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Chemical Relaxation Studies on the System Liver Alcohol
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Several years ago, Theorell and Czerlinski
conducted experiments on the system of horse
liver alcohol dehydrogenase, reduced nicotin-
amide adenine dinucleotide and imidazole,
using the first version of the temperature jump
apparatus with detection of changes in fluores-
cence. These early experiments were repeated
with improved instrumentation and confirmed
the early experiments in general terms. Howev-
er, the improved detection system allowed
to measure a slight concentration dependence
of the relaxation time of around 3 ms. Further-
more, the chemical relaxation time was smaller
than the one determined earlier (by factor 2).
The data were evaluated much more rigorously
than before, allowing an appropriate interpre-
tation of the results.

The observed relaxation time is largely due
to rate constants in an interconversion of
ternary complexes, which are faster than three
(of the four) dissociation rate constants, de-
termined previously by Theorell and McKinley-
McKee.»* This fact contributed to earlier dif-
ficulties of finding any concentration depend-
ence. However, the binding of imidazole to
the binary enzyme-coenzyme complex can be
made to couple kinetically into the intercon-
version rate of the two ternary complexes.

The observed signal derives largely from the
ternary complex(es). A substantial fluorescence
signal change is associated with the observed
relaxation process, suggesting a relocation of
the imidazole in reference to the nicotinamide
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moiety of the bound coenzyme. Nine models
are considered with two types of coupling of
pre-equilibria (none-all). Quantitative evalua-
tions favor the model with two ternary com-
plexes connected by an interconversion out-
side the four-step (bimolecular) cycle. The
ternary complex outside the cycle has much
higher fluorescence yield than the one inside.
The interconversion equilibrium is near unity
for imidazole. If it would be shifted very much
to the side of the ‘‘dead-end’” complex (as in
isobutyramide?!), stimulating action could not
take place.

y

Previously, we investigated thoroughly the
chemical relaxation spectrum of the system
of horse liver alcohol dehydrogenase (L-ADH)
with nicotinamide adenine dinucleotide (NAD+)
and ethanol, observing primarily the slowest
relaxation time over a wide range of reactant
concentrations and pH.? Only indirect evidence
was obtainable on the rate of interconversion
among ternary complexes. We, therefore,
decided to study the previously investigated
chemical relaxation of the ternary complex
between L-ADH, reduced nicotinamide adenine
dinucleotide (NADH) and imidazole, projecting
a possible correlation of this interconversion
to the one expected in the previously mentioned
system. No such correlation could be made,
as the concentration dependence of the obser-
ved relaxation time was not particularly large.
However, the equilibrium characteristics of
the ternary complexes allowed some interest-
ing mechanistic conclusions. Specifically, imi-
dazole was selected as it forms a ternary com-
plex of comparatively high fluorescence yield.
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Furthermore, imidazole is known to stimulate
the action of liver alcohol dehydrogenase.
Finally, equilibrium and steady state kinetic
data had already been determined by Theorell
and McKinley-McKee 12 and were utilized in
this investigation.

METHODS

Horse liver alcohol dehydrogenase was
obtained from Boehringer (prepared according
to the method of Dalziel ¢). The commercial
preparation was centrifuged and dialyzed as
described by Taniguchi et al.®* The concentra-
tion of active sites in the stock solutions was
determined as described by Theorell and
Yonetani,® utilizing the ternary complex with
pyrazole and NAD. In all cases was the binding
capacity of the enzyme 100 9, relative to its
concentration determined spectrophotomet-
rically. Anhydrous imidazole, Grade III, was
obtained from Sigma Chemical Company and
used without further purification. Phosphate
buffers were prepared from the sodium salts
as obtained from Baker Chemical Co., ‘“Baker
Analyzed” grade. Experiments were run at a
constant ionic strength of 0.1 M and at 23.5°C
to coincide with the conditions established by
Theorell and co-workers.:»*7 The pH was
determined with a Radiometer pH meter, Model
26. The temperature jump apparatus used was
based on the -general coaxial design of Czer-
linski,® following changes in fluorescence. As
previously reported,’ the excitation filter was
a Kodak Glass filter type 18A, the emission
filter a Kodak Wratten filter type 2B.

Considerable improvement of the signal-to-
noise ratio has been obtained compared to the
original instrument. The principal improve-
ment was accomplished through an electronic
refinement described recently.’® Also, the Gen-
eral Electric BH6 Mercury arc lamp was
replaced by the PEK107 Mercury arc lamp,
selected for high performance (in conjunction
with a Model 6274A hp/Harrison Power Supply).
The employed power supply was operated either
in the ‘“constant current’” mode, or in the
“constant power” mode to further stabilize
the energy output. It should be mentioned that
the detection system still showed fluctuations
of around 0.25 9, of the total signal in a time
range of 1 s, thus limiting the precision of
repeat traces.

The oscilloscope traces were evaluated with
Berman’s computer program ! for simulation,
analysis and modeling, SAAM 23. Actual
coordinate values for a given trace were ob-
tained directly in digital form through the use
of a Biomation 802 transient recorder, connected
via & Dijiscan interface to a teletypewriter
(ASR33) paper tape punch. The paper tape
information was transferred onto disk for

«2000 12.02133

«5000 26,91733

+8000 43,64267
1.1000 48,60800
144500 51.94000
1.8500 66,05200
2.2500 63.70000
2.6500 72432400
3.1000 80,126480
346000 86,71040
41000 87.49440
%6000 95,49120
5.1500 93.94933
$.7500 103.22667
643500 102.18133
6.9500 108.58400
7.6000 105,50400
843000 108,64000
9.0000 113,12000
9.7000 109.76000
10,4500 110,44600

111,13200
107.60400.

12,8500 110.44600

Fig. 1. Listing of one data set for input
into the SAAM 23 program. The first column
gives values for the independent observable
(time in ms). The second column denotes the
dependent observable (signal change in mV).
The data shown refer to chemical relaxation
measurements on & mixture, consisting of 18
gN enzyme, 10 uN NADH, 5 mM imidazole,
phosphate buffer of ionic strength 0.1, pH 8.0.

Program SAAM 23 returned the following
value for the reciprocal of the chemical relaxa-
tion time: 0.383 + 0.222 ms™.

further evalution by computer programs. Up
to 1024 points were compressed to a data
matrix, not containing more than 50 abscissa-
values: a typical section is shown in Fig. 1. A
subordinate program extended these data (ad-
ding initial parameter estimates), to have them
conform to the' input format for SAAM 23
(executed in batch). Some more recent exper-
iments were evaluated interactively from a
teletypewriter, using a special fitting program.!?

Theinitial evaluation is based on the presump-
tion of an exponential decay curve, 41(t) — 41,
exp (—1¢/ty)+ 41, with 4I(¢) representing the
signal change observed as a function of time
(¢). The A4I; represent equilibrium signal
changes, and ‘7, the chemical relaxation time
constant. Time constant t, is a function of the
concentrations of L-ADH, NADH and imi-
dazole. The quantitative relation depends
upon the mechanistic details assumed by
the investigator(s). After it became apparent
(see discussion) that a monomolecular inter-
conversion is associated with the ternary com-
plex, two alternate schemes were analyzed
further. Three models were considered for
every scheme. Independent of earlier results
from steady state kinetic experiments, two
conditions were considered: no coupling-in
of pre-equilibria (all other steps are much
slower than the ones under consideration),
full coupling-in of pre-equilibria (all independent
other steps are much faster than the ones under
consideration).
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RESULTS

The experimental details were designed on
the basis of earlier equilibrium studies of Theo-
rell and McKinley-McKee.! Values for various
equilibrium and rate constants were taken
from the literature and are summarized in
Table 1. The table shows the notations and
subscripting for the equilibrium and rate
constants, used in this paper. The direction
of the flux for the dissociation rate constants
is indicated directly in the column headings
for the rate constants and refers also to the
reaction step, described by the equilibrium
constant in that column. The subscripting is
unconventional -in rapid chemical kinetics
but introduced here for facilitating the needed
transition to a generalized treatment of kinetic
data. Positive and negative subscripts are
frequently used in steady state kinetic treat-
ments. However, the dissociation rate constants
do not necessarily have negative subscripts.
The equilibrium constants employed in the
design of these experiments are graphically
presented in Fig. 2. Specific relationships were
derived (see Appendix I) to express the ex-
perimental apparent dissociation constants in

Table 1. Dissociation and rate constants®
in the system of horse liver alcohol dehydro-
genase (E), reduced nicotinamide adenine
dinucleotide (R) and imidazole (I).

Equil const. uM
pH K, K, K, K,
6 4200 2.01 470 0.23
7 3500 2.03 550 0.31
8 3600 2.20 680 0.41
9 3000 2.91 670 0.65
10 - — - 5
Rate const. s
k_, ks kys k_y
ERI—» EIR—» EI-» ER-»
ER+1I EI+R E+I E+R
7 245 20.3 =257 3.1
9 9 22 =>319 4.9

% Refs. 1,2; see especially pages 1846— 1854; &,
(pH 9) was computed under assumption that k_g
is not dependent upon pH, then
kys(pH 9)=ki3(pH 7) Kg1(pH 9)/Kp (pH 7).

5 Ref. 18: In PO, u=0.140.1 M glycine.
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Fig. 2. Apparent dissociation constants
K,,K,,K,, and K, of binary and ternary com-
plexes in the reaction of liver aleohol dehydro-
genase with NADH and imidazole. The experi-
mental points are those of Theorell and McKin-
ley-McKee.? The theoretical curves are based
on Scheme I of Appendix I with the following
parameter values: pK_,=8.60, pK_,=9.55,
pPK_;=8.75,pK_;=9.20, Kpy g = 9.28 uM, Kgpr 1
=525 uM, Ky g =2 pM. The pH- independent
constants are defined by the reaction scheme
of Fig 3.

Ker,r Ke,1

E ER ERI El E
* [— + [ + \ n
HpK, R ;'K I :K R pKH I k(H‘
= d 27 26 =1
EH«AAEHR EHRI\-KL‘EHI vLEH

K

Ke.n Ker,1

Kew,n EHR, T EHLLR Ken,1

Fig. 3. Simplified reaction scheme to describe
the pH-dependence of the dissociation con-
stants in the reaction of horse liver alcohol
dehydrogenase with NADH and imidazole.
Values of specific constants are presented in the
captions to Fl% 2. The reaction cycle involving -
free enzyme and free reduced coenzyme R
was introduced previously.? The remaining
cycles are_equivalent to mechanistic ‘“interpo-
lations’. Values for the various dissociation
constants are chosen such that the data of
Theorell and McKinley-McKee are optimally
approximated by them over the whole experi-
mental pH-range. See Appendix I for quantita-
tive relations. . )
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Fig. 4. The reciprocal of the chemical relaxa-
tion time as a function of pH in part A and the
signal amplitude as a function of pH in part
B of this figure. Conditions: 9.5 uN enzyme,
9.5 M NADH and 1 mM imidazole; 25°C
final temperature, ionic strength 0.1 by phos-
phate (and a small amount of glycine). The
curve indicates the “best fit”” (no equation).
Ordinate ‘bars” represent the total range
of several repeat experiments. The ternary
complex contributes most to the fluorescence.

terms of pH-independent constants. The un-
derlying reaction scheme is shown in Fig. 3.
One obtains theoretical curves which are
shown in Fig. 2.

The results from the evaluation of the relaxa-
tion processes, utilizing the program SAAM 23,
are summarized in Fig. 4 for pH-dependence
of the inverse relaxation time and of the fluo-
rescence equilibrium signal change. The hori-
zontal line in Fig. 4A and the curve in Fig. 4B
correspond to “best interpolations’ without
a specific model implied. Fig. 5. summarizes
the measurements of the reciprocal relaxation
time for coenzyme- and enzyme-dependence
at pH 7. The curves here and in subsequent
figures correspond to specific mechanistic
models, which will be elaborated on under
DISCUSSION. The experimental data are
repeated in Fig. 6 with the curves referring to
additional mechanistic models. The dependence
of the observed reciprocal relaxation time upon
the concentration of imidazole is presented in

NADH, uM
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Fig. 5. The inverse chemical relaxation time
as a function of the concentration of NADH
(part A) and of enzyme (part B). The imi-
dazole concentration was 5§ mM and the con-
centration of the nonvarying component 10 uN;
pH 7.0, ionic strength 0.1, 25 °C final tempera-
ture. The various theoretical curves are defined
as follows: dotted for model b, full for model
e (pos. root), dashed for model d (pos. root),
dashed-dotted for model a. The dash-dotted
curve in Fig. 5B is located outside the limits
of the figure (below 100 s7). See Table 2.

three different figures, namely in Fig. 7 for pH
7, in Fig. 8 for pH 8 and in Fig. 9 for pH 9.
The various models tested are distributed
over parts A and B of these three figures,
showing their extent of fit to the experimental
observations. Fig. 10B shows the reciprocal
relaxation time plotted versus the imidazole
concentration at three levels of NADH-con-
centration. Curves are here only inserted for
a small number of mechanistic models. Fig. 10
A repeats the data of Fig. 7 and 8 with the theo-
retical curves referring to a combined evalua-
tion (see below). To ascertain the concentration
dependence at extreme concentration condi-
tions, a large number of repetitions were
necessary because of the low signal-to-noise
ratio. Even then, the final value for the reci-
procal of the relaxation time constant is only

Acta Chem. Scand. B 29 (1975) No. 8
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Fig. 6. Continuation of Fig. 5 with full line
identical to full line in Fig. 5, the dashed line
refers to Model d, the dotted one to Model c,
for other details see Table 2.

accurate to + 20 9 at the concentration limits,
to+10 9% in between.

The most pronounced dependence of the
reciprocal relaxation time upon the concen-
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Fig. 7. The inverse chemical relaxation time
as a function of the concentration of imidazole
at pH 7.0 18 uM enzyme, 10 uN NADH, ionic
strength 0.1, 25°C final temperature. The va-
rious theoretical curves are defined for Fig.
7A as in Fig. 5 and for Fig. 7B as in Fig. 6.
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Fig. 8. The inverse chemical relaxation time
as a function of the total concentration of
imidazole at pH 8; 18 uN enzyme, 10 uIN NADH,
ionic strength 0.1, 25°C final temperature.
The theoretical curves are defined for Fig. 8A
as in Fig. 5 and for Fig. 8B as in Fig. 6.

tration of imidazole was found at pH 8. This
pH seemed thus the optimal one for observing
the concentration dependence. Subsequent
experiments at increased coenzyme concen-
tration (33, 166 and 330 xM NADH) did not
allow to improve the extent of the dependence
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Fig. 9. The inverse chemical relaxation time
as a function of the total concentration of
imidazole at pH 9; 18 uN enzyme, 10 uN NADH,
ionic strength 0.1, 25°C final temperature.
The theoretical curves are defined for Fig.
9A as in Fig. 5, and for Fig. 9B as in Fig. 6.
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Fig. 10. The inverse chemical relaxation
time as a function of the imidazole concen-
tration. Fig. 10B refers to pH 8.0, 11.2 4N
enzyme, phosphate buffer of ionic strength
0.1, 256°C final temperature. Vertical “bars”
refer to 33 uM NADH, vertical ‘“double-bars’
to 330 uM NADH and the two asterisks to
166 M NADH. The various theoretical curves
are defined as follows: full curve A with 33 uM
NADH, dashed extension B of full curve A
with 330 uM NADH, both for Model d (see
Table 2). Dashed curve A refers to 330 uM
NADH, dashed curve B to 33 uM NADH, both
for Model d. Dotted curve C refers to 330 uM
NADH and Model b, dotted curve D to 33
M NADH and Model a (equivalent curve to
330 uM is off scale, meaning: above 600 s™1).
Other models have been tested, but fit even
less. Fig. 10A. refers to fixed NADH at 10 uM,
enzyme at 18 uN, phosphate buffer of ionic
strength 0.1, 25°C final temperature. The
squares refer to pH 7.0 and the right scale,
the circles to pH 8.55 and the left scale. The
imidazole-dependence and the pH-dependence
were fitted together, using the rate constants
from the fit at pH 8.0 as initial estimates. The
final values for the constants are insignifi-
cantly different from the initial estimates.
The full theoretical curves refer to Model f
(see Table 2) the dashed ones to Model e, the
dotted ones to Model d and the dash-dotted
ones to Model a. The curves for Model b are
in shape similar to those of Model a, but deviate
further from the experimental points than the
dash-dotted curve does. The curves for Model ¢
are outside the limits of the figure.

of the inverse relaxation time upon imidazole
concentration, see Fig. 10A. However, these
experiments clearly established the dependence
of the relaxation time upon the concentration
of NADH. This latter dependence transcends
the assumption of only two steps competing
in time range. A more rigorous analysis be-
comes then necessary, reserved for a specialized
paper.13

Experiments were also conducted on mixtures
of horse L-ADH with NAD+ and ethanol in
the presence of imidazole at pH 7.0. No influ-
ence of imidazole upon the reciprocal of the
slowest relaxation time was observed, except
at very high concentrations. Preliminary reports
on the results were given at two meetings 4%
Early experiments had not revealed a concen-
tration dependence.!®

DISCUSSION

1. Mechanistic principles. Already Theorell
and McKinley-McKee ? wrote the reaction of
liver alcohol dehydrogenase, E, reduced nicotin-
amide adenine dinucleotide, R, and imidazole,
I, as a four-step-cycle. The ternary complex
ERI could be formed from E by two paths,
one proceeding via ER, the other one via EI.
Such a four-step cycle may be considered to
be present in many enzyme reactions, equilib-
rating before attainment of the steady state.
The heavy arrows in Fig. 11A notate an enzyme
catalyzed isomerization reaction with competi-
tive inhibition. The ternary complex ESI does
not exist in ideal competitive inhibition, but
may play a role in inhibitions of mixed charac-
ter.

If one considers letter “I’’ to denote coenzy-
me, the system of Fig. 11B may be considered.
An ideal ordered mechanism (heavy arrows)
causes ES not to exist in the system. In any
random (or even mixed) order mechanism,
binary complex ES will have to be considered.
A four-step-cycle of the described 'kind may
thus be expected to appear quite commonly
in enzyme kinetics.

One may now consider the time range of
the equilibration of the four-step-cycle. The
concentration dependence is expected to be
considerable.’” As only a small concentration
dependence was found, presence of & mono-
molecular interconversion becomes highly prob-

Acta Chem. Scand. B 29 (1975) Neo. 8
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E 7—'> ES ===~%P+,,
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Fig. 11. Four reaction schemes are shown.
The first two (A and B) relate to steady state
kinetics, the last two (C and D) to chemical
relaxation. Model A emphasizes competitive
inhibition, but permits path via short-lived
intermediate EI. Model B emphasized an
ordered two-substrate reaction (S and I are
substrates), but permits path via shortlived
ES. Model C shows fast bimolecular step with
slow isomerization of binary complex. Model
D shows fast bimolecular step with slow iso-
merization of free enzyme. The dependence
of the inverse relaxation time upon the concen-
tration of reactant R is quite different for the
two models C and D and will be used in the
text to pinpoint the location of the observed
isomerization.

able. Either one of the four enzyme con-
taining components may in principle exist
in two isomeric forms. However, specific

patterns in the concentration dependence of -

the relaxation time may eliminate some choices.
To illustrate the available patterns, two simple
two-step-mechanisms are considered, namely
those of Fig. 11 C and D. Case D shows two
forms of free enzyme. The fast relaxation time,
7,, i8 associated with the bimolecular step
and the slow relaxation time, 7,, with the
interconversion step: 7;<7,.

If the time range of 7, is observed, the bimo-
lecular reaction step is in pre-equilibrium and
one obtains in case D (see eqn. (3—51) of
Czerlinski V7).

1 _ [E]+[R]
o - hthe g TETR
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Similarly, one obtains in case C (see ‘eqn.
(3-57) of Czerlinski '¢):

n H K, +EF1E] @
The rate constants are defined as shown in Fig.
11 C and D. If “Y” denotes a generalized
component, equilibrium concentrations are
indicated by [Y] and analytical concentrations
by Cy °. The equilibrium constant K, is defined
by:

_ k. _ [EIR]
K, =22 =L 3
F1a [ER] @

One may design the experiments such that:

O 0 @
These analytical concentrations are defined by:
Cx’=[R]+[ER]+[ER’] (5)
Cr’ =[E]+[E]+[ER] +[ER’] (6)

With [E’]=0 for case C and [ER’]=0 for case
D. Condition (4) simplifies eqns. (1) and (2) to

(I/Tz)c =ks+ k+aOR°/(CR° +K,) (7)
(1/ra)p=Fk_y+ k4. K,/(K,+Cr’) (8)

One realizes quickly that the concentration
dependence of 7=! upon Cg° is different for
the two cases: Eqn. (7) shows an increase of
7y ! with increasing Cx° and with asymptotic
approach of the limit k_;+%,. Eqn. (8),
applying to case D, shows in contrast to eqn.
(7) a decrease of 7,1 with increasing Cg° with
the value approaching asymptotically k_,.
This difference in the concentration dependence
is crucial for differentiating among alternate
mechanisms.

Returning to the pre-equilibration of the
four-step-cycle in Fig. 11A, one may now
consider four possibilities for isomerization,
associated with either one of the four enzyme-
containing components. One may further
assume in zero approximation that bimolecular
steps are rapid in comparison to monomolecular
ones and that bimolecular steps adjoining
monomolecular interconversions determine the
concentration dependence (remote bimolecular

.steps do not contribute to the concentration

dependence; any such contributions may in
fact be treated as higher order corrections,
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of. eqn. (3-212) of Czerlinski’). The four
possibilities show distinctly different depend-
encies of 771 vs. the analytical concentrations.

a. Isomerization of E. Case D applies with
regard to inhibitor I and with respect to sub-
strate S. The concentration dependence of eqn.
(8) applies in both instances (R and I are
equivalent).

B. Isomerization of ES. Case C (and thus
eqn. (7)) applies with respect to component S
and case D (and thus eqn. (8)) with regard to
component R.

. Isomerization of ESI. Case C applies with
regard to inhibitor I and with respect to substra-
te S. The concentration dependence of eqn. (7)
applies thus in both instances.

J. Isomerization of EI. This case shows a
behaviour, which is inverted to case #: eqn. (7)

~
=
:\(
-
[=]

o
o

K41
E'RI

K
E' 7;" E'R

1 & 1//->1
Lk+l

E'RI

R

o

Frig. 12 Illustration of three four-step bi-
molecular cycles, used in the kinetic analysis.
Heavy double-arrows indicate competing time
ranges, which are considered to be possibly
associated with the observed relaxation process.
Model a describes the two steps with coenzyme-
binding governing the time range of obser-
vation and the two steps involving Inhibitor
I considered in pre-equilibrium. Only one
relaxation process could be measured: the
third relaxation time constant. Model b refers
to the competition of the steps with &k, and
k4. Although k, , is indicated as ordinary step
it is ignored in the kinetic evaluation because
of its established small contribution. Model ¢
describes the steps with %, and &k ; kinetically
competing.

applies with respect to component R and eqn.
(8) with respect to component S.

The above discussion reveals that unique
patterns of concentration dependence may be
found. To what extent the underlying assump-
tions are fulfilled, will have to be investigated
separately in every case. Our experimental
results show the dependence of case y: an iso-
merization among ternary complexes is thus
most probable.

2. Mechanistic modeling

Although the small concentration dependence
of the observed relaxation time speaks against
assuming only a four-step-cycle, an exhaustive
analysis of the four-step-cycle should be con-
ducted nevertheless. Three specific models of
the four-step-cycle will be considered, out-
lined in Fig. 12 a, b, c¢. Further details on
these models will be discussed after the intro-
duction of the nine basic models.

Even if a monomolecular interconversion is
associated with the ternary complex, three
different types of coupling of individual steps

R

Ec +4 E'R d_
I k¢3 I
ket

k [pee]
E'I EIR Il < +5a E RI

k+2

ki2
£ 7-“*&‘ E'R i
k
1 +3 R /> 1
k+| Kk
+ "
E.I N ;E:RII ?AE‘RI
kiz

Fig. 13. Refers to models which involve the
isomerization of a ternary complex to take
place in a side-branch from a four-step bimolec-
ular reaction cycle. Model d considers only
one step governing the observed process, involv-
ing rate constants k., and k_;. Model e consi-
ders the kinetic competition of two steps,
namely those with the isomerization and with
the binding of inhibitor involving rate constant
k4. Model f refers to the kinetic competition
of the isomerization with the adjoining bimolec-
ular reaction step with rate constant k.

Acta Chem, Scand. B 29 (1975) No. 8
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Fig. 14. Definition of reaction cycles of five
steps with the interconversion among two
ternary complexes being part of the five step
cycle. Model g considers only the isomerization
step being in the time range of the observation.
Model h considers the adjoining binding step
with inhibitor competing kinetically with the
isomerization of ternary complexes. Model ¢
considers the adjoining binding step with R
(NADH) as kinetically competing with the
isomerization of the two ternary complexes.
The step with k4, is considered as too slow to
contribute significantly to the observed relaxa-
tion process.

have to be considered. The three types are
shown in Fig. 13 as models d, e and f. The
differentiation among these models derives
also from the fact that only one relaxation
process could be measured; no dependencies
of other relaxation times are accessible.

The isomer of the ternary complex was
shown outside a four-step-reaction cycle. How-
ever, two ternary complexes may also be
considered as part of a five-step-reaction
cycle. Differentiation of three types of coupling
of individual steps leads to models g, & and <
of Fig. 14.

Most of the nine models show two heavily
drawn double-arrows. This notation refers
to kinetically competing reaction steps. The
system may be reduced to not less than two
differential equations of the general type:

g;dé =a,,48,+a,,4E, (9)
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d4é,

& =03, 48, + @45,

(10)

In these equations, the Greek symbol &; refers
to the ‘““extent of the j-th reaction” and is
associated with only one reaction step (concen-
trations may be involved in more than one
reaction step: all components in model a par-
ticipate in two reaction steps). Specific expres-
sions for the aj; will be given later on, where
appropriate. One of the authors used d§ recently
in another kinetic study.'® A general theory
with programming implenentation on a digital
computer is in preparation.?

The coefficients in (9) and (10) are utilized
to compute the two reciprocal relaxation time
constants (see eqns. (3-26) to (3-28) of Ref.
17):

1/7,,5= $(ay; + @22) [L£(1-b)17) (11)

with b= H011%:—01384,) (12)

(@11+az,)?
The positive sign in front of the square root
in eqn. (11) applies for subscript 1, the negative
sign for subscript 2.

If only one heavy arrow is shown in a scheme,
that step is considered alone with all remaining
steps coupling in as pre-equilibria. If two
heavy arrows are shown, two conditions for
the remaining steps are considered. The remain-
ing steps are either too slow to be included,
or they are treated as coupled pre-equilibria.
If the effects of coupled pre-equilibria are
small, they may be undetectable below the
error of the date and then appear as “too slow”’.

Expression for the a;; are generally differ-
ent for the various models. They will therefore
now be discussed individually. Several special
relations will be dicussed, as the various models
are treated.

Model a considers the four-step cyele with
those steps in pre-equilibrium, which involve
the binding of imidazole, I. The cyclic se-
quence of the reaction steps makes one of the
four steps dependent upon the others. A four-
step cycle of the type of Model @ can thus only
have three relaxation time constants. Expres-
sions for reciprocal relaxation times usually
consist of only two terms. However, the
slowest reciprocal relaxation time in a four-
step cycle with one step dependent upon the
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other three shows the reciprocal slowest relaxa-
tion time with four individual terms. The gen-
eral expression was already discussed several
years ago (see eqn {(3-261) of Czerlinski 7).
The following four equilibrium constants
are defined with R=NADH and I=imidazole.

K,="%a - [E'R]I]

=" [ERI) (13)
k3. [ERI]
=F _ [E'RI] (14)
Fs (BT
_k_y _ [ET]
K,="=3 = 15
=k (00 (1)
=k _ [E][R]
K= = 0 (16)

The Principle of Total Reversibility ' applies
to any reaction cycle, giving here:

(17)

Eqn. (17) causes one of the prior equations to
become dependent. Three equations for the
analytical (total) concentrations are needed
for the computation of equilibrium concen-
trations for all species:

O’ =[E’]+ [E'R] + [E'RI] + [E'T) (18)
Og°=[R’]+[E'R] +[E'RI] (19)
Or°=[1]+ [E'T]+[E'RI] (20)

There are now six independent equations for
the six unknown equilibrium concentrations.
A subroutine for the computation of the six
equilibrium concentrations with these six
equations was described recently.®

The expression for the slowest relaxation
time of this system was previously presented
(egn. (3-261) of Czerlinski ) and is repeated
here with proper substitution:

Vr=k of+ki2f +Fp o [(E]+[Rle) +
k_([E'T]+[R]") (21)
The coefficients «, «’, B, and f’ were defined

previously (eqns. (3-244), (3-245), (3-252), and
(3-253) of Czerlinski "), but subsequently rear-

ranged and are presented here, utilizing the
symbols of model a. The following important
relation exists among pairs of coefficients:

o'=1—a (22)
F=1-8 (23)
Furthermore:
- [1 + [INER]+[ET+[I]+K,) -
*= K, ([E]1+ K™+ K ([E'R]+[1])
(24)

M(ERI+[ET+[I+ K1)
b= [1 t R(ET+0) + K, (B R] +K1)]
(25)

Eqn. (21) represents the exact solution for a
“wide” separation of v from any faster process.

The above equations contain equilibrium
concentrations which are computed from pH
dependent equilibrium constants and analytical
concentrations numerically in a computer
program, as described previously.?? The pH-
dependent dissociation constants are computed
from pH-independent constants, as outlined
in Appendix I. A numerical analysis revealed
that the step with rate constant k4, and k_,
contributes only a small part to the relaxation
process. Under extreme conditions, the con-
tribution barely approaches 10 9%. As this
amount is within the experimental error, one
may consider the step with rate constant k.,
as too slow to be significant for the observed
relaxation process. This means that the four-
step cycle could be treated as a three-step
sequence, involving forward rate constants
k+1, k.,., and k+3.

Model b considers the mechanistic com-
petition of the steps with the forward rate
constant k., and k4,. Eqn. (11) has to be app-
lied together with the definitions

Ay =kiy+k ([ET]4[R]e) (26)
Gyp=k_+ k4, ((E'R]+[I]) (27)
a=([E]+[ID/(ET+[]+k) (28)

The terms a,, and a,, are omitted as they contain
one of the two terms of the expressions for aj.
Quite generslly that term of the two-term
expression has to be taken, the rate constant
of which describes the flux away from the
adjoining mechanistically competing step.

Model ¢ represents a mechanistic competition
between the reaction steps with rate constant
k4, and kig. Eqn. (11) thus has to be used
again together with the coefficients:

Acta Chem. Scand. B 29 (1975) No. 8
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@y =k B+E((ET]+[R] (29) +— [E'RT'] _ -
11 I K= 7RI K,/(1+K™) (40)
Gan= i+ R ([T1 4+ [B]) @) = _
= ((E'R]+[I)/((E'R] + 1+ Ky) (31) Equilibrium constants K, and K, in eqns (31)

The expressions for a,, and a,, determined as
described in the prior paragraph for model 5.
Model d has no mechanistically competing
steps, all reaction steps are considered in pre-
equilibrium. The system of equations may thus
be reduced to only one differential equation
and the relaxation time constant becomes:

(32)
(33)

Ti=k_g+yBlys
y=([ET]+[R]D)/((ET]+[R]+ K;7)

although the expressions may be written in
several ways, the shown one would reveal any
concentration dependence most appropriately.

Model e shows two mechanistically competing
steps, namely those with forward rate constants
ky, and k5 Eqn. (11) thus has to be applied
together with

[ET]+[Rly

BT+ Ry 1K (84)

an=ky+ky
and the expression given in eqn. (27) plus a,,
and a,, as described above.

Model f shows the alternate type of mecha-
nistic competition with forward rate constants
kis and ky, involved. Eqn. (11) again has to
be used together with

ay =k_g+ Pkys
Gga =t s+ by ((EI] +o[R))

(36)
(36)

Model f completes one class of three models.

The addition of the monomolecular inter-
conversion requires a redefinition of K, and
K, for the kinetic evaluations only. The redefini-
tion derives from the new constant

_k_, _[E'RI]

Ky="7"58 =12 -"1 37
5 ’0+3 [E/RI//] ( )
One may add the definition:
[E’RI]=[E'RI’]+[E'RI"] (38)

A “prime’’ may be used to define the “kinetic”
(or “reduced) equilibrium constants.

,_ [E'RII] _
e G
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11+ K (39)

and  (33) will have to be replaced by K,” and
K, from eqns (37) and (38) for models d, e
and f.

Model g shows only one reaction step to
be considered in the time range of observation.
The system of equations may therefore be
reduced to one differential equation with the
reciprocal relaxation time given by

Tl=ykys+ Bl (41)

Model k shows two mechanistically competing
steps, involving k4, and k4, Eqn. (11) applies
with the expression

[ET]+ [R]x

=k +k
Gu= st o T R By

(42)

and eqn. (27) for a,, plus a,, and a,, as described
above.

Model ¢ shows two mechanistically competing
steps, namely those with forward rate constants
k4 and ki,. Thus, eqn. (11) applies with the
definitions

an=K_;+p+ Ky (43)

while for eqn. (36) applies: a,, and a,, are used
as described earlier.

Models g, & and ¢ involve K,  for K,’, as
defined in eqn. (37). However, K,’ is differently
defined and a new expression has to be used,
namely:

i [E/RI/;]

2 I

(44)

This new kinetic dissociation constant is to
be used in the expressions for models A and <.

All the above equations apply to the limiting
case of pre-equilibration of those steps, which
are not mechanistically competing. The other
limiting case refers to the condition that the
not mechanistically competing steps are too
slow for having any effect in the time range
of observation. This condition is obtained

computationally by
a=f=y=1.0 (45)

There is one additional restriction in reference
to the use of eqn. (45) for model e: eqn. (35)
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Table 2. Survey of models employed.

Model Relevant  No pre-equilibria assumed a With pre-equilibria assumed b

eqns. Fitted values (in s™) for Fit Fitted values (in s7?) for Fit

a,,-term @yq-term * a,,-term Qgq-term *
- - kpa=14.1 kpo=2.63%% — — —

a (2 a=Kpkyy P b =Ky,
ki1=5.08  ky,=1316 ky=55_  ky,=97

b (11, 26, 27) k_,=K,k, k_g=Kgk_, ** — k_y=k,K, k_y=Kyky ** — —
Foyy=263 kyy=331 foyy=26 kiy=361 , —

¢ (11,29,30) koy=Kikiy b b= Ko ®  —— k=K,  ka=KgkiF —

k=217 (also in -

d (32) - - k_=11 pre-equil.) -
k=177 k=144 k=234 4 k=146  —

e (11, 27,34) k_ =125 ky,=k /K¢ +++ k=79 koy=k_,/K)$
Fyy=179 kipy=0.15 kopp= 202 ki,=019 8 —

£ (11,35,36) k=161 * ko =Kyky,* ++ k=220 5 & =Kyiky,

kis=243 ), (also in -

g (41) — - k_y=1670 pre-equil.)
kyy=1717 ) k=244 ky,=138 k_,=13.6 +

h (11,27, 42) k=125 ko =k K ¢ + k_,=1914 kyy=k_oJK'd
k=183 k;,=080 _ k=207 5 ky,=0158 -

i (11,30,43) k_ =163 koo=K'goyys® ++ k=206 ky=Kyk.y -

* «“Fit” takes into account all accessible parameters, including errors of parameter values, magnitude
of “‘Sum-squares of residuals’ and the visual agreement of theoret. curves with the data, covering a total
of 18 data values for every entry in the table. The entries in this column refer to the fitted values listed to
the left with the following definitions: 4 + 4 indicates the “‘best of all fits.”” + 4 indicates a reasonably
good fit; any entry of “‘+ 4 aside of *“+ + +*’ does not allow the model with ‘4 4 4’ to be labeled
*‘uniquely fitting.” + indicates a fit which cannot be completely ruled out as referring to a possible model.
A large number of additional data from suitably extended experiments could possibly provide further
information on the ultimate validity of this model. — indicates a fit which would rule out the underlying
model from further consideration. — — indicates a bad fit. — — — indicates the worst of all fits.

** The value refers to a bimolecular rate constant in the units M1 s™,

# standard errors are about half the size of the given parameter-values.

o gstandard errors are of the size of the given values.

¢ The computer program returned errors for this rate constant, which are substantially larger than those
returned for the rate constants k. and k_s. To express these errors properly, an undimensioned number ¢
has to be used, which is both a factor in a product and a divisor in & quotient with a parameter value y.
If (¢—1) <1, it is directly related to the standard error ¢ by: ¢= (¢— 1)y, Where ¢ is actually listed, it is
of the order of 5 to 10 (applies directly only to the equilibrium constant in the expression).

ought to be employed in place of eqn. (34).
This replacement is obvious from the inspection
of the factor of &, in eqn. (34), which describes
a pre-equilibrium. As all models and under-
lying mathematics have now been described,
the equations may be employed in data fitting
programs.

3. Evaluation of goodness of fit. The experi-
mental observable, like the reciprocal relaxa-
tion time, may be generally defined as A;*.
The corresponding computed value, which is
dependent upon the independent variables

Cx°, Cx°, Cr° and pH, is similarly defined by
7°. One may then form the following relation
for all points, considered in the fitting process:?

o= 2(4*—47) (46)

The fitting program reduces oy, to & minimum
for all points included in the fitting procedure.
Subscript m refers to the model number.
Comparisons are made between different sets
of data, including also a consideration of stand-
ard errors of the parameters. The results of
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the least squares fits are shown in Figs. 5 to 10.
An overall evaluation is presented in Table 2,
indicating how well individual models can be
brought into agreement with the experimental
results. Model e fits best, if no pre-equilibration
is assumed. However, the data will not allow
to define Model e as unique, as the fit for Models
f and ¢ can not be labelled poor enough in
reference to Model e. It is quite possible that
three reaction steps compete mechanistically
in the time range of observation. However,
there are then too many adjustable kinetic
parameters, the precise determination of which
is not justified by the available data. It is
doubtful that the relaxation time can be
measured over a sufficiently broad range of
concentration, to permit consideration of three
mechanistically competing steps. However,
concentration ranges may be found where
some concentration dependence upon both
imidazole and coenzyme can be detected.
The measured relaxation process is associated
with a substantial fluorescence signal change.
This signal change is interpreted as largely
due to a change in fluorescence yield, as the
weakly fluorescing ERI” converts to the highly
fluorescing ERI” (the ‘“dead-end complex”
in models d, e and f). Imidazole thus rearranges
in the ternary complex in a way, which dimin-
ishes vibrational energy losses from the electron-
ically excited nicotinamide moiety of bound
NADH. The equilibrium constant of the inter-
conversion among the two ternary complexes
is close to 1.0. If the equilibrium would be
shifted to the weakly fluorescing complex ERI’
(by an inhibitor related to imidazadole or by
a change in the solution medium), stimulation
of the overall kinetics would be further in-
creased to eventually reach a limit of factor 2.
On the other hand, if an inhibitor should favor
formation of the highly fluorescing compound
ERI”, the fast equilibration among the two
ternary complexes would remove the disso-
ciating ERI’ from the reaction path and the
stimulatory effect upon the overall reaction
would diminish and may even disappear
completely. Certainly, one should search for
effectors, which stimulate the ethanol meta-
bolism further. More data on different inhib-
itors have to be collected, to more precisely
define the structure of the optimal stimulator.
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It should be mentioned that the “Fits” in
column a of Table 2 are generally significantly
better than the “Fits” in column b. This is
to be expected as all values for ki, and k_;
exceed 100 s71, while the remaining adjoining
rate constants k., and ki, are below 2§ s™!
(compare also the corresponding steady state
rate constants in Table 1).

The results of Table 2 will now be compared
with the earlier ones summarized in Table 1.
To make a comparison with data from steady
state kinetic experiments feasable, one has
to establish quantitative relations between the
model for steady state kinetics and the model
for chemical relaxation experiments. Such
relations were considered previously.?? Two
situations were discussed there: One reactant
in a bimolecular reaction is present in two
forms, only one of which participates in the
reaction; the product in a bimolecular reaction
(the binary complex) is present in two forms,
only one of which is directly involved in the
bimolecular reaction step. The latter case
applies here. If a rate constant with a ‘“prime”
denotes the one from steady state kinetics,
one equates on the basis of model e: ki,
=ky, and k_y"=k_,. The reverse rate constants
are with the definitions of model e:

by’ =k_oJ(1+ K,)
kyy'=kyq/(1+K)

(47)
(48)

These equations imply ki >k_,,k;,” which
is fulfilled with sufficient approximation. As
ki, is not kinetically competing with & in
the observable time range for model e, eqn.
(48) can not be applied. One obtains from
Table 2 with eqn. (37): K;=0.706 and thus
with eqn. (47) k_,”=8.47 s71. This value is
rather close to the corresponding value, listed
in Table 1 for pH 9. The agreement between
results from steady state kinetics and those
from chemical relaxation kinetics is thus
quite good.

APPENDIX I

The pH-dependence of the apparent equilib-
rium constants. Fig. 3 of this paper presents an
elaborate reaction scheme, containing both
protonated and unprotonated enzyme forms.
This scheme may be directly derived from
the results of Theorell and McKinley-McKee !
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and implies the assumption of only one active-
site-linked proton. The captions to Fig. 3
define the set of constants, which has to be
used to obtain the proper pH-dependent
constants. The latter are defined in terms of the
constants in Figure 3 by the four equations:

1+ K,[H*]

- ((EH]+[E]D[R] _ N
K= ErR Ry R T Ee O
_ ((EHR]+[ER])[I] _ 1+K,/[H*]
'~ [EHRI] +[ERI] =Keme 7 +I§:/[H+]
(A-2)
- _ ((EH]+[EDI] _ 1+K,/[H+]
K= [(EHI] + [EI] =Kzns 1+ K,/[HA (4-3)
K= ((EHI]+[EINR] _ —_ 1+ K /[H+]
[EHRI]+[ERI] 1+ K, /[HY]
(A-4)

The apparent dissociation constants are
also defined in eqns. (13) to (16).

The “best’” values for the various dissociation
constants are given in the caption to Figure 2.
The constants K, and Kpyry are not inde-
pendent of the other constants. The apparent
constants can be determined with the values
in the mentioned table for any pH in the range
6.0< pH < 10.0 (values for the upper limit
are extrapolated and therefore more speculative
than values below this limit). The value for
PK, represents a ““lower limit”’; if K, is decreased,
both Kg,; and Kgyy would change to satisfy
the condition among dissociation constants
in & symmetric reaction cycle. Fig. 2 shows the
agreement between experimental points and
theory for a given set of pH independent con-
stants.

The pH-dependent equilibrium constants
are computed in & separate subroutine, labelled
“THE@R”, whenever a change in the value
of the pH is detected by the main program.
The new constants are then used for the compu-
tation of equilibrium concentrations of all
components and for the computation of the
relaxation times, according to the various.
models.
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