utes. All measurements were replicated.

Within species, we sought variability
for CO, compensation concentrations
among 100 genetic lines of wheat
Triticum aestivum L. and 20 genetic
lines of barley Hordeum vulgare L. of
diverse origin selected from the U.S.
Department of Agriculture World Col-
lections. Remarkably little variation in
CO, compensation was found within
these species, the compensation con-
centration being 52=+2 ppm (standard
deviation) for wheat and 55 =2 ppm
for barley.

Among the more than 300 mono-
cotyledonous and 100 dicotyledonous
species which we surveyed, CO, com-
pensations were the same for all species
within a genus except in three genera—
Euphorbia, Panicum, and Cyperus—
where we found both species with high
and low compensation points in the
same genus (Table 1). The Panicum
species were of diverse origin and no
single author has listed all of them in
taxonomic groupings. In all cases, how-
ever, the phenotypes of species with
high and low compensation points dif-
fered and, where subgenera classifica-
tions could be found, were grouped
in separate subgenera.

In Euphorbia, only species of the
subgenus Chamaesyce Raf. had low
CO, compensation concentrations. In
the Cyperus genus, C. esculentus L. of
the subgenus Pycreus (Beav) C. B.
Clarke had a low compensation point.
C. papyrus L. had a high compensa-
tion point. The latter species is not
listed by Fernald (6) but its form is
greatly different from C. esculentus.

High and low CO, compensation
points occur in different species of
Atriplex (7). There, also, the traits were

found in different subgenera. The re-
cent report of Downton et al. (8) agrees
with our observations within the
Panicum genus. The fact that high and
low CO, compensation points occur
only in different subgenera indicates,
perhaps, that the subgenera should be
considered distinct genera. These con-
trasting compensation species do have
many similar traits, however, and some
of them may have sufficient genetic
compatibility to permit viable crosses
between them. Such crosses would pro-
vide unique material for study of the
inheritance of basic physiological proc-
esses which are important in yielding
ability of crop plants.
DALE N. Moss
EUGENE G. KRENZER, JRr.
WiLLIAM A. BRUN
Department of Agronomy and Plant
Genetics, University of Minnesota,
St. Paul 55101
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Immunological Detection of Single Amino Acid
Substitutions in Alkaline Phosphatase

Abstract. Antiserums to wild-type alkaline phosphatase from Escherichia coli
were prepared and tested for reactivity with phosphatases altered by point muta-
tions. Eight out of the nine mutant enzymes were distinguished from the wild type
with quantitative microcomplement fixation. The structural changes are among
the smallest yet observed immunologically.

Certain immunological techniques
can distinguish between proteins differ-
ing in primary sequence by a very few
amino acids (I), or even one (2). To
obtain further information about the
value of such techniques, we have de-
termined the immunological effects of
single amino acid exchanges in Escheri-
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chia coli alkaline phosphatase. This di-
meric protein has approximately 400
amino acid residues per polypeptide
chain (3). Our discrimination between
mutant and wild-type alkaline phospha-
tase marks the smallest relative change
in protein primary structure observed
immunologically to date.

Wild-type E. coli alkaline phospha-
tase was purified from a constitutive
strain (C90F1) according to the pro-
cedure of Malamy and Horecker (4).
Chromatographically purified alkaline
phosphatase was also obtained from
Worthington Biochemical Corporation,
Enzymatic activity was assayed by rate
of hydrolysis of p-nitrophenyl phos-
phate (5). Both protein preparations
were emulsified in Freund’s complete
adjuvant supplemented with 4 mg of
BCG (bacillus Calmette-Guérin) per
milliliter and injected intradermally at
four sites on the backs of male New
Zealand white rabbits. Each rabbit re-
ceived 0.7 to 0.8 mg of protein. Bleed-
ings were taken at weekly intervals, be-
ginning 2 weeks after the initial injection.
After 11 weeks, each rabbit was given
a course of three intravenous injections
(1 mg each) on alternate days. Serums
were collected 4 and 7 days after the
last intravenous injection and stored in
the frozen state. Three rabbits gave
serums which reacted with only a single
component in crude extracts of E. coli,
when examined by Ouchterlony double
diffusion, immunoelectrophoresis, and
microcomplement fixation. Diffusion
methods indicated that the fourth rab-
bit produced a low concentration of
antibodies to a second component in
crude extracts. This did not interfere
with the microcomplement fixation
analysis presented below. Most anti-
serums differed in titer, but not in dis-
criminating capacity, and results below
are averages from experiments carried
out with many antiserums.

Strains of E. coli which constitutively
produced mutant alkaline phosphatases
were isolated as phosphatase-positive
revertants of nonsense mutations, map-
ping in the alkaline phosphatase struc-
tural gene (6). The mutant enzymes
were altered in their electrophoretic
mobility, but they had regained al-
most full enzymatic activity. The muta-
tions occurred at five sites. The nature
of the amino acid substitutions at four
of the sites was deduced from the elec-
trophoretic changes (7). Five revertants
were from the nonsense mutation at a
fifth site. The substitutions at this site
were determined by amino acid analyses
of tryptic peptides (8).

No differences were detected between
the mutants and the wild type by the
double-diffusion technique. A spur was
seen in the comparison of the phospha-
tases of E. coli and Serratia marcescens,
which indicates that the two enzymes
share only a limited number of anti-
genic determinants. The Serratia en-
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Table 1. Mean complement fixation (CF) differences between wild-type and mutant alkaline
phosphatases. The sites in the phosphatase gene at which the mutations occurred are arbi-
trarily designated a through e. All strains are from Garen’s C90F series. The phosphatases of
strains 272, 447, 722, 738, and 777 were tested with eight antiserums. The remaining strains
were exammed with one antiserum. The number of measurements on each strain was:
272 (15); 447 (19); 722 (34); 738 (16); 776 (4); 777 (20); 784 (4); 790 (4); 874 (15).

. Amino acid . CF dif-
Stram replacement Site ference (%) P
1 Wild type 1]
272 Lysine—neutral a —1.2 <5
447 Lysine—neutral b 6.7 <.001
722 Glutamate—neutral c 9.6 <.001
738 Lysine—>neutral d 6.6 <.001
776 Lysine— lysinet e —1.8 <4
777 Lysine—>glutamine e 6.6 <.001
784 Lysine—tyrosine e 10.0 <.05
790 Lysine—>serine e 9.5 <.01
874 Lysine—>glutamate e 17.1 <.001

* Probability that the complement fixation difference is zero (I1).

zyme differs greatly in primary struc-
ture from that of E. coli (9).
Wild-type and mutant enzymes were
next compared by quantitative micro-
complement fixation (Fig. 1); this test
is very sensitive to small differences in
protein structure (10). At the peak, 76
percent of the available complement
was fixed by the wild-type enzyme,
while only 67 percent was fixed by the
mutant 874. This 9 percent difference
in reactivity is referred to as the com-
plement fixation difference.
ments like this were conducted for each
mutant, and the results are summarized
in Table 1. Although all eight of the
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ALKALINE PHOSPHATASE (Units/ml x 103)

Fig. 1. Reactivity of mutant and wild-type
phosphatases with antiserum. The bacteria
were grown aerobically at 37°C in Difco
nutrient broth, and alkaline phosphatase
was extracted by heat shock (I6). Serial
dilutions of extract were tested for reactiv-
ity with 1-ml portions of a 1:10,000 dilu-
tion of antiserum in 7-ml reaction volumes
containing a buffer described previously
(10). The extracts were from strains
C90F1 (wild type, O) and C90F 874
(mutant, []). Pure enzyme from strain
C90F1 produces a complement fixation
curve identical to that of the crude extract.
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T A revertant to the wild type.

mutant enzymes reacted strongly with
the antiserums, seven of them were sig-
nificantly (1) less reactive than the
wild type. The complement fixation dif-
ferences were generally about 10 per-
cent. These differences are small, com-
pared to that between the wild-type
enzyme and that of Serratia. Under
these experimental conditions, the Ser-
ratia enzyme gave no reaction with our
antiserums (12).

In addition, one alkaline phosphatase
mutant with specific activity reduced
to less than 0.4 percent of wild type
was examined. The point mutation in
the genome of the strain, U13, destabi-
lizes the normal dimeric form of the
molecule (13). In contrast to the mu-
tants studied above, the electrophoretic
mobility of this mutant protein is iden-
tical with that of the wild-type en-
zyme (13a). The average complement
fixation difference was 16 percent for
this protein (/4). Thus, the immu-
nological reactivity of this mutant pro-
tein is strong, but significantly less than
in those that retain enzymic activity.
It appears that certain mutations may
profoundly affect a protein’s ‘function
without greatly altering its antigenic
structure.

In summary, the majority of mutant
alkaline phosphatases were distinguish-
able from the wild type by microcom-
plement fixation. All but one of these
mutations involved changes in electrical
charge; substitutions not involving dif-
ferently charged amino acids have been
detected immunologically in other pro-
teins (2). No small alteration in pri-
mary sequence, even one reducing en-
zymatic activity, resulted in a large
change in immunological reactivity. As
all the discriminations were nearly as
fine as this method permits, it is antici-
pated that single amino acid changes
in larger proteins might not be detect-

able at all. From our data and that
available (2, 10), it appears that micro-
complement fixation can provide a sen-
sitive measure of structural relation-
ships between proteins (15).
G. T. Cocks
A. C. WIiLsoN
Department of Biochemistry,
University of California, Berkeley
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