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Temperature-jump experiments were conducted on a system of malate dehydrogenase and 
DPNH between pH 6 and 9 and over a concentration range of two orders of magnitude. Fluores- 
cence detection revealed a relaxation process which depends upon the concentration of the 
components and upon pH. No monomolecular interconversion was detectable. The un- 
protonated enzyme site reacts with DPNH with a bimolecular velocity constant of kd = 6.8 X 
lo8,,, -‘M -1. The reverse monomolecular velocity constant was determined to be k3 = 240 .ee-l, 

where ka is the limiting value of an apparent velocity constant which is pH dependent. The 
pH dependence is due to the presence of a protonated enzyme-coenzyme complex with pKa 
around 8 (slightly dependent upon buffer). The sum of the enthalpies of protonic dissociation 
of this protonated enzyme-coenzyme complex and of the dissociation of DPNH from the un- 
protonated complex is between -20 and -30 kcal/mole in crude approximation. The de- 
pendence of the observables upon analytical concentrations is derived. 

Generally, steady-state kinetics of enzymatic reac- 
tions is able to give only two kinetic constants: one 
for the forward direction, one for the backward direc- 
tion (except in the most elementary case, Peller and 
Alberty, 1959; nonreversible systems give only one 
kinetic constant; some multicomponent reactions may 
allow the determination of more than two kinetic 
constants, Bloomfield et al., 1962a). Investigations 
under steady-state conditions generally do not permit 
one to distinguish between velocity constants as such 
and their combinations with equilibrium constants of 
adjoining rapid reactions (Bloomfield et al., 1962a). 
Measurements under steady-state conditions also 
lead to Michaelis constants. Whether Michaelis con- 
stants are identical with true dissociation constants or 
not depends upon the ratio of the monomolecular ve- 
locity constants involved, and particularly upon the de- 
tails of the reaction mechanisms. Michaelis constants 
of complez reaction mechanisms are rarely identical 
with some individual dissociation constant. Some 
quantitative relationships for enzyme systems with 
multiple intermediates in steady-state enzyme kinetics 
have been derived by Bloomfield et al. (1962a,b). 

Whenever one wants to learn more than that which 
is accessible through steady-state kinetics, the concen- 
tration of the enzyme has to be increased (Bloomfield 
et al., 1962a), until it, or those of its complexes with 
substrate or coenzyme, becomes detectable (with re- 
spect to the other components of the system). This 
leads immediately to higher turnover of substrates, 
which in turn requires rapid detection methods in order 
to see anything before the reaction is completed. Rapid 
flow methods are appropriate and have been used for 
kinetic investigations (Roughton and Chance, 1963). 
More recent methods are those of chemical relaxation 
(Eigen, 1954). These latter methods have several 
advantages over flow methods. (1) Relaxation methods 
are not limited by the mixing time of flow methods 
(around one millisecond). (2) Relaxation methods 
operate near equilibrium, flow methods away from it 
(relaxation methods may also be operated away from 
equilibrium by combining them with the flow method). 
(3) Relaxation methods employ linearized differential 
equations, which facilitate evaluation, especially for 
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more complex systems. (4) The volume used per exper- 
iment can be made quite small in relaxation methods. 
(5) A thermodynamic parameter becomes available as 
by-product for each observable reaction step. 

In chemical relaxation, the equilibrium constant is 
changed by some external parameter, such as tempera- 
ture, pressure, or electric field strength. In the present 
temperature-jump techniques (Czerlinski and Eigen, 
1959) the temperature is changed by Joule’s heating: 
a high voltage capacitor is discharged through the 
electrolyte solution (the electrolysis products a t  the 
electrodes do not reach the part under obseryation 
until the measurements are completed). The product 
of the (ohmic) resistance of the solution and the 
capacitance charged gives the heating time. The 
energy stored on the capacitance provides the heating 
of the solution. 

As optical detection methods are quite fast, they are 
most appropriate for following rapid kinetics. Most 
suitable for reactions involving DPNH‘ is fluorescence 
detection, though it requires considerable instrumental 
effort to obtain a fluorescent signal which is sufficiently 
high for rapid detection. The optical system used is 
shown in Figure 1 (Czerlinski, 1962). The electrodes 
for heating are at i, but above and below the plane of 
drawing. A reference channel is necessary to reduce 
the fluctuations of the mercury arc (differential detec- 
tion). The outputs of the multiplier phototubes are 
connected to an oscilloscope, where the exponential 
change from one equilibrium value to another a t  higher 
temperature is recorded and photographed. The 
time constant of this curve is the (chemical) relaxation 
time r. 

The connection between relaxation time and velocity 
constants (Eigen and De Maeyer, 1963) is found by 
writing the differential equations for the particular 
mechanism. The condition of operation near equilib- 
rium allows linearization by introducing “deviations 
of concentrations from their equilibrium value,” Ac. 
This is explicitly shown in the appendix by equation 
(A 11); the general expression for two consecutive 
relaxation times is also given there by equation (A 29). 
Since the mathematical calculations are auxiliary to 
this investigation they have been placed in the appen- 
dix, but it seemed appropriate to demonstrate some 
general and specific derivations explicitly. This was 

The following abbreviations are used: R = DPNH, 
E = active site of malate dehydrogenase, B = buffer; see 
Glossary. 
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FIG. 1.-Optical system for fluoreacence detection (an ex- 
tended combination of Figures 8 and 12 of Czerlinski, 1962, 
omitting the symmetrically arranged reference part) : (a) 
radiation of mercury arc toward test arrangement; (b) 
radiation of mercury arc toward reference arrangement; (c) 
iris diaphragm (for adjustment of light flux); (d) shutter 
(open only during experiment to diminish photolysis) ; 
(e) Kodak filter 18 A for fluorescence excitation (-350 mp); 
(f) mirror with hole shaped like light source; side toward 
lamp is blackened, other side reflecting; (g) collecting lens 
(to diminish curvature on h); (h) conical lens, touching 
solution with the plane front; (i) interior of cell with enzyme 
system; (k) glaas cylinder (tight fit) for -2 ml volume, to 
fill cell ( ~ 1 , ’ ~  i d  volume); (i) Kodak Wratten fiter 2B for 
fluorescence emission (>400 mp); (m) front of RCA rnulti- 
plier phototube, Type 2020 (selected). 

necessary not only for the kinetics of chemical relaxa- 
tion, but also for its “statics” and its “thermody- 
namics.” 

Theorell and Langen (1960) had demonstrated that 
the fluorescence of DPNH increases upon binding to 
malate dehydrogenase. As preliminary experiments 
indicated reasonably large changes upon fast tempera- 
ture rises, we decided to investigate this reaction more 
extensively. The recent investigations of Raval and 
Wolfe (1962a) were helpful in setting up the experi- 
ments properly, though all later evaluations were 
performed without using any of their results. Our 
results soon revealed a two-step mechanism: a fast 
proton transfer reaction and a slow reaction with 
DPNH. In the fast step, ERH+ or EH+ could have 
reacted with the buffer ion B-, while in the slow step, 
E or EH could have reacted with R. This gives four 
different possibilities for a two-step mechanism, written 
explicitly by equations (11) to (13). By thorough 
analysis, one possibility after the other could be 
excluded, until only one remained. It seemed advis- 
able to demonstrate the analytical procedure, which 
resulted in a rather lengthy appendix. The evaluation 
resulted finally in the following scheme: 

ki 

kr 
E R H +  + B--ER + BH (1) 

METHODS 
The instrument was already briefly described in the 

introduction and was more extensively discussed by 
Czerlinski (1962). The temperature within the ob- 
servation chamber was kept constant at 20 ’ by cooling 
the electrodes with methanol. The temperature rise 
was determined experimentally and evaluated with 
derivations given formerly (Czerlinski, 1958). The 
p H  indicator 4-methylumbelliferon, together with 

potassium phosphate or glycylglycine as buffer, was 
used for the determination. The temperature rise 
was 5 ’. 

Malate dehydrogenase from pig heart was purchased 
from Boehringer over a period of several months in 
small samples. Each sample was dialyzed several 
times against K2SOa of ionic strength 0.09 with phos- 
phate buffer, pH 7.0, of p = 0.01. The activity of the 
enzyme was determined kinetically according to Ochoa 
(1955) and by fluorescence titration similar to a 
method introduced recently by Theorell and McKinley- 
McKee (1961) for liver alcohol dehydrogenase. An 
Eppendorf fluorimeter was used for this purpose, 366 
mp excitation, 411 mM emission. A known quantity of 
enzyme solution was incubated with 0.04 M potassium 
D-malate, phosphate buffer of p H  7.0 and ionic strength 
0.02. Small quantities of DPNH solution were added 
and the concentration of DPNH at the inflection point 
of the titration curve was taken as equivalence point 
for the number of enzymatically active sites. 

DPNH was Sigma grade (stored dry at  4”) and its 
concentration was determined spectrophotometrically 
by measuring its absorption at  340 mp in a 1-cm cuvet, 
taking 6220 M-‘ cm-1 as extinction coefficient a t  this 
wavelength (Kornberg, 1953; measured immediately 
upon preparation and in frequent intervals there- 
after). 

Ordinary deionized water was redistilled in quartz 
under nitrogen with addition of alkaline permanganate. 
Ion migration out of the flask was prevented by a special 
sleeve heated above 100”. The purity of the distilled 
water was tested conductometrically (at 10 kc). The 
ionic strength of the solution was always adjusted to 
0.1 by the addition of KSO,, Baker Analyzed Reagent. 
The experiments were conducted either in potassium 
phosphate, Baker Analyzed Reagent, p = 0.1, or in 
glycylglycine, Nutritional Biochemical Corporation, 
0.02 M. The p H  was checked with a Radiometer p H  
Meter 22. 

GLOSSARY 
In order to facilitate reading of the text, a glossary of 

symbols will be given first. 
Y Generalized individual component in a biochemical 

system, here Y = E, R, ER, ERH, B, BH, H, which 
are generally ions, but the charges have been omitted 
for simplicity. H = hydrogen ion, B = unprotonated 
buffer, R = DPNH, and E = active site of the enzyme; 
combined letters describe associated components. 

Z Used like Y when more than one generalized individual 
component has to be considered. 

So Background fluorescence; the residual signal [in mv J 
obtained without R being present in the setup of Figure 
1. It is near 500 mv with 0.1 megohm load resistor at 
the anode of the multiplier phototube. 

5 ‘~  Total fluorescence signal [in mv] obtained with the 
complete biochemical system; same conditions as for 
SO. 

SY Fluorescence signal obtained from component Y only. 
A& Momentary change in the total fluorescence signal, 

which includes all components; compare equation (3). 
A S y  Momentary change in the fluorescence signal from 

component Y ,  given in mv. 
A S Y  Equilibrium change in the fluorescence signal of 

component Y, in mv. 
A S o  Total change in the fluorescence signal due to the 

change in fluorescence yield of all components upon 
raising the temperature from Z O O  to 25“. 

With j 1 1 is the total change in the fluorescence 
signal due to the change in the concentrations of all 
components caused by the j t h  relaxation process; 
compare equation (A 50). 
Chemical relaxation time, referring to a system with 
only one relaxation time; otherwise an index j indicates 

A S j  

7 
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the number of the relaxation time; index zero refers to 
the heating time constant. 
Molar fluorescence coefficient af component Y, given 
in mv per *M. 
Velocity constant of an individual reaction step in the 
direction given by the arrow, associated to it and in 
the symbolism of chemical reaction steps (see equations 
1 and 2.) 

K, , ,  Equilibrium constant of an individual reaction 
step with rn and m + 1 indicating the indexing of the 
associated velocity constants; see for instance equation 
(17). 

K Y , Z  Dissociation constant of the association product 
Y 2, dissociating into the individual components Y and 
Z, equation (17) or (21). 
Complex dissociation constant, introduced for simplify- 

ing some expressions. It is here a pH-dependent dis- 
sociation constant with all four simple cases being con- 
sidered, equation (16). 

A K ~ . ~  Change in the equilibrium constant K Y . ~  due to 
the temperature jump of 5’. 

r j H y . ~  Change in enthalpy of the reaction step, described 
by KY,Z for 23O, in kcal per mole. 

CY Momentary concentration of component Y, which 
changes with time. 

cy0 Analytical concentration of component Y; all equilib- 
rium concentrations are added together in which com- 
ponent Y appears as such or in combinations, see 
equations (A 2) and (A 3). 
Concentration of component Y present a t  equilibrium 
in the complete biochemical system, given in PM (or in 
M);  t = 20’ for statics. 

Momentary deviation in the concentration of com- 
ponent Y from the equilibrium value after the tempera- 
ture jump of 5 ’ ,  that is, a t  25’; see equation (A 11). 

Total change of the equilibrium concentration of the 
component Y from before the temperature jump to 
thereafter for the general case that all chemical relaxa- 
tion processes are finished; see equation (A 53). 

Total change of the equilibrium concentration of 
component Y up to and including the j th  relaxation 
process. For their relation t o  concentration changes 
of individual relaxation processes it is referred to equa- 
tions (A 65) to (A 67) and their discussion. 

Equilibrium concentration [in M or in WM], referring 
to that component Y which was selected as the ith 
concentration variable in the system of differential 
equations and which is associated with the j th  relaxa- 
tion time. 

all Coefficient of time constants [in sec-1 or msec-11, 
referring with i to that component Y which was selected 
as the ith concentration variable in the system of dif- 
ferential equations. The second index, j ,  refers to 
any one component, the concentration of which was 
selected as variable in the system of differential equa- 
tions. 
Dimensionless parameter in the solution of differential 
equations; equation (A 30). 

Dimensionless parameters used to simplify a com- 
plex expression; equation (41). 

k,n 

KO 

CY 

ACY 

AEr 

(AEY), 

A,,  

Compsre equation (A 25) to (A 27). 

b 

U, p, y 

RESULTS 
Initial experiments were carried out  at p H  7.0 in 

phosphate buffer. A typical experiment is shown in 
Figure 2 .  The initial part of the horizontal trace (about 
2 cm) indicates the equilibrium position before the 
temperature jump (that is, at 2 0 ° ) ,  while its final 
horizontal part (last 2 cm) indicates the new equi- 
librium position (that is, at 25’). The  temperature 
jump occurs “instantaneously” for the deflection time 
of the oscilloscope beam, namely, at the stepwise 
change in the vertical position. The  stepwise change 
is followed by an exponential one, which actually indi- 
cates the chemical relaxation. The  very fast initial 
change is due to the change of fluorescence yield with 
temperature, concurrent with the heating process. 

The  total change of fluorescence signal with time, 

- h +  

I Oms 

FIG. 2.-Oscillograph trace of a mixture of malate de- 
hydrogenase with DPNH, both in equal amounts at  6 p~ in 
phosphate, pH 7.0, ionic strength 0.1. Electronic RC filter 
set at  0.95 psec, horizontal deflection 1.0 msec/cm, vertical 
deflection 20 mv/cm. 

AS,, is described for a system with two separated chem- 
ical time constants r1 and 7 2  by 

AST = AS, exp ( - t / r o )  + AS, exp ( - t / T l )  

Figure 3 represents equation (3) on a semilog plot, 
where 70 is the heating time constant in a n  RC-dis- 
charge circuit defined by RC; ASo would then be 
due to  the change of the signal from components, which 
as such demonstrates temperature dependence of 
fluorescence. This is true for components with lower 
fluorescence yield, demonstrating a change in yield 
with temperature. Here AS1 and A S ,  are time-inde- 
pendent fluorescence signal changes associated with 
chemical time constants T~ and r2, respectively. 

In  an  actual experiment, like that  of Figure 2, condi- 
tions frequently do not permit telling in advance how 
many time constants are hidden in the initial step. One 
therefore assumes initially no chemical time constant 
and tries to  find expressions for the experimental re- 
sults. I n  order t o  obtain information on the chemistry 
of this relaxation process, the reciprocal of the relaxa- 
tion time has to be plotted as  a function of concentra- 
tion. The  upper and lower limits of relaxation times 
were obtained as explained previously by Czerlinski 
and Schreck (1964). 

In the initial approach, one has t o  consider the 
following two reaction schemes for the combination 
of the active site of malate dehydrogenase with reduced 
DPNH: 

+ AS, exp ( - t / ~ d  (3) 

ki 
E + R - - E E R  kz (4) 

ki k3 

ka ka 
E + R - - E R - - E X  (5) 

If CY represents the equilibrium concentration of any 
component Y, one obtains for scheme (4): 

7 1 - 1  = hl(eE + ER) + h2 
Scheme (5) would result in two different relaxation 
times. If the left-hand reaction is much faster than  
the right-hand one, the fast relaxation time would 
follow equation (6),  while the slow one would follow 

(6) 

(7) 

where the dissociation constant Kn,l  = k l / k l .  A 
derivation of these equations will not be given here.2 

If the right-hand reaction is much faster than the 
left-hand one, the reciprocal of the fast relaxation time 
would consist of the sum of the velocity constants of 
this reaction, 7-1 = k B  + k4;  the slow relaxation time 

Equations of these types have been derived formerly, 
originally by Eigen (1954), who recently published a inore 
general treatment (Eigen and De Maeger, 1963’1. Re- 
cently we showed the derivation of the equations for a 
scheme like equation (5) in another context (Czerlinski and 
Schreck, 1964). 
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Czerlinski and Schreck, 1964)) similar equations are 
used later on in the appendix. One may now combine 
(6) with (8) and obtains after simplification and squar- 
ing: 

2 - 2  = kz2 + 4klk$R0 (9) 

To present the broad range in T - ~  and cRO, a log-log 
plot is n e c e w y  and given for some data in Figure 4. 
The theoretical curve in this figure is obtained with 
equation (9)) k 2  = 45 sec-1 and kl = 6.8 X lo8 sec-l 
M -1. 

Experiments were then conducted to investigate the 
influence of other ionic compounds. For this purpose 
two different buffers were used at  various p H  values. 
The results indicated clearly a p H  dependence of the 
reaction. The simplest representation would be ob- 
tained by two consecutive reactions, a fast one, describ- 
ing the proton transfer, and a slow one, describing the 
combination with DPNH. The system actually allows 
four different possibilities for such a combination, 
namely : 

mV T 68, mV 
30 

25 

20 

15 

IO  

5 

io-' io-' 10-7 io-' to-' io-' 10-1 lo- 
? t t 
'0 5 C 

1 in s 
FIG. 3.-Representation of equation (3) with logarithmic 

abjcissa and 70 _= 10-7 sec, 21 = 10-5 sec, 1 2  = 10-3 sec, 
ASa = A S ;  = A S z  = 10mv. Thedashedlineain thegraph 
represent =t 10% error limit in AS,.  

101 

,001 ! , 
0 2 .6 2 6  20 60 

c i  in pM 

FIG. 4.-Demonstrates a plot of the experimental r-* as 
a function of the initial concentration of DPNH. The 
straight line follows equation (9) with kz = 45 sec-l and kl 
= 6.8 X 108sec-l M - ~ .  

would not be experimentally distinguishable from equa- 
tion (6), though kz would also contain k3 and k,. High 
c R  would allow an experimental distinction between 
(6) and (7): 7-1 would become proportional to FR 
according to (6)) while it would reach a constant value 
according to (7). Figure 4 shows that the curve does 
not bend over: (7) is not valid; but as Figure 4 demon- 
strates T + = f(cRo), this reasoning is only qualitative. 
If no equilibrium data should be taken from the litera- 
ture, one has to express 7 as a function of total concen- 
trations. If cEo = cRo, then cE = cR also and 

E R  = - Ki"[1 - (1 + 4 c R o  xz;) "' ] (8) 

Though its specific derivation is omitted here (see 

ki ks 

/ki kd 
E - .  EH - EHR (10) 

BH B- R 

(11) EH+ + E 
B- BH R 

ERH+ - = =  ER vT ks E (13) 

B BH'+ k 
In these four schemes B is buffer, which is present a t  
much higher concentration than free H+, so that the 
enzyme would react with the appropriate form of the 
buffer. Application of the mathematical methods of 
chemical relaxation (shown in the appendix only for the 
system of equation 13) lead to various equations for 
the four systems (10) to (13)) which will now be sum- 
marized under the headings Statics and Kinetics. 

Statics.-Statics represents the description of the 
total fluorescence signal S,  in terms of equilibrium con- 
stants and initial concentrations cYo. So is the fluores- 
cence signal without DPNH and qy is the "molar 
fluorescence coefficient of component Y ,)) given in 
mv PM-* (or similar units; it is dependent upon many 
instrumental conditions, see CzerIin&i, 1962) .- 
System (1 0) : 

ST - So = VEHRCR' + (VR - VEHR)ER 

where 

E H  + KE,H 
EH 

Ku = KEH,R - 

System (11): 

ST - So = VERCR' + (VR - VER)ER 
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Here K E , H  has the same definition in terms of concen- 
trations as in equation (18), but the relation to the 
velocity constants is different due to the different 
sequence in the chemical equations. 
System (12): 
ST - So = VERHCRO + (VER - VERH)EER 

where 
+ (VR - VERE)~R (23) 

(33) 

Kinetics.-Kinetics describes the relationships be- 
tween the measured relaxation times and the velocity 
constants of the system. The protonic conversions are 
considered here "immeasurably fast" and are contained 
in the initial stepwise rise (as far as they appear in 
fluorescence). Only the slower combination with 
DPNH is therefore described. 

System (10) : 

(35) E l 1  

CH + KE I I  
?'le' = kr2 + 4Cl("h1kj - 

System (11): 

(36) Kb 11 

KE.H + cir TL-' = hh2 + 4caOk4kj 

System (12) : 

(37) 

E ,  in M 

FIG. 5.-Plot of T Z - ~  as a function of EH a t  CR = 6 fiM. 
The rectangular boxes represent, as in former drawings, 
phosphate buffer, while the vertical lines represent glycyl- 
glycine buffer; K2SOa always added to ionic strength 0.1. 

System (13): 

-2  = ( k ,  -KER*H-)a + 4c~Ok4kz KER.H - KER.H + EH (38) 
7 2  CH + KER.H 

There are now two equations available for each one of 
four possible combinations of the two reactions. Fig- 
ure 5 demonstrates a plot of T Z - ~  = ~ ( E H )  at cRo = 6 p ~ .  
Theoretical lines have been drawn (to be discussed 
later), which have their inflection points around pH 
8. In a preliminary investigation, therefore, 8 may be 
considered as the PKH of the enzyme (-complex). 
Comparing equation (9) with (35) to (38) gives im- 
mediately the relationships between the velocity con- 
stants. So, for instance, for (35): k4 = [ k p  of equation 
(9) 1 

CH ha _____ = [kt of equation (9) ] 
CH + KE,H (39) 

or for (38), which will be used mainly later on: k4 = 
[kI of equation (9) ] and 

= [k, of equation (9) ] KER,H 
CH + KER.H 

One obtains then for system (13): K, = 6.8 x 108 sec-1- 
M-'  = 0.68 msec-lpM-l and ka = 240 sec-' = 0.24 
msec-l as [k ,  of equation (9)] = 45 sec-1. The re- 
maining values are shown in the legend to Figure 6, 
which demonstrates the theoretical curves for the four 
different cases of (35) to (38). It becomes immediately 
apparent that only equations (11) and (13) could de- 
scribe the experimental results. 

After kinetic data have been evaluated, all equilib- 
rium parameters are available to employ equations 
(14), (19), (23), and (29). Calibration experiments led 
to 71t = 65 mv/pM. Later evaluation led to an upper 
limit in the molar fluorescence coefficient of bound 
DPNH, namely 170 mvIfiM. This is set for '?ERR in 
(14) and for ~ E R  in (19). In equations (23) and (29) 
there are two alternatives, and one can not determine 
in advance the highest molar fluorescence coefficient. 
Figure 7 demonstrates the experimental results, show- 
ing that ~ E R H  is largest ( =  170 mV/pM). One may 

Equations (35) to (38) contain certain simplifications, 
which will be discussed in the appendix when and after 
(38) is derived. Similar simplifications apply to the deriva- 
tions of the other equations. 
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FIG. 6.-Theoretical curves of ~ ~ - 2  as a function of E E  for four different cases of combinations of a pro- 
tonic reaction with an association reaction of enzyme with coenzyme. The numbers within the graph 
refer to equation numbers of the main text. A horizontal arrow next to a curve indicates the ordinate 
which must be considered for this relaxation. 

then derive tentatively from the lower limit:* VER = 
83 mv/pM. These latter two values for molar fluores- 
cence coefficients are taken for both equations (23) 
and (29). Theoretical curves may now be drawn for 
all possibilities, as is shown in Figure 8. 

By comparison of the last four figures one may con- 
clude: System (10) is not possible, as equation (35) 
does not represent the experimental results of Figure 5. 
System (11) has no reality, as equation (19) is not a 
representation of the results of Figure 7. System (12) 
can not be considered, as equation (37) is not a represen- 
tation of the data of Figure 5. Only system (13) ful- 
f3ls the experimental results with all equations: equa- 
tion (38). represents the theoretical curve in Figure 5 
and equation (29) the theoretical curve in Figure 7. 

Because of the importance of equation (29), it may 
be written more explicitly by combining (29) to (34). 
It is then: 

~- S T  - so = 1 + [ a  + P I - ,  
'IRCR' 

where 

Though it is in zero-approximation K E R . E  = M, 
the experimental data in Figure 7 show for the inflec- 
tion point differences which seem to justify the de- 
termination of separate K E R . H ,  leading to buffer- 
dependent dissociation constants. The best fit appears 
to be for phosphate: K E R , H  = 2.3 x 10-8 M, and for 
glycylglycine: K E R . E  = 0.7 x 10 -8 M; the former value 
leads to k3 = 240 sec-1. These are the parameters 
which have been used for the theoretical curves in Figure 
5 (and in Figure 7).  

Experiments have also been conducted with cR" 

as independent variable at different p H  values. The 
results are summarized in Figure 9. The theoretical 
curves were drawn with the above parameters and the 
appropriate E E .  Unfortunately, only poor precision is 
obtainable. Only the trend of the dependence could 
be seen from the experimental data. This aspect will 
be considered again under Discussion. 

Thermodynamics.-Figures 10 and 11 give the total 
signal changes as derived from chemical relaxation. 

mV ST-So I 

For the latter case, y - 1. 
For CH 5 K E R , a .  one may consider 

4004 
IO-' to- 10- 10-e 

C,, in M 
CK' Km,n 4- Eti 

2 c R 0  << KE,R, then y +- . ____-- 

2 c R 0  >> KE.R, then y - 1. 
KE,R KER,H FIG, 7.-A plot of the experimental results of the total 

chemical signal ST - So as a function of fa, vertical boxes 
refer to phosphate, vertical lines to glycylglycine as buffer. 
The dashed curve is inserted with the kinetically derived 
constants for phosphate, while the solid line is inserted with 
the kinetically derived constants for glycylglycine as buffer. 

The evaluations are easily visible for the case of system 
(13), where (41) gives the full description and limits are 
actually considered after equation (44). 
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mV S,-So 

Although the theory is briefly derived in the appendix, 
the crudeness of the results does not warrant inserting 
thoeretical curves into the graphical representations. 
A highly simplified description is given by a combination 
of (A 64) with (A 67) 

where AS2 is the actually observed change in mv and 
ZAH is the effective sum of the individual enthalpies in 
the reaction. Equation (45) is only valid at reasonably 
large pH (see appendix). 

Figure 10 demonstrates a considerable range of 
validity of (45). In Figure 10, cR0 = 6 throughout, 
and AS,  is constant above about CR = 10-8 M. Below 
this limit the invalidity of ca > > K E R . H  becomes quite 
apparent: AS, becomes progressively smaller as E ,  
is decreased, which also has an adverse effect on the 
preciseness with which r2 can be determined at  this 
pH. It is interesting 
that A& in phosphate is much larger than AS, in gly- 
cylglycine, though the latter buffer has a much higher 
enthalpy of reaction then the former. Assuming that 
the values indicated in Figure 10 by the arrow ( A S p  
= 30 mv in phosphate, A S O  = 20 mv in glycylglycine) 
are limits, one obtains with (ZAH)p = effective en- 
thalpy in phosphate buffer, ( Z W G  = effective en- 
thalpy in glycylglycine buffer, the quotient 

This may be seen in Figure 6. 

since only the sum of the enthalpies may be considered 
buffer-dependent. Here (46) gives with (A 68) and 
rearrangement: 

&HER.E + ~ H E . R  = ~ A H G , H  - ~ A H P , H  (47) 
One obtainsfrom the literature (25"): 
A H ~ , H  = -0.9 kcal/mole for phosphate 

(Bates and Acree, 1945) 
AHG.H = - 10.0 kcal/mole for glycylglycine 

(Cohn and Edsall, 1943) 

Thus, AHER,H + AHE,R = -30 + 1.8 kcal/mole = 
-28.2 kcal/mole. Such an enthalpy for AHER,H + 
AHE,R is certainly surprisingly high. But the error 
in it is very large and the value may be -20 kcal/mole. 
A more precise value could only be obtained after con- 
siderable refinement of the experiments. 

The experimental data in Figure 11 are scattering 
little from a straight line for pH 5 8, which is in agree- 
ment with the results from Figure 10. A strong devia- 
tion becomes apparent for CH = 10-9 M (as in Figure 
10). The experimental d u e s  demonstrate again the 

steepest slope in phosphate a t  pH 7 because of the 
largest ZAH. But the data in glycylglycine are 
slightly higher at p H  7 than at  pH 8. This only means 
that deviations from (A 70) become in reality already 
apparent a t  & = 10 -8 M. 

DISCUSSION 
The most extensive recent investigation on the 

malate dehydrogenase system relevant to this present 
investigation is the work of Raval and Wolfe (1962a). 
They give in their Table 111 at various pH values a 
number of velocity constants for recombination and 
dissociation of ER, as derived from over-all reaction 
kinetics. Here ks is their bimolecular velocity constant 
for the formation of ER and stays relatively unchanged. 
Their monomolecular velocity constant for the disso- 

/ 

I/, , , 
U 

.o I 
.I .2 .5 1.0 2 5 IO 20 50 100 

c: in p~ 

FIG. 9.-Plot of rZM2 as a function of CRO at various pH 
values. The theoretical linea were drawn in with equation 
(38) and the parameters were obtained from earlier experi- 
menta. The strong dashed line refers to phosphate pH 7, 
while the solid long linea refer to glycylglycine (at indicated 
pH). The boxes represent systems in phosphate at pH 7, 
while the vertical lines indicate glycylglycine as buffer, but 
for better discrimination, the data at pH 9 have been shown 
as dashed linea. The numbers near the vertical lines indicate 
pH values. 
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FIG. 10.-A plot of the height of chemical relaxation A S  as a function of E H .  Boxes indicate measurements 
in phosphate, linea those in glycylglycine. Conditions are otherwise as for Figure 5. 

TABLE I 
COMPARISON OF KINETIC CONSTANTS 

6.0 50 1 .7  5 1.0.107 
7 .0  83 16 45 2.  3.107 
8.0 167 100 167 3 . 3 ~ 1 0 ~  
9.0 250 210 230 2.8.107 

10.0 800 240 240 1.6,107 

Comparison of kinetic constants obtained in this investi- 
gation with those from the literature. Here k7 and ka were 
derived from Table I11 of Raval and Wolfe (1962a) and 
are the velocity constants for dissociation and association, 
respectively, of the DPNH-enzyme complexes, as obtain- 
able from steady-state kinetics. Also kl is a computation 
of the apparent velocity constant for dissociation accord- 
ing to equation (4) with ka = 240 sec-1. Here k2’ refers 
to glycylglycine, and k2” to phosphate as buffer; k ,  and ka 
were measured in Tris-acetate buffer. 

ciation of ER varies considerably between p H  6 and 10. 
In the trend of change it would correspond to the pH- 
dependent velocity constant k 2  of equation (9), as 
defined by equation (40). Table I gives a comparison 
of the data from the literature with the data from this 
investigation. There is reasonable agreement a t  p H  
values 8 and 9. The deviations at  the lower p H  values 
are understandable, as equation (40) no longer holds 
(as explained in the Appendix). The deviation at 
p H  10 might be due to another protonic dissociation. 

While agreement between the monomolecular constant 
may be considered satisfactory, there are considerable 
discrepancies in the values for the bimolecular velocity 
constant which was found to be 6.8 X 108 sec-1 M-’ 
in this investigation. This is more than a magnitude 
above the value of Raval and Wolfe. One reason for 
this discrepancy may be sought in the type of enzyme. 
The enzyme used in this investigation was commercial 
grade treated only by dialysis, while Raval and Wolfe 
(1962b) used chromatography. According to a per- 
sonal communication by R. T. Wolfe, they used only 
one isozyme of this enzyme. It seems that the mixture 
of isozymes demonstrates its effect only on the bimo- 
lecular constant. It might be mentioned at thisoccasion 
that differences in the bimolecular velocity constant 
were observed from sample to sample, which varied 
from as much as 1.5 X 108 to 6.8 X lo8 sec-*~- l ;  a 
change in the apparent monomolecular velocity con- 
stant was associated with this; it varied from 22 sec -1 

to 100 sec-l (both at  p H  7, phosphate buffer). Another 
reason for the differences in the data of Raval and 
Wolfe and ours might be sought in the different buffers 
-Raval and Wolfe used Tris-acetate. 

The data derived from thermodynamics and kinetics 
of chemical relaxation demonstrate considerable scat- 
tering and @ rather large error. This may partially 
be due to the mixture of isozymes. Another reason 
is apparent from Figure 1, which shows that there 
is initially a very fast change in the fluorescence 
followed by the slow chemical relaxation. As the 
onset of this relaxation is important for determining the 
total change of the signal due to chemical relaxation 
and the relaxation time, it is important to open up the 
electronic filter of the detection system very much 
further than would be necessary only to obtain an 
ordinary relaxation curve. In the latter case, the 
electronic time constant would only have to be one- 
tenth of the chemical relaxation time. In these 
experiments the time constant of the electronic filter 
had to be diminished by a factor of up to 100. A fast 
electronic switching circuit is in development to circum- 
vent this problem. 

It is apparent that these results can only be consid- 
ered preliminary and should be repeated under im- 
proved conditions, considering the foregoing aspects. 
So far only one protonic dissociation and one combina- 
tion of DPNH with an enzyme species was considered, 
leading to a satisfactory interpretation of the experi- 
mental results, Raval and Wolfe (1962a) report four 
protonic dissociations and three combinations of DPNH 
with three different protonic species of the enzyme in 
their Figure 3. The presence of such a large number 
of species can not be concluded from these experi- 
ments, but later investigations with considerably in- 
creased rehement may reveal the participation of 
more than one protonic dissociation constant. For 
this purpose, it would be necessary to scan a consider- 
ably wider p H  range than was done in this investiga- 
tion. In order to circumvent slow degradation proc- 
esses, a stopped-flow system would possibly have to be 
used at  the extreme p H  ranges. While the present 
data showed degradation phenomena already appearing 
at  pH 6, the small jump height A& may cause consider- 
able difficulties in the determination of relaxation times 
at  highpH (see Figures 8 and 10). 

Generally it may be concluded that chemical relaxa- 
tion permits one to directly investigate the kinetics of 
fast biological reactions independently from and more 
directly than steady-state kinetics. Thus, the dis- 
crepancies between k8 in Table I (obtained from over-all 
reaction kinetics) and the bimolecular velocity con- 
stant obtained from this investigation may have its 
origin in some “hidden” equilibrium constant which 
cannot be separated from k8 when derived from steady- 
state kinetics. Here k4 > ks is in agreement with the 
careful analysis on systems with multiple intermediates 
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under steady-state conditions, which has recently been 
published by Bloomfield et al. (1962a). Certainly, sub- 
strate activation might also lead to a small value of k,. 
It is expected that future work of the application of the 
temperature-jump method to the malate dehydrogenase 
system would lead to a clarification of these differences. 

APPENDIX 

Statics.-The chemical part of the fluorescence signal 
ST - So is to be expressed in terms of the analytical 
concentrations cR0 and cE0; the conditions given by the 
buffer are expressed in terms of the hydrogen-ion con- 
centration CH. For the system given by equation (13), 

ST - So = 'IRER + TERCER + 'IERHEERH (A 1) 

A term with CE can be neglected, as the molar fluores- 
cence coefficient of E, VE:, is comparatively very small 
under the spectral conditions of the experiment. The 
directly accessible analytical concentrations are con- 
nected to the equilibrium concentrations by 

C R O  = E R  + EER + EERH 

CEO = E E  + EER + EERH 

These equations allow, on one hand, reformulation of 
(A 1): 
ST - So = 'IRCRO + (VER - 'IRIEER 

(A 2) 

(A 3) 

+ ('IERH - 'IR)EERH (A 4) 

On the other hand, they allow (with the use of equa- 
tions 32 and 33) the expression of the equilibrium con- 
centrations in terms of analytical concentrations. 
With the experimental condition cE0 = caO, one finally 
obtains 

and 

__ 4cRo . KER.H ____ f EH]' ' - 1 [ (A 7) 
KE.R KER,H 

Equation (A 5)  and (A 6) are equal except for one 
factor in brackets. Inserting these equations into 
(A 4) therefore gives 

2CR0 KER.E + CH \ KER.H + E H ~  
('IERH - 'IR) 

Dividing both sides of the equation by r]RcRo gives equa- 
tion (41) of the main text with definitions (42) to (44). 
Introducing the complex equilibrium constant Ko ac- 
cording to (31) gives equation (30) of the main text. 
Equation (34) is obtained from (A 5) by introducing this 
same constant KO. 

Kinetics.-Relations between the observable relaxa- 
tion times T and the kinetic parameters of the system 
have to be found. The differential equations for system 
(13) are: 

dt  = - k i c E R H c B  + k g E R C B H  (A 9) 

mV ESP 

100 i 
I T  
I8 O 

.) .2 .6 2 6 20 60 100 
c i  in p M  

FIG. 11.-The signal change due to chemical relaxation, 
A S ,  is plotted as a function of the total analytical concentra- 
tion of DPNH, CRO.  Boxes indicate phosphate buffer at p H  
7. Otherwise the lines indicate glycylglycine, with the 
numbers near the lines giving the p H  values. 

(A 10) dcR _ -  - + J ~ ? ~ C E R  - krCECR 
dt  

The arbitrary (time-dependent) concentration cy may 
be expressed in terms of the (time-independent) equilib- 
rium concentration Cy and the time-independent devia- 
tion from this equilibrium value, AcY: 

(A 11) 

Ey >> ACY (A 12) 

CY = Ey + ACY 

The conditions of chemical relaxation establish: 

With dcy,/dt = 0 and AcYAcz -+ 0 (Z generally different 
from Y ) ,  one obtains 

+ ~ ( E F R  ACBH + EBH ACSR) (A 13) 

(A 14) __ = +k3 ACE11 - k 4 ( E E  ACR + ER ACE) 
dt 

From stoichiometry and conservation of mass one ob- 
tains the relationships 

(A 15) 
ACBE = - A C E R B  (A 16) 

(A 17) 
ACER = - ACERE - ACR (A 18) 

ACB = ACERH 

ACE ACR 

Inserting these relationships into (A 13) and (A 14) 
gives 

d ACERH - 
~ - - r i l l  ACERII - ~ 1 1 2  ACR (A 19) dt  

dt (A 20) ~- - - a ? ~  A ~ E R H  - LIZ? ACR 

with 
LIi i  = k i ( E E R H  f EB) + ~ ( E E R  + EBH) (A 21) 

ai? = k l E B R  (A 22) 
U?l  = kS (A 23) 
U,: = kj + ka(EE + EN) LA 24) 

The solution of the two homogeneous linear differential 
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equations of first order is given’ by 
AL‘t.Ht(  = A I ,  exp(--t/rl) + A12 exp(-t, rL) (A 25) 

(A 26) ACR = -411 exp(-t/rl) + A B  exp(-tt /~J 

The concentration coefficients Ai ,  will not be considered 
now as they deal with equilibrium changes, to be 
treated in the next section. There is one other equa- 
tion of this type which needs to be considered later, 
namely, 

ACFR = A 3 1  exp(--t/rl) + A12 exp(-t/r2) (A 27) 

Here in kinetics, only expressions for the time con- 
stants have to be found. Such expressions are obtained 
from the solution of the determinant 

‘a11 - 7 - 1  a12 I 
I 1 
I 1 = 0  (A 28) 
~ a21 a22 - 7 - l  

Its general solution is 

(1 f [l - b ] ’  2 )  (A 29) 
a l l  + a x  

( r 1 , 2 )  -1 = ____ 2 

where 

and 

all -1  and az2-I are the “E1NZEL”-relaxation times 
(the “STEP”-relaxation times) attributable to individ- 
ual reaction steps and for their definition to be consid- 
ered isolated from other reactions. To determine two 
relaxation times under ordinary signal-to-noise condi- 
tions as individual entities, they must be separated by 
at  least one order of magnitude (under favorable con- 
ditions, otherwise (and more frequently) by a factor of 
30 or even by two orders of magnitude, see Figure 2).  
The system under consideration has also two steps of 
highly different speed. The slow step is, under experi- 
mental conditions (Figure 4), never faster than about 
500 psec (this is the slow over-all step, introduced as r2 
below). The experiments permit one only to estimate 
an upper limit of the proton-transferring fast step 
which is around 50 psec (see also below). Then the 
following condition would hold: 

a11 >> a22 (A 31) 
Conditions as given by (A 31) are very important for a 
simplified treatment of kinetics of chemical relaxation: 
one realizes immediately that (A 30) becomes with 
(A 31): 

A look at  the structure of the coefficient ai, (equations 
A 21 to A 24) demonstrates immediately that all > 
a I 2  and aZ2 > uZ1. Thus it is for sufficiently large separa- 
tion according to (A 31): 

l > > b > O  (A 33) 
which immediately allows one to write the two roots of 
(A 29) explicitly: 

r1-l = U I I  

or with (A 21): 

T I - ’  = ~ ~ ( E E R H  + E B )  + ~ ( E E R  + EBH) (A 35) 

5 The structure of (A 25) to (A 27) implies an arrange- 
ment of the integration limits, which considers the final 
equilibrium values at 25 O as “zero-position.” This was 
already explicitly demonstrated by Figure 3 and its associ- 
ated equation (3). It will be treated further in the Ap- 
pendix section on Thermodynamics. 

Biochemistry 

( A  8 6 )  

or with (A 21) to (A 24): 

7 2 - 1  = k3 (1 - k r E B H  
~ ~ ( E E R H  + EH) + &(EEH.  + EBH) + ~ ( E E  + E d  (A 37) 

Under “ordinary” conditions of the experiment, 
E B ,  EBH >> E E ,  EER, EERH 

With this additional experimental condition, one ob- 
tains from (A 35): 

T 1 - l  = k l E B  + kZEBH 

and from (A 37)) after rearrangement and use of (33) 
of the main text: 

(A 38) 

(A 39) 

7 2 - 1  = kt(1 + EH/KER,H)-~ + ~ ( E E  + E R )  (A 40) 

With (A 2) and (A 3), the former experimental condi- 
tion CEO = CRO leads to E E  = &, SO that 

One may now substitute the expression (A 7) for CR 

and incorporate K E , R  = k3/lk4 (compare (32) and the 
definitionofKi,,+ similar to (17)).  

After some rearrangement one obtains upon squaring: 

(A 42) 

Multiplying out gives an expression which at  constant 
CH is a linear function of the analytical concentration 
CRo: 

A linear plot gives the first term as intersection with 
the ordinate, while the intersection with the abscissa 
leads to 

Unfortunately, the large range in cH.o to be covered and 
the squaring of the reciprocal time constants make an 
evaluation of this type somewhat difficult, and especi- 
ally so since KE,,% is comparatively small to the values 
of cR0 used in these experiments. Such an evaluation 
could therefore not be made with the experimental 
results of this investigation. 

Relation (A 38) may no longer be fulfilled a t  very 
low and very high E H .  Here E” is very small at  very 
low Ea,  so that, if ki = k2 (which may be assumed ap- 
proximately), klEB > > KPEBFI, by which (A 37) simplifies 
to 

7 2 - 1  k3 f k I ( E E  + ER) (A 45) 

This is the same expression to which (A 40) simplifies 
for KE,,, > > En. 

A t  very high &, EBH is very large and E E R  extremely 
small. Thus equation (A 37) becomes (incorporating 
EE = E R ) :  

One realizes for the second term in (A 46) that it ap- 
proaches zero upon substitution of ER by (A 7), with 
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increasing CH. 
and CBE -* cBO, SO that 

But also for very large CH, ZF,I(H - C I ~ O  

72-1  -, kB K&H . (A 47) KB.H CB’ 

For glycylglycine as buffer, KB,H = 10-8, so that K1.2 
= K E R , g K B , H - ’  = 1. In the experiment of Figure 4, 

cR0 = 6.10-6 M and cB0 = 4.6.10-3 M. Thus, at very 
high E H  

+ kl X 1.3 X = 0.31 sec-l 

This limiting value is only of theoretical interest, as a 
buffer can no longer be considered in its buffer range 
when cR0 > E B .  Even much before cR0 = cB0 is reached, 
it is expected that self-buffering of the enzyme moiety 
sets in. This would add further demands to ZERE in 
(A 46), leading to a much larger limiting value for r2-l  

than derivable from (A 47). A quantitative expression 
for this limit cannot be given until one knows the 
details of the protonic dissociation constants of the 
enzyme. It is also possible that dissolved CO, could 
act as buffer, but it could be excluded by the use of N2. 

Thermodynamics.-The change in fluorescence due to 
chemical relaxation is given by 

AST = A S R  + A S E R  + A S E R H  (A48) 

where each individual ASu is related to its Acy by 
ASu = ty ACY 

Explicit expressions for the three concentration changes 
(A 49) 

not appear in (A 53)) (A&)I = 0. 
the interrelationship 

Otherwise, one has 

( A E E R A ) ~  = ( A E B ) ~  = - ( A E B H ) ~  = - (AEER)L (A 55) 

which together with 

results in 

and 

For the total change involving both relaxation times 
r1 and r p ,  the combination of equations (A 5 3 )  and (A 
54) leads to the individual changes of equilibrium con- 
centrations. The interrelationships among the (A&)? 
terms are then (similar to A 15 to A 18): 

( A E E R H ) 2  (AEB)Z - (AeBH)2  (A 59) 

(A&), = (AEEIz  (A 60) 
( A E E R ) ~  = - ( A W Z  - ( A E E R H ) ~  (A 61) 

Using these relationships together with (A 56) and 
solving for the three concentration changes gives: 

EERH 

Ac1- have already been given by equations (A 25) ,  
(A 26), and (A 27) .  If the relaxation processes are 
sufficiently separated, one could distinguish a fast A S l  
from a slow AS, with 

While 4S1 contains all terms with r l ,  AS2 contains all 
terms with r2. The latter change is detected in the 
experiments, so only AS, may be considered6 and one 
obtains, with the above-mentioned equations 

A ~ T  = AS1 + ASz (A 50) 

= ( ~ E R H A I ~  + 9 ~ ~ 4 2 2  + ~ E R A B ~ )  exp( - t /d  (A 51) 

The coefficient in front of the exponential term repre- 
sents the total observable change in fluorescence signal 
due to chemical relaxation with r?; it is AS?.  

The factors ASi are concentrations and have to be 
connected to equilibrium concentration changes of the 
system. For this purpose, one first writes (see equa- 
tion 33) : 

Similarly, one obtains from equation (32)  : 
A K ~ . ~  AEER AEE AER 

For the fast relaxation process one has to use only 
(A 53) to solve for the individual As AER does 

6 This actually means, with respect to Figure 1, that the 
initial Etep before the visible relaxation process contains 
both A S ,  and A S ,  (no dependence upon time is assumed to 
be left in the observation range of 7 2 ) .  

(A 54) - = _ _  
Ki.3 EER EE ER 

(A 64) 

The individual concentration factors A, ,  of (A 51), 
referring all to the slow relaxation process with r2 ,  are 
then: 

Ai2 = ( A ~ E R H ) ~  - ( A E E R H ) ~  (A 65) 

A?? (&?R)I - ( A E R ) ~  (A 66) 

As? = ( A E E R ) ~  - ( A E E R ) I  (A 67) 

Thus, A& becomes an extremely complex expression, 
since at least two of the equations (A 5), (A 6), and (A 
7 )  must be incorporated. But a crude estimate can 
be made, especially since the results are rather crude 
in themselves and do not warrant precise description. 

The main fluorescence signal comes from ERH 
(as “approximately” TERH >> TER,  T R ) .  At high E H ,  
therefore, only A, ,  may be considered. At high EH 
almost all DPNH is bound to enzyme, so that one 
may assume here K E , R  > > 2Cn, which in turn shortens 
the numerator of (A 62). A t  high E H ,  CH >> K E R , H  

also, which leads to a very small expression for (A 57) .  
The diminishing effect of EH in the denominator of 
(A 62) is partly compensated by the factor ~ & / K E , R  
(compare with A 7 ) ,  so that ( A C E R H ) ~  may be neglected 
compared to (A&,ttl)2. Thus, A& = TERB(ACERH)S .  
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Inserting (1 + p )  for the denominator of iA 62) and 
using 

and 
XAH = AHH,II - A H ~ , I ~ , I ~  - A H + , I ~  (A681 

leads to 

(A 69) 

This last equation may be used for a crude relative 
evaluation of enthalpies as demonstrated in the main 
part under Thermodynamics. 
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Studies have been made of the mechanism of biosynthesis of the gramicidin and tyrocidine 
polypeptides, with ribosomes and various soluble preparations, derived from sonic extracts of 
Bacillus brevis. The pathway of L-amino acid utilization appeared to proceed through the 
following stages: activation via the adenylate, incorporation into soluble RNA, and transfer 
from aminoacyl-s-RNA to ribosomes. While D-amino acids were readily activated, they were 
poorly incorporated into s-RNA, and the possibility of an alternate type of carrier for these 
D-iSOmerS was explored. Experiments with mixed fractions from two different strains of B .  
brevis revealed that a soluble factor, distinct from amino acid-activating enzymes and from 
phenol-extractable RNA, controlled the specificity of polypeptide synthesis. 

is now a strong body of evidence in support 
of the pathway of protein biosynthesis formulated by 
Zamecnik (1962). By contrast, no requirement has 
been established for soluble’ RNA or ribosomes in the 
formation of glutathione (Lane and Lipmann, 1961), 
uridine nucleotide peptide (Strominger, 1962), or y- 
glutamyl polypeptide (Leonard and Housewright, 
1963). 
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1 This term is used for convenience, to refer to  the RNA 
possessing both amino acid “acceptor” and “transfer” 
functions. 

The cyclic polypeptides with antibiotic properties, 
found in a variety of microorganisms, provide additional 
attractive model systems for the study of mechanisms 
of peptide-bond synthesis. Two papers (Uemura 
et al., 1963; Okuda et al., 1963b) dealing with cell-free 
preparations from Bacillus brevis (Dubos-Hotchkiss 
strain) have revealed that the process of gramicidin 
and tyrocidine biosynthesis resembles protein synthesis 
in its requirement for both particulate and soluble 
cellular components, and in its dependence on ATP, 
magnesium ions, glutathione, and an amino acid mix- 
ture. Polypeptide, as well as protein formation was 
completely inhibited by chloramphenicol and by puro- 
mycin. The synthesis of gramicidins and tyrocidines 
could be measured by incorporation experiments with 
isotopic L- and D-amino acids, or by a net increase in 
antibiotic activity. In either case the newly formed 
peptides were shown to be attached to ribosomes. By 
employing combinations of ribosomal and supernatant 


