
useful information can be gathered from 
the experimental curves once the throw 
is reduced from the low-field value. For 
the case of americium it was possible to 
detect the beginning of flux penetration 
into the sample (H,.I), but it was not pos- 
sible to measure H(.2 (13). We were not 
able to detect H,, for protactinium for 
technical reasons. We shall, however, 
show later that for protactinium we 
can measure H., adequately down to 

1/2 T(. before this distortion of the 
cooling curves becomes severe. 

The tetragonally shaped polycrys- 
talline sample showed a superconducting 
transition at 0.45 + 0.02 K, slightly high- 
er than the first sample. While this slight- 
ly higher T,. is within experimental error 
of the first, there are two rather obvious 
possible causes for the difference. First, 
the early Los Alamos work (1, 3) showed 
that impurities can either raise or lower 
the T(., since all of the transitions were 
measured for the body-centered tetra- 
gonal modification of protactinium. So 
perhaps our second sample is less pure. 
The second and more interesting cause 
may be that internal strains effectively 
pressurize the sample, thus raising T.. A 
positive pressure effect was reported in 
(3), and this observation is probably cor- 
rect because protactinium should some- 
what resemble uranium, which has a dra- 
matic pressure effect (14). We note that 
no matter how well annealed a sample 
may be, if it is noncubic and poly- 
crystalline it will be significantly strained 
by thermal contraction after cooling to 
low temperatures. Thus, our measure- 
ments on the polycrystalline protactinium 
sample were obviously made on a strained 
sample. 

The applied field curves for this sec- 
ond sample were similar to those in Fig. 
1. However, the signal-to-noise ratio was 
improved since the sample was larger. 
Also, the DPE did not appear until the 
applied field was - 10 Oe because of de- 
fects from the strains that should inhibit 
the Meissner effect somewhat. As ex- 
pected (12), no DPE was observed in the 
curves taken with the Helmholtz coils 
since the signal coils were then oriented 
perpendicular to the applied field. 

Figure 2 shows the critical field points 
for the first sample where we have taken 
the T(,'s as the onsets of the transitions in 
the applied fields. The polycrystalline 
sample had a slightly higher H,2 but the 
curves became difficult to interpret at a 
higher temperature than for the single 
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field dependence. This feature is not 
uncommon and is usually considered to 
be due to compositional variations (15). 
We feel that, once again, the self-heating 
and strains can interact to simulate such 
compositional variations in protactin- 
ium. As done in (15), we will ex- 
clude such points from further consid- 
eration. 

The curve in Fig. 2 is a least-squares 
fit of the data to 

Hc2(T)/H(,2(0) = 1 - T2/T.2 (1) 

Because of the rather limited temper- 
ature range of useful data, there is little 
reason to consider a fit of the data to a 
more sophisticated function or to con- 
sider the deviations of the data from a 
Bardeen-Cooper-Schrieffer curve. Such 
considerations involve departures from 
Eq. 1 of a few percent-of the same mag- 
nitude as the possible errors due to 
sample heating. A few self-consistent pa- 
rameters based on the fit are 

T, = 0.430 K 

H(.2(0) = 56 Oe 

(dH,/dT)T = - 260 Oe/K 

We feel that until measurements such as 
resistivity and heat capacity are made on 
high-purity protactinium, further pursuit 
of superconducting' parameters is too 
speculative. At best, we can say that the 
Ginsburg-Landau parameter K is of the 
order of unity, and conclude that prot- 
actinium is type II. 

We have found the superconducting 
properties of protactinium to be in the 
appropriate place between those of tho- 
rium [Td = 1.4 K (5)] and those of urani- 
um [T,. < 0.1 K (5, 14)]. There is no long- 
er any doubt that a smooth variation of 
superconducting properties in the early 
actinides can be caused by the increasing 
f character in the energy bands as the 
early actinide elements slowly acquire 
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biosis between legumes and Rhizobiium 
species, which results in effective fixa- 
tion of atmospheric nitrogen, requires 
the specific expression of both host (l) 
and Rhizobiumn (2) genes. Through clas- 
sical genetic experiments, several plant 
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their electrons (16). It then seems quite 
likely that many of the interesting prop- 
erties of uranium (14) that are not seen in 
thorium may be observed to some extent 
in protactinium. 
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genes have been linked to effective nodu- 
lation, but, with the exception of leghe- 
moglobin (3), no other plant gene prod- 
uct that is obligatory for the develop- 
ment of symbiosis has yet been iden- 
tified. We report here the presence in 
soybean root nodules of a 35,000-mo- 
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A Nodule-Specific Plant Protein (Nodulin-35) from Soybean 

Abstract. Nodullin-35, a 35,000-molecular-weight protein, is present in soybean 
root nodules developed by different strains of Rhizobium japonicum, irrespective of 
their effectiveness infixing atmospheric nitrogen. This protein is not detected in unin- 

fected plants and bacteroids or in free-living Rhizobium and appears to be synthe- 
sized by the plant during the fo{rmation of root nodules. 
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lecular-weight protein (referred to as 
Nodulin-35) that is formed only as a re- 
sult of infection with Rhizobium, irre- 
spective of whether the nodules are ef- 
fective in nitrogen fixation. This protein 
is not detectable in control root tissue or 
in any other part of the plant; it is also 
absent from free-living Rhizobium and 
bacteroids. It is generally believed that 
the formation of root nodules (nodula- 
tion) depends upon the expression of a 
specific class of plant genes, some of 
which are under the control of Rhizo- 
bium. Nodulin-35 may represent one of 
the products of this class of genes. 

There are three apparent stages of de- 
velopment in the formation of root nod- 
ules: (i) infection of roots by Rhizobium, 
(ii) nodulation, and (iii) the expression of 
nif genes leading to effective symbiotic 
nitrogen fixation. A mutation in plant (I) 
as well as in Rhizobium genes (2) could 
affect the development of the nodules at 
any of the three stages. In soybean, four 
genes (Rj1 to Rj4) that affect nodulation 
have been identified (4). Mutation in Rj1 
does not allow infection of roots to take 
place, while mutation in Rj2, Rj3, or Rj4 
results in the development of nodules 
that cannot fix nitrogen. It is not known 
how mutations in Rhizobium that pre- 
vent infection or cause ineffective nod- 
ules affect the expression of plant genes. 

In an effort to understand more about 
the expression of "nodule-specific" 
plant genes, we examined cytoplasmic 
proteins from both effective and inef- 
fective root nodules of soybean as well 
as from uninfected roots, free-living Rhi- 
zobium, and bacteroids. Soybean (Gly- 
cine max L. var. Prize) was infected with 
Rhizobium japonicumn (strain 61A76), 
which forms effective nodules, and 
grown under conditions described pre- 
viously (5); root nodules, harvested 3 to 
4 weeks after inoculation, were stored in 
liquid nitrogen. Bacteroids were pre- 
pared from 2- to 3-week-old nodules (6). 
Free-living Rhizobium were grown in liq- 
uid cultures (7) and also were induced for 
nitrogenase activity by restricted aera- 
tion (8), as shown by the acetylene re- 
duction assay (9) (data not presented). 
Soluble cytoplasmic proteins (105,000g 
supernatant) were prepared as outlined 
in the legend to Fig. 1 and examined 
electrophoretically on polyacrylamide 
gels containing sodium dodecyl sulfate 
(SDS) (10). 

Figure 1 shows that, while there are 
several plant proteins common to nod- 
ules and uninfected root tissue, a poly- 
peptide having a molecular weight of ap- 
proximately 35,000 is present in root 
nodules (lanes b and d) but is not detect- 

13 JULY 1979 

able in uninfected roots (lane a), bacte- 
roids (lane c), or free-living Rhizobiumn 
(lane k); nor is it detectable in Rhizobium 
induced for nitrogenase (lane 1). This 
protein (Nodulin-35) represents about 4 
percent of the total cytoplasmic fraction 
and can be enriched severalfold by am- 
monium sulfate fractionation. Precipi- 
tation of Nodulin-35 is virtually complete 
at 30 percent saturation and hence it fa- 
cilitates purification of this polypeptide 
(see below). Glycoprotein staining (11) 
indicated that this is a nonglycosylated 
polypeptide. In order to determine 
whether this protein is present in nodules 
that do not fix nitrogen, cytoplasmic pro- 
teins were prepared from ineffective root 
nodules developed by several mutants of 
R. japonicumn (strains SM3, SM4, SM5, 
and 61A24) and analyzed on SDS poly- 
acrylamide gels (Fig. 1, lanes e to h). The 
presence of a common protein band at 
molecular weight 35,000 in nodules and 

a b c d e 

its absence in bacteroids (lanes i and j) 
demonstrated that Nodulin-35 is a nod- 
ule-specific protein, and its appearance 
is not related to the effectiveness of the 
nodules in nitrogen fixation. 

Nodulin-35 was purified to homogene- 
ity by means of preparative SDS gel elec- 
trophoresis (Savant), and antibodies 
raised to this protein were tested for 
monospecificity by immunoelectropho- 
resis and double immunodiffusion (12). A 
30 percent ammonium sulfate-precipi- 
tated fraction prepared from both ef- 
fective and ineffective nodules, along 
with non-nodulated roots (used as a con- 
trol), was reacted with the antiserum to 
Nodulin-35. Figure 2 shows a common 
precipitation line between cytoplasmic 
proteins obtained from nodules devel- 
oped by different strains of Rhizobium, 
whereas Nodulin-35 is not detectable in 
uninfected roots. Furthermore, extracts 
from free-living Rhizobium (including 

_, -M N,* 
' . - .. - = - : - . , .: . .:. 
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68 kD 
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Fig. 1. SDS gel electrophoresis of cytoplasmic proteins extracted from soybean roots, nodules, 
bacteroids, and free-living Rhizobium. Total cytoplasmic proteins from (a) uninfected roots; (b) 
nodules induced by an effective strain of Rhizobium japonicum (strain 61A76, wild type); (c) 
wild-type bacteroids; (d to h) ammonium sulfate-precipitated fraction (30 percent saturation) of 
cytoplasmic proteins from nodules induced by Rhizobium strains 61A76, SM3, SM4, SM5, and 
61A24, respectively; (i) wild-type bacteroids; (j) bacteroids from Rhizobium strain SM4; (k) 
free-living wild-type Rhizobium; (1) Rhizobium induced for nitrogenase; and (m) molecular 
weight markers: N35, Nodulin-35; and Lb, leghemoglobin. Control roots and 3-week-old nod- 
ules were ground with liquid nitrogen in a mortar and pestle, transferred into a buffer containing 
50 mM tris-HCl (pH 8.7), 20 mM KCl, and 10 mM MgCl2, and homogenized at 4?C. After 
removal of cell debris at 20,000g centrifugation, the supernatant was recentrifuged at 105,000g 
for 2 hours. The supernatant obtained after separation of ribosomes was either lyophilized and 
dissolved in the sample buffer [100 mM dithiothreitol, 80 mM tris-HCl (pH 6.8), 2 percent 
(weight to volume) SDS, 10 percent (by volume) glycerol, and 0.2 percent (weight to volume) 
bromophenol blue] or fractionated by ammonium sulfate (30 percent saturation). The precipi- 
tate was collected by centrifugation, resuspended in 10 mM tris-HCl (pH 7.8), dialyzed, and, 
following lyophilization, dissolved in the sample buffer. Samples containing approximately 100 
/xg of protein were boiled for 2 minutes in the sample buffer and electrophoresed. Free-living 
Rhizobium (strain 61A76) were cultured in liquid media as reported (5); bacteroids were extract- 
ed from nodules as described by Sutton et al. (6, 7). To isolate cytoplasmic proteins from free- 
living Rhizobium and bacteroids, the cells were suspended in a small volume of 80 ntmM tris-HCl 
(pH 6.8), sonicated on ice for 30 seconds (Sonifier Cell Disruptor, model W140D; Ultrasonics), 
and, following removal of cell debris at 20,000g, the extract was recentrifuged at 105,000g for 2 
hours. The resulting supernatant was prepared for gel electrophoresis as outlined above. Cul- 
tures of Rhizobium induced for nitrogenase were grown at a low oxygen tension (8), examined 
for nitrogenase activity by the acetylene reduction assay (9), and analyzed electrophoretically. 
Electrophoresis was carried out on discontinuous SDS slab gels [17.5 percent acrylamide and 
0.07 percent (weight to volume) bisacrylamide] in the buffer system described by Laemmli (10). 
The gels were stained in 0.2 percent (weight to volume) Coomassie brilliant blue R in 50 percent 
methanol and 10 percent acetic acid and destained in 30 percent methanol and 7 percent (by 
volume) acetic acid. 
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cultures induced for nitrogenase) and 
from bacteroids do not cross-react with 
the antiserum when examined by the 
double immunodiffusion test. The identi- 
ty of this 35,000-molecular-weight pro- 
tein was further determined in nodules 
induced by different strains of R. japoni- 
cuin by analyzing peptide maps of puri- 
fied Nodulin-35 on SDS gels (13). -All 
profiles of proteolytic digestion of this 
protein are similar, suggesting that it is 
the same protein and its presence in dif- 
ferent nodules is not simply a result of 
electrophoretic comigration or cross-re- 

activity with antibody (Fig. 3). The ap- 
parent structural identity of the 35,000- 
molecular-weight protein in nodules de- 
veloped by various strains of Rhizobium 
also suggests plant rather than bacterial 
origin. That Nodulin-35 is synthesized 
by the host plant is shown by immuno- 
precipitation of the translation product 
of the nodule polysomes and its inhibi- 
tion of synthesis with cycloheximide 
(Fig. 4). No immunoreactive material 
was obtained with the translation prod- 
uct of control root polysomes (data not 
shown). It is not certain whether this 

a b c 
Fig. 2 (top left). Ouchterlony immunodiffusion 
test of (a) antiserum to Nodulin-35, with the 
30 percent ammonium sulfate-precipitated 

X * .j'^.X./ lIlK ~ ~~fraction of cytoplasmic proteins from root nod- 
ules formed by Rhizobium strains (b) 61A76, 

a b c d e g (c) SM4, (d) SM5, (e) 61A24, and (f) from non- 
nodulated roots. Reaction was performed on Hyland agarose immunodiffusion plates at room 
temperature (12). Fig. 3 (bottom left). Peptide maps of Nodulin-35 isolated from effective 
and ineffective root nodules. The pure protein was digested with a-chymotrypsin during SDS 
slab gel electrophoresis (13). (a) a-Chymotrypsin, (b) undigested Nodulin-35, and (c to g) di- 
gestion products of Nodulin-35 from nodules induced by Rhizobium strains 61A76, SM3, SM4, 
SM5, and 61A24, respectively. Fig. 4 (right). SDS slab gel electrophoresis of in vitro trans- 
lation products from soybean polysomes (autoradiofluorogram). In vitro translation of polysomes 
was carried out in micrococcal nuclease-treated wheat germ translation system (16): (a) total 
translation product, (b and c) immunoprecipitation of the translation product with antibody 
against Nodulin-35, and (c) translation in presence of 1 Axg of cycloheximide per milliliter, which 
gave 89 percent inhibition of total trichloroacetic acid-precipitable counts. Arrow indicates the 
position of Nodulin-35 run as a marker in the parallel gel. Polysomes were isolated from 3-week- 
old nodules induced by Rhizobium strain 61A76 and translated in the presence of [3H]leucine as 
described by Verma et al. (3). After translation, the ribosomes were removed by ultrace/ntri- 
fugation (105,000g for 2 hours) and the supernatant containing released polypeptides was pre- 
pared for electrophoresis as given in the legend to Fig. 1. Immunoprecipitation reaction was 
carried out on TCA-precipitated product as described by Lingappaet al. (17) using staphylococ- 
ci-bound protein A to precipitate antigen-antibody complexes. After staining and destaining, 
the gel was treated with dimethyl sulfoxide (Me2SO) and 20 percent 2,5-diphenyloxazole (New 
England Nuclear) in Me,SO, dried, and exposed to prefogged x-ray film (Kodak RP-X-omat) for 
quantitative autoradiofluorography (18). In order to resolve Nodulin-35 from the band running 
just below it, the gels were overrun for 1 hour; as a result leghemoglobin is not visible in these 
gels. 
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protein is involved in the structure or the 
function of nodules. Since the nodules 
formed by various effective and inef- 
fective strains of Rhizobium contain 
Nodulin-35, the presence of this protein 
may not be related to the function of the 
nodules in fixing nitrogen. 

It is apparent that the development of 
true symbiosis is obligatory for the ef- 
fective fixation of atmospheric nitrogen. 
Failure to develop such symbiosis may 
result in a parasitic/saprophytic state and 
the nitrogen fixed under these conditions 
may be of no use to the host (14). Further 
characterization and identification of 
nodule-specific plant proteins (Nodulins) 
should promote an understanding of the 
specific requirements for developing 
symbiotic association with Rhizobium. 
This capacity is primarily restricted to le- 
gumes. Trema is the only nonlegume 
presently known to develop symbiosis 
with Rhizobium (15); it must harbor 
some of the genes obligatory for the de- 
velopment of the Rhizobium-legume 
symbiosis. Studies of plant gene ex- 
pression in different mutants of soybean 
(4) could also greatly contribute to our 
knowledge of the role of the plant in de- 
veloping association with Rhizobiutn 
leading to symbiotic nitrogen fixation. 
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We have applied the recently devel- 
oped Kullback-Leibler nearest neighbor 
(KL-NN) rule approach (1) to the prob- 
lem of automatic classification of station- 
ary electroencephalogram (EEG) time 
series. In that problem, the category or 
state of an individual is classified by 
comparison of his or her EEG with 
EEG's taken from other individuals. The 
computation of a Kullback-Leibler (KL) 
number metric or measure of the dif- 
ference between two different stationary 
EEG time series is a key point of our ap- 
proach. We report here on the automatic 
classification of anesthesia levels LI and 
L3, respectively the anesthesia levels in- 
sufficient and sufficient for deep surgery, 
by machine computations on the EEG 
alone. Extension of the KL-NN rule ap- 
proach to distinguish between more than 
two categories or anesthesia levels does 
not involve any new concepts. 

The anesthesia level EEG data dis- 
cussed here originated in an experiment 
at Vancouver General Hospital. In that 
experiment, 280 epochs of visually 
screened EEG's that were relatively free 
of artifact and reflected stationary halo- 
thane-nitrous oxide anesthesia level 
were collected from 20 individuals in sur- 
gery. The anesthesia levels, determined 
by non-EEG criteria, were classified by a 
single anesthesiologist to eliminate the 
problem of interrater variability for 
EEG's. Details of the surgical anesthesia 
procedures and a review of the status of 
automatic classification of anesthesia 
levels by EEG data appear elsewhere 
(2). The data consisted of 64-second re- 
cordings of four-channel EEG epoch 
data (F4-C4, F3-C3, C4-02, and C3-01 in 
the 10-20 EEG system) analog-frequen- 
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cy modulation recorded through a 0.54- 
to 30-Hz band-pass filter and then digital- 
ly transcribed at 128 samples per second. 
An examination of the available data 
suggested that we confine our attention 
to a two-category classification problem, 
to classify anesthesia levels LI and L3, 
which are, respectively, insufficient and 
just sufficient for deep surgery. The data 
selected for analysis were 73 EEG 
epochs, all the 35 LI EEG epochs avail- 
able and 38 L3 EEG epochs (in sets of 
two to three per individual) from a total 
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of 18 different individuals. The analysis 
was performed on the first 20-second in- 
tervals of each EEG data epoch at a re- 
duced data rate of 128/3 samples per sec- 
ond on d = 4 and d = 2 EEG data chan- 
nel data (C4-02 and C3-01). 

The implicit conjecture in the EEG 
population screening problem is that 
there is sufficient information in the EEG 
alone to achieve clinically acceptable 
levels of discrimination between EEG 
state categories. The credibility of this 
conjecture is strained by evidence of the 
broad intersubject EEG variability. The 
data in Fig. 1, two-channel 20-second 
anesthesia level LI and L3 EEG epochs 
from five subjects, illustrate this broad 
intersubject EEG variability. The LI 
data appear to be relatively homoge- 
neous "fast" EEG's whereas the L3 
data include fast, slow regular, and irreg- 
ular EEG's. The bottom two L3 EEG's 
(labeled F145, L3, S71 and F170, L3, 
S73) appear more similar to LI EEG's 
than to other L3 tracings. No obvious vi- 
sual properties distinguish the LI from 
L3 EEG's. 

A useful statement of the conjecture in 
the EEG population screening problem 
is as follows: given labeled EEG samples 
from two categorical populations, esti- 
mate the theoretically best achievable 
statistical classification performance. 
The use of a KL-NN classification, in 
which one subject's EEG is deleted at a 
time in classification of the labeled EEG 
sample data base, yields that desired es- 
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Fig. 1. Twenty-second bipolar (C3-01 or C4-02) epochs of anesthesia levels L1 and L3 from five 
different individuals. 
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different individuals. 
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