
lized as before, and then, without the 
usual preliminary incubation, were im- 
mediately subjected to sectioning, en- 
zyme maceration, and teasing apart. 
Clusters of endophyte filaments were 
mechanically separated by filtration, re- 
peatedly transferred by micropette until 
free of cell debris, and then pipetted into 
6B broth in 6-cm petri plates; the plates 
were sealed with Parafilm and incubated 
in the dark at 25?C. Within 3 weeks, a 
small number of the clusters had formed; 
these were typical colonies of the acti- 
nomycete. These colonies could be sub- 
cultured on yeast-extract medium. Thus, 
the same isolation procedure has been 
utilized successfully both in the initial 
isolation and in the subsequent recovery 
of the same organism, demonstrating un- 
equivocally the effectiveness of the tech- 
nique and the certainty of the identity of 
the microorganism. 

The current taxonomic status of the 
actinomycetous root nodule endophytes 
is felt by many authors to be quite uncer- 
tain (1, 19, 23). Becking (24) applied the 
generic name Frankia to the endophytes 
of nonleguminous nodules and designat- 
ed specific epithets referable to the host 
species or to original designations. Ac- 
cording to his taxonomic treatment, the 
Comptonia isolate would be referable to 
Frankia brunchorstii. With the success- 
ful establishment of this organism in pure 
culture, we prefer to reserve judgment 
on the appropriate scientific designation. 
Better defined chemotaxonomic charac- 
ters of the Comptonia isolate will help to 
establish its affinities with the known 
groups of actinomycetes and perhaps to 
clarify its taxonomic position (25). 
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concentration. 

In studies of membrane-bound en- 
zymes, Arrhenius plots of the temper- 
ature dependence of enzyme activity 
have often been utilized to correlate the 
activity of the enzyme with the phase 
state of the membrane lipids. In particu- 
lar, any abrupt changes in the measured 
activation energies Ea are often attrib- 
uted to a lipid phase transition; it has 
been suggested that such breaks in Ar- 
rhenius plots arise from a change in the 

enzyme conformation or in the nature of 
the rate-limiting step of the overall cata- 
lyzed reaction (I). In a study of the mem- 
brane Mg2+-adenosinetriphosphatase of 
Acholeplasma laidlawii B (2), we have 
found that the variation with temper- 
ature of its substrate-binding affinity can 
strongly influence the behavior of Ar- 
rhenius plots, altering the measured Ea 
values and break temperatures and even 
creating artifactual breaks in some cases 
if enzyme activity is assayed at a single 
fixed substrate concentration. As we will 
demonstrate in this report, such effects 
can be so pronounced that they should 
be accorded more serious consideration 
in experimental design than is generally 
the case at present. 
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Acholeplasma laidlawii B cells were 
cultured as described elsewhere (3) in 
the presence of oleic, elaidic, or palmitic 
acid to replace approximately 70 percent 
of the normal membrane fatty acids with 
the exogenous species, thus producing 
three cell populations of widely varying 
membrane fluidity (4). Cells were har- 
vested and membranes were prepared by 
osmotic lysis as described elsewhere (5). 
To assay the adenosinetriphosphatase 
activity, membranes (100 to 200 Atg of 
protein per milliliter) were incubated 
with 50 mM NaCI, 15 mM MgSO4, 50 
mM tris buffer (pH 7.4), and various con- 
centrations of adenosine triphosphate 
(ATP) at various temperatures; portions 
of the reaction mixture were quenched 
by mixing with an equal volume of 0.5 
percent dodecyl sulfate solution and as- 
sayed for phosphate by the method of 
Atkinson et al. (6). Protein was assayed 
by the method of Hartree (7). 

To ensure that all factors other than 
ATP concentration were optimal in our 
assays, we began by reexamining the 
ionic requirements of the enzyme. As 

previously reported (2), the enzyme has 
an absolute requirement for Mg2+. How- 
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Membrane Enzymes: Artifacts in Arrhenius Plots Due to 

Temperature Dependence of Substrate-Binding Affinity 

Abstract. For the membrane sodium-stimulated magnesium-adenosinetriphospha- 
tase of Acholeplasma laidlawii B both the V,max and Km values in the Michaelis equa- 
tion vary strongly with temperature. Simulations of Arrhenius plots show that an 

enzyme with a temperature-dependent K, can yield a variety of Arrhenius plot arti- 
facts, most notably erroneous "breaks," if activity is assayed at a fixed substrate 
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ever, we found the measured activation 
constant for Mg2+ in the presence of 
moderate levels of ATP to correspond 
closely to the measured Km value for 
ATP determined in the presence of ex- 
cess Mg2+ over a wide range of temper- 
atures, which suggests that Mg2+ is re- 
quired to generate the true substrate, 
Mg-ATP, and not to activate the enzyme 
directly. The enzyme was also found to 
be stimulated approximately two- to 
threefold by Na+ but not by K+ or tris- 
H+ ions; the dependence of reaction rate 
on Na+ concentration is complex and 
suggests that at least two sodium ions are 
required for full stimulation. The Mg2+ 
and Na+ concentrations finally adopted 
as standard in subsequent assays (15 mM 
and 50 mM, respectively) gave maximal 
activity at all temperatures. 

When the rate of the catalyzed reac- 
tion was studied as a function of ATP 
concentration, we found that at low to 
moderate ATP concentrations (up to at 
least 4 x Km) the dependence of rate on 
ATP concentration is hyperbolic, while 
at high concentrations there is strong 
substrate inhibition. Values of Km and 
Vmax were therefore determined from the 
low-ATP portions of Eadie-Hofstee plots 
(of the measured velocity v versus vl 
[ATP]); and values of the inhibitor con- 
stant Ki from the high-ATP portions. 
These parameters are given in Table 1 
for one set of experiments. The temper- 
ature ranges studied encompass most of 
the calorimetrically determined phase 
transition range in palmitate- and elaid- 
ate-enriched membranes and lie well 
above the phase transition in oleate-en- 
riched membranes (4); the temperature 
dependences of Km and Ki, which are ob- 
served for all three membrane prepara- 
tions, are therefore not simply due to a 
membrane phase transition. From van't 
Hoff plots, effective average ATP bind- 
ing enthalpies AHe of -17, -19, and 
-44 kcal mole-' are calculated for mem- 
branes enriched in elaidate, oleate, and 
palmitate, respectively, over the temper- 
ature ranges examined. Arrhenius plots 
of extrapolated Vmax values exhibit 
breaks for palmitate- and elaidate- but 
not oleate-enriched membranes, consist- 
ent with the results of de Kruyff et al. 
(8), who, however, reported break tem- 
peratures much lower than those we de- 
termined (see Table 1). The lower break 
temperatures reported by these authors 
appear to be due to an artifactual shift in 
the measured break temperature which 
can occur when Km varies with temper- 
ature and activity is assayed at a single 
substrate concentration (see below). The 
combined effects of varying Ki and Km 
on the reaction velocity at 5 mM ATP (as 
24 FEBRUARY 1978 

a fraction of Vmax) are illustrated in Table 
1 for the three membrane preparations at 
various temperatures. The ratio v(5 
mM)/Vmax steadily declines as the tem- 
perature rises, an effect which causes 
Arrhenius plots of v(5 mM) to curve 
downward at higher temperatures even 
when Ea is constant. This phenomenon is 
discussed in more detail below. 

In early experiments, we found that 
Arrhenius plots derived from measure- 
ments of enzyme activity at a fixed con- 
centration of ATP (1 mM) exhibited 
strong downward curvature, even in 
oleate-supplemented membranes where 
no phase transition occurs in the temper- 
ature range studied; this curvature 

proved to be primarily due to the temper- 
ature dependence of Km. To assess more 
fully the effect of a temperature depen- 
dence of Km on an Arrhenius plot of re- 
action rate at a fixed substrate concen- 
tration, we carried out some simulations 
of Arrhenius plots using enthalpic pa- 
rameters (Ea and AHBeff) comparable to 
those determined in our experiments. 

In one set of simulations, we assumed 
that the enzyme Ea value changed 
abruptly at some temperature and con- 
sidered the effect of various values of 
AH/Bef and substrate concentration (rela- 
tive to Km) on the shape of the Arrhenius 
plot. One common result was that shown 
in Fig. la: for even modest values of 

Table 1. Kinetic parameters at various temperatures for adenosinetriphosphatase of cell mem- 
branes enriched in oleic, elaidic, or palmitic acids. Values in columns 3 and 4 are 
means + standard deviations; N.D., not determined. 

Fatty Tem- V Break 
acid per- Km (nmole Ki v(5 mM)/ temper- 

supple- ature (mM) - (mM) Vmax ature 
ment (0C) mg-1 min-') ment (?C) (oC) 

Oleate 15 0.051 + 0.008 35 ? 2 8.3 0.62 
22.5 0.165 + 0.014 83 + 5 5.6 0.52 
30 0.51 + 0.05 197 + 5 3.7 0.41 
37.5 0.55 + 0.03 352 + 21 2.3 0.30 

Elaidate 15 0.099 + 0.013 14.5 + 1.3 7.4 0.63 22-24(16)* 
19.2 0.189 + 0.016 64 + 4 5.1 0.52 
30 0.53 + 0.02 325 + 12 4.5 0.45 
37.5 0.78 ? 0.08 500 + 16 2.7 0.33 

Palmitate 22.5 0.015 + 0.003 13.9 ? 1.0 N.D. 0.95 27-29(18)* 
27.5 0.224 ? 0.026 59 ? 4 9.9 0.71 
32.5 0.44 + 0.02 173 + 14 6.8 0.55 
37.5 0.54 + 0.02 303 ? 14 6.7 0.54 

*Values in parentheses are the results of de Kruyff et a 
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Fig. 1. Simulations of Arrhenius plots for enzymes with temperature-dependent Km. (a) Enzyme 
has an abrupt change in Ea at 25?C and various values of HBieff. Parameters used were: Ea, 35 
kcal mole-' (T < 25?C); Ea, 15 kcal mole-' (T > 25?C); Km, 1 mM at 5?C; substrate concentra- 
tion, 20 mM; and AHBeff, 0 (), - 10 (A), or - 15 kcal mole-' (U). (b) Simulation of an Arrhenius 
plot for an enzyme with constant Ea assayed at a constant substrate concentration. Parameters 
used were: Ea, 30 kcal mole-'; AHB"ff, -20 kcal mole-'; Km, 1 mM at 5?C; and substrate concen- 
tration, 20 mM; the standard error of the assay is ? 5 percent. 
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AH/Be, the values derived for Ea, partic- 
ularly above the break, were sharply re- 
duced from the true values. In the partic- 
ular case shown, the Ea value that would 
be determined above the break is only 
5.3 kcal mole-l when AHBeff is -15 kcal 
mole-', while the true Ea value in this 
temperature region is 15 kcal mole-1. 
Another frequently observed result was 
that the break was shifted to appreciably 
lower temperatures than the true break 
(in Ea for Vmax) when somewhat lower 
substrate concentrations (two to ten 
times the Km at 5?C) were employed. 

In a second set of simulations, we as- 
sumed Ea to be constant and AHBeff to be 
finite and negative over the temperature 
range of interest. In such cases, a wide 
range of combinations of Ea, AHBef, and 
substrate concentration yield strongly 
curved Arrhenius plots; when there is 
any significant amount of experimental 
scatter of the data points, such curves 
can convincingly mimic biphasic, linear 
Arrhenius plots. One example of such 
behavior is shown in Fig. lb, where val- 
ues for Ea and AHBeff comparable to 
those determined for the adenosinetri- 
phosphatase in oleate-enriched mem- 
branes were employed. 

These simulations indicate that a vari- 

ety of errors, most notably artifactual 
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temperature variations in substrate-bind- 
ing affinity are not taken into account 
when determining the effect of temper- 
ature on the rate of the catalyzed reac- 
tion. As the relationship of membrane 
fluidity to the activity of membrane en- 
zymes is at present an area of consid- 
erable interest and controversy, such er- 
rors in interpretation may seriously ham- 
per subsequent attempts to develop 
realistic models of the nature of enzyme- 
membrane interactions. 
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3,5,3'-Triiodothyronine (T3) is charac- 
teristically present at a much lower con- 
centration in the circulation of the fetus 
than in the adult. Immediately after 
birth, however, there is a marked in- 
crease in serum T3 (1). This increase in 
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Fig. 1. Effect of various sulfhydryl reagents 
on monodeiodination of T4 to T3 by rat liver 
homogenate. The T3 produced in the absence 
of a sulfhydryl agent (control) was arbitrarily 
assigned a value of 100, and the product in the 
presence of a sulfhydryl reagent was ex- 
pressed as a percentage of the control value; 
each result is the mean - standard error 
(S.E.) for triplicate or quadruplicate deter- 
minations. N-Ethylmaleimide and mercuric 
chloride were obtained from Baker Chemical 
Company. All other reagents were obtained 
from Sigma Chemical Company. 
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the availability of T3, a very potent thy- 
romimetic agent, may play a vital role in 
maintaining the body temperature of the 
newborn when the warm intrauterine en- 
vironment is no longer available. The 
lower serum T3 concentration in the fe- 
tus than in the adult is due to a lower rate 
of conversion of thyroxine (T4) to T3 in 
extrathyroidal tissues (2). Recent studies 
indicate that this process of outer-ring 
monodeiodination of T4 to T3 is enzymat- 
ic in nature (3). The extrathyroidal tis- 
sues of the fetus, such as liver, have also 
been shown to convert T4 to T3 in vitro to 
a much lesser extent than the tissues of 
the adult or the newborn; kinetic studies 
of the conversion with liver tissue in- 
dicate significant differences in the maxi- 
mum rate of the reaction, Vmax, as de- 
fined by the Michaelis equation, and not 
in the Michaelis constant, Km (4). How- 
ever, it is not known whether reduced 
conversion of T4 to T3 in the fetus is re- 
lated primarily to a deficiency in the 
amount of the putative iodothyronine 
monodeiodinase or to inactivation of the 
existing enzyme-for example, through 
a conformational change in the enzyme 
which may not permit appropriate activ- 
ity. The study reported here demon- 
strates that sulfhydryl groups of tissues 
are essential to their ability to monodeio- 
dinate T4 to T3. The data also suggest 
that T4 outer-ring monodeiodinase is 

plentiful in the tissues of the fetus but is 
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Sulfhydryl Groups and the Monodeiodination of 

Thyroxine to Triiodothyronine 

Abstract. Sulfhydryl reagents exert a profound influence on the monodeiodination 
of thyroxine to triiodothyronine by rat and sheep tissues in vitro. A marked dithio- 
threitol-induced increase in the monodeiodination by fetal sheep liver homogenates 
suggests that the characteristically low conversion in fetal tissues is related more to 
the status of sulfhydryl groups than to a deficiency of the monodeiodinating enzyme. 
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