
subjected to electron ionization (EI) 
mass spectrometry. Synthetic bityrosine 
EI; 772 (M+), 713 (M+ - COOCH3), 
676, 659 (M+ - NH2COCF3), 653 (M+ - 

COOCH3 - HCOOCH3), 627 (M+ - 
NH2COCF3 - CH30H), 563, 546 (M+ - 
2 NH2COCF3), 492 (M+ - COCF3 - 
CHO3COCHNCOCF3) Peak 4 EI; 659, 
627, 563, 546, 492. 

Because of insufficient amounts of ma- 
terial for EI mass spectroscopy, the mo- 
lecular ion and some of the major high- 
molecular-weight fragments seen in the 
synthetic bityrosine could not be detect- 
ed in peak 4. However, no other frag- 
ments appear in the 490 to 700 mle (mass 
to charge) region of peak 4 other than 
those present in the spectrum of the syn- 
thetic compounds. The data clearly 
support the conclusion that peak 4 is 
3,3-bityrosine. 

The only methods reported for the 
synthesis of bityrosine utilize either 
photolysis under anaerobic conditions 
(15) or hydrogen peroxide in the pres- 
ence of peroxidase (10, 14, 17). Both of 
these routes of synthesis may be avail- 
able to the lens. 

It has been suggested that covalent 
cross links may exist between poly- 
peptide chains in the old and cataractous 
human lens. Bityrosine can serve as such 
a cross link. However the linkage could 
also be within the same polypeptide 
chain or with a free tyrosine. It is not 
possible from the present observations 
to ascertain which of these situations de- 
scribe the linkage in the lens protein nor 
has this problem been elucidated with 
any other native protein where such 
structures have been observed. 
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Nitrogen is the mineral nutrient which 
most often limits plant production. Sym- 
biotic nitrogen fixation by root nodules 
of angiosperms infected with soil micro- 
organisms is a major source for replen- 
ishment of reduced nitrogen in the living 
world (1). Members of the legume family 
whose roots are infected by the soil bac- 
terium Rhizobium are the primary source 
of nitrogen fixation in agricultural sys- 
tems. Some nonlegume angiosperms that 
form root nodules when invaded by soil 
actinomycetes fix atmospheric nitrogen 
at rates comparable to legumes, contrib- 
uting major amounts of reduced nitrogen 
to the forests, wetlands, fields, and other 
natural ecosystems where they abound. 
In this group are 15 genera distributed 
among six families with more than 160 
known nodulated species; all are woody 
dicotyledonous plants, growing as 
shrubs or trees scattered around the 
world (2). The most intensively studied 
representatives in this group are species 
of the genus Alnus. 

Study of the actinomycete-induced 
nodule symbioses has lagged behind re- 
search on legumes largely because of the 
repeated failure of attempts to isolate 
and grow the bacterial endosymbiont in 
pure culture. Claims of successful isola- 
tion and culture of actinomycetes from 
root nodules have been published but 
have remained unsubstantiated and 
largely unaccepted by workers in the 
field (3). We report here the isolation and 
culture of the actinomycetous endophyte 
from the root nodules of the "sweet 
fern" Comptonia peregrina (L.) Coult. 
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of the family Myricaceae. The endo- 
phyte is a filamentous bacterium that 
grows slowly in complex media, produc- 
ing numerous spores in sporogenous 
bodies. A suspension of spores and frag- 
ments of filaments prepared from pure 
cultures of the organism inoculated into 
an inorganic nitrogen-free nutrient medi- 
um provided to the roots of seedlings in- 
duces prolific formation of nodules (Fig. 
1A) that fix atmospheric nitrogen, as 
judged by acetylene-reduction tests for 
nitrogenase (4) and by the vigorous de- 
velopment of the plants in the absence 
of added nitrogen in the nutrient medi- 
um. 

The commonly accepted method of 
producing actinomycete-induced nod- 
ules experimentally involves inoculating 
roots of plants grown in sand or water 
culture with suspensions of ground-up 
nodules (5) or applying soil suspensions 
taken from areas where the nodulated 
host plants are growing (6). These meth- 
ods are crude and the results are unpre- 
dictable and variable. Nodule suspen- 
sions from field-grown nodules contain a 
wide range of soil microorganisms as 
well as complex products, many possibly 
toxic, derived from the broken plant tis- 
sues. Soil suspensions are equally com- 
plex. Quispel (7) discussed the problems 
of endophyte isolation and described 
methods for assessing the effectiveness 
of suspension inoculation. Becking (8) 
attempted to culture the endophyte from 
Alnus within proliferating callus tissue 
cultures derived from surface-sterilized 
excised nodules. No evidence for sus- 
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plants grow vigorously without an exogenous supply of fixed nitrogen. 
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Table 1. Nodulation of Comptonia seedlings 4 weeks after inoculation. Plants were started in 
washed sand and received only nitrogen-free nutrient solution. All primary nodule lobes arising 
from a distinct infection site were counted as one nodule. 

Plants 
Plants Nodules Treatment Plan) Nnodulated 
(No.) (No.) (percent) 

Sand culture 
Uninoculated 21 5 10 
Nodule suspension 41 4 5 
Comptonia isolate 28 646 100 

Aeroponic culture 
Experiment 1 

Uninoculated 20 0 0 
Comptonia isolate 23 40 91 

Experiment 2 
Uninoculated 23 0 0 
Comptonia isolate 40 725 100 

tained growth of the endophyte in cul- 
ture was obtained. Lalonde et al. (9) re- 
ported successful cultivation in pure cul- 
ture of an actinomycete from Alnus 
which he showed by immunolabeling to 
be homologous with the host endophyte. 
However, he was unable to obtain rein- 
fection of host plants with the cultured 
actinomycete. 

Our efforts to isolate the endophyte 
from root nodules of Comptonia were 
based largely on methods described by 
Quispel (10) for Alnus, involving surface 
sterilization of excised nodules followed 
by incubation on bacteriological media 
for 6 weeks to allow selection of sterile 
nodule pieces as the source of inoculum. 
Nodule material used in all of our experi- 
ments was taken from aeroponically 
grown (11) plants, alleviating the prob- 
lem of adhering soil particles and greatly 
reducing the contaminating microorga- 
nisms typically found in soil and aerated 
water cultures (12). 

Nodules 0.5 to 1.0 cm in diameter from 
3- to 6-month-old aeroponically grown 
seedlings were cleansed thoroughly with 
water containing a drop of detergent, 
broken apart into individual lobes, and 
surface-sterilized in HgCl2 (0.1 percent 
in 0.5 percent HCl) for 10 minutes and 
then rinsed several times with sterile, 
distilled water. Individual lobes were 
cultured for 6 weeks in M-3 incubation 
medium (13); pieces showing no con- 
tamination were selected for further 
study. Thin slices of the nodule lobes 
were cut aseptically with a microscalpel 
and incubated for 16 hours at 25?C in nu- 
trient medium (14) containing 0.65M 
mannitol as osmoticum and 5 percent 
(weight to volume) Onozuka "SS" cellu- 
lase and 2 percent (weight to volume) 
Macerozyme R-10 pectinase (15) to de- 
grade by enzyme action the walls of the 
nodule cortical cells containing the endo- 
phyte. After enzyme treatment, the nod- 
ule pieces were transferred to the same 

900 

medium lacking enzymes and were 
teased apart with dissecting needles. Nu- 
merous endophyte clusters were re- 
leased into the medium and were filtered 
aseptically from cell debris by passage 
through a 150-Am mesh nylon screen. 
The endophyte was washed twice by 
centrifugation and resuspension in fresh 
medium. In the first successful experi- 
ment, the final pellet containing endo- 
phyte material derived from five nodule 
lobes was suspended in 10 ml of liquid 
medium, and 2 ml of suspension was 
plated on each of five 6.0-cm Pyrex petri 
plates, sealed with Parafilm, and cul- 
tured in the dark at 25?C. 

After 3 weeks of culture several small 
colonies of a microorganism with fila- 
mentous growth were observed in each 

plate with an inverted microscope. The 

morphology of this organism was unlike 
that of any of the known actinomycetes. 
Colonies were transferred to petri plates 
that were poured with M-3 incubation 
medium, where growth continued, and 
was accelerated. The growth of the iso- 
late was exceptionally slow, however, 
producing colonies 1 to 2 mm in diameter 
after several months. Growth was slight- 
ly faster in standing liquid medium of the 
same composition. In subsequent growth 
tests a medium designated 6B broth 
(16) produced substantially improved 
growth. More recently we have found 
that all of the components of 6B broth 
except for 0.5 percent Difco yeast ex- 
tract can be omitted without diminishing 
the growth rate of established cultures 
(17). A slightly slower growth rate was 
obtained on a completely defined culture 
medium (18). Even a 10 percent soil ex- 
tract has proved suitable for slow growth 
of the isolate in axenic culture. The iso- 
late grew optimally at pH 6.4 at 25? to 
30?C; it appears to be microaerophilic, 
since it grows best at the bottom of tubes 
of liquid medium, fails to grow under 
anaerobiosis, and only very slowly in 

shaken flasks. Inoculum heated at 60?C 
shows survival after 60 minutes, with ap- 
proximately tenfold reduction in num- 
bers of colonies from 30 to 60 minutes. 

A study of the morphological and de- 
velopmental aspects of the actinomyce- 
tous "Comptonia isolate" was initiated. 
The isolate grown in liquid culture 
formed dense unpigmented colonies 
composed of branching, septate fila- 
ments. The diameter of the filaments var- 
ied between 0.2 ,um in the peripheral fila- 
ments to about 1.2 gzm in the older fila- 
ments near the center of the colonies. 
The thinner filaments showed Gram-neg- 
ative staining, whereas the thicker fila- 
ments were Gram-positive. Growth of 
the isolate occurred only beneath the 
surface of agar medium; no surface or 
aerial filaments were produced. 

Fructifications or sporogenous bodies 
(19) were produced in older regions of 
the filaments either directly from the axis 
of the filament (Fig. 1, B, D, and E) or on 
short, branch filaments (Fig. 1, C and E). 
The sporogenous bodies of either type 
developed from a locally thickened re- 
gion of the filament which showed an in- 
creased frequency of transverse septa- 
tion (Fig. lB). Further enlargment of this 
region was followed by longitudinal sep- 
tations (Fig. 1, C and D) which resulted 
in the production of roughly polyhedral 
spores 1.5 to 3.5 ,um in diameter. The 
mature sporogenous bodies (Fig. 1E) 
may reach 25 by 35 ,tm. The intra-axial 
sporogenous bodies were much less 
common than the terminal structures and 

generally were of smaller dimensions. 
The Gram-positive spores did not appear 
to be contained within a sheath and sepa- 
rate readily when they mature, forming 
free-floating ovoid to spherical struc- 
tures. There is no evidence of motility in 
either the spores or any other form of the 
isolate. Separation and concentration of 
these spores by selective filtration has al- 
lowed us to observe that they germinate 
in good numbers in plated agar yeast-ex- 
tract medium. 

The development and morphology of 
the sporogenous bodies we have ob- 
served in pure cultures of the Comptonia 
isolate bear a striking resemblance to 
what seems to be a comparable stage in 
the endophyte of Alnus glutinosa ob- 
served in sections of mature nodules by 
van Dijk and Merkus (19) and referred to 

by them as "spindle formation." It is 

noteworthy that spindle development in 
the Alnus endophyte is not present in all 
nodules (1, 19, 20) and that equivalent 
structures have not been reported in the 
root nodules of Comptonia. The vesicu- 
lar or terminal, club-shaped form of the 

endophyte has not been observed in our 
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cultures and may be formed only in the 
symbiotic association. The Comptonia 
isolate has been grown continuously in 
pure culture as described on a variety of 
media for more than a year. 

Since others had isolated and cultured 
actinomycetes from nodules of Alnus 
species but were unable to show their ac- 
tivity in inducing nodulation, it was im- 
portant for us to demonstrate the infec- 
tiveness of the Comptonia isolate for 
nodulation and the effectiveness of the 
experimentally induced symbiosis in fix- 
ing atmospheric nitrogen. 

Infection of Comptonia seedlings with 
a pure culture of the isolate was attempt- 
ed once a sufficient quantity of the iso- 
late had been grown in culture. Seedlings 
(6 weeks old) growing in sand were sup- 
plied with nitrogen-free Hoagland's solu- 
tion (21). A small amount of the isolate 
(< 0.05 cm3 packed cell volume) was 
washed, crushed with a glass rod, resus- 
pended, and poured into the sand. Other 
flats of seedlings were either uninoculat- 
ed or inoculated with a crushed nodule 
inoculum (0.5 g ground in 20 ml of dis- 
tilled water). The root systems were ex- 

amined after 4 weeks, and the number of 
nodules was recorded; all of the primary 
nodule lobes thought to arise from a dis- 
crete infection site (22) were counted as 
one nodule (Table 1). We attribute the 
small numbers of nodules in the controls 
to contamination due to a common 
underlying container for the sand flats. 

A similar test was made with Compto- 
nia seedlings grown aeroponically. Sand- 
grown seedlings were transferred to an 
aeroponic tank, the roots were allowed 
to develop further for 1 week in a nitro- 
gen-free nutrient mist; then the liquid in 
the tank was inoculated with a suspen- 
sion of the Comptonia isolate. The roots 
were examined at regular intervals 
(Table 1). The earliest nodules formed 
appeared at 8 days, an infection period 
comparable to Rhizobium infection in 
legumes grown under these conditions. 

The nitrogenase activity of nodulated 
plants infected by the Comptonia isolate 
was determined by the acetylene-reduc- 
tion assay. Acetylene-reduction rates for 
several nodulated root systems excised 
just below the cotyledons and incubated 
in an atmosphere of 90 percent air and 10 

percent acetylene were substantial. Eth- 
ylene production varied from 9.60 to 
22.20 Amole/hour per gram (fresh 
weight) of nodules sampled either from 
sand-grown or aeroponically grown 
plants with nodules attached to roots or 
excised. A portion of one of the seedling 
root systems grown in sand is shown in 
Fig. 1A. 

The Comptonia isolate we have estab- 
lished in pure culture is highly active in 
initiating nodule formation. The nodules 
formed are highly effective in acetylene 
reduction to ethylene and can be as- 
sumed to possess substantial levels of ni- 
trogenase. Thus we believe we have ful- 
filled Koch's postulates with respect to 
isolation, independent culture, and dem- 
onstrated reinfection of the host plants. 
The final step has been to reisolate the 
organism from nodules on plants infect- 
ed with the cultured endophyte. Success 
in this has been achieved with the use of 
a modification of the method described 
for the initial successful isolation. Nod- 
ules on plants grown aeroponically and 
infected with a suspension of the Comp- 
tonia isolate were excised, surface-steri- 
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Fig. 1. (A) Comptonia seedling root system from sand culture 4 weeks after inoculation with a suspension of the Comptania isolate. Arrow shows 
one of the 55 nodules present on this root system (x 2). (B to E). Photomicrographs of filaments and colonies of the Comptonia endophyte (all x 
1200). (B) Early stage in development of the intra-axial sporogenous body. The filament is locally thickened and has numerous transverse septa. Free spore (arrow) was released from a mature sporogenous body. (C) Sporogenous body developing from a short branch filament. Thickening and transverse septa are seen. First longitudinal septum is visible at the distal end. (D) Later stage of sporogenous body development, showing 
longitudinal septation along most of the length of the filament. (E) Portion of well-developed filamentous colony with nearly mature sporogenous bodies showing the segmentation derived from early transverse septation. Fully mature sporogenous bodies lose the close coherence of spores, 
which become rounded and easily disaggregated. 
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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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