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The kinetics of yeast and liver alcohol dehydrogenase (YADH and LADH) have been investigeted by spectrophotometry 
at pressures between 1 and 2000 bar. For YADH the common random two substrate mechanism has been used as a 
model for evaluation of the pressure variation of five kinetic constants in the etheool-NAD reaction_ The dissociation 
volume associated with each constant is estimated and it is found that the dissociation of binary complexes is followed by 
largevolume decreases, while the dissociation of ternary complexes is followed by smaller volume increases. There is a 
volume increz.e following formation of the activated complex in the rate determining step, and the over-all reaction rate 
decreases with pressure, going to zero at 2000 bar. LADH shows a complicated beheviour at high pressure. This is believed 
to be due to the substrate inhibition phenomenon occurring at ethanol concentrations above LO m&I. At such concentra- 
tions the reaction rate increases with pressure, reaching a maximum at about 1200 bar and goes to zero at 2500 bar. At 
ethanol concentrations lower than 10 mM there is a ssmll decrease of reaction tate with pressure. To relate the volume 
changes of the over-all process to those of the intermedirte complexes. the partial molal volume of e-&anol. acetaldehyde, 
NAD+ and NADH are determined by density measurements. 

I_ Introduction 

One of the many aspects of enzymatic mechanisms 
of action is the volume changes due to the formation 

of intermediate enzyme-substrate complexes. Invest- 
igations of pressure effects upon such systems may pro- 
vide at least as much insight into mechanisms as do 
temperature studies, since the change in Gibbs free 
energyis dependent upon both these parameters. The 

combination of high pressure with variation in con- 
centrations, temperature, pH, ionic strength, dielec- 

tric constants etc. may give information about valuable 
quantities such as volume changes, complex forma- 
tions, aggregation, structuraI changes, charged com- 
plexes, rate and equilibrium constants, etc. 

Although many workers are concerned with high 

pressure inactivation and protein denaturation [I], 
very few spectrophotometric studies have been made 
on enzymes at l*nork. Andersen and Broe [2] have 
studied the fumarase enzyme. They found the 
Michaelis constant to be unaffected by pressure, and 
the maximum velocity being reduced by increasing 
pressure. Williams and Shen [3], in a study of pan- 

creatic ribonuclease, found an increase of the hydro- 

lytic rate constant and an increment in dipole moment 

during the hydrolytic step. S&mid et al. 1441 have 

investigated the activity of the glycolytic enzymes 
glyceraldehyde3phosphate dehydrogenase and lactic 
dehydrogenase. They found volumes of activation of 

Ati(LDH) = 0 + 1 cm3 mole-’ and Ap(GADPH) = 
60 f 4 cm3 mole-r . Total deactivation of both en- 
zymes was observed at p = 2 kbar. Lockyer et al_ [S] , 
for orchymotrypsin, determined the rate of hydrolysis 
of some esters to be slightly accelerated by pressure, 

proposing the Av’ to correspond to the volume 
change for deacylation of the corresponding acyl- 

enzymes. 
The reasons for investigating YADH and LADH in 

the present work are several. They are believed to be 

representatives of a group of enzymes, the dehydro- 
genases, and their kinetics are well known at ordinary 
pressure. Furthermore they are relatively stable and 
easy to study by spectrophotometry. It is shown that 
the combination of pressure measurement with 
standard biochemical procedures for treating kinetic 
data is able to present other important information OR 
enzyme mechanisms *. 

l A preliminary report on the YADH reaction was given at 
the 4th International Conference on Chemical Thermo- 
dynamics WPAC) at hfontpelller. France in August 1975. 
The present work is an extension of that report and now 
also includes the LADH reaction. 
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2. Experimental 

2.1. Pressure generator 

A detailed description of the apparatus has been 
given by Gr@nlund and Andersen [7] - In a two-stage 

process a pre-set pressure up to lo4 atm can be 
delivered by the generator in 30 S. The pressure trans- 
mitting medium was a mixture of 58% Esso petroleum 

and 42% Shell Diala D. 

2.2. Afeasuni lg cell 

A description of the cell has earlier been given by 
Andersen and Broe [2]. Ir has an upside down T-shape 
with liquid and pressure inlet at the top and light 
passage through the lower part. Each of the two 
sapphire windows is from the outside supported by 
a threaded cylinder. The surfaces towards the windows 

are polished to optical smoothness, and a steel spring 
is placed between the windows to ensure tightening 

at low pressures. The light path through the liquid is 

IO mm long. At the top there is a rubber membrane 

to separate the pressure liquid from the reaction mix- 
ture. From the moment of mixing the substrates 

with enzyme, the time lapse to inject the mixture into 
the cell, repIace the membrane, connect the pressure 
generator and raise the pressure was two minutes. 
During all runs the wavelength was held constant at 
340 mm. This is a broad absorption maximum in the 
spectrum of the reduced coenzyme NADH. The in- 

crease in absorbance was measured by a EM1 9558 
Q.C. photomoltiplier tube supplied by an Oltronix 
voltage source. The signals went through a logarith- 
mic converter to a Radiometer Servograph REC 51 
recorder, where the optical density increase (OD) was 
recorded. 

2.3 Materials and methods 

Both yeast and liver alcohol dehydrogenase (EC 

I. 1.1.1) were purchased from Boehringer, Mannheim. 

Coenzymes P-NAD and &NADH di-Na salt came from 

Sigma Chem. Co. As second substrate was used 
commercial absolute alcohol, of high purity. Reactions 

were run at pH 7.5, both in 0.1 M phosphate and 
0.1 M Tris-HCl buffers. To stabaize the enzyme, 30 
mM Cys-HCl, 30 mM EDTA and I g Bovine serum 

albumin were added per Iitre buffer. These additives 
were found to keep the enzyme activity constant 

during the day_ 
New dilute enzyme solution was made every day 

and kept at 0°C. NAD-EtOH mixtures were kept in 

deep freeze for severaI days. There was no possibility 

of thermostating the cell, and ah studies were per- 

formed at room temperature, 24OC. Each run had a 
duration of about five minutes and the increase in 

optical activity was recorded. For each combination 

of enzyme cencentration, substrate concentrations 
and pressure there were several parallel runs. Enzyme 
concentrations varied from 0.005 to 0.2 mg/ml. With 

YAHD, ethanol concentrations ranged from 5 to 200 
n&l, while NAD concentrations ranged from 0.02 to 

0.75 mM. With LADH, NAD concentrations ranged 
from 0.01 to O-75 mM. For all chosen combinations 
of concentrations, measurements were taken at 1, 
500, 1000, 1500 and 2000 atm pressure. 

The enzyme concentration was made to vary more 

or less inversely with the substrate concentrations for 

the reason of keeping the absoTtion curve as linear 
as possible. High concentrations of both enzyme and 

substrate caused too great deflection of the curve, and 
low concentrations made the slope of the curve too 

small for accurate determination at high pressure. 
Measurement of the specific enzyme activity after 

pressure exposure assured that irreversible denatura- 
tion of enzyme was negligibIe. 

2.4. F’artiaI modal uolume measurements 

The apparent molal volumes of reactants and. 
products, NAD, ethanol, NADH and acetaidehyde 
were calculated from density measurements with a 

Paar density meter (DMA 02C). The temperature was 
measured with a Hewlett-Packard quartz thermo- 

meter and controlled to within +0.008°C with an 

oil thermostat. The apparatus constant of the density 

meter was determined according to specification with 
air and water as standard substances. The densities 

were calculated relative to the density of water, 

0.997075 g/cm3, at 25.OO”C. 

Due to uncertainties in water content of the oxidized 
and reduced ccenzyme, the densities were inaccurate 

by about 1%. The apparent molal volume was de- 
termined from 

Qv = 1 OOO(do - ds)Jmdods f M,fd,. 
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dS is the density of the solution, do the density of 
pure solvent (water), m the molatitv of the solution 

and I%& the molecular weight of the solute. From 
measurements of d, at different molalities, the appar- 
ent molal volume of infinite dilution can be determined 
by extrapolation. 

The extrapolztion function was (8) 

@,,=&-+Am, 

where A is an empirical constant. 

(1) 

2. I pH dependence 

Most investigations of the ADH’s seem to have 
been undertaken in phosphate buffer. Initially, this 

buffer was also used in this work, but it rises difficul- 
ties due to its great pressure dependence of the dis- 
sociation equilibria. In the range about pH 7.5 the 
dissociation is 

HaPO; * HPO:- f H* 

It may be shown that 

(2) 

a(pH = (112.303) AVJRT, (3) 

where AV, is the partial molar volume change of dis- 
sociation. The formation of a divalent anion clearly 

causes volume contraction due to increased electro- 
striction around the molecule, and this displaces the 

equilibriur;: to the right, making the solution more 
acidic. Neuman et al. [9] have found AVa(HaPO~) 
to be -24 cm3 mole-’ _ This is greater than for most 
buffers and indicates that it should be omitted for 
pH-sensitive systems under pressure. The effect 
amounts to a pH reduction of 0.4 units per IO3 bar. 
This was corrected for, by means of data from pH 

studies of YADH [IO] _ 

YADH was also investigated in 0.05 n&l tris-HCl 
buffer, whose pH Neuman et al. [9] found to be 

nearly independent of pressure. LADH was only 
investigated in tris-HCi buffer. A disadvantage with 
the tris buffer is its temperature dependent dissocia- 

tion equilibrium. This is discussed below. 

2.6. Temperature dependence 

Gierer [ 111 has investigated the temperature 
dependence of yeast alcoho1 dehydrogenase. He found 
an apparent energy of activation of about 58 kJ mole-’ 

and an apparent entropy of activation smaller than 
0.8 J mole-’ deg-’ _ 

Related investigations for LADH have not been 

found, and we assume the ener,v and entropy changes 
to be of the same order as for YADH. 

Activation energies of this order correspond to an 

increase of the reaction rate of about 8% deg-’ at 

300 K. As is well known a sudden increase of the 
pressure may produce a temperature change in the 

reaction mixture, affecting rates and equilibria serious- 

ly. For an adiabatic reversible compression of water 

at room temperature and atmospheric pressure, the 
change in temperature is 

= 1.86 X lo-’ deg atm-r _ 

This is the maximum possible temperature increase, 
but in the solid metal cell the chsnges were believed 

to be less than 1 deg per 1000 atm. An effect was in 
fact observed at pressures above 1000 atm, manifested 

by a small peak in the curve of OD increase with time. 

The peak decayed after about a minute, but sometimes 
caased irregularities in the slope of the curve, especially 
at the highest pressures. 

The pH of tris buffer decreases with increasing 

temperature, as much as 0.03 units deg-’ _ Although 

the pressure cell was not thermostated, the temperature 
was assumed constant during 90% of each run. As the 

YADH reaction rate decreased with decreasing pH, 
this should partly compensate for the increase due to 
the increase of the rate constant with temperature. This 
was not corrected for, as the introduced error probably 

was within the experimental uncertainty. 

2.7. Tire effect of pressure OH rate and equilibrium 
COllStQnrS 

Given a series of n reaction steps with correspond- 
ing equilibrium constants Ki, 

A+B=+AB, K,, 
C+D+CD, Ks, 

. 

P +QR=PQR, K, 

and a rate determining step 

(4) 
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PQR 3 XYZ, k, I9 

where aI1 products from the first n steps are removed 
via the rate determining step. It is then assumed that 
n equilibria result, and that the initial steady state 
velocity u of the rate step is given as a function of 
initial concentrations ci = (c~, cgi, ___) and constants 

K=(KI,Kz,.*.,Kz,k) 

uj = u(cfi K-J_ (6) 

In principle a function 

K = K(c, u) (7) 

is now given, where K can be found when a number of 
accurately measured pairs (ci, vi) is avaiIahle- Assuming 
that the function (operator) K also holds for higher 
pressure p, one may in the same way find 

J$ =%p, up)- (8) 

When I$, is continuous and differentiable with respect 
top, one finds from 

AC’ = -RT In KP (9) 

that 

(a bI Kp!@I)T = --dV/RT. (10) 

From the transition state theory 12 one finds, 
analogously 

(a ln k/a+ = -AV+/RT. (11) 

TheelementsinAV=(AVr,AVa, . . ..AV.) are the 
modal volume changes accompanying each of the steps 
l--n in eq. (4). AV’ is the moIaI activation volume 
change in the process of reactants going in to the 
transition state in eq. (5). From measurements of 
(cj, uf) one can fmd Kp = I&(p) and the correspond- 
ingdv. 

3. Theoreticai 

Yeast alcohol dehydrogenase (YADH) and liver 
alcohol dehydrogenase (LADH) catalyse the oxyda- 
tion of ethanol (S,) with the coenzyme nicotinamide 
adenine dinucleotide (NAD), (Sr) as oxidizing agent. 
The products are ace taldehyde (Pa) and NADH (PI). 

3.2. YADH 

The type of mechanism considered is the following, 
where four binary and two ternary compIexes are 
in rapid equibbrium with the free substrates: 

E +S, *ES, (Kr )* 
E +S2*ES2 fx2)3 

ES, f Sz * ESlSz K3L 
ES2 f Sr =+ ES,!& C&j, (121 

=A 5 EP,P*. (13) 

E f PI == EP, (k-5 ), 
E +Pa=EP2 (K&r 
EP, f Pa *EPrPa W7h 

EP2 + PI * EPr Pz W3), 

According to Sund and Theorell [ 131, data from 
kinetic experiments are consistent with the following 
postulates: 
(i) No compulsory order exists for binding of both 

coenzymes and substrates. 
(ii) Both oxidized and reduced forms of re,ctants are 

bound at the same time. 
(iii) The intramolecular hydrogen transfer of the 

ternary complex is the rate limiting step, eq. (13). 
All Ki’s are defined as dissociation constants, e.g. 

Ki = ki/k_i = [E] [C] / [EC] - (14) 

Due to postulate iii, the reaction rate may be deduced 
from 

u = k[ES&]. 05) 

Considering onIy the initiaI veIocity, not taking the 
steps 5-8 in eq. (12) into account, the rate expression 
for the forward reaction is found to be 

ve[sIl ts21 
U=KIK3 i-KJ[Sll *K‘%[Szl f ~SIl&l ’ (16) 

where 

V, = k’eo (17) 

is the maximum initial vebcity at enzyme concentra- 
tion eo. 

3.3. LADH 

From a kinetic point of view, the LADH mechanism 
is ordered, and the presence of at least one ternary 
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Fig. 1. Pressure inhibition of the YADH reaction in phosphate buffer with NAD as vari;lbIe substrate. [EtoH] T 100 m&f. 

complex has been established- The mechanism con- 
sidered here is &he following: 

E+S, 3 
k-i 

(1% 

V 
Ti 
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iO- 
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/ c 1 bat 
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am tMJ25 a05 LEtoH+ c 

Fig. 2. Pressure: inhibition of the YADH reaction Sa phosphate btS&i with EtOH zs variable substrate. iNAD] : 0.767 IZ&~- 
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This is usually regarded as the reverse LADH reaction, 
so to keep the notation related to the YADH reaction 
the indices on the rate constants are as for the for- 
ward reaction 

but without the symmetry in the YADH mechanism. 
At high ethanol concentrations however, inhibition 

occurs, and additional equilibria must be introduced to 
account for the reaction rate. At ordinary pressure 
severa lines of evidence favour the existence of a 
ternary complex as responsible for the substrate 
inhibition (14). This complex is EPISz, formed in the 
step 

EPr fSa*EPrSs, Ka, (20) 

which, according to Dalziel [ 151 cause the coefficient 
of the fourth term in the dencminator of eq. (18) 
to bet-ome 

& = #o(l + &l/G)- (21) 

It is reasonable to expect the formation of this com- 
plex to be accompanied by a volume change. Then the 
equilibria (20) should be influenced by the pressure 
in such a way that a comparison of the combined 
eqs. (19) and (21) with the experimental results could 
determine the importance of (20) in the inhibition 
mechanism. 

3.4. Treatment of the data 

For experimental reasons each series of measure- 
ments (i.e. four runs with one substrate concentration 
and the pressure held constant, the other substrate 
concentration varying) had to be made with different 
enzyme concentrations. Afterwards all the observed 
values were multiplied by a factor corresponding to 
the ratio of these concentrations, according to eq. 
(17), bringing all observations to a common reference. 

It was assured that this reference was in accordance 
with known data from measurements at atmospheric 
pressure 1161. The absolute value of the constants 
are nevertheless of minor importance, since we are 
primarily interested in their relative variation. For 
computational reasons. the rate constant k was put 
equal to unity at 1 bar. 

The rate function 

f=k(l *W[S2l f~41Pll ~~1~31C~Il~~*1~-L~~~~ 

was expanded in terms of variations in each constant, 
using only terms including the first derivatives 

(22) 

where f. is the value off for a first choice of con- 
stants fi, IG! , . . . . By means of a FORTRAN 
program [ 171 all constants Kj were evaluated simul- 
taneously in an iteration process. In a least square 
procedure the Ki’s were fitted to the experimental 
u-plane in the u- [S I] -[Sal space by minimizing 

I&J/t?, - f)2 _ (23) 

This minimization was performed for each pressure 
set of data, with the appropriate concentrations, rates 
and a set of trial constants as input. 

4. Experimental results 

4.1. YADH 

Typical results of the pressure effect on the reaction 
rate of the ethanol--NAD reaction in phosphate buffer 
are shown in figs. 1 and 2. These are Lineweaver-Burk 
plots, i.e. of inverse rate versus inverse concentration, 
expressed by the linearization of eq. (16), simplified to 

I-,/u= 1 +K,/[S]. (24! 

Here K, is the Michaelis constant of the system. In 
fig. 1, the NAD concentration is varied, the EtXg con- 
centration being constant at 100 mhf. In fig. 2, the 
EtOH concentration is varied, the NAD concentration 
being constant at 0.767 mM_ All lines are least square 
fits. 

The pressure effects on the same reaction undertaker 
in tris-HCI buffer are illustrated in figs_ 3 and 4. In 
fig. 3, the NAD concentration is varied at an EtOH con- 
centration of 10 mhl. In fig. 4 the EtOH concentration 
is varied at an NAD concentration of 0.75 mM. 

Measurements uere taken in fife series, fust three 
with EtOH concentrations of lo,50 and 130 n-M 
respectively, thereafter two series with NAD concen- 
trations of 0.1 and 0.75 mM respectively. All of the 
five series were run at the pressures 1, sag, 1aao_ 1500 
and 2000 bars, and the corresponding reaction rates 
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1 10 25 CNAW 6 
Fig. 3. Ptcssu~ inhibition of the YADH reaction in tris-HCI buffer with NAD s vtid~ble stk.tde. [EtOHj : 10 mM. 

QDa5 062 Ql IEtUHI-’ G I)* 

Fg. 4. Pressure inhibition of the YADH reaction in ttis-HCl buffer with EtOH z vzuiable substrate. [NADl : 0.75 mM- 0: 1 hr. 
0: 500 bar, II 1000 bar, 0: 1500 bar. 



Xable 1 
Variation with pressure of the kinetic constants in eq. (16) 

Pressure k K3 (mht) K4 (l.Ihf) KlK3 (II&f)- 

1 0.56 * 0.14 7.6 f 0.5 0.036 + 0.022 0.05 + 0.05 
500 0.40 +- 0.10 6.2 k 3.3 0.027 f 0.015 0.07 * 0.03 

1000 0.30 f 0.06 4.4 f 1.9 0.025 L 0.010 0.40 + 0.30 
1500 0.16 + 0.03 2.7 f 0.9 0.020 5 0.05 ! .I0 k 0.20 
2000 0.07 + 0.02 3.5 s 0.5 0.043 r 0.04 1.10 f 0.10 

-2 

t 

500 1000 1500 p/bar 

Fig_ 5. Logxithm of relative kinetic constants Kf/K$? versus 
pressure. For K,K, the reference eK$ is the value at p = 
500 bar. 

Table 2 
MOM volume changes of the steps 14 in eqs. (12) a-id (13). 

were measured_ The rate data were treated according 
to the least squares procedure based on eqs. (22) and 

(23). The direct constants found, are shown in cabh 1. 
In fig. 5 a plot is made af the logarithm cf the ratio 

Kf/Kp, where K$’ is the value of the constant K; at 
the pressure p and k$ is the value of the constant zt 

‘mospheric pressure. 
Subtracting the ccntxi5ution of KS from the product 

KlK3, we find the pressore variation ofKl , K3, K4 and 

k Also using the relation K?K., =KIK3, due to the 
symmetry of the steps in eo.. (12), we find variation of 
Kz. Using relation (IO) the volume changes accompany- 

ing each of the steps 1-G are fauna. From eq. (11) 

the activation volume Lq the rate step are found, and 
all volume changes are shown in table 2. Note that the 
constants in stepa 14 ha\-e been treated as dissocia- 
tion constants, eq. {14), and ;.at tl;: corresponding 
volume changes are related to zlissociatinn of the 
enzyme-substrate cozlplexes. 

4.2. Derdty mamue.‘lten ts 

The apparent mola! volume of the sohtes EtOH, 

acetaldzhyde, NAD, NADH were measured ai different 
concentraticns and extrapolated to infinite dilution 
using eq. (1). The partial molal volumes found are 
given in table 3. 

As the NADEi was purchased as disodillm salt, a 
solution of this salt m cation exhanged to give the 
free acid. The resulting solution had a pH of 3.05 and 
therefore the dissociation state of the acid was probably 

A& 
(cd mole-’ ) 

Avt 
(cm3 mole”) 

AV3 

<cm3 mole”) 
Av4 

(cm” mole-‘) 
AVf 

(cm” nYIC1) 

-75 f 23 -69 f. 25 15 5 10 9 2 10 20 * 5 
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Mold volumes of reactants and products in the reactions. The greater uncertainty for NADH is due to the concentration uncer- 

tainty 

Solute 

C*HsOE CH3CH0 NAD NADH 

& (cm” mole”) 55 5 1 42 % 1 373 f 8 380 r 25 

not the same as in the buffered reaction mixture. An 
estirrtated correct5n for this was made. 

4.3. Experimental re.Mis. LADH 

The LADH catalysis of the etFmol-NAD reaction 
has been undertaken in tris-HCl buffer only. The 
enzyme shows a rather complicate8 behaviour when 

exposed to pressure, as the Iverall activation volume is 
clearlv pressure dependent, and even changes its si@. 
In addition the numerical value and sign also seems to 

be dependent on the ethanol concentration. It is 
assumeC that this unexpected behaviour is due to the 

substrate inhibition effect of this enzyme. At atmos- 
pheric pressure the enzyrr.e behaves normally for 
ethanol concentrations up co about 10 mM. Concen- 

OT67mM 

P 
I \ 

f 

/ / 

O.lO.hlU 

O.CMOm8A A\ 0.020mM 

500 1000 1500 2oca 2500 a/bar 

FII. 6. Reaction rate of the LADH reacticn represented by 
optical density incn.ase versus pressure at four NAD concen- 
k&Ok% [EtWi] : LOO IIIRf. 

2aomh4 

: 5ao 1000 1500 2000 

Fig. 7. Rezction rate of the LADH re2ction represented by 
optial density incre;rse versus pressure at four EtOH concen- 
trations. [NAD] : 0.767 mM. 
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trations higher than this inhibit the reaction. At 
[EtOH] = 10 mM the effect of moderate pressure 
(<lo00 bar) on the reaction rate seems to be small or 
negligible. At lower (ECOH] the reaction rate seems 
to decrease sIowly with pressure, and at [EtOH] higher 
than 10 mM the rate shows an increase with pressure, 
which is larger the higher the ethano1 concenlration- 
But as the pressure increases beyond 1000-l 200 bar, 
the rate starts to decrease with pressure and goes to 
zero at about 2500 bar. 

In fig. 6 is shown the reaction rate represented by 
the optical density, as a function of pressure. Curves 
are drawn for four NAD concentrations, the EtOH 
concentration being held constam at 100 mM. In 
fig. 7 is also shown the rate versus pressure, with 
curves drawn for four EtOH concentrations, the NAD 
concentration being held constant at 0.76 7 mM_ 

Attempts have been made to evaluate &.a kinetic 
constant for the chosen model [eq. (18)] but with 
the present data this has not yet been successful. With- 
in this model and with these data the equations are 
not sensitive enough towards variation of tile constants 
for their accurate determination. 

5. Discussion 

The result from figs. 1 and 2 might be interpreted 
as if the pressure induced inhibition increases with 
increasing EtOfl concentration and is unaffected by 
increasing NAJJ concentration. In this case of a two 
substrate mechanism, however, at least ten different 
cases of inhibition result when one or two steps are 
inhibited. Then there is no simple correlation between 
observed behaviour and the question of competition 
for enzyme sites. Neither is the extrapolation of the 
inhibitar analogy into the moiecufar domain by any 
means justified. 

One thing that can be done is to perform an analysis 
of inhibition mechanisms leading to different enzyme 
behaviour, and iook for effects similar to those shown 
in figs. 1 and 2. This has been done, and it may be 
inferred that it is the concentration of the compfexes 
ES2 and ES& which are diminished by pressure 
exposition. Consequently, the formation of these com- 
plexes are accompanied by volume increases. The data 
from the measurements in phosphate buffer did not 
permit a more detailed discussion. 

From the YADH results in tris-HCl buffer it has 
been possible to establish volume changes for each 
single step in the mechanism considered. These are 
not very accurate, but the Iarge difference in dissocia- 
tion volume of binary (a V,, AV,) and of ternary 
(AV,, .A?‘,) complexes seems to be real. Now EtOH 
has a molecular weight of 46, while NAD has 3 mole- 
cular weight of 663, so they are very different in size. 
Despite this difference, the dissociation volumes both 
of binary and of ternary complexes are nearly sym- 
metrical with respect to both substrates. 

One explanation of this may be that the enzyme 
itself is preser.t in different conformations in binary 
and in ternary complexes. 

This difference may be due to structural changes 
followed by rearrangements in the water structure 
around the protein molecuie. Usually. such changes 
in the salvation shell m&e the largest conttibutions 
to the observed volume differences. Another explana- 
tion could be that the active site is situated in a narrow 
cleft in the enzyme. Then whichever substrate mole- 
cule entered first would squeeze out watermolecules 
increasing the vo!ume. Entrance of the second substrate 
couId then perhaps only introduce minor changes. 

Now, Gierer [l 1] has also studied energies and 
entropies of association of substrates lo the enzyme. 
Most probably, Gierer had no knowledge of the actual 
mechanism, which was published the same year as 
his own article. Anyhow, he did not consider a parti- 
cular model of the mechanism, relating the entropies 
to single steps. Instead he introduces the empirical 
equation, 

u-* = V’(l +~lm/rS.l)(~+&llrS2J), (25) 

where KI, and Kzm are supposed t0 be Michaelis 
constants, not recognizing that these are dependent on 
substrate concentrations. 

A recourse is made by the sentence “.._ the cor- 
respondence between dissociation and Michaelis con- 
stants may not be quantitative so that other steps in 
the reaction contribute to a smaller degree to V . ..“. 

On the basis of the temperature variation of these 
Michaelis constants he finds association entropies of 
the substrates NAD and EtOH. As these entropies are 
very low, and since conformational changes should be 
accompanied by large entropy changes, he concludes 
firmly that the enzyme remains rather rigid in course 
of the reaction. He considers it very unlikely that 
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wkhin one step large entropy changes cancel each 
other. For mathematical equivaIence between eq. (25) 
and eq. (16), using primed con=stanCs in the latter, it 
is necessary that 

and 

(27) 

From this it is clear that Gierer’s Michaelis constants 
includes contributions to their Gibbs free enery from 
those of three single steps in the mechanism. The possi- 
birity that large entropy changes cancel each other 
is then not so small. This is confirmed by the fact 
that far [EtOH] > 53 ml& Kr m is nearly invariant 
with pceszxxre increase even though the constants K; , 
Ir; and Ki are gut. 

The conclusions of Gierer are therefore not relevant 
to a discussion in terms of the model chasen in this 
work. 

Concerning the validity of the present results it 
should be mentioned that the error sources are several, 
Prirnarify, the velocities measxed are not initia4 
velocities, because there was a certain time lapse prior 
to the measurements. The slopes of the hyperbolic 
absorption curves show a compIicated relation between 
measurements at t = O and at t = 2 min., for different 
substrate concentrations. It was estimated that at the 

relatively low enzyme activities, the amount of 
substrate destroyed during the two-minute deadtime 
was a ~;rnall fraction of the total. pN and temperature 
effects have earlier been mentioned. In addition 
comes ako the 2mportance of ~ompressibil~~ies of the 
different species parricipating in the reaction. These 
have not been considered, because the number of 
parameters then would be doubled, increasing the un- 
certainties of the observed values, Nevertheless, 
compressibilities are of some importance, as can be 
seen from the curvature of plofs af the logarithm of 
the overall velocity versus pressure. The activation 
volume and activation compressibility of the overall 
reaction cafculated from 

-M’ln (kp/k,,>==AV'p--_A+', (28) 

was found to be &V*= X a 3 cm3, 4-X’ = -0.03 cm3 
bar-“. 

Comparison of the kinetic data with those from 
the density measurements allows the conclusion to 
be drawn that the effect of pressure on the reaction 
rate is solely dependent on the dissxiation and activa- 
tion volumes of the enzyme-substrate complexes, and 
not on the difference in volume of reactants and 
products if this is not too large. 

& for the difference in behaviour af YADH in the 
two buffers, it may be mentioned that this is a 
co~lrnon phenomenon. This may in part be due to 
different ionic strengths, which was the case here 

bm4 = 0.27, pt, = 0.1). The ratio of the rate constants 
resulting from these two ionic strengths, assuming unit 
charges involved, is about 1.6. The importance ofp 

may also be enchanced at higher pressures, because of 
electrostriction effects on partly developed charses 
on the different complexes in transition states. A 
further complicating factor may have been the chanse 
ofpH in the phosphate buffer with pressure increase. 

The results from the studies of LADH are largeely 
qualitative, and are at present under refinement. From 
the special role ptayed by the ethanol concentration 
it is believed that these studies will reveal important 
features concerning the inhibition mechanism. The 

strange phenomenon of a pressure dependent activa- 
tion volume indicate that two counteracting effects 

are present, each dominating different parts of the 
pressure range. 
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