the tight binding sites increases from 0 to
2, indicating site-site interaction which was not reflected
in the dissociation constant. This interaction results in
an “opening” of the site facilitating water rotation in
the environment of the unpaired electron, and may be
necessary to permit substrate entry. Similar site-site in-
teraction is detected by changes in e, from 32 to 4.5 in the
Zn-free apoenzyme, where only the two tight binding
sites exist. The lower e, values in the apoenzyme—(ade-
nosine diphosphate 4-(2,2,6,6-tetramethylpiperidine-1-
oxyl)). complex suggest that Zn immobilizes water mol-

V- ~hen an enzyme contains atoms or groups with

unpaired electrons, the methods of electron spin reso-
nance (Beinert, 1966) or nuclear magnetic relaxation
(Mildvan et al., 1966; Mildvan and Scrutton, 1967) can
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ecules in the environment of the bound radical (and co-
enzyme). In addition to displacing adenosine diphos-
phate 4-(2,2,6,6-tetramethylpiperidine-1-oxyl), the co-
enzyme, reduced nicotinamide-adenine dinucleotide,
decreases ¢, of the residual bound radical probably by
“opening” the site. The inhibitor o-phenanthroline,
which does not displace adenosine diphosphate 4-(2,2,6,6-
tetramethylpiperidine-1-oxyl), decreases e, at high con-
centrations (Kj(o-phenanthroline) = 0.4 mM) indicating
the formation of a ternary complex (er = 3). The sub-
strate, ethanol, also decreases ¢, without displacing ade-
nosine diphosphate 4-(2,2,6,6-tetramethylpiperidine-1-
oxyl) forming a ternary complex (er = 5.8) with a dis-
sociation constant (Kp = 1.1 mMm) in agreement with its
Ky and with the Kp of the E-NAD-ethanol complex
from the literature. Ethanol does not alter the electron
paramagnetic resonance spectrum of bound adenosine
diphosphate 4-(2,2,6,6-tetramethylpiperidine -1-oxyl).
The activation energy for the paramagnetic contribu-
tion to the proton relaxation rate in the ternary enzyme—
(adenosine diphosphate 4-(2,2,6,6-tetramethylpiperidine-
1-oxyl))«(ethanol). complex (5.2 kcal/mole) is indistin-
guishable from that of the binary enzyme-(adenosine
diphosphate  4-(2,2,6,6-tetramethylpiperidine-1-oxyl)).
complex (5.0 kcal/mole) suggesting that ethanol reduces
e by displacing water molecules which are hydrogen bond-
ed tothe nitroxide group of adenosine diphosphate 4-(2,-
2,6,6-tetramethylpiperidine-1-oxyl). Since the unpaired
electron of the analog is localized in a region which cor-
responds to the pyridine-N-ribose C; bond of nicotin-
amide-adenine dinucleotide, it is suggested that ethanol
binds to the solvent side of the bound coenzyme and
overlies the ribosidic bond to pyridine. This structure
is consistent with the preferred order kinetic scheme of
liver alcohol dehydrogenase proposed by Theorell, H.,
and Chance, B. (1951), Acta Chem. Scand. 5, 1127. It
is concluded that proton relaxation rate studies may
be used to determine stoichiometry, binding constants,
and structural properties of binary and ternary com-
plexes of organic radicals with macromolecules.

give detailed insight into the mechanism of the reaction.
The use of paramagnetic probes for diamagnetic systems
in the study of enzyme mechanisms has been pioneered by
Mildred Cohn who replaced magnesium with manga-
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FIGURE 1: Comparison of the structures of ADP-R: and NAD, showing the location of the unpaired electron.

neseas the activator of various kinases (Cohn and Leigh,
1962; Cohn, 1963). Using the paramagnetic manganous
ion, one can study thermodynamic, kinetic, and struc-
tural properties of enzyme-metal-substrate complexes
by electron spin resonance and nuclear magnetic relax-
ation of the solvent (Mildvan and Cohn, 1965, 1966) or
of the substrates (Mildvan e al., 1967).

McConnell (1967) has extended this approach by co-
valently attaching paramagnetic organic compounds to
enzymes and studying them by electron spin resonance.
Using this method, McConnell and coworkers (Hamil-
ton and McConnell, 1968) have shown that one can de-
termine whether the bound radical or “spin label” is
able to rotate freely or is restricted in its motion, and
how the motion of the radical changes as the environ-
mental conditions are altered.

The spin-labeling technique has recently beenextended
further to electron paramagnetic resonance studies of
noncovalently bound compounds by the preparation
of a paramagnetic hapten (Stryer and Griffith, 1965) and
a paramagnetic analog of NAD (Weiner, 1969). The lat-
ter compound (Figure 1), ADP-R -, ! is a competitive in-
hibitor of liver and yeast alcohol dehydrogenases with re-
spect to the coenzymes and has been shown by electron
paramagnetic resonance line broadening to bind to liver
alcohol dehydrogenase in a manner which is indistin-
guishable from that of the competitive inhibitor ADP-
ribose (Weiner, 1969),

The present work describes the effects of this spin-
labeled substrate analog and its binary and ternary com-
plexes with liver alcohol dehydrogenase and ethanol, on

! Abbreviations used: ADP-R: refers to ADP-4-(2,2,6,6-
tetramethylpiperidine-1-oxyl), the structure of which is given
in Figure 1; ADP ribose, adenosine diphosphoribose. All
symbols related to enhancement are defined in the text and in
previous references (Mildvan and Cohn, 1963, 19685, 1966).

the nuclear magnetic relaxation rate of the solvent pro-
tons. From studies of the enhancement of the proton
relaxation rate one can gain detailed information about
the structural and thermodynamic properties of the bi-
nary and ternary complexes. Paper I1I of this series will
further examine the properties of ternary complexes with
substrates and inhibitors by proton relaxation studies
of the solvent, substrates, and the inhibitors (Mildvan
and Weiner, 1969).

Experimental Section

Materials. Alcohol dehydrogenase from horse liver
was prepared by a method similar to that of Taniguchi et
al. (1967). From its specific activity (4000 um/(min mg))
and its behavior on starch gel, acrylamide gel, and cellu-
lose acetate electrophoresis, the purity of the enzyme
was estimated to be greater than 95 %7 (Weiner, 1969),

The paramagnetic analog of NAD was prepared as
reported (Weiner, 1969). The structure of this analog
is compared with that of NAD in Figure 1. By super-
position of molecular models of the analog and of NAD
we conclude that the unpaired electron (which is de-
localized between the nitrogen and oxygen of the nitrox-
ide; Luz er al., 1966) is located in a position that would
lie between the ring nitrogen of the pyridine and the C-1
of the ribose of NAD. Metal-free buffers were used as
previously described (Weiner, 1969) and all compounds
used were of the highest purity commercially available.

Magnetic Resonance Techniques. Electron spin reso-
nance spectra of 0.1-ml samples of dilute solutions of the
analog (0.01-1.0 mMm) and of the enzyme (0.05-0.20 mm)
were obtained with a Varian E-3 electron paramagnetic
resonance spectrometer with temperatures controlled
to ==1° as previously described (Weiner, 1969). The sig-
nal to noise ratio was improved by use of the Varian
C1024 time-averaging computer.
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The longitudinal relaxation rate, 1/T, of the protons of
water in the same solutions was measured by the pulsed
method at 24.3 MHz as previously described (Mildvan
and Cohn, 1963). The theory of relaxation enhancement
has been discussed elsewhere in connection with coor-
dination complexes of paramagnetic ions (Cohn and
Leigh, 1961 ; Cohn, 1963 ; Eisinger et al., 1962). The para-
magnetic contribution to the observed longitudinal re-
laxation rate of water protons, 1/T,, was determined by
subtracting the corresponding relaxation rate in the ab-
sence of ADP-R: from the relaxation rate observed in
its presence.

The enhancement factor, €*, is defined as previously
described for metal complexes (Cohn and Leigh, 1962;
Eisinger et al., 1962) as the ratio of 1/Ty; in the presence
of protein (as indicated by the asterisk) to 1/T1, in the
absence of protein but in the presence of the same con-
centration of ADP-R-

o = WT* o
(1/T3,)

Luz and Meiboom (1964) have shown that 1/T}, of
solvent protons is a function of the residence time, 7y,
and the relaxation time, Ty, of a solvent molecule in
the “inner coordination sphere’ of the paramagnetic
atom

n
Tix + ™™ )

1 /T1p =
In eq 2, p = [ADP-R:]/2[H;0] and q is the “‘coordina-
tion number,” the number of solvent protons which can
simultaneously interact with the nitroxide. Since chem-
ical bonding between these protons and ADP-R - is very
weak (hydrogen bonds), the hyperfine coupling, which
operates through chemical bonds, may be assumed to be
vanishingly small compared with the dipolar interaction
between the unpaired electron and the relaxing protons.
Therefore Ty is inversely proportional to the correla-
tion time, 7., for dipolar interaction between the un-
paired electron of ADP-R - and the adjacent water pro-
tons (Solomon, 1955; Bloembergen, 1957). Hence eq 2
may be rewritten as

1Ty = —H 3)

C/To +

where ¢ is a constant. Because the electron spin relax-
ation time of nitroxide radicals is long (107° sec < 7,
< 108 sec) compared with rotation times (107!% < r;
< 10-10), 7, probably is a rotation time, from 4.

1/7e = 1/ + /7, 4

Hence 7. in eq 3 may be replaced by 7.

It will be shown that 1/77, decreases with increasing
temperature in the presence and absence of protein sug-
gesting that ru << Tix (Luz and Meiboom, 1964). There-
fore eq 3 reduces to

1Ty = "‘f’ )
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and eq 1 can be rewritten as

o = WTw)*  gr)*
(1/Ty)  (gr)

©®

Relaxation enhancements (i.e., ¢* > 1) can therefore
occur by the formation of complexes of ADP-R: with
macromolecules in which the relative rotational motion
of the radical and the relaxing solvent proton is hin-
dered, i.e., in which 7, is increased. Similar effects are
well known in complexes of the manganous ion (Cohn
and Leigh, 1962; Eisinger et al., 1962; Mildvan and
Cohn, 1963, 1965; Scrutton et al., 1966).

Results

Binding of ADP-R- to Liver Alcohol Dehydrogenase
as Studied by Electron Paramagnetic Resonance. It has
previously been shown that the binding of ADP-R- to
liver alcohol dehydrogenase results in a decrease in the
amplitude of the electron paramagnetic resonance spec-
trum which may be used to determine dissociation con-
stants (Weiner, 1969). In addition, the broadened spec-
trum of the bound radical could also be discerned.

Three techniques are used to improve the resolution
of the electron paramagnetic resonance spectrum of the
bound radical. As before, time averaging and a ratio of
ADP-R - to liver alcohol dehydrogenase was used (Wei-
ner, 1969) where most of the radical is bound (Figure 2,
spectra 1 and 2). In addition a selective amplification
of the broadened resonance of the bound radical is ob-
tained by increasing the modulation amplitude of the
electron paramagnetic resonance spectrometer to 10
gauss (Figure 2, spectrum 4) but this distorts the spec-
trum of the unbound radical (spectrum 3). Spectrum 5
gives the difference electron paramagnetic resonance
spectrum of the bound radical. The appearance of this
spectrum is similar to that reported for the spin label
which was covalently attached to bovine serum albumin
(Griffith and McConnell, 1966) and indicates that the
bound radical is strongly immobilized, i.e., it tumbles at
arate < 107/sec (Hamilton and McConnell, 1968). Ogawa
and McConnell (reported in Hamilton and McConnell,
1968) have found that a spin label covalently attached
to a sulhydryl group of yeast alcohol dehydrogenase is
highly immobilized, as determined by electron paramag-
netic resonance.

In another experiment at a modulation amplitude of
10 gauss (Figure 3), the addition of 96 uM alcohol de-
hydrogenase to 118 uM ADP-R - results in the binding of
83% of the ADP-R: (spectra 1 and 2). Spectrum 2 re-
veals the separate resonances of both the free and the
bound radical indicating that chemical exchange be-
tween these two forms occurs at a rate < 5 X 107 sec™.
The addition of 4.5 mm ethanol (spectrum 3) produces
no visible change in the electron paramagnetic resonance
spectrum, but the addition of 1.07 mm NADH (spec-
trum 4) causes a fivefold reduction in the intensity of
the broadened resonance of the bound radical and a two-
to fivefold increase in the intensity of the signal due to free
ADP-R .. When the amplitude of the narrow resonances
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FIGURE 2: The electron paramagnetic resonance spectra of
free and bound ADP-R . The concentrations of components
and sweep conditions are: curve 1: [ADP-R:] = 12.8 um,
25 sweeps at l-gauss modulation amplitude; curve 2:
[ADP-R-] = 12.8 um, [liver alcohol dehydrogenase] =
35.5 uM, 25 sweeps at 1-gauss modulation amplitude; curve
3: [ADP-R'] = 12.8 uM, 2 sweeps at 10-gauss modulation
amplitude; curve 4: [ADP-R:] = 12.8 um, {liver alcohol
dehydrogenase] = 35.5 uM, 10 sweeps at 10-gauss modulation
amplitude; and curve 5: difference electron paramagnetic
resonance spectrum of curve 4 minus curve 3. Solutions con-
tained 0.04 M NaH,PO;~NaHPQO, buffer, pH 6.1, T =
23°,

in spectrum 4 is corrected for the 1.12-fold dilution of
ADP-R ., it is calculated that 157 of the radical has re-
mained bound. These observations are consistent with
the competition between NADH and ADP-R-. pre-
viously reported (Weiner, 1969).

Binding of ADP-R- to Liver Alcohol Dehydrogenase as
Studied by Proton Relaxation Rate. The data of Table
IA indicates that the analog of NAD increases the
longitudinal relaxation rate, 1/7y,, of the protons of
water in proportion to its concentration. The molar re-
laxivity of solutions of the radical (1/7,[ADP-R-] =
44.1 = 6.4 M~ ! sec™)) is small compared to that of the
simpler compound, 2,2,6,6-tetramethyl-4-hydroxypiper-
idine-1-oxyl (282 = 3 M~! sec™), in which a hydroxyl
group is substituted for ADP

OH

(CHJ)Zﬁj«:HJ)Z

or of Cu?t (875 = 10 M ! sec—1)? which also has one
unpaired electron, but is of the same order of magni-
tude as peroxylaminedisulfonate (72 = 15 M~! sec™1).?

o2

2 B. Joyce and M., Cohn, unpublished observations.
3 A, S, Mildvan and J. S. Leigh, Jr., unpublished observation.

These differences in relaxivity result, in part from differ-
ences in accessability of solvent protons to the unpaired
electron as well as differences in correlation times for
the interactions. The low value for ADP-R: may re-
flect, in part, diminished access of water protons to the
unpaired electron due to a folded structure of the type
proposed by Velick (1961) for NADH.

The addition of 50.5 um liver alcohol dehydrogenase
to 570 uMm ADP-R - results in the binding of 4797 of the
radical, as detected by electron paramagnetic resonance
and an enhancement of the effect of the radical on the
water by a factor of 6.7. At a lower concentration of
radical (Table IB), where a larger fraction is bound, the
observed enhancement ¢* = 48, Thus the enhancement
phenomenon originally discovered for Mn complexes
of proteins (Cohn and Leigh, 1962) and nucleic acids
(Eisinger et al., 1962) is here demonstrated for complexes
of organic radicals with macromolecules. It has pre-
viously been shown for Mn-protein complexes that the
enhancement phenomenon may be used to determine
thermodynamic constants and stoichiometry (Mildvan

T 1 T U ) U 1 T L) 1 1 1 I L
3200 3220 3240 3260 3280 3300 3320
GAUSS

FIGURE 3: The effect of ethanol and NADH on the electron
paramagnetic resonance spectra of free and bound ADP-R-.
The concentrations of components are: curve 1: [ADP-R -]
= 118 um; curve 2: [ADP-R+] = 118 um, [liver alcohol de-
hydrogenase] = 96 um; curve 3:[ADP-R:] = 112 um, [liver
alcohol dehydrogenase] = 92 uM, [ethanol] = 4.6 mm;
curve 4: [ADP-R -] = 103 uMm, [liver alcohol dehydrogenase]
= 84 uM, [ethanol] = 4.2 mm, [NADH] = 1.07 mM. Other
components are as described in Figure 2. Each spectrum is a
single sweep at a modulation amplitude of 10 gauss and all
have the same gain; T = 19°,
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TABLE 1; Effect of ADP-R: and Its Complexes with Liver Alcohol Dehydrogenase on the Proton Relaxation Rate

of Water.
1/T; or
Proton
Addn to 0.04 M NaH PO~ Relaxation [ADP-R ]/
Expt Na.HPO, Buffer Rate (sec™) 1/Ty, (sec™) e*e [ADP-R:};* &°
A None 0.380
ADP-R- (0.57 mm) 0.400 0.020 1.00
ADP-R- (1.14 mm) 0.420 0.040 1.00 1.00
Liver alcohol dehydro- 0.386
genase (50.5 um)
ADP-R- (0.57 mm) + 0.520 0.134 6.7 0.525 13.0
liver alcohol dehy-
drogenase (50.5 um)
ADP-R- (1.14 mm) + 0.574 0.188 4.7 0.706 13.6
liver alcohol dehy-
drogenase (50.5 um)
B ADP-R- (11.4 uMm) 0.381 0.00040¢ 1.00 1.00
ADP-R- (11.4 um) + 0.405 0.019 48 0.150 56
liver alcohol dehy-
drogenase (50.5 um)
C None 0.390
ADP-R- (114 um) 0.396 0.006 1.00
Liver alcohol dehydro- 0.400
genase (50.5 um)
ADP-R- (114 um) + 0.471 0.071 11.8 0.265 15.7
liver alcohol dehy-
drogenase (50.5 um)
Ethanol (2.24 mm) 0.440 0.040 6.7
Ethanol (6.4 mm) 0.422 0.022 3.7
Ethanol (10.1 mm) 0.423 0.023 3.8 0.264 4.8

¢ Calculated from the definition of ¢* givenin eq 1. * Determined by electron paramagnetic resonance (Weiner, 1969).
° Calculated from « and b using eq 7. ¢ Calculated from experiment A based on linearity of 1/7;, with [ADP-R-].

T = 23°

and Cohn, 1963, 1965, 1966) because the observed en-
hancement, *,is a weighted average of the enhancements
of the free, ¢, and bound, e, Mn. Making a similar as-
sumption here, we argue that

_ [ADPR -],
" [ADP-R -],

[ADP-R-},
[ADP-R -},

*®

€ +

@)

where the subscripts f, b, and t refer to the concentra-
tion of free, bound, and total radical, respectively. By
definition, ¢; = 1 (eq 1).

If & is known, then [ADP-R-]; and [ADP-R"], (=
[ADP-R -], — [ADP-R ‘];) may be found for each value
of €*. As has previously been shown (Mildvan and Cohn,
1963), e, may be determined by titration of a constant
concentration of protein with variable concentrations
of the paramagnetic substance plotting 1/e* against
[ADP-R -]; and extrapolating to [ADP-R:]); = 0. If the
dissociation constant of the enzyme radical complex is
small compared with the concentration of binding sites
in solution then 1/e* approaches 1/e, as [ADP-R:};
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approaches 0 (Mildvan and Cohn, 1963). Such a plot,
which is shown in Figure 4, reveals a break in the curve
giving two values for e,. For those concentrations of
[ADP-R']; below the concentration of the enzyme e
= 100 =+ 48 and for concentrations of [ADP-R - ], greater
than the enzyme concentration e, = 13.2 & 1.7. The
concentrations of free and bound radical calculated
from eq 7 using the latter value of €, and the ¢* values
for [ADP-R-]; > [LADH] are plotted as a Scatchard
plot in Figure 5A. The results, which are summarized
in Table II, are in good agreement with those obtained
previously by electron paramagnetic resonance (Weiner,
1969).

A more accurate nethod of determining e, is by mea-
suring the value of [ADP-R -],/[ADP-R-]; by electron
paramagnetic resonance (Weiner, 1969) and * by proton
relaxation rate in the same solutions and directly substi-
tuting these values in eq 7 (Mildvan and Cohn, 1963).
Representative values so obtained are indicated in Table
IA and B and are plotted as a function of [ADP-R: ],/
[liver alcohol dehydrogenase] in Figure 5B.
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FIGURE 4: Titration of alcohol dehydrogenase (50.5 um)
with ADP-R- measuring the enhancement of the proton
relaxation rate. The observed enhancement factors, e*, are
plotted in reciprocal form for determination of e, the en-
hancement of bound ADP-R: (Mildvan and Cohn, 1963).
Other components present are indicated in Figure 2, T =
23°,

In agreement with the previous experiment, the values
of & decrease from 62 &+ 19to 13.0 = 1.3 as the first
molecule of [ADP-R -] is bound and remain constant at
13 thereafter as a total of 8 molecules of ADP-R: is
bound. The agreement of the two methods of calculat-
ing e, indicates that eq 7 fits the data.

Hence the €, value of the two tight binding sites varies
from ~80 to ~13 as the occupancy increases from O
to 2 (Figure 5B) presumably due to sitesite interaction
which is not detected thermodynamically (Figure 5A).
The decrease in €, probably results from a decrease of
7:(eq 6), i.e., there is less hindered rotation of water mol-
ecules in the environment of the bound radical due to a
more open site (vide infra). The five to six weak binding
sites have an ¢, value which is ~13 (Table II).

The Effect of NADH and o-Phenanthroline on ¢, It
has previously been shown that liver alcohol dehydro-
genase binds two molecules of NADH (Theorell and
Bonnichsen, 1951) and two molecules of NAD (Theorell
and Yonetani, 1963) per molecule of enzyme and that
ADP-R- is a competitive inhibitor of the enzyme with

[a0P-R]
b
[LaDH]
60+
B
N
€
204
S §; i~} ?n
°3 2 4 & 8
[ADP—R~]b
[LaoH]

FIGURE 5: Stoichiometry and properties of ADP-R- binding
sites on alcohol dehydrogenase. (A) Scatchard plot of the
free and bound ADP-R - calculated from the data of Figure
4 assuming e, = 13.2 as described in the text. (B) The
enhancement of bound ADP-R: e, as a function of the
number of enzyme sites occupied. e, was calculated from
the observed enhancement, ¢*, using eq 7. [ADP-R - 1;/[ADP-
R +]; was determined for each point by electron paramagnetic
resonance (Weiner, 1969). Conditions are as described in
Figures 2 and 4.

TABLE 11; Stoichiometry, Dissociation Constants, and Enhancements of Binary Complexes of Liver Alcohol Dehydro-

genase and ADP-R -.

Tight Binding

Weak Binding

Method n Ky (uM) n Kp (uM) €
Electron paramagnetic 2005 178 52+0.3 73.3+£9.4
resonances
Proton relaxation 23+0.4 156 100 = 48 5707 93.2x196 13.2+1.7
rate 13.2 1.7
Both electron para- 62 =19 13.0£1.3
magnetic resonance 13.0£1.3
and proton relaxa-
tion rate
Av 2.2=+05 167 81 += 33 54 +£0.5 83.3x14.5 13.1 x1.5
13.1 = 1.5

s From Weiner (1969). Conditions are given in Table I and in Figure 2.
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S
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FIGURE 6: Effect of NADH and o-phenanthroline on the enhancement of ADP-R: bound to liver alcohol dehydrogenase.
(A) NADH titration of solutions containing 108 um ADP-R - and 48.1 uM liver alcohol dehydrogenase, measuring the en-
hancement ¢* by proton relaxation rate, and the fraction of ADP-R- which is free by electron paramagnetic resonance.
The enhancement of bound ADP-R - was calculated from these values using eq 7. (B) o-Phenanthroline titration of solutions
containing 121 uM ADP-R- and 46 uM liver alcohol dehydrogenase. Parameters were measured and calculated as in A.

Other conditions are as given in Figure 2,

respect to the coenzymes as determined by kinetics and
by direct binding studies using electron paramagnetic
resonance (Weiner, 1969) (Figure 3). The effect of NADH
on the binding of the analog by liver alcohol dehydro-
genase was studied by proton relaxation rate and elec-
tron paramagnetic resonance to determine the enhance-
ment factor e, of the residual bound radical, at concen-
trations of ADP-R- and liver alcohol dehydrogenase
at which binding occurs predominantly at the tight bind-
ing sites. The results, summarized in Figure 64, indi-
cate that as NADH displaces ADP-R-, ¢, decreases
from 10.8 to a value approaching 2, when only the weak
binding sites remain occupied by the radical. The reduc-
tion in e, suggests an “opening” of residual ADP-R -
binding sites as NADH binds, resulting in less hindered
rotation of water molecules near the bound radical (i.e.,
a decrease in ;).

o-Phenanthroline has been shown to compete against
NADH and NAD (X; < 11 um; Yonetani, 1963) but
not against ADP ribose (Yonetani and Theorell, 1964)
or ADP-R: (Weiner, 1969). The experiment summar-
ized in Figure 6B indicates that below 0.7 mm o-phen-
anthroline has no effect on the binding of ADP-R-,
and below 0.2 mM has no effect on the enhancement,
€y, of the bound radical. Above 0.2 mMm, o-phenanthro-
line causes a small increase in [ADP-R-]; but a large
progressive decrease in ¢, indicating the formation of
higher complexes of the form liver alcohol dehydro-
genase (ADP-R :)y(o-phenanthroline), with an appar-
ent dissociation constant

_ [E(ADP-R )]{o-phenanthroline] _
[E(ADP-R - )(o-phenanthroline)]

K3 0.4 %= 0.1 mm

Hence o-phenanthroline can bind to liver alcohol de-
hydrogenase in several ways, which could account, in
part, for the variability in the published K; values of
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this inhibitor (Sund and Theorell, 1963). The decreased
enhancement of this ternary complex, e ~ 3, suggests
either an “opening” of the tight binding site for ADP-R
(a decrease in 7;) or an inaccessability of the radical to
water protons in the ternary complex (a decrease in g),
as may be seen from eq 6.

Binding of [ADP-R-] to the Zn-Free Apoenzyme. Liver
alcohol dehydrogenase has been shown to contain Zn
(Theorell ez al., 1955; Vallee and Hoch, 1957) in a stoi-
chiometry of 4 per mole of enzyme (Akeson, 1964) which
may participate in the binding of o-phenanthroline (Val-
lee et al., 1958; Yonetani, 1963 ; Piette and Rabold, 1967)
and of NADH (Sund and Theorell, 1963). It was of
interest, therefore, to determine the role of Zn in the
binding of [ADP-R -]. The apoenzyme was prepared as
previously described (Weiner, 1969) by dialysis of liver
alcohol dehydrogenase for 36 hr at 4° against NaH PO,
buffer, u = 0.05, pH 6.0, containing 0.1 mm EDTA fol-
lowed by extensive dialysis against Zn-free buffer. Such
treatment removed 94%, of the Zn as judged by residual
specific activity. The half-life of Zn under these condi-
tions is 7 hr as determined by atomic absorption spec-
troscopy and specific activity,*

It has previously been shown that the apoenzyme pre-
pared in this way binds approximately two molecules of
ADP-R-. tightly but has no detectable weak binding
sites (Weiner, 1969). The values of ¢* and [ADP-R:];
were measured in the same set of solutions by proton
relaxation rate and electron paramagnetic resonance,
respectively, and the values of ¢, calculated from eq 7 are
plotted in Figure 7. As the two binding sites for ADP-R -
are occupied, e, decreases progressively from 31.6 to
4.5. Hence the apoenzyme manifests the same kind of
site-site interaction as does the native enzyme. How-
ever, the lower values of ¢, in the apoenzyme suggest that

4 C, Hoagstrom and H. Weiner, unpublished observations.
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the solvent, in the environment of the bound radical,
is more free to rotate. A role of the Zn therefore is to
immobilize water molecules near the binding sites of
ADP-R - either by direct coordination of water and/or
by an effect on the protein conformation. The Zn also
stabilizes a protein conformation which permits the bind-
ing of five or six additional molecules of ADP-R - (Wei-
ner, 1969).

Detection of a Ternary Complex of Liver Alcohol De-
hydrogenase, ADP-R-, and Ethanol by Proton Relax-
ation Rate. The addition of ethanol (10.1 mM) to a so-
lution of liver alcohol dehydrogenase(ADP-R -); causes
a decreasein e* from 11.8t0 3.8 (Table IC) but no change
in [ADP-R -], as detected by electron paramagnetic res-
onance, indicating that the decrease in €* represents a
change in the enhancement by the bound radical, es.
No significant change in the electron paramagnetic res-
onance spectrum of the bound radical was detected
upon addition of ethanol (Figure 3). Hence a ternary
complex of the form E(ADP-R - );(ethanol), has formed
which is detectable by proton relaxation but not by elec-
tron paramagnetic resonance.

A titration of liver alcohol dehydrogenase(ADP-R ),
with ethanol, measuring ¢* (Figure 8A), reveals a dis-
sociation constant K; of ethanol from the ternary com-
plex of 1.3 £ 0.2 mM, and an enhancement factor er
= 5.6 &= 0.6 when the enhancement at the end point
(4.4 3= 0.5) is corrected for the bound ADP-R-.

A more precise analysis of this titration is given in
the reciprocal plot of Figure 8B (Mildvan and Cohn,
1966). The linearity of this plot is consistent with simple
binding of ethanol in a 1:1 stoichiometry with the bound
analog, forming a ternary complex liver alcohol dehydro-
genase(ADP-R -)x(ethanol), with no site-site interac-
tion. From this analysis X3 = 1.1 = 0.2 mM and er =
5.8 = 0.3.

The dissociation constant of ethanol from the ternary
complex with ADP-R- (1.2 mM) is in good agreement
with its dissociation constant from liver alcohol dehydro-
denase(NAD).(ethanol). reported by Theorell and Yon-
etani (1962) as 1-2 mM, and is of the same order of mag-
nitude as the Ky of ethanol obtained kinetically (2.5
mM) (Theorell ef al., 1955).
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FIGURE 7: Enhancement of ADP-R - bound to Zn-free apo-
alcohol dehydrogenase (42.9 um). The values of e, were ob-
tained as described in Figure 6 and in the text. Other condi-
tions are given in Figure 2.

The decrease in enhancement from a value of ¢ =
17.4 (in this experiment) to er = 5.7 is probably due to
a decrease in g (eq 6), i.e., the displacement of water mol-
ecules in the environment of the bound ADP-R - by eth-
anol. Evidence for this will be given in the next section.

Temperature Dependence of the Relaxation Rate of
Water Protons in the Presence of [ADP-R ] and Its Com-
plexes. The Arrhenius plot of Figure 9 illustrates the
temperature dependence of the paramagnetic contribu-
tion to the longitudinal relaxation rate of water protons

12
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FIGURE 8: The binding of ethanol to the alcohol dehydro-
genase({ADP-R ), complex. (A) Titation of 50.5 uM liver
alcohol dehydrogenase and 114 uM ADP-R- with ethanol,
measuring e*. As determined by electron paramagnetic
resonance 26.4%; of the ADP-R - was free at the beginning
and 26.5%; was free at the end of the titration. Conditions
are as described in Figure 2. (B) Reciprocal plot of the
data in A for determination of ¢, and K; (Mildvan and Cohn,
1966).
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FIGURE 9: Arrhenijus plot showing the effect of temperature
on the proton relaxation rate of solutions of ADP-R - and its
complexes, The relaxation rates were corrected to those of
the bound form of ADP-R - and normalized as described in
the text. The concentrations of components used and the
energies of activation, E,, in kilocalories per mole are:
curve 1: [ADP-R-] = 49.6 uM, [liver alcohol dehydrogenase]
= 50.5 uM, E, = 2.9 3= 0.7; curve 2;: [ADP-R -] = 99.2 and
248 uM, [liver alcohol dehydrogenase] = 50.5 uM, E. =
5.0 & 0.2; curve 3: [ADP-R-] = 99.2 uMm, [liver alcohol
dehydrogenase] = 50.5 uM, [ethanol] = 4.0 mMm, E, =
5.2 3= 0.8; curve 4; [ADP-R-] = 1.24 mM, E, = 3.4 = 0.8.
Other components are as described in Figure 2.
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in the presence of ADP-R , 1/T,,, normalized by dividing
by p = [ADP-R-]/2[H;O]. In solutions of liver alcohol
dehydrogenase and ADP-R -, 1/, was determined by
pulsed nuclear magnetic resonance and [ADP-R:]; by
electron paramagnetic resonance, over the same tem-
perature range. The latter measurements permitted cor-
rection of the 1/pT, values to those values characteristic
of the bound forms. Curve 1 was obtained at a ratio of
[ADP-R -]/lliver alcohol dehydrogenase] < 1 and re-
flects in part the initial high enhancement. Curve 2 which
was obtained at ratios of [ADP-R -]/[liver alcohol de-
hydrogenase] = 1.96 and 4.91 reflects the tightly bound
but less enhanced radical.

Curve 3 is the corrected value observed in the pres-
ence of [ADP-R - ]:[liver alcohol dehydrogenase]:[eth-
anol] at a ratio of 1.96:1:79.2 and represents the 1/pTi,
value of the ternary enzyme-radical-ethanol complex.
Further studies of this and other ternary complexes will
be described in the next paper in this series.

All of the complexes of [ADP-R -] show a decrease
in the relaxation rate with increasing temperature sug-
gesting rapid chemical exchange of water protons into
the environment of the spin in all of the complexes (Luz
and Meiboom, 1964), i.e., 7x << Tix in eq 2. Hence
the relaxation rate (1/pT1;,) is a measure of the relaxation
rate of water molecules ‘“coordinated” or hydrogen
bonded to the unpaired electron (g/T1u), and changes
in 1/pT, or € can be interpreted as being due to changes
in either the number, ¢, of interacting water molecules
or 7., the correlation time for the interaction (eq 5).

The energy of activation of 1/pT), represents the en-
ergy of activation of 7. (eq 5). For the binary liver al-
cohol dehydrogenase(ADP-R ). complex, the energy
of activation (5.0 = 0.2 kcal/mole) is experimentally
indistinguishable from that of the ternary liver alcohol
dehydrogenase(ADP-R - )i(ethanol); complex (5.2 =+
0.8 kcal/mole) yet 1/pTy, is decreased by ethanol sug-
gesting that ethanol displaces a water molecule from
the environment of the bound radical. Further evidence
for this view will be presented in the next paper in this
series. No significant alteration of the electron paramag-
netic resonance spectrum of the bound radical was de-
tected upon addition of ethanol (Figure 3).

Discussion

The present results indicate that large enhancements
of the proton relaxation rate may be observed in com-
plexes of organic radicals with macromolecules and are,
therefore, not limited to complexes of paramagnetic
metal ions with proteins (Cohn and Leigh, 1962) or nu-
cleic acids (Eisinger ez al., 1962). The enhancements may
be used to give thermodynamic and structural param-
eters of binary complexes of radicals and macromole-
cules. Moreover, as suggested by the experiments with
o-phenanthroline and ethanol, the proton relaxation
rate method can also be used to detect and characterize
ternary complexes, under conditions where the electron
paramagnetic resonance spectrum failed to detect such
complexes.

The number of tight binding sites for ADP-R- on
liver alcohol dehydrogenase corresponds to the number
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of NADH binding sites and competition has been ob-
served between ADP-R - and NADH for these sites by
kinetics and by binding studies (Weiner, 1969). More-
over, the dissociation constant of ADP-R: obtained
in binding studies by two independent methods, elec-
tron paramagnetic resonance and proton relaxation
rate (16 = 7 uM) (Table II), and the inhibitor con-
stant obtained kinetically (§ = 2 uM) are in reasonable
agreement. Hence the tight binding sites for ADP-R -
may be equated with the NADH binding sites.

The broadened electron paramagnetic resonance spec-
trum of ADP-R - when it is bound to these sites (Figure
2) may be interpreted to indicate that the analog is im-
mobilized by the protein, i.e., it tumbles at a rate < 107
sec™!, which is characteristic of the entire protein mol-
ecule (Hamilton and McConnell, 1968).

The decrease in ¢, from 81 to 13 as the two tight bind-
ing sites for ADP-R - are occupied might be due, in part,
to aggregation of the protein at the high concentrations
used and disaggregation by ADP-R:. However, sedi-
mentation studies at high concentrations of liver alcohol
dehydrogenase have failed to detect aggregation (Ehren-
berg and Dalziel, 1958). Moreover, a similar reduction
in e was observed when the same amounts of ADP-R .
were bound to the Zn-free apoenzyme, a protein with
altered properties (Oppenheimer er al., 1967). A more
likely explanation for the reduction in e, as ADP-R - is
bound is that it reflects a ‘‘substrate-induced” confor-
mational change (Koshland, 1958) which may be rel-
evant to catalysis. Coenzyme binding has been found
to cause space group changes in crystalline liver alcohol
dehydrogenase (Zeppezauer er al., 1967) and dogfish
muscle lactic dehydrogenase (Wonacott et al., 1968).

The relaxation data permits a more detailed insight
into the nature of the conformation change at the active
sites. From the temperature dependence of the relax-
ation rate (Figure 9), a decrease in ¢, may be interpreted
as being due to either a decrease in g, the number of
water molecules in the immediate environment of the
unpaired electron of ADP-R -, or a decrease in 7, which
is dominated by the relative rotation time, 7., of water
molecules and the bound ADP-R: (eq 6). The change
in the E. for 7. as the second molecule of ADP-R - is
bound (Figure 9) indicates the latter alternative, namely,
that . must have changed. Hence the water molecules
in contact with the radical must have greater freedom
of rotation due to an ‘“‘opening up” of the site. It is of
interest that the coenzyme NADH also decreases ¢, of
the residual bound ADP-R - in the competition experi-
ment (Figure 6A). Opening of the site in the region of
the coenzyme may be necessary to permit entry of the
alcohol or aldehyde substrates, and would afford a struc-
tural explanation for the preferred binding of the co-
enzyme prior to the substrates in the kinetic scheme of
liver alcohol dehydrogenase (Theorelland Chance, 1951).
Such structural alterations need not affect the affinity
for coenzymes or substrates and may, therefore, be
missed by simple binding studies. Only selected struc-
tural parameters, such as e, reflect these alterations
(O’Sullivan and Cohn, 1966; Mildvan and Cohn, 1964).
Hollis (1967) has recently shown that very high concen-
trations of yeast alcohol dehydrogenase (1.1 mm) di-



voL. 8 NoO. 2, FEBRUARY 1969

minished theamplitudeand slightly broadened themethyl
resonance in the nuclear magnetic resonance spectrum
of ethanol (1 mM) only in the presence of excess NAD.

Little is known about the nature of the five or six weak
binding sites for ADP-R -, but it is of great interest that
they disappear upon removal of the Zn. Hence, one role
of the metal is to stabilize a protein conformation which
permits the weak and nonspecific binding of five or six
molecules of ADP-R . Conformational differences be-
tween the native and apoenzyme have been described
(Oppenheimer et al., 1967). A more specific role of Zn
at the active site may be inferred from the observation
that the e, values of the two tight bindingsitesfor ADP-R -
are greater by a factor of three in the native enzyme than
in the Zn-free apoenzyme. This suggests that the pres-
ence of Zn increases either g or 7., i.e., Zn immobilizes
water molecules near the binding site of ADP-R: (and
of NADH) either by direct coordination of water or by
an indirect effect on protein conformation, or both.

The reduction in the enhancement of liver alcohol
dehydrogenase (ADP-R - ); brought about bytheaddition
of ethanol is due to the formation of a ternary complex
liver alcohol dehydrogenase(ADP-R - ).(ethanol);, the
dissociation constant of which agrees with that of the
kinetically active species liver alcohol dehydrogenase-
(NAD):(ethanol). In the liver alcohol dehydrogenase-
(ADP-R - )(ethanol); complex, either the correlation
time, 7., or the number of water molecules near the un-
paired electron are diminished, since er < €. The agree-
ment of the activation energies of 7. in the binary and
ternary complexes (Figure 9), and the evidence to be
presented in the next paper which indicates the ethanol
molecule to be very near the unpaired electron in this
ternary complex (< 4.5A), suggest that ethanoldecreases
e, by decreasing g, i.e., by displacing water molecules
which can hydrogen bond to the enzyme-bound ADP-R -.
Thus ethanol appears to bind on the solvent side of
ADP-R . Since the unpaired electron of ADP-R: is
localized in a region which corresponds to the pyridine—
N-ribose-C; bond of NAD (Figure 1), ethanol may bind
on the solvent side of the bound coenzyme and overlie
the ribosidic bond to pyridine. Such a structure for liver
alcohol dehydrogenase-NAD-ethanol would be con-
sistent with the preferred-order kinetic scheme in which
the coenzyme binds first (Theorell and Chance, 1951).
Detailed structural, and kinetic properties of this and
other ternary complexes of liver alcohol dehydrogenase
will be presented in the next paper in this series.
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Succinic Thiokinase of Escherichia coli. Purification,
Phosphorylation of the Enzyme, and Exchange Reactions

Catalyzed by the Enzyme®

Frederick Lawrence Grinnell and Jonathan S. Nishimura

ABSTRACT: Succinic thiokinase (succinate:coenzyme A
ligase (adenosine diphosphate, EC 6.2.1.5) has been iso-
lated in highly purified form from Escherichia coli
(ATCC 4157) by a procedure which includes DEAE-
cellulose chromatography and gel filtration on Sephadex
G-150. Assuming a molecuiar weight of 141,000 (Ra-
maley, R. F., Bridger, W. A., Moyer, R. W., and Boyer,
P.D. (1967), J. Biol. Chem. 242 (4287), close to two phos-
phoryl groups are incorporated per mole of enzyme,
whether the phosphorylating agent is adenosine tri-
phosphate or inorganic phosphate (in the presence of
succinyl-coenzyme A). Capability for phosphorylation
appears to be related to enzyme activity and extent of

I)revious publications from this laboratory (Nish-
imura and Meister, 1965; Nishimura, 1967) described
experiments with partially purified preparations of suc-
cinic thiokinase from Escherichia coli, which provided
evidence for enzyme-bound succinyl phosphate as an
intermediate in the reaction catalyzed by this enzyme.
Inferred from these experiments was a mechanism which
can be summarized as follows:

enzyme + ATP 2> enzyme-P + ADP )
enzyme-P + succinate ':__" enzyme-succinyl-P  (2)

enzyme-succinyl-P -+ CoA 7= enzyme -+
succinyl-CoA + Pi (3)

ATP + succinate + CoA =2 ADP +
succinyl-CoA + P; (4)
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phosphorylation by adenosine triphosphate is not sig-
nificantly affected by coenzyme A at 2.5 X 105 M. At
this concentration coenzyme A strongly stimulates the
adenosine triphosphate = adenosine diphosphate ex-
change reaction catalyzed by the enzyme. It has been
concluded that under these conditions coenzyme A is
not bound covalently or involved in a high-energy non-
phosphorylated form of the enzyme. It has also been
found that inorganic phosphate is an almost complete
requirement for the succinate & succinyl coenzyme A
exchange reaction catalyzed by the enzyme, adding sup-
port to the hypothesis that enzyme-bound succinyl phos-
phate is an intermediate in the over-all reaction.

Reaction 1 has been demonstrated and studied in detail
by several laboratories (Upper, 1964; Cha et al., 1965,
Nishimura, 1967; Ramaley et al., 1967; Moyer et al.,
1967) and the site of phosphorylation has been shown to
be the N-3 position of a histidine residue of the enzyme
protein (Hultquist et al., 1966). Evidence for reactions
2 and 3 was based on the observation that chemically
synthesized succinyl phosphate gave rise to succinyl-
CoA when incubated with the enzyme, Mg?*, and CoA,
and to enzyme-P when incubated with enzyme and Mg?+
(Nishimura and Meister, 1965). Reaction 2 was subse-
quently demonstrated directly (Nishimura, 1967). How-
ever, the release of succinyl phosphate from the enzyme
was slow compared with the release of P; from enzyme-
P in the presence of succinate and CoA. For this reason
it was suggested that CoA might be required to facilitate
formation of the enzyme-succinyl phosphate complex.
It was, therefore, desirable to obtain more information
concerning the possibility of such a role of CoA and
evidence that the succinyl phosphate pathway represents
the major catalytic route of the succinic thiokinase reac-
tion.

In the present investigation succinic thiokinase has



