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SEVEN PFIGURES

According to evidence recently obtained with luminous bacteria, a
thermodynamic equilibrium between catalytically active and inactive
forms of certain enzymes appears to exist normally within the living
cell. This equilibrium has temperature and entropy characteristics
resembling a protein denaturation. It is apparently a determining
factor with regard to the optimum temperature for luminescence in a
given species. In addition, it is sensitive to hydrostatic pressure and
apparently also to certain narcotics. The quantitative data and theo-
retical considerations which support this hypothesis have been discussed
at some length in previous papers (Johnson, Brown and Marsland, 42,
a, b; Brown, Johnson and Marsland, ’42; HEyring and Magee, ’42;
Johnson and Chase, '42).

The purpose of the present study has been to extend the data and
theory concerning the temperature relations of bacterial luminescence
intensity in order to elucidate further the significance of the phenomena
observed in both normal and inhibitor-containing cell suspensions. Par-
ticular reference has been made to the action of sulfanilamide, whose
inhibition of luminescence may be reversed to a large extent by increase
in temperature. The action of urethane also has been investigated
further, since its inhibition is partially or wholly reversible with in-
crease in hydrostatic pressure. In this effect, the urethane inhibition of
luminescence resembles that due to heat alone, which is also reversible,
in part, by pressure. The action of all these inhibitory agents is related
to the optimum temperature of luminescence in the specific organism
concerned. The results of the present study make it possible to evaluate
more clearly biological differences in the velocity-temperature relations
of a given process, and to designate more precisely the action of added

* These studies have been aided, in part, by a grant to one of us (F. H. J.) from the Penrose
Fund of the American Philosophical Society.
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inhibitors. Furthermore, the simple formulations arrived at are of
general use in testing the conformity of inhibition data to specific types
of combination between enzyme and inhibitor.

METHODS

The various species of luminous bacteria were cultivated at their
respective optimum temperatures on nutrient agar containing the
optimum concentration of NaCl, as described in previous publications.
Essentially the same method as heretofore was also used for measuring
luminescence, with the aid of a modified Leeds and Northrup MacBeth
illnminometer. A large amount of stock suspension was prepared in
phosphate buffered NaCl and maintained at a low temperature for each
experiment. The luminescence of 10 ce. portions, with and without
inhibitor, respectively, was measured in a water bath. Frequent re-
newal of the specimens from the stock suspension were necessary at
temperatures well above the optimum, because of the irreversible,
thermal destruction which proceeds rapidly at the higher temperatures.
With very short exposures, however, followed by immediate cooling,
luminescence could be reduced to as little as 5% of the maximum, in an
almost fully reversible manner on cooling. This important reversibility
of heat diminution of luminescence intensity was confirmed for each
species, and with each inhibitor.

THEORETICAL BASIS

The following considerations apply to changes in the velocity of an
enzyme reaction arising from changes in the amount of active catalyst.
In accordance with the evidence described in the previous publications,
we will assume that the reversible heat diminution of luminescence
intensity occurs through a reversible ‘“‘denaturation’’ or inactivation of
the luciferase, in which the native enzyme (A,) goes to an inactive
form, (A,) with equilibrium constant K,. The velocity (I) of the reac-
tion catalyzed by the active enzyme is equal to a rate constant, k,,
times the product of the substrate (LH,, luciferin) and the enzyme
(A,, luciferase) concentration. A proportionality constant (s) allows
for the units employed. The above notation is appropriate to the
luminescent system, in which the intensity of the light under ordinary
conditions 1s evidently proportional to the over-all velocity of the
reaction. The theory, however, is general. Thus, we may write:

1, = sk, [A,] [LH,) (1)
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Since the amount of A, is normally assumed to depend on the equi-
librium with an inactive form, A,

[A4]

A =K ()
Letting g represent the total luciferase, A, 4+ A, we have
A,=g/l+K, (3)
and
I, = sk,g[LH,]/1 + K, (4)

Let X represent the concentration of added molecules that combine
reversibly with A, or A, Let r represent the number of molecules
combining with each molecule of A,, and s the number combining with A,.
The following equilibria then obtain;

K,
rX 4 A, = +
I "
X, ‘ | K (5)
K, |
A X, = A X+ (rs) X

In the absence of X, this redueces to the simple equilibrium (‘)) In the
presence of X, the total luciferase becomes
g= A+ As+ AKX, + AKX, (6)

The several equilibria may be designated thus:

. [Aq]/TAL] = Kay; [AX]/[X]7 [A] =Ko [AX])/[X]° [A] =K.K, (M
ence, :
. g =[A.] + [AJK + K[X]" [A,] + KK, [X]* [A.] (8)
an
Y S — (9)

A 1+ K, + K.X* + KK X®

Assuming that only A, is catalytically active, let 1. equal the new
velocity in the presence of X. Then, from (4) and (9), omitting

brackets,
sk, g LH,

L= ki RX £LKKX (10)
and

1L _ 14K+ KX +KKX* (11

I, 14+ K,

This is the general form of the relation for the ratio of velocities before
and after adding molecules which enter into a reversible combination
with native and denatured forms of the enzyme. Among a diverse group
of substances it might be expected that various types of combinations
would take place. Some, for example, might combine without reducing
catalytic activity. Others might reduce the velocity of the reaction by
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forming complex equilibria with both native and denatured forms, with
K, different from K,, and r different from s. These possibilities could
also be formulated, but they will not be considered further in this paper,
since the examples specifically dealt with in the next section lend
themselves largely to a simpler interpretation. We will, therefore, re-
strict the discussion to three possible types of inhibitor-enzyme com-
binations, as set forth below.

Type 1. The inhibitor combines indiscriminately with both native
and denatured forms of the enesyme: K,—K,, and r =3

In this case, the general expression for I, simplifies to

L . Skg@H) 12
= "1 FK) 14+ KXT) (12)
Dividing I, by I, we obtain,
- A8, — AT,
I/L=1+KX =1+e _—R—fr@ e ’121" Xr=1+e '_RTFT‘ Xr 13)
. —AE  —pAV _ AS _,
=lte-pp-e—gp-©¢ g X

Subtracting 1 from both sides of equation (13), and taking the
logarithm, we have

log (L/T—1) = gt — Shoamn + sgosm o (18
Here AV is the increase in volume in going from the initial to the final
state in the reaction, A, +rX < A, X,. Since the slope obtained by
plotting AF against p is AV, if we plot logy,, (I,/I,—1) as ordinate
against p in atmospheres as abscissae, the slope is AV/4.606T. If in
this slope the quantity RT be introduced in c.c. atmospheres per mole,
the change in volume, AV will be expressed in cc’s. per mole. If log
(T,/T,—1) be plotted against the reciprocal of the absolute tempera-
ture, the slope of the line gives the heat of reaction, AH,, for the
equilibrium set up by the inhibitor with the enzyme. The expression

AS, PAV,
33038 Z.30sRT T8 X
reduces to the entropy if p is small, of the order of an atmosphere, and
if (X) is equal to 1 molar. Finally, if log;, (7. —1) be plotted against
log,,X, the slope of the line is r, the number of molecules of the in-
hibitor combining with the enzyme.
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Type 11. The inhibitor combines only with the denatured form
of the enzyme: K, — O
Here, A — g
T 14 K+ KK XY
*g_[ngHg]

r= ek TR TRET (15)
Dividing as before,
L/I, =14 K, + KKX/1 + K, = 1 + K,K.X"/1 + K, (16)
whence,
I, 1y ... —AH, 48, _,
(—I—:——l) (1 + *Kj)“ BX=e ot e 2N X (17)
taking the logarithm of both sides we obtain
L ) ( 1y o _—AaH A8, —
m%(i: )14 %) = ssosmr T zaosm ToloEX = (1)
AE, pAV A8,
T 2303RT T 2303RT T 2303k T °1o8X

Thus, as before, by plotting the quantity on the left as ordinate suc-
cessively against 1/T, p, and log,,X as abscissa, all the quantities on the
right can be determined.

Type II1. The inhibitor combines only with the native form
of the enzyme: K, — O

In the case, A, = g(1 4+ K, + K.X"), and henee,
sk.g (LH,)

P IIR A RY (19
Consequently,
L1+ EA4EX , KX (20)
L 1+K, I+ K,
whence
I — r —AH, ZASf r )
(I{ 1) (1+K) =KX =e — - e "X (21)
and
5 —_ -_AHQ 7,482, o Y 20
Togu (i - 1) I+ KD = o3isrr T 2z0sn T rlogeX &3

If logy (I,/I,—1) (14 XK;) be plotted successively against 1,/T, p,
and X, the slopes make it possible to calculate AH,, AV, and r. Know-
ing these, AS, is readily calculated from (22).

It should be pointed out, as a corollary to Type III, that should a
substance combine with the native form without reducing catalytic
activity, it would be possible to influence the reaction governed by K,
in a manner so as to yleld more of the active enzyme. Possibly the
stimulating effects of specific ions on certain enzyme reactions may be
an example of such a combination. An increase in the over-all velocity
of the reaction would result from influencing the possible denaturation
equilibrium. The biologically interesting implications of this fact, how-
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ever, will not be considered further in this paper for lack of experi-
mental data in support of such a situation.

Certain changes in the optimum temperature of the reaction are im-
plicit in the theory developed above. The theoretical basis for these
changes has been formulated and will be given in a subsequent publica-
tion.

To test if an actual example fits type I, II, or 111, successive plots
are made of log (I,/I,—1); log (I,/I.—1) (14 1/K,) and log (I,/L,
—1) (1 + K,) against temperature. A straight line indicates agree-
ment with the particular type. If pressure data are available, the plot
may be made against pressure instead of temperature. In plotting log
(Iy/I,—1) against 1/T or against pressure, if the ordinate tends to
fall low only when 1/T is large or p is high, type 11 is indicated. In the
same plot, if the ordinate tends to fall low when 1/T is small or p is
small, type III is indicated. This follows from the correct form of the
ordinate in the three cases, and the fact that K, is small for low
temperatures and large for high temperatures; also, that K, is small
for high pressures and large for low.

It is interesting and important to note that in each of the above
cases, if log (I,/I, —1) is plotted against log X (i.e., log. concentration
of inhibitor) at constant temperature and pressure, a straight line rela-
tion results. Thus,

Ia, for type I, logw (I/I.—1) =1logw K, < rlog,X = log constant 4 rlog,X

K,
ITa, for type II, logy, (I/I,—1) =1logy K,

1+ K - 4 s log,, X = log constant + s log,;X (23)

K
I1Ia, for type III, logy, (I/I;—1) =loge + rlog, X = log constant 4 r log,, X

The slope of the line tells the number of molecules of X combining with
the catalyst. Only in Ia, however, would the intercept of the line repre-
sent the logarithm of the equilibrium constant. In II a, if K, is very
large, the constant obtained becomes Kj, while in ITa, if K, is very
small, the constant becomes K.,.

The results described in the above paragraph are of particular in-
terest in connection with the work of Fisher and collaborators (Fisher
and Ohnell, ’40; Fisher and Stern, ’42) who have plotted the log
7 poinhibited agamst log concentration of the inhibitor and found that in
many biological reactions straight lines' obtain over a considerable
range. Since the per cent uninhibited is the same as our I,, and the
per cent inhibited is the same as our I, —1I,, it is clear that they have
plotted as ordmates 1n our language, log (I,/(I, —I,) ). This is simply
the negative of log =1, which we plot. In this respect we are in essen-
tial agreement. From our previous discussion it is evident, however,
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that depending on whether they deal with type I, II, or III, they may
or may not be justified in interpreting their constants as equilibrium
constants. Only an analysis based on the effects over an adequate range
of temperature or of pressure can establish this fact. In the next section,
application will be made to experimental data. The sulfanilamide in-
hibition conforms largely to type I, and the urethane inhibition to
type 1I.
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Fig. 1 Relation between temperature and luminescence intemsity for various species of
bacteria and a fungus mycelium. The maximum intensity has arbitrarily been taken as 100,
and the data recalculated to conform to this scale. The lines represent the smoothed curves
drawn through a multitude of experimental points. Curve 1, hollow triangles, Achromobacter
Harveyi; curve 2, solid triangles, Vibrio phosphorescens; curve 3, open checks, Vibrio phos-
phorescens of Root (’32) ; curve 4, crosses, Bacterium phosphoreum of Morrison (’25); curve 5,
golid circles, Achromobacter Fischeri; curve 6, squares, Panus stypticus; curve 7, open circles,'
Photobacterium phosphoreum,

RESULTS OF EXPERIMENTS

““Normal”’ temperature relations of luminescence
i various species
In figure 1 the relation between luminescence intensity and tempera-
ture has been summarized for four different species of bacteria: A.
Fischeri, A. Harveyi, P. phosphoreum, and V. phosphorescens. The
maximum intensity has arbitrarily been taken as 100 in each case, in
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order to have a similar scale for comparing the phenomenon in different
organisms. Data for the mycelium of a luminous fungus, Panus
stypticus,? are also included. Finally, two examples have been re-
calculated from figures previously published, and also included.®? These
are for Bacterium phosphorescens (Morrison, ’25) and a strain of V.
phosphorescens (Root, ’32). The activation energies for luminescence
in the various species (AH?* for k,) are given in table 1, along with the
heats of reaction and entropies for the denaturation equilibrium (AH,
and AS; for K,) and certain other data where available. In obtaining
the normal activation energies (AH!) and heats of reaction of the
denaturation (AH,), the following equation for light intensity has been
employed: -

Inl = —1In1l/T — —+
n 1ne nl/ BT

AS, —
—1In (1 +e—R-— e )

This equation is the logarithmic form of equation (4), derived as
follows:

¢” Te —. AH%
T o= i@LH’ = . »c’k’ == ,,,‘,,,_‘._IE?T‘_“._... - (24)
1+K, 1+ K 14e A8 e-———AH
R RT

This equation is not adequate to give a perfect fit for theoretical curves
in relation to experimental data. The position of the maximum is ex-
tremely sensitive to the exact values assigned to AH and AS. It is for
this reason only that the values in table 1 are given to so many figures.
The theoretical curves tend to be too sharp at the maximum. This means
that the equation is too simple. Multiple equilibria between catalytically
active and inactive forms of the enzyme would ‘‘round out’’ these
curves. It would appear likely that multiple equilibria are indeed in-
volved, and responsible, in part, for the shape of the curves.

The various curves in figure 1 are, in general, remarkably similar.
They differ in two important respects: first, the position of the optimum
on the absolute scale of temperature, and second, the slopes of the
ascending as well as of the descending portions of the curves for dif-
ferent species. With regard to the optimum temperatures, it should be
noted that the total range for these species amounts to some 10°C. As

2 These data have not been published heretofore. They were obtained in connection with the
work of Johnson and Lynn (’40) which has appeared in abstract.

3 The recalculated eurves are subject to considerable error in slope at the extremes of tempera-
ture, because of the difficulty in obtaining accurate values for these regions of the cuxves from the
published figures. With regard to the identity of the several bacterial organisms, it is possible
that the species studied by Root and Morrison, respectively, are more or less closely related to

the strains employed in the present study. Sufficient facts are not available for deciding this
point.
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TABLE 1
Constants for the temperature-intensity relation of bacterial luminescence obtained in repeated
experiments with various species, and in the presence of sulfanilamide
and urethane, respectively.

| |
| ENERGY | Ky REVERSIBLE Ky EQUILIBRIUM
CONOCEN- O‘&i‘fg; ADEEDI;;;E}{RA- SULFXII;PL!:\HDE wliigq‘?;ggz;‘:g:l
SPECIES | EXP. INHIBITOR TRATION h B
(MOLAR) ‘ * ‘
AHE | AHL | 48, A, ASs AH, ASs
1ol e e 28,400 91,200{ 300
Vibrio Sulfanilamide | .003 31,400 |87,000| 284 | -—17,300 |—39.6
phosphor- | .., e
escens 3 Urethane 098 —70,000 | —204
Sulfanilamide: 002 —16,100 |—35.8
RS <... | 15,600 |71,000] 239.2 |
Sulfanilamide| .005 19,700 {68,000| 228.2 | —12,200 | —37.8
g | e ... | 22,200 ‘
Sulfanilamide | .0025 | 37,700 | —16,980 | —42.2
g | reeee e 22,500 |
Photo- Urethane .07 18,800
bae- | | e . 31,200
terinm 4 {Sulfanilamide| .005 26,200 —14,400 |—37.8
phosphor- Jrethane 075 34,200 —56,000{ —165
eam | co.. | 27,000
5 | p-aminoben-
zoice acid .0225 | 33,600 —20,300 |—56.6
...... e 13,200 170,000| 234
6 | p-aminoben-
zole acid 017 | 18,400 42,300/ 142 | —18,200 —350
Achromo-| .. cee. 127,000 ]69,600] 228
bacter ‘;Sulfanilamide 005 - 31,800 ;86,300| 781 | —18,500 | —31
Harveyi | i
A. L L. [.... 34,800 83,800 279
Fischeri Sulfanilamidel 00038 | 34,700 ;86,600! 286.6 | —14,950 | —31.7
Baeterium Single experiment | 22,440
phosphoreum
(Morrison, "25)
Vibrio phos- (average of 16 ex-
phorescens periments, 20 to
(Root, '32) 24 hour cultures) | 25,620
Vibrio phos- (average of 15
phorescens exps.; 14-18 hr.
(Root, ’32) cultures) 28,300
Panus (average of 2
stypticus experiments) 26,600

1 The data of van Schouwenburg (’38) indicate that three molecules of urethane combine with
one molecule of the enzyme. This value was used in caleulating the entropy of the urethane
equilibrium. The value of one, found for sulfanilamide, was assumed to hold throughout, except
for urethane.
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for the slopes of the curves it is evident from table 1 that the differences
among different species are hardly greater than the differences which
may occur in the same species on different occasions. Thus, the values
obtained for both the activation energy of luminescence, at low tempera-
tures, and for the heat of reaction in the reversible inactivation, at
high temperatures (relative to the optimum) vary in repeated experi-
ments. Moreover, they vary under the influence of added substances,
including urethane and sulfanilamide, as set forth below. Under the
influence of inhibitors, the optimum temperature itself may shift over
a range as great as that exhibited by different species. It should be
emphasized that these variations are not the result of experimental
error of measurements, nor of any apparent difference in procedure
employed in repeated experiments. The equations developed in the
preceding section furnish a theoretical basis for just such changes.

These facts bear on the critical evaluation of the significance of the
slopes normally found both within a given species, and among distinetly
different species. They indicate that the observed slopes of the lines
are determined not only by the intrinsic properties of the luminescent
system, such as might be observed with the extracted, pure substrate
and enzyme, but also by the specific metabolic ‘‘landscape’’ of the
reaction. In accounting for the observed differences, it might easily
suffice if different chemical products of normal metabolism should
combine reversibly with the enzyme, and thereby influence both the
optimum temperature and the apparent activation energy of its reac-
tion. It is possible that the true activation energy would in each case
be the same, or nearly so, in isolated systems of the several organisms,
if it could be measured under conditions involving a minimum of in-
activating influences on the enzyme. Since the luminescent systems
canhot be extracted as yet from bacteria or molds, only indirect evi-
dence is available concerning their fundamental identity in different
organisms. Spectrographic analysis of several of the luminescent
species (Eymers and van Schouwenburg) is one line of evidence for
a basic similarity in the light-emitting systems. The analysis of the
sulfanilamide inhibition, described below, provides further evidence of
interest in this as well as in more general connections.

The sulfanilamide inhibition of luminescence intensity
In figure 2, the relation between temperature and luminescence in-
tensity for four different species of luminous bacteria, with different
absolute temperature relations, is shown together with that for cor-
responding portions of the same respective cell suspensions containing
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a moderately inhibitory concentration of sulfanilamide. It is at once
apparent that in each case the curve for the sulfanilamide-containing
suspension is related to the normal in such a manner that the per cent
inhibition greatly decreases as the temperature increases towards the
optimum and beyond. Associated with this is the tendency for the
optimum temperature itself of the inhibited cells to shift to a slightly
higher temperature than normal. The apparent activation energies
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Fig. 2 Relation between temperature and luminescence intensity of cell suapensions with
added sulfanilamide (solid eircles) in comparison to a control portion of the same suspension
(hollow ecircles). Figure A; P. phosphorenm; lower curve for suspension containing 0.0025 M.
sulfanilamide. (The points with arrows were obtained on eooling the two respective suspensions.
Some permanent heat destruction is evident, and a slight shift in optimum for the cooling
curve. The latter effect has not been studied critically as yet). Figure B: A. Fischeri; lower
curve with 0.00038 M. sulfanilamide. Figure C: V. phosphorescens; lower curve with 0.003 M
sulfanilamide. Figure D: A, Harveyi; lower curve with 0.005 M. sulfanilamide.
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of the sulfanilamide-inhibited suspensions are also different from those
in the normal. These differences are all consistent with the theoretical
equations, which, when applied to the experimental data indicate that
the sulfanilamide inhibition conforms fairly closely to type 1. In figure 3
data obtained from figure 2 are plotted in the manner described for
inhibition type I. The points are remarkably close to the same straight
line over a considerable range of inhibition. In spite of the differences
in the normal activation energies of luminescence, heats of reaction
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Fig. 3 Temperature relation of the sulfanilamide inhibition of luminescence in different.
species. The slopes of these lines indicate the heats of reaction for the equilibrium between
the enzyme and sulfanilamide. V. phosphorescens, crosses (also, additional experiment, in-
dicated by plus marks) ; P. phosphoreum, circles; A, Harveyi, triangles; A. Fischeri, squares.

of denaturation equilibria, and optimum temperatures of different
species (fig. 2 and table 1), very similar slopes are obtained for the
temperature relation of the sulfanilamide inhibition. This means that
the heat of reaction of the sulfanilamide-enzyme equilibrium is prac-
tically identical, and consequently, the combinations likely take place
at a very similar group on the enzyme molecule. Thus, we have evidence
in addition to that obtained in spectral analysis that a closely related
system is concerned in the luminescence of different species.
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Studies with the extracted and purified luminescent system of
Cypridina (Johnson and Chase, ’42) have shown that the light-emitting
system itself is directly affected. Both sulfanilamide and urethane
cause a reversible inhibition. With regard to the site of combination in
this system, numerous considerations make it appear extremely unlikely
that it is the substrate, although direct evidence of combination with
the enzyme is not available.* On the other hand, it might well combine
with a prosthetic group rather than the actual protein of the enzyme;

¢ Kinetic data alone are not sufficient to establish this point. The following considerations
show that a reversible combination of the inhibitor with either the enzyme or the substrate,
respectively, could account for the changes in reaction velocity of the system in vitro, such as
those described for luminescence. From equation (1) above, I =sk (LH,) (A). Letting (8)
represent the concentration of inhibitor, and ‘‘n’’ the number of molecules combining with one
molecule of enzyme (case 1) or of substrate (case 2) respectively, and letting the subseript
‘6,77 refer to the initial concentration, we may consider the results of the two cases on the

intensity of lumipescence. Under given conditions, the intensity of luminescence is assumed
proportional to reaction velocity as expressed in equation (1).

Case (1) Case (2)
T = ek(LH,) (A) LH, + nS = LH,-Sn
'\/LHz) = (LHz)o_ (L‘l) (LHzlSJL =K
A+ nS=A:'Sn (LIL) (8) @
(Asn) (LHL) + (L) + (LH,-8,) = (LH,),
(ay(syr — K (LIL) + Ko (LHL) (8)" = (LH),— (Ly)
(A) 4 (A-8) = (AJ) _(LH),— (L)
(A A E O
] K (LH,), — (L] (A,)
¢ LH,), — 1 °
_ (-'kr (LHz)o— (Ll) ] (A)o I= 22 n
S ST T (5 Ka

Thusg, whether we assume that the reversible combination takes place between inhibitor and
enzyme, or inhibitor and substrate, we arrive at a similar equation. The intensity in rclation
to time, during the course of the reaction may be formulated as follows, in which ‘“a’’ = total
light at time = infinity. As usual, total light at t = s is taken as a measure of the amount
of LH, oxidized to L, by Iuciferase. A proportionality constant o is introduced to allow for

the units of measurements. Thus, a (LH,) ==ea, and {I,) = ax. From the above,
= & _ K [(EH),— (L] (A) ¢k (a—x) (A)
dt 14+ (8)"K 14 (S)*X
; — _( k(A
whenee, 1n (a —x) =1na (1 . (syn K—) t, or,

In (a—x)=1n a—gt, in which g represents the slope of the line when In (a-—x) is
plotted against time. This is the integrated form of the first order equation, dx/dt =g (a —x).
The results from experiments do, indeed, give straight lines, which, with given enzyme con-
centration, are parallel for different concentrations of substrate. Likewise, the change in slope
resulting from sulfanilamide addition is independent of the substrate comeentration, in ae-
eordance with experimental data. Dilution experiments demonstrating reversibility of the
combination cannot distinguish between the enzyme and substrate as the combining molecules
with the inhibitor, sinee hoth are present when the reversibility is tested. A final conclusion
as to whether it is the enzyme or substrate moleenle that combines with the inhibitor must,
therefore, await more direct evidence than is available from kinetic data alone.
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indeed, if the same prosthetic group in combination with genetically
different protein-carriers, were concerned in the luminescence of dif-
ferent species, the results described above would be very nicely ac-
counted for. ‘

In figure 4 the log (;:—1) is plotted against log concentration of
sulfanilamide for portions of a single suspension of bacteria at various
temperatures. From the previous discussion, the slope of the straight
lines represents the number of molecules of sulfanilamide combining
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Fig. 4 Relation between concentration of sulfanilamide and inhibition of lumineseence in
P. phosphoreum at different temperatures. The slope of lines relating log (% —1) to log
2

concentration indicates that approximately 1 molecule of sulfanilamide combines with 1 molecule
of enzyme..

with one molecule of the enzyme. The slopes are clearly independent of
temperature. The actual values indicate that approximately one mole-
cule of sulfanilamide combines with one molecule of the enzyme.

The temperature relations of luminescence inhibited by p-amino-
benzoic acid are very similar to those obtaining in the case of sulfanila-
mide. Figure 5 represents a typical experiment. Table 1 gives the
values of AH, and AS. caleulated in the same manner as with sulfanila-
mide.
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It will be noted from table 1 that the heat of reaction for the com-
bination of p-aminobenzoic acid with the enzyme appears to be
somewhat higher, by some 4,000 calories, than that for sulfanilamide. It
might be expected, therefore, that it would combine some 1000 times
more readily than sulfanilamide with the enzyme. Yet the concentration
of p-aminobenzoic acid required to cause a moderate inhibition is much
higher than the concentration of sulfanilamide. This may mean that

T 1T 17

100 T vy
o ) P
80 Kv . DN?"\\
* LY

GO|

I

T
00

40|

20

Lt

|

|

LUMINESCENCE INTENSITY
[od

< 30 25 20 15 10 5 0

|lll||ll4LIlllllllll Illllllllllllll
)4 ABS. L0033 .0034 .0035 .0036
Fig. 5 The temperature-luminescence intensity of a suspension of P. phosphoreum contain-
ing 0.017 M. p-aminobenzoic acid (solid circles), as compared with a control portion of the
same suspension (hollow ecireles).

these calculated differences in heats of reaction are not real, especially
since the exact values of AH are extremely sensitive to slight errors in
the experimental curves. On the other hand, the differences may indeed
be real. This would indicate that p-aminobenzoic acid loses considerably
more entropy in being adsorbed than does sulfanilamide. Such a situa-
tion would be understandable if, for example, only ions of p-amino-
benzoic acid were adsorbed, while neutral molecules of sulfanilamide
are adsorbed. The exact explanation must await further experiments.
Certain points, however, are worthy of mention in regard to the action
of these drugs on luminescence, and on hacterial growth, respectively.
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Para aminobenzoic acid is extremely potent in antagonizing the
sulfanilamide inhibition of bacterial growth (Woods, ’40; Rubbo and
Gillespie, 40, ’42) and subsequent investigators. The weight of the
evidence indicates that the former or a related compound may be
concerned in a metabolic reaction normally essential to growth, and
that the latter compound exerts its inhibitory effects by combining com-
petitively at the same catalytic site. If the heat of reaction of p-amino-
benzoic acid in this hypothetical combination is slightly higher than
that of sulfanilamide, and the entropy change approximately equal, it
is entirely understandable why such a small concentration wonld be
needed to antagonize the sulfonamide inhibition, i.e., for each approxi-
mately 1,300 calories higher, the former should combine ten times more
readily and thus allow the reaction to proceed in spite of the presence
of an excessive number of sulfanilamide molecules. This is on the
assumption that p-aminobenzoic acid is the normal substrate or
““metabolite” in growth. In luminescence, however, presumably involv-
ing a different enzyme, even if p-aminobenzoic acid combined with the
luciferase preferentially in the presence of sulfanilamide, the sulfona-
mide inhibition would not be lessened since p-aminobenzoic acid is not
identical with luciferin, the normal substrate, and cannot take its place
in the reaction. The only result that would be expected of the combined
action of p-aminobenzoic acid and sulfanilamide in this case would be
an increased inhibition. Such an effect is, indeed, observed (Johnson
and Chase, ’42). Tt is possible, of course, that both p-aminobenzoic acid
and sulfanilamide are chemically related to luciferin, and all three
compete for the same site on the luciferase. Furthermore, while the
metabolic relationships of the light-emitting system are not known, it is
possible that this system may be normally involved in growth. The
peculiar property of light-emission itself is essential neither to growth
nor to respiration, and may be manifest only under certain conditions.
The possibility of a non-luminous functioning of luciferin in normal
respiration has already been discussed (Johnson, van Schouwenburg,
and van der Burg, ’39). A role in growth is entirely speculative. The
possible réle of p-aminobenzoic acid in growth also remains to be
clucidated.

The urethane inhibition of luminescence

In contrast to the effects of sulfanilamide, urethane causes the
optimum temperature of luminescence to shift slightly in the direction
of the lower temperatures (fig. 6). With suitable concentrations of the
two inhibitors added to portions of the same suspension of bacterial
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cells, it is possible to obtain respective optimum temperatures differ-
ing by 10°C., without greatly inhibiting the absolute intensity below that
of the normal suspension. It will be recalled that the total range in
optimum temperatures among different species, figure 1, is only some
10°C. When the temperature relations of the urethane inhibition are
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Fig. 6 The temperature-luminescence intensity of a suspension of P. phosphoreum contain-
ing 0.07 M. urethane (solid circles) in comparison with a corresponding portion of the same
suspension without added inhibitor (hollow cireles).

plotted in the same manner as sulfanilamide, the peculiar curve in-
dicated by dotted lines in figure 7, results, showing that the data do not
conform to type I. When the same values of (I,/I,— 1) are multi-
plied by (1 4 1/K,) and the log of the product plotted against 1/T,
the straight line shown in figure 7 results. Thus, the data conform to
inhibition type II. The values for K; are obtained from the normal
curve, in the high temperature range. The straightness of the line in
figure 7 provides substantial evidence of the correctness of the theory.
The straight-line relation holds over a range of some 2,000 times on the
ordinate. It would appear, therefore, that urethane combines with the
denatured form of the enzyme in the reversible denaturation equi-
librium, and in so doing, causes the equilibrinm to shift to the right,
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decreasing the amount of catalytically active enzyme, and consequently,
the velocity of the reaction and observed intensity of luminescence.
This conclusion is altogether in accord with expectations on the basis
of the pressure effect in reversing both the temperature and urethane in-
hibitions, reported earlier. The effect of the urethane is substantially to

TABLE 2

Data for calculation of the heat of reaction (AH;) in the equilibrium between 0.07 M. urcthane
and the ‘‘denatured’’ form of the enzyme in luminescence.
— 70,000 234

(K,=¢e - BT e e values of I, and I, from fig. 6)
L Wy A (,I,L 1 (1 L)
r h Ia P K B ) Tk,
ABS
0.00330 21 11.5 1.82 —1 10-%* 1.03
0.00335 69 24 2.87—1 1001 4.28
0.00340 100 34 2,94 —1 10057 16.30
0.00345 86 34 253 —1 100% 66.9
0.00350 56 26 215—1 10%® 282.9
0.00355 35 18 1.95 —1 10318 1340.4
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Fig. 7 Temperature relations of the urethane inhibition of luminescence in P. phosplorcum.
The data from figure 6 and table 2, plotted as described in the text for inhibition type IT
(combination of the inhibitor with only the ‘‘denatured’’ form of the enzyme) are shown by
the solid circles and straight line. When plotted according to type I (combination of the
inhibitor with native and ‘‘denatured’’ forms of the enzyme indiseriminately), the curve shown
by the dotted line results.
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lower the temperature for reversible denaturation. The shift of the
optimum temperature is thus understandable. It is also understandable
that the heat and entropy values of the equilibrium formed by urethane
with the enzyme (table 1; AH, and AS,) are very high, amounting in
some cases to as much as 70,000 calories since three molecules
combine with the enzyme molecule in this case. Furthermore, unlike
sulfanilamide, the values observed are by no means identical in the
various species. On the other hand, they are related to the heat of
reaction for the normal denaturation. These facts are all consistent
with the interpretations advanced.

GENERAL IMPLICATIONS

It would appear clearly established that in luminescence of bacteria,
the urethane inhibition proceeds through influencing a denaturation
equilibrium of the enzyme normally present. The fact that the mode
of action appears to be a combination of the urethane with the denatured
form is interesting in connection with the action of non-specific in-
hibitors in general. The pressure study reported earlier would place
aleohol, chloroform, ether, and novocaine in the same class of inhibitors
as urethane. The earlier distinction on the basis of pressure effects
between this group, and another which included sulfanilamide, p-amino-
benzoic acid, barbital, and chloral hydrate, has been generally sub-
stantiated by the present study. It should be emphasized, however, that
a more detailed study of many other inhibitors, including those in the
above lists, would likely reveal some whose effects do not conform so
clearly as sulfanilamide and urethane to type I or to type II, re-
spectively, but are intermediate; i.e.,, may set up complex equilibria in
which different combinations are formed with the native and denatured
forms of the enzyme. Furthermore, divergences from expected rela-
tions, in any complex system such as the environment of the living cell,
may result from a change in mechanism. Theoretical type TII, in which
the inhibitor combines only with the native form of the enzyme, was
not illustrated in the present study. Finally, it should be pointed out
that the theory developed is concerned with the fundamental nature,
and not the site, of the inhibitions. The actual metabolic reaction which
is most susceptible to the action of the inhibitor, and which may be
responsible for most of the phvsiological changes observed in a given
instance, would have to be delimited by other evidence. The present
theory is general, and would apply to various enzyme systems.

The foregoing results are of especial interest in connection with a
critical view of the significance of temperature relations of a biological
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process under normal conditions. Since the apparent activation energ
of luminescence in a given species normally varies somewhat, and may
be influenced by added substances which affect the enzyme, the question
naturally arises as to the significance of the observed values. Likewise,
since the optimum temperature of the same process may be altered, by
adding substances causing a reversible inhibition, over a range fully as
great as that which is normally observed with diverse species, the
possible effects of normal metabolites might be of critical importance in
this connection also. Certain products of metabolism most likely do
enter into a reversible combination with various enzymes within the
normal living cell, affecting their over-all activity to a greater or lesser
extent. All such equilibria thus established are potentially important
factors in determining the observed reaction of the system to tempera-
ture and pressure. Actually, therefore, the true activation energy of the
catalytic reaction itself, e.g., the oxidation of luciferin by luciferase,
will in general be somewhat different from that observed, except in an
isolated, purified system. In some cases the values that would be
obtained with the pure systems might be closely approximated by
measurements carried out on the living cell. On the other hand, the
fact that added substances cause such variations as described in this
paper make it clear that all measurements of temperature or pressure
relations of enzyme activity in the living cell are made against the
particular metabolic ‘‘landscape’’ of the cells in question. This land-
scape varies not only in different species, but within the same species
in the presence of inhibitors, or under different physiological conditions,
as, perhaps, age of the culture. The action of any newly added in-
hibitor will be in some measure conditioned by the equilibria already
present involving the enzyrme. By appropriate methods of analysis,
these other equilibria may sometimes be ‘‘cancelled out,”’ and a basic
similarity noted, as in the uniform value for the heat of reaction of
the sulfanilamide combination in different species, in spite of diverse
other temperature relations. The temperature, or the pressure effects
are of the utmost importance in arriving at a clear picture of the action
of inhibitors in general, while the influence of normal metabolites on
the enzyme is very likely equally important in determining the over-all
velocity and the normal optimum temperature of the system.

The authors wish to acknowledge the faithful and capable technical
assistance of Mr. G. .J. Gherardi in carrying out the experiments with
the bacteria.
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SUMMARY

On the basis of theoretical considerations, mathematical expressions
are derived for the reversible inhibition of enzyme activity by tempera-
ture, pressure, and in general, substances which enter into a reversible
combination with the catalyst. The temperature and pressure effects
are assumed to be mediated through an equilibrium normally present
between active and ‘‘denatured’ forms of the enzyme, with equilibrium
constant K.

Expressions are formulated for obtaining the equilibrium constants
in three possible tvpes of enzyme-inhibitor combinations, as follows:
(I, is the rate of the uninhibited, and I, of the inhibited reaction).
Type I, indiscriminate combination of the inhibitor with native and
‘‘/denatured’’ forms of the enzyme: log,, (I;/1,—1)=—=— siter —
saes+ saosw + I logy, X. Type I, combination of the inhibitor with only
the ‘‘denatured’” form of the enzyme: log,, ((I,/I,—1) (1 4+ 1/K,))
= — oot — rommr + 7aesr + s logye X. Type II1, combination of the
inhibitor with only the active form of the enzyme: log,, ((I,/I,—1)
(14 K)) = — sstint — simwr + 5o + 1 logi, X, In these expres-
sions, the energy of reaction AE plus the encrgy change of the re-
actants, pAV, equals the heat of reaction, AH. In any case, a plot of
log (I,/1,—1) against log molar concentration (X) reveals the number
of inhibitor molecules (r) or (s) combining with one molecule of the
active or ‘‘denatured’’ forms, respectively, of the enzyme in a given

reaction.

Application of these formulations to experimental data obtained with
diverse species of luminous bacteria indicates that the sulfanilamide
inhibition of luminescence conforms largely to type I, with a AH of
approximately — 15,000 calories, and a AS of about -— 35 entropy units
(calories per degree) for all species. Approximately one molecule of
sulfanilamide combines with each enzyme molecule. The p-amino-
benzoic acid inhibition of Inminescence appears to be fundamentally
similar to that of sulfanilamide.

The urethane inhibition of luminescence conforms largely to type 11,
and indicates a AH of — 56,000 to — 70,000 calories and AS of — 165 to
— 204 E. U. in the species analyzed. Unlike the constants for sulfanila-
mide, these depend on the ‘‘normal’’ temperature relations of lumines-
cence in the particular species. The data of van Schouwenburg (’38)
indicate that approximately 3 molecules of urethane combine with each
enzyme molecule.
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By addition of these inhibitors to cell suspensions of a single species,
both the apparent activation energy and the normal optimum tempera-
ture of luminescence may be experimentally shifted to as great an
extent as is normally encountered in different species. .

The bearing of these considerations and data on a critical evaluaticn
of the temperature relations of biological processes in general is

discussed.
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