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The successful application of the theory of ab­
solute reaction rates to the quantitative interpre­
tation of bioluminescence2'3 encouraged this at­
tempt to analyze bacterial respiratory processes 
in a similar manner. Such an analysis supports 
the views that: (a) the respiratory rate of "rest­
ing cells" of Rhizobium trifolii is affected by an 
equilibrium between catalytically active (native) 
and inactive (denatured) forms of the respiratory 
enzymes, an equilibrium of increasing influence 
from temperatures slightly below to those ex­
ceeding the normal optimum; (b) ethyl carba­
mate (urethan) inhibits respiration by promoting 
the reversible denaturation of one or more of 
these enzymes as well as an irreversible denatura­
tion that is evident at the higher concentrations or 
temperatures. 

Methods 
Cultures of Rhizobium trifolii, Wisconsin strain 209, 

were grown for forty-eight hours at 30° on a yeast-water, 
mineral salts, agar base medium without added carbo­
hydrate; suspensions of non-proliferating cells were pre­
pared as described by Wilson.4 Errors arising from varia­
tions among cultures harvested at different times were 
minimized by the use of a single refrigerated suspension for 
related experiments. Oxygen uptake was measured in 
a Warburg respirometer and expressed as (?oi(N). The 
contents of the flasks were: 1.0 ml. Af/15 mixed phos­
phate buffer (pH 6.5), 0.5 ml. neutral urethan solution 
(to give a final concentration of 0.167, 0.2, 0.25 and 0.33 
M); 1.0 ml. bacterial suspension; 0.5 ml. M/25 glucose; 
and 0.15 ml. 20% potassium hydroxide in the inner cup. 
When urethan was omitted, water was added to bring the 
final volume of liquid to 3.15 ml. The rate of methylene 
blue reduction was determined in special Thunberg tubes 
by the method of Tam and Wilson.6 The contents of the 
tubes were: 1 ml. 1:10,000 MB, 1 ml. M/50 glucose, 3 ml. 
mixed phosphate buffer (pH. 8) and 3 ml. water. One 
ml. cell suspension and 1 ml. neutral urethan solution (to 
give a final concentration of 0.167, 0.20 and 0.25 M) 
were placed in the hollow stopper; when urethan was 
omitted, 1 ml. of water was added. The tubes were evacu­
ated for three minutes with a water pump. Color in­
tensity was measured with the Evelyn photometer using a 
660 filter. The logarithm of (log T0 - log L) plotted 
against time gives a straight line, the negative slope of 
which measures dehydrogenase activity. In this expres­
sion I0 is the galvanometer reading after complete reduc­
tion, and I1 is the reading at any time, t. 

Normal Relations Between Temperature and 
Respiratory Activity 

Theory.—Temperature affects the respiratory 
enzymes of "resting" root nodule bacteria, as it 
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does other enzymes, in two general ways. Sub-
optimal temperatures influence predominantly 
the rate of the enzyme-catalyzed reaction whereas 
superoptimal temperatures affect primarily the 
denaturation of enzymes. The fact that a sus­
pension of Rhizobium, when kept for a limited 
time at temperatures below or slightly above the 
optimum, still respires as actively as a freshly pre­
pared dilution of the stock suspension stored in 
the refrigerator suggests that at these tempera­
tures enzyme inactivation, if it occurs at all, is 
entirely reversible. Designating the native and 
denatured state of a given enzyme as En and Ed, 
respectively, such a relationship can be repre­
sented by the following equilibrium with constant 
^ i 

En ^ ± T Ed (1) 

Where this equilibrium between native and de­
natured forms of the enzyme exists, and other 
factors, such as substrate concentration, are not 
limiting, the following equation6 (equation 24 in 
Johnson, Eyring and Williams7) should fit the 
data when the observed enzymatic activity is 
determined at various temperatures 

CTe-AHt/RT 
II = i + g-MIi/RTe&S/R W 

in which Ii is enzyme activity, for example the 
rate of oxygen uptake or MB reduction, C is a 
constant,8 &H% is the energy of activation for 
the enzyme-catalyzed reaction; and AiIi, ASi 
are the heat of reaction and entropy, respectively, 
for the denaturation equilibrium. The formula­
tion applies to a given enzyme system, and is 
precisely applicable, therefore, to a single system. 
It is approximately correct when the over-all ef­
fects occur in the manner of a single system, as 
when one member of a series is largely limiting. 
In a complex process, the validity of the theory 
is tested by its conformity to the data. 

To apply this equation, values for AHJ, AHi, 
ASi and C are estimated, as follows: If the loga­
rithm of 11 is plotted against 1/T, the apparent 
value for AHJ is obtained by multiplying by 
4.6 the slope of the line that best fits the ex­
perimental points from the low temperatures to 
where it deviates in approaching the optimum. 
The value of AiJi is more difficult to establish, 

(6) Derivations of the equations in this paper are omitted since 
these, together with theoretical considerations, are readily available 
in references (2) and (3) and the recent paper by Johnson and Lewin, 
J. Cell. Comp. Physiol., 28, 47 (1946). 

(7) Johnson, Eyring and Williams, ibid., 20, 247 (1942). 
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e&SX/Rt and K k/h, in which K is the transmission co«£5citat, k is 
the Boltvmann constant, and h is Planck's constant. 
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but can be estimated by adding, disregarding 
signs, the value for AJJ£ to the value obtained 
when the decreasing slope in the region between 
about 20 to 40% of the maximum rate is multi­
plied by 4.6. A more nearly correct value of 
AiIi may be arrived at by calculating the whole 
curve, using values slightly higher and lower than 
the one first estimated, to see which value best 
fits the experimental points. The theory presup­
poses that the enzyme-catalyzed reaction obeys 
the Arrhenius equation over the entire tempera­
ture range and that denaturation interferes to an 
extent sufficient to yield a positive slope at higher 
temperatures. When AiJJ and AiJi are deter­
mined, ASi is calculated from9 

K1 = e -AHi/RT6ASi/R (3) 

At the optimum temperature (i. e., when Ji = 
100) Ki is estimated from9 

AiJJ + 600 
Ku (4) Ai?i - Ai I t - 600 

Once ASi is known, Ki can be calculated for all 
other temperatures. Finally, C is determined by 
substituting these values of ASi, AJJi and AJJt in 
equation (2). 

Experimental.—Theoretical and experimental respira­
tory activities of Rhizobium trifolii 209 at various tem­
peratures, in the presence and absence of urethan, are 
compared in Figs. 1 and 2. For oxygen uptake AiJ+ 
and AiJ1, calculated from the slopes of the 0.0 line in Fig. 
1, were estimated to be 13,400 and 96,000 calories. The 
optimum temperature was 37° (i. e., Ii = 100 at T = 
310). Accordingly from equation (4), i^ima* = e -1-767. 
When this value is substituted in equation (3), ASi — 
306.14 entropy units, and from equation (2), C = 0.3775 
e2i.«i. Accordingly, theoretical values for Ji a t various 
values of T in absence of urethan can be calculated from 

Ji = 
0.3775re21-6 'e-6 '700/ r 

1 _L 0l68.O7g-48,OOO/r (2a) 

The corresponding values for MB reduction (Fig. 2) 
are: AHt, 13,600 calories, AHU 126,000 calories, ASi, 
399.72 entropy units, C, 0.3613 e21-79, optimum T, 312 
(39°), and 

= 0-3613re21-79e-6.8°°/r 

^1 ~ J ^ . gl99.86g-63,000/r ^- °> 

(9) Dr. Eyring supplied the derivation of this to one of us (F. H. 
J.). From equation (2) one writes 
In I = In C + In T - AHt/RT -

In (1 + e-WRTgLS/R) 
Differentiating with respect to T 

Since 

d l n i 
d T 

1 

r 

d i n / 

AiJt 
T RT1 

e 
1 + 

•AHi/RTg\S/R 

g - AHi/ RT6AS /R 

K1 = e - 4 H l / R V 5 / R 

- i ,. AHt KiAHi 

AHi 

RT' 

RT*(1 + K1) 
When Ki is a maximum (optimum point of curve) 

d In I/dT = 0 
Then 

0 = RT + AHt ~ -KimM (.AHi)Z(I + Klmtx) 

Km 

or approximately 

AHt + RT 
AHi - AHt ~ RT 

AHj + 600 

The agreement between theoretical and observed values of 
Ji in the absence of urethan is remarkably good, on the 
whole, for the temperatures between 15-18° to 42-44°, 
indicating that the theory and data are in accord. 

Temperature and Respiratory Activity in the 
Presence of Urethan 

Theory.—It has been shown previously3 that 
urethan inhibits bioluminescence by combining 
reversibly with the denatured form of luciferase 
with equilibrium constant designated Kz, or with 
the native form with equilibrium constant KiK3. 
The same product results in either case, and there 
is no physical way of distinguishing between the 
two 

Ki 

E ^ '.Ed 

**\w*^* (5) 

E U ' 

AiJ1 - AJJf - 600 

The net effect of temperature on urethan inhi­
bition is thus determined by the values of the 
equilibrium constants Ki and K3. Since urethan 
apparently combines with bonds which become 
available in the denaturation, it acts as if it pro­
moted this reaction. Thus raising the tempera­
ture leads to an increase in inhibition, a lowered 
optimum temperature, and a decrease in the ap­
parent activation energy of the over-all process. 
To test whether urethan affects oxygen uptake 
and MB reduction in this manner, we apply the 
following equations (17 and 18 in reference7) 

(J , / /2 - I ) ( I + l/Ki) = K3U- = u>e-AH,/RTeAS'/R 

(6) 
1OgJ(J1AT2 - I ) ( I + IAST1)) = - AH3/2.3RT + 

AS3/2.3R + S log U (7) 

In these equations J2 is the rate of oxygen up­
take or MB reduction after the addition of ure­
than'; AJJ3, AS3 are the heat of reaction and en­
tropy, respectively, for the equilibrium with con­
stant K3, existing between the denatured respira­
tory enzyme and urethan; U is the molar con­
centration of urethan; and s, the number of 
urethan molecules combining with each denatured 
enzyme molecule. 

A straight line, obtained when log {(Ji/J2 — 1) 
(1 4- 1/J?i)} is plotted against 1/T implies that 
urethan inhibits respiratory activity by the de­
scribed mechanism. The slope of this straight line 
multiplied by 4.6 estimates AiJ3. If log (J1/J2 — 
1) plotted against log U gives a straight line, its 
slope measures the average number of urethan 
molecules combining with each enzyme molecule 
(cf. with equation 23 in reference7). At a given 
temperature, T, the value of Ki can be calculated 
from equation (3); since AiJ3, s, U and the ex­
perimentally determined values for (J1/J2 — 1) 
are known, AS3 can be estimated by substitution 
in equation (6). These values can then be used in 
equation (8) to calculate urethan inhibition at 
various temperatures and concentrations. Equa-
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Fig. 1.—Relation between temperature and rate of oxy­
gen uptake by Rhizobium trifolii in the presence and ab­
sence of urethan. The maximum intensity (Qo2(N) = 
635) has been set equal to 100 and the remaining data ad­
justed to this scale. In both Figs. 1 and 2 the experi­
mental points represent the average of at least three de­
terminations. The theoretical curves (solid lines) were 
calculated as described in the text. 
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Fig. 2.—Relation between temperature and rate of 
methylene blue reduction by Rhizobium trifolii in presence 
and absence of urethan. 

tion (8) is obtained by solving equation (6) for I2 

I1 

1 + I + K1 

h (8) 

With the aid of equations (2) and (8), h and I2, 
the respiratory rates at various temperatures in 
the presence and absence of urethan can be pre­
dicted with a fair degree of accuracy. Inasmuch 
as these equations are based on the premise that 
all reactions involved are completely reversible, 
calculated values of I\ and I2 agree with experi­
mental values only under conditions which exclude 
irreversible denaturation. At temperatures well 
above the optimum, or at lower temperatures in 
the presence of high concentrations of urethan, 
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Fig. 3.—Urethan inhibition of oxygen uptake by Rhizo­
bium trifolii as a function of temperature plotted accord­
ing to equation 7. 
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Fig. 4.—Urethan inhibition of methylene blue reduction 
by Rhizobium trifolii as a function of temperature. 
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differences between the theoretical and observed 
temperature-activity curves are to be expected, 
because determinations with reference to the re­
versible denaturation alone measure, to some ex­
tent, also an irreversible denaturation. 

0.2. 0.4 0.6 0.8 
Molar concn. of urethan. 

Fig. 5.—Inhibition of oxygen uptake by Rhizobium 
trifolii at different temperatures as a function of urethan 
concentration. 
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Fig. 6.—Inhibition of methylene blue reduction by 
Rhizobium trifolii at different temperatures as function of 
urethan concentration. 

Experimental.—Figures 3 and 4 show the relationship 
between temperature and urethan inhibition of oxygen 
consumption and MB reduction, respectively, plotted 
according to equation (7). The relationship deviates 
from a straight line at temperatures above the optimum; 
the greater the urethan concentration the greater the devia­
tion. The slope changes in the direction of additional 
inhibition suggesting that , at the higher temperatures, an 
irreversible denaturation accompanies the reversible in-
activation. These effects resemble those observed in the 
action of urethan on luminescence. In the present study, 
the slopes of the straight line portions indicate a AH3 of 
— 85,000 calories for urethan acting on oxygen consump­
tion, and —118,000 calories on MB reduction. 

Figures 5 and 6 illustrate typical relationships between 
concentrations of urethan and inhibition of oxygen con­
sumption and MB reduction, respectively, at three cem-
peratures. Similar lines were obtained for the other ex­
perimental temperatures. The slopes of the lines for 
oxygen consumption vary uniformly from 1.3G at 18° 
to 3.20 at 40°, and for MB reduction from 1.2S at 15° to 
3.88 at 42°. Since these slopes are numerically equal to 
5—the average number of urethan molecules combining 
with one enzyme molecule—it is evident that this number 
increases with a rise in temperature. The interpretation 
is likely the same as that given to the corresponding ob­
servation in luminescence—that more than one equilib­
rium is established between urethan and enzyme. An 
appropriate equation has been derived,3 but its application 
is laborious because AH, AS and s, of the separate equi­
libria involved in the net result are difficult to estimate. 
The theoretical predictions of the rates of oxygen consump­
tion and of MB reduction can be made with some accuracy, 
however, assuming only a single equilibrium, with an aver­
age value of s and the values for AH3 obtained from Figs. 
3 and 4. Variations in the assumed value of s, from 1.5 
to 3, cause only 1 to 2 % variation in estimating AS3, 
but markedly influence the course of the theoretical curves 
calculated for various concentrations of urethan. 

For respiration, s was taken as 2.25. The entropy, 
AS3, was then calculated from the experimentally observed 
values of / , and T2 (0.2 M urethan at 300 0 K ) . 

(3a) 
{IJh - 1) = 0.455 (0.2)2-25 = e~3-< 

J{ — g-96,000/600^306.14/2 = g-6.83 

(1 + IfK1)[IJh - 1) = 466 = e6-ls 

g6.15 — g-3.62eS6,000/600gASl/.R ( 6 a ) 

AS3 = - 2 6 3 . 8 e. u. 

Similarly for methylene blue reduction, at 308° K. and 0.2 
M urethan, when s was taken as 2.5, 

(h/h - 1) = 0.77 (0.2) 2.6 — ,»-4.02 

(3b) 
J^ = g—1S8,000/616^399.72/2 = g-4.68 

(1 + 1/K1)[IJh - 1) = 84.0 = e^* 
e4.43 _ g-4.02gHS,000/616gASl/.R ( 6 b ) 

AS1 = -366 .2 e. u. 

AU the unknown constants of equation (8) having been 
calculated from the experimental data, the family of 
curves relating respiratory activity to temperature in the 
presence of various concentrations of urethan can be 
determined. Uptake of oxygen depends on temperature 
and concentration of urethan according to 

h = 
/ i 

p— 48,000/ r«15 3.07 »-42.500/ Tp-131.9 

J _L g-4s,OQ0/Te153.07 

h 
(8a) 

1 + 
g-6,500/rg21.13 

J _L_ Q- 48,000/TgISS.07 IP-

in which Ii has already been calculated by equation (2a). 
Similarly, for the reduction of M B : 
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J 2 g - 63,0OO/Tgl99.86g-69,0<KI/re- 183.1 

> 1 _L g-BS,0m/TelS3.m 

I1 W 
„ - 4,000/ r ,16.76 

I -I ! _ 772.50 
' 1 _j_ g-63,000/Tg198.86 " 

in which Ii has been calculated by equation (2b). 

Discussion 
A comparison between the theoretical and ex­

perimental points in Figs. 1 and 2 indicates essen­
tially good agreement at suboptimal temperatures, 
and at the lower concentrations of urethan. At 
temperatures above the optimum, especially in 
higher concentrations of urethan, the predicted 
rates are generally too high. These facts suggest 
that the discrepancies are, in part at least, due to 
an additional inhibition, possibly an irreversible 
denaturation, that is not taken into account by 
the theory. Possibly for the same reason, the ex­
perimentally observed lowering of the optimal 
temperature in the presence of urethan is not 
predicted by the calculated curves, although such 
a prediction in change in optimal temperatures 
would result with a greater difference in the con­
stants AHi and ASi in comparison with AiJ3 and 
AS3, respectively. I t may be significant also that 
the experimental points at 18° in Fig. 1 and at 15° 
in Fig. 2 are high in comparison with the theore­
tical curve. The interpretation is uncertain, how­
ever, and would require further studies through a 
range of still lower temperatures. 

The similarity between AH| values for oxygen 
uptake and MB reduction (13,400 and 13,600 cal­
ories, respectively), in addition to the observation 
that the inhibition of both processes by a given 
concentration of urethan and at a given tempera-

Since it has been well established that the /3-
phenylethylamine skeleton is closedly associated 
with sympathomimetic activity, it was of inter­
est to determine how this relationship would be 
affected by a replacement of the phenyl nucleus 
by a cyclohexyl radical. 

Though a large number of compounds contain­
ing a /S-cyclohexylethylamine grouping have been 
prepared in the antispasmodic field,1'23'4 only a 

(1) Presented before the Division of Medicinal Chemistry at the 
American Chemical Society meeting, Chicago, Illinois, September 13, 
1946. 

(Ia) BIicke and Monroe, T H I S JOURNAL, 61, 91 (1939). 
(2) BIicke and Zienty, ibid., 61, 93 (1939); 61, 771 (1939); 61, 

774 (1939). 
(3) BIicke, U. S. Patent 2,180,344, Nov. 21, 1939. 
(•O Hera , U. S. Patent 2,278,123, March 31, 1942. 

ture is nearly the same, suggests that the anaerobic 
dehydrogenase is very largely the limiting system 
in the total oxygen consumption and that the 
action of urethan is primarily on that system. 
Differences in the values of AiJ3 and of AS3 for 
oxygen uptake and MB reduction possibly origi­
nate, in part, to differences in pH of the me­
dium used. In view of the relatively anaerobic 
conditions which exist in the nodules, the impor­
tance of dehydrogenases in the respiratory mech­
anism of root nodule bacteria is plausible. A frac­
tion of the total oxygen consumption probably 
goes through a urethan-insensitive system as the 
inhibition of oxygen uptake was somewhat less 
than that of MB reduction. 

Summary 
Respiratory experiments with Rhizobium trifolii 

209 suggest that urethan inhibits its uptake of 
oxygen and reduction of methylene blue by in­
fluencing a denaturation equilibrium that exists 
between native and denatured enzymes. At sub-
optimal temperatures urethan promotes the re­
versible denaturation of one or more critical en­
zymes, thus decreasing the concentration of active 
catalysts. As the temperature is increased beyond 
a threshold value that varies with the concentra­
tion of urethan, this reversible denaturation is in­
creasingly accompanied by an irreversible dena­
turation, and the inhibition by urethan becomes 
progressively more pronounced. 

The fact that this interpretation agrees satis­
factorily with the quantitative implications of the 
theory of absolute reaction rates provides further 
evidence for the applicability of that theory to 
general biological problems. 
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comparatively few of them have been pharmaco­
logically investigated for sympathomimetic ac­
tivity.6'6'7 

Therefore, we prepared for further physiological 
study the series of 0-cyclohexylalkylamines listed 
in Table I. Of this series, the syntheses of I, II, 
III and IV only have been described previ­
ously. W'10 

(5) Gunn and Gurd, J. Physiol., 97, 453 (1940). 
(6) Shonle and Rohrmann, New York Meeting of the American 

Chemical Society, Division of Medicinal Chemistry, 1944. 
(7) Lands, Lewis and Nash, J. Pharmacol. Expll. Ther., 83, 253 

(1945). 
(8) Wallach, Ann., 363, 284 (1907). 
(9) Coleman and Adams, T H I S JOURNAL, 64, 1982 (1932). 
(10) Leveoc, Mikeska and Pasaoth, J. Biol. Chtm., S8, 27 

(1830). 
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