present positive attitude toward them.
This point was investigated thoroughly
because Hopi tradition would allow for
a religious symbol being attached to albi-
nism.

Hopis. share the legend permeating
Central American Indian cultures that
someday a white leader will return and
lead them to a better life. Just as Cortez
was welcomed by the Aztecs as their
white leader, Pedro de Tovar, the first
white man to visit the Hopis, was wel-
comed by the Hopis as their “lost white
brother” (21). Tovar and his men
quickly subdued the Hopis. The lost
white brother has yet to arrive. If the
birth of an albino was ever considered
as a symbol or reminder of their lost
white brother, it is unknown to any
living Hopi. The intriguing problem re-
mains, however, as to why albinos, espe-
cially albino children, are considered so
affectionately in all villages. The admir-
ation of their whiteness is clearly not
an identification with white Americans;
it represents instead an association of
whiteness with cleanliness, goodness,
and purity; attributes honored by tra-
ditional Hopis. Rain is essential for ex-
istence in the barren mesa country.
White clouds symbolize rain and are a
constant reminder of the necessity of
living a pure life. “If Hopis live a
clean, good and harmonious life, there
will be plenty of rain and an abundance
of food for the children to eat.”

Conclusion

Although selection for the heter-
ozygote or genetic drift may account
for the high frequency of the albino
gene in the Hopi population, the most
apparent explanation is acquisition of
the gene by migration and cultural se-
lection of the type described here. A
study of the Hopi people also indicates
that time will soon erase albinism as a
Hopi heritage on Second and Third
Mesas. Paved roads now link the Hopi
mesas so that only minutes are re-
quired to travel from one mesa to an-
other by truck or automobile. These
modern transportation facilities, schools
on and off the reservation where mem-
bers of different ethnic groups associ-
ate, and a growing population forcing
young people to seek employment off
the reservation all promote outbreed-
ing, reduce the frequency of the albino
gene, and decrease the probability of
homozygosity for this gene. The eclipse
of agriculture as a way of life negates
any reproductive advantage held by
albino males in past generations. The
frequency of albinism among the Hopis
will decrease rapidly with the decline of
their culture.
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amounts of the acidic compound during
hydrolysis. The acid-stable substance
was isolated by ion-exchange chroma-
tography and crystallized. The seren-
dipitous observation that there was con-
siderable ash left on combustion of a
sample during elemental analysis led to
the determination that 25 percent of the
weight of the material could be ac-
counted for as stably bonded phos-
phorus, and to the identification of the
substance as 2-aminoethylphosphonic
acid (AEP). The substance in the ex-
tract yielding AEP on hydrolysis was
identified as a glyceryl ester of AEP,
and the liberation of AEP on hydrolysis
of the lipid extracts of the anemone
suggested AEP as a possible constituent
of phospholipids (2).

We were preparing a report on the
above finding when it was brought to
our attention that Horiguchi and Kan-
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datsu had previously isolated AEP from
the hydrolysate of a “proteolipid-like”
extract of ciliates from sheep rumen
(3). This information raised the ques-
tion of whether the AEP was a com-
ponent of the sea anemone tissue or a
constituent of the symbiotic algae con-
tained in the anemone tissues. The iso-
lation of phosphonic acid from the
pedal discs of the anemones, tissue
which does not contain algae, indicated
that the phosphonic acid actually oc-
curs in the anemone tissues; but this
did not determine the site of original
synthesis of the carbon-phosphorus
bond. Later detection of AEP in species
not known to contain algae indicated
that the coelenterates are probably ca-
pable of the synthesis. The rapid in-
corporation of 32P-labeled phosphate
ion into AEP has been demonstrated
with the sea anemones Anthopleura
xanthogrammica and A. elegantissima
and with the hydra Chlorohydra viridis-
sima. The synthesis has similarly been
demonstrated with the pulmonate snail
Helix aspersa and with the slugs Leh-
mannia poineri and Limus flavus (4).
Because of the difficulty of obtaining
these organisms free from symbionts,
belief in their capacity for synthesizing
the C-P bond rests insecurely on the
rates and quantities observed. Quin iso-
lated the AEP from the sea anemone
Metridium dianthus and found that this
phosphonic acid made up 1 percent of
the total dry weight of the organism.
In another anemone, Tealia felina, he
found the C-P phosphorus to be about
50 percent of the total phosphorus (5).

Kandatsu and Horiguchi demonstrated
that the ciliate Tetrahymena pyriformis,
in axenic culture; rapidly synthesizes
AEP from 32P-labeled phosphate ion
and that 13 percent of the total phos-
phorus is fixed in this compound (6).
Recently we have demonstrated the syn-
thesis of several phosphonic acids by
three species of dinoflagellates and two
species of coccolithophorids, but at
rather low levels (7), and Baldwin and
Braven have isolated AEP from the
unicellular alga Monochrysis lutheri
(8).

Since the biosynthesis of many amines
occurs through the decarboxylation of
amino acids, we sought the likely pre-
cursor of AEP, 2-amino-3-phosphono-
propionic acid. At this point, fortunate-
ly, we received a letter from A. F.
Isbell of Texas A&M University in-
forming us that he had in progress a
program for synthesizing the amino-
phosphonic analogs of the natural amino
acids (9). Utilizing his synthetic stan-
dard, we were able to detect the new
aminophosphonic acid in extracts of the
zoanthid Zoanthus sociatus, and to
demonstrate its synthesis by Tetrahy-
mena by cocrystallization of the isolated
32P-labeled compound with the synthet-
ic 2-amino-3-phosphonopropionic acid
(10). Subsequently the N-methyl, N-
dimethyl, and N-trimethyl derivatives
of AEP were isolated from ethanolic
extracts of the sea anemone Antho-
pleura xanthogrammica (11).

This work established the biological
occurrence of the phosphonic acid ana-
logs of ethanolamine phosphate, serine

5

phosphate, and choline phosphate, three
major constituents of phospholipids.
The structures of the C-P compounds
isolated to date and their relationship
to other known substances are shown in
Table 1. The chemical properties of
AEP and its synthesis, as well as the
natural distribution, are described else-
where (12).

C-P Compounds as Components
of Phospholipids

Shortly after AEP was discovered in
anemones, we were visited by Eric
Baer. It was apparent from our data (2)
and those of Horiguchi and Kandatsu
(3) that AEP was a constituent of lip-
ids. This presented a challenge, and
Baer responded in typical fashion by
initiating a program for synthesizing
phosphonic acid analogs of phospho-
lipids; for those analogs he proposed
the name phosphonolipids (/3). A re-
port by Rosenthal and Pousada on the
synthesis of AEP-containing cephalin
analogs (I4) appeared virtually simul-
taneously with Baer’s first paper.

After having determined that AEP
is a major constituent of the lipids of
the sea anemone, we proceeded with an
examination of chloroform-methanol
extracts of fresh anemones. Rouser of
our laboratory was successful in iso-
lating and characterizing ceramide-2-
aminoethylphosphonic acid (ceramide-
AEP) (I5), elucidating its structure by
degradative techniques (I6). Mean-
while, Hori et al. isolated from the clam

Table 1. Phosphonic acids found in nature, and phosphate ester and carboxylic acid analogs.

R group Phosphonic acid Phosphate ester Carboxylic acid
OH OH
! | OH
R—-P=0 R-O-P=0 |
| | R-C=0
OH OH
H,NCH.CH,~ 2-Aminoethylphosphonic acid* 2-Aminoethyl phosphate 2-Aminoethyl carboxylic acid
(AEP) (ethanolamine phosphate) (B-alanine)
C'JH,, 2-Methylaminoethylphos- 2-Methylaminoethyl phosphate 2-Methylaminoethyl carboxylic acid
HN-CH,CH,~ phonic acid (N-methyl AEP) (N-methyl ethanolamine phosphate) (N-methyl g-alanine)
CH,
ILT~CH2CHQ— 2-Dimethylaminoethylphos- 2-Dimethylaminoethyl phosphate (N,N- 2-Dimethy1am.inoethyl carquylic
éH phonic acid (N,N-dimethyl AEP) dimethyl ethanolamine phosphate) acid (N,N-dimethyl g-alanine)
3
CH,

CH;,—ILI"—CHQCHZ— 2-Trimethylaminoethylphos- 2-Trimethylaminoethyl phosphate 2-Trimethy1amir}oethyl carbox'y]ic
IH phonic acid (N,N,N-trimethyl AEP) (choline phosphate) acid (N,N,N-trimethyl g-alanine)
CH,

COOH
HzNéH2CH2— 2-Amino-3-phosphonopropionic Serine phosphate Aspartic acid

acidt¥ (phosphonoalanine)

* The naturally occurring sulfonic acid analog of AEP is taurine, HoNCH:CH2SO:zH.

phosphonopropionic acid is cysteic acid, HOOCCH(NHz)CH2SOzH.
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Corbicula sandai a sphingolipid which
appeared to contain ethanolamine phos-
phate. However, subsequent studies
showed this constituent to be ceramide-
AEP, and Hori et al. have now found
this phosphonolipid in a number of
mollusks (/7). De Koning demonstrated
the presence of ceramide-AEP in the
abalone Haliotis midae (18). Carter
and Gaver isolated the ceramide-AEP
from Tetrahymena and found that it
contains C;; and C,, branched-chain
sphingosines (/9). Dawson and Kemp
have reported the probable presence of
both ceramide-AEP and ceramide phos-
phorylethanolamine in the lipids of ru-
men protozoa (20).

The earlier finding of a glyceryl ester
of AEP in sea anemones clearly indi-
cated that the occurrence of phosphati-
dyl-AEP was a possibility. During a
visit to our laboratory, Rosenberg,
working with Kittredge, found that the
phosphatidylethanolamine fraction of
Tetrahymena lipids contains AEP. Baer
demonstrated that the synthetic phos-
phatidyl-AEP and phosphatidylethanol-
amine behave almost identically in
many chromatographic systems (I/3).
Upon his return to Australia, Rosen-
berg was able to show by indirect, but
convincing, methods that phosphatidyl-
AEP is present in Tetrahymena. The
molar ratio of phosphatidylethanola-
mine to phosphonolipid was found to
be approximately 13:1. Mild saponifi-
cation failed to release about 20 percent
of the lipid-AEP, a fact which sug-
gested that plasmalogen or sphingolip-
ids, or both, containing AEP were also
present (27). Rumen protozoa also have
been shown to contain phosphatidyl-
AEP and plasmalogen-AEP (20). The
presence in Tetrahymena of a glyceryl
monoether phosphatidyl-AEP was es-
tablished by Thompson, who isolated
the AEP ester of chimyl alcohol from
the lipid-soluble saponification products
of a phospholipid fraction (22). Re-
cently Chacko and Hanahan have syn-
thesized the monoether phosphatidyl-
AEP and have confirmed the presence
of both the diester and the monoester
phosphonolipids in the Tetrahymena
(22a).

Liang and Rosenberg investigated the
biosynthesis of phosphatidyl-AEP in
Tetrahymena and were able to demon-
strate the incorporation of AEP into
cytidine monophosphate-AEP and the
in vitro synthesis of an AEP-containing
glyceryl phospholipid from cytidine
monophosphate-AEP and dipalmitin
Q@n. -

Two-dimensional thin-layer chroma-
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tography of 32P-labeled lipid extracts of
Anthopleura elegantissima provided evi-
dence of the presence of two new
phosphonolipids, one containing N-
methyl-AEP and the other N-trimethyl-
AEP (23), but these lipids have not
yet been completely characterized. Ha-
yashi et al. subsequently isolated a
sphingolipid containing N-methyl-AEP
from the snail Turbo cornutus (24).
Organisms which do not synthesize
AEP may readily incorporate this com-
pound into their tissue lipids. Thus,
administration of 32P-labeled AEP to
rats resulted in its incorporation into
two liver lipids (25). The injection of
labeled AEP into a goat also resulted
in its incorporation into liver lipids, and
dilution of the activity permitted esti-
mation of the endogenous lipid-AEP
(26). Housefly larvae (Musca domes-
tica) reared on media containing AEP,
N-dimethyl-AEP, or N-trimethyl-AEP
incorporate these C-P compounds into
phosphonolipids (27). It is likely that
this synthesis of phosphonolipids occurs

by way of the Kennedy pathway, the -

phosphonobases utilizing the same en-
zymes which transfer phosphobases
from the cytidine phosphobase into
phospholipids. This would account for
the fact that AEP has been detected in
crustacea and mammals, animals which
are not known to synthesize AEP but
which might assimilate phosphonic acids
from the digestive tract. Free phos-
phonic acids or phosphonolipids have
been detected in rat lipids (24), in goat
liver lipids (26), in bovine brain (28),
in bovine kidney and milk, and in hu-
man erythrocytes (29).

C-P Compounds Associated
with Proteins

Quin found that a major portion (72
percent) of the AEP in the sea anemone
Metridium dianthus was present in a
bound form in the lipid-free insoluble
residue (5). AEP associated with in-
soluble residue also was observed by
Rosenberg in Tetrahymena (30). The
residue from Tetrahymena was resistant
to the action of proteolytic enzymes,
but that from the anemone was partial-
ly solubilized by pepsin and, on frac-
tionation, yielded a peptidic material
containing AEP (4.1 percent) (I12).
Dinitrophenylation of the latter mate-
rial indicated that the amino group of
the AEP is blocked and suggested that
the amino group might be bound in
peptide linkage. Quin has found similar
insoluble residues containing AEP in

several species of anemones, in a soft
coral (Leptogorgia virgulata) and in a
nudibranch mollusk (Archiodoris sp.).
In the sea anemone Anthopleura xan-
thogrammica the residue was found to
contain more N-methyl-AEP (78 per-
cent) than AEP (22 percent) (31).
Recently Stevenson, Gibson, and Dixon,
of the University of British Columbia,
have isolated the first pure proteins
containing AEP (32). Two proteases, A
and B, isolated from the sea anemone
M. senile have been found to contain
7.4 and 3.7 molecular residues, respec-
tively, of AEP (a molecular weight of
20,000 being assumed for each pro-
tease).

Biosynthesis of the C-P Bond

The organism of choice for study of
the formation of the C-P bond is Tetra-
hymena pyriformis. It contains a large
amount of AEP, and a likely precursor,
phosphonoalanine, both of which are
labeled when 32P-labeled phosphate ion
is added to the culture medium. Rosen-
berg observed that the lipid-AEP from
Tetrahymena in the log phase of growth
had a higher specific activity than either
free or residue-bound AEP. Similar
experiments with cells in the stationary
phase resulted in little or no labeling of
AEP, although there was considerable
activity in the phospholipid phosphate
(30). Subsequently, during a visit with
us, Horiguchi extended this work to
cultures of Tetrahymena brought into
synchronous division by cyclic heat
shocks. In brief successive labeling ex-
periments the specific activity of the
AEP was found to fall during the shock
treament and then to rise to a maxi- -
mum, which coincided exactly with the
period of cell division (33). Chou and
Scherbaum observed that a single heat
shock led to the accumulation of a still
uncharacterized substance containing
AEP and possibly phosphonoalanine
and glycerol (34). The foregoing re-
sults, together with Rosenberg’s obser-
vation that there was no decrease in the
amount of labeled AEP when log-phase
cells were transferred to unlabeled me-
dium containing excess orthophosphate
(30), suggest that the synthesis of AEP
is linked to synthetic activities occur-
ring during cell division. The results
also indicate that free AEP is not the
precursor of bound AEP in Tetrahy-
mena. In contrast, recent data (4) sug-
gest that the free AEP is the precursor
of bound AEP in the garden slugs and
the garden snail. However, inability to
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estimate the size or number of pools
of either the free or the bound forms of
AEP precludes an unequivocal state-
ment.

A major difficulty in attempts to elu-
cidate the biosynthesis of the C-P bond
has been inability to prepare cell-free
systems capable of this synthesis, al-
though Warren has reported success
with “broken cell” preparations. An
attractive hypothesis was suggested by
consideration of the structural analogy
of AEP and phosphonoalanine to the
sulfonic acids taurine and cysteic acid.
These compounds arise from cysteine,
which can be synthesized in some or-
ganisms by the addition of sulfide to
an intermediate arising from a serine
derivative. We made an extensive effort
to detect reduced forms of phosphorus
in Tetrahymena, without success, and
subsequently learned that Liang and
Rosenberg (35) also had examined
this possibility. Segal proposed a phos-
phoramidic rearrangement of phosphati-
dylethanolamine to phosphatidyl-AEP
and a similar rearrangement of phos-
phatidylserine to phosphatidylphospho-
noalanine (36). However, three labora-
tories reported that ethanolamine and
serine were incorporated rapidly into
phospholipids but that these substances
were poor precursors of the phosphono-
lipids (22, 35, 37).

Four laboratories almost simultane-
ously reported success in demonstrating
that phosphoenolpyruvate, or possibly
oxaloacetate, is the likely precursor of
AEP. Trebst and Geike, in a well-exe-
cuted series of experiments, provided
convincing evidence that this is the case.
They added specifically labeled glucoses
to cultures of Tetrahymena, isolated the
AFP formed, and recrystallized it to
constant specific activity. The AEP was
then degraded, and the position of the
label in the AEP was determined. The
results proved that the 1-carbon of
AEP can be derived from the 1-carbon
(or 6-carbon) of glucose, and that the
2-carbon of AEP can be derived from
the 2-carbon of glucose. They proposed
a rearrangement of phosphoenolpyru-
vate to 2-keto-3-phosphonopropionate,
transamination to phosphonoalanine,
and decarboxylation to AEP. Their
work was published in July 1967 (38).
The following month at the Seventh
International Congress of Biochemistry
in Tokyo, Horiguchi, Kittredge, and
Roberts (37), unaware of the publica-
tion of Trebst and Geike, presented the
results of a series of experiments in
which they had traced the origin of the
carbon skeleton of AEP by following

40

the incorporation of 4C from a large
variety of specifically labeled 14C com-
pounds into AEP in growing Tetrahy-
mena and then determining the distribu-
tion of the *C by chemical degrada-
tion of the AEP isolated from hydrol-
ysates of the cells. The results strongly
supported the view that the most likely
precursors among the known metabolic
intermediates are phosphoenolpyruvate
or oxaloacetate—compounds which are
interconvertible by phosphoenolpyru-
vate carboxylase (E.C. 4.1.1.32)—and
that the 1l-carbon of AEP is derived
from the 3-carbon of phosphoenolpyru-
vate or oxaloacetate and the 2-carbon
of AEP is derived from the 2-carbon
of these substances. At the same meet-
ing Rosenberg independently presented
similar work and suggested that a re-
action might take place between phos-
phoenolpyruvate and phosphatidic acid
in such a way that a glyceride ester of
3-phosphonopyruvic acid would be
formed (see 35). In addition, Kidder
informally circulated a then unpublished
manuscript by Warren containing re-
sults in agreement with those of Trebst
and Geike, Horiguchi et al., and Ros-
enberg. Warren also had isolated phos-
phonoalanine and demonstrated label-
ing from glucose-3,4-14C, as well as
from glucose-1- or glucose-2-14C. He
further showed in in vitro experiments
with “broken cell” suspensions of Tet-
rahymena (39) that there was incorpor-
ation of 32P into AEP from 32P-labeled
phosphoenolpyruvate and phosphono-
alanine. He made, in somewhat more
detail, the same proposal that Trebst
and Geike had made—the proposal that
intramolecular rearrangement to form
3-phosphonopyruvic acid might be the
first step in the reaction sequence, in
which both the phosphorus and carbon
of phosphoenolpyruvate would appear
in the AEP—and indicated that this
possibility is being tested with phospho-
enolpyruvate labeled with both 32P and
14C. Since lipid-bound AEP appears to
be synthesized in Tetrahymena before
free AEP is, it appears probable that
the carbon precursor of the aminated
forms is bound into phosphatidyl link-
age in this organism prior to amination.
The possible routes are indicated in
Fig. 1. These differ in that the re-
arrangement of phosphoenolpyruvate to
phosphonopyruvate may take place ei-
ther in the free state, in cytidine mono-
phosphate-phosphoenolpyruvate, or in
phosphatidylphosphoenolpyruvate (40).
Each of these postulated routes leads to
phosphatidylphosphonopyruvate, which
then may be aminated and decarboxyl-

ated to phosphatidyl-AEP. At the Con-
gress in Tokyo we reported the detec-
tion of a lipid in Anthopleura xantho-
grammica which yields phosphonoacetic
acid on hydrolysis (23). This fragment
could arise from degradation of phos-
phatidylphosphonopyruvate, or by the
oxidation of phosphatidylphosphono-
acetaldehyde during hydrolysis.

Metabolism and Transpoit

of C-P Compounds

The aminophosphonic acids are non-
toxic to mammals and are incorporated
into tissue phosphonolipids (25, 26).
The only catabolism of natural amino-
phosphonic acids by mammalian tissue
that has been reported is the transami-
nation between phosphonoalanine and
a-ketoglutarate observed with mouse
liver homogenate (47).

The mineralization of these stable
compounds and return of the phospho-
rus to the circulating pool in nature can
be accomplished by several species of
bacteria. Zeleznick et al. (42) were the
first to demonstrate the biological cleav-
age of the C-P bond. In media in which
methyl- or ethylphosphonate was the
sole source of phosphorus, Escherichia
coli maintained the same generation
time through nine serial transfers, and
the total phosphorus of the bacterial
pellets after a 24-hour incubation in-
creased approximately tenfold. Masta-
lerz et al. (43) found that, of ten spe-
cies of microorganisms examined, only
E. freundi and E. coli could sustain
growth on ethylphosphonate, while
Harkness (44), utilizing media contain-
ing various aminophosphonic acids in
place of phosphate, observed growth in
nine of the ten species he studied. A
comparison of the doubling time in
each medium indicated that AEP was
the most readily utilized phosphonic
acid. Comparing only orthophosphate
and AEP, Tanabe et al. observed growth
on AEP with 24 of 62 species of mi-
croorganisms. Generally, the pseudo-
monads and coliform bacteria and some
actinomycetes could utilize AEP, while
lactic acid bacteria and yeasts could not
(45).

In our laboratories, transport of the
aminophosphonic acids analogous to
glutamic acid, aspartic acid, alanine,
and valine was studied in cultures of
Lactobacillus plantarum by Holden (46).
Uptake was dependent on the availabil-
ity of glucose and occurred against a
concentration gradient. Competition
studies with phosphonoalanine indicated
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that its transport in L. plantarum and
Streptococcus faecalis was antagonized
only by the structurally related amino
acids—glutamic, aspartic, and cysteic
acids. Kinetic studies with S. faecalis
and a mutant strain lacking one of two
dicarboxylic amino acid transport sys-
tems indicated that the aminophosphon-
ic acids are accumulated by the amino
acid transport systems in these bacteria.

Rosenberg (47) isolated a strain of
Bacillus cereus which could use AEP
as its sole source of phosphorus. This
bacterium exhibited a break in its
growth curve when grown in the pres-
ence of AEP and orthophosphate. Ex-
amination revealed that all of the ortho-
phosphate was utilized before AEP was
taken up. The control was shown to
operate through a transport system in-
duced by AEP and suppressed by ortho-
phosphate, and kinetic experiments
showed that the transport system has a
high affinity for AEP (apparent K,,,
10—7). A mutant of this bacterium was
isolated which was constitutive for the
transport system, and this mutant was
utilized in studying the catabolism of
AEP. The supernatant of a homogenate
degraded AEP to orthophosphate. The
rate of the reaction was increased by
the addition of pyridoxal phosphate and
an amino group acceptor, pyruvate.
This rate increase and the results of
studies with inhibitors were consistent
with the occurrence of a transamina-
tion reaction. When radioactive AEP
was the substrate, an intermediate could
be detected which was suspected of be-
ing 2-phosphonoacetaldehyde (48). Posi-
tive identification resulted from an ex-
change of ideas between Canberra and
College Station, Texas. The final suc-
cessful synthesis by Isbell (49) was fol-
lowed by comparison of the interme-
diate with the synthetic substance by

Rosenberg (50). The synthetic phos-

phonoacetaldehyde also was degraded
to phosphate and acetaldehyde by the
cell-free preparation.

We examined, in Escherichia coli,
Tetrahymena, Anthopleura, and mouse
liver, the possibility of transaminative
degradation of 18 synthetic aminophos-
phonic acids synthesized by Isbell. Tet-
rahymena and sea anemone homoge-
nates readily transaminated AEP with a-
ketoglutarate, while the other two tis-
sues did not. All of the tissues trans-
aminated y-aminopropylphosphonic acid
and phosphonoalanine. The glutamic
acid analog was degraded extremely
rapidly by the E. coli extract and slowly’
by Tetrahymena and sea anemone ho-
mogenate. Only low levels of activity
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were observed in the case of a few of
the other synthetic aminophosphonic
acids (41).

There appears to be some diversity
in the mode of catabolism of the natural
aminophosphonic acids. These acids are
actively assimilated by means either of
amino acid transport systems or of
inducible or constitutive transport sys-
tems having a high affinity for the ami-
nophosphonic acid. The degradation

occurs through transamination, but var-
ious systems employ different accep-
tors. We and others (41, 51) had pre-
viously suspected that phosphonoacetal-
dehyde might be unstable and might de-
compose spontaneously to phosphate
and acetaldehyde, but the successful
synthesis of the compound and Rosen-
berg’s recent work indicate that this
last step of degradation probably is
catalyzed enzymatically (50).

OH
(l)H i ?H
HO-P=0 (PEP) % HO-P= 0 (3PP)
! (o]
o] o
| HC =C*- COOH 0
H,C=C-COOH = CHy C - COOH
Rearrangement
CTP
cTP <
( »>ppi
PPi v
(.IOOH
YO O cH €o' (CMP-3PP)
Cyt -0-P-0—P-0~-C-COOH »CH,
1 I (CMP-PEP) Rearrongement: ' %
OH OH 0=F-0-P-0- Cyt.
N;[V\ OH OH
/ OH N{/\
Diglyceride
d DH
Y Diglyceride
(o] CH (o]
ooz "
~0~P-0-C-COOH - g 0-P- CHz-AC—COOH
| Reorrangement ‘
OH OH
Phosphotidyl-PEP Amination Phosphatidy!-3PP

Phosphatidy! 'fv{,\:? l'
phosphonoolanine 0 ~P=CHp-CH-COOH
|
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- Lo~ l:-CHz-CHZ- NH,

OH

Fig. 1. Biosynthesis of 2-aminoethylphosphonic acid (AEP) from phosphoenolpyruvate
(PEP) may occur through rearrangement of the PEP to 3-phosphonopyruvate (3PP).
The rearrangement may take place either from PEP, from cytidine monophosphate-
PEP (CMP-PEP), or from the lipid, with the activation by cytidine triphosphate (CTP),
liberation of inorganic pyrophosphate (PPi), and addition to diglyceride occurring in
the alternate steps shown. The phosphatidyl-3PP is then probably transaminated and
decarboxylated to yield lipid AEP (49). '
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Comment

The work discussed here concerning
a new chemical bond in nature, the C-P
bond, originated with the observation
in two laboratories of a previously un-
identified spot on a chromatogram. The
outlines of the biosynthetic route to the
aminophosphonic acids- was provided
almost simultaneously by four labora-
tories, but the nature of the direct phos-
phorus precursor is still not known.
The incorporation of compounds with
the C-P bond into a variety of lipids
has been demonstrated, and a biosyn-
thetic route has been indicated. The
existence of insoluble structural and
soluble proteins containing C-P com-
pounds seems established.

Phospholipids may be essential com-
ponents of membrane structures. There
may be a similar role for natural phos-
phonolipids. Since the C-P bond is re-
sistant to the action of phosphatases,
in some instances an important biologi-
cal advantage might be conferred by the
presence of phosphonolipids in mem-
branes. In the gastrovascular cavity of
anemones, into which many hydrolytic
enzymes are released, cell membranes
may benefit from this stability. The
presence of AEP in proteolytic enzymes
from sea anemones (32) suggests that
substances with C-P bonds may provide
groups which are closely similar to
phosphate groups in their dissociation
constants but which are more likely to
be stable to the action of other enzymes
in the gastrovascular cavity. Similar
reasoning may be applicable in the case
of surface structures of ciliates which
are found in the phosphatase-rich en-
vironment of the rumen.

Since there is a ready incorporation
of dietary aminophosphonic acids into
lipids in mammalian organisms, deter-
mination of the sites and extent of dep-
osition of these substances and the
possible effects on membrane functions
will be of considerable interest. This
may be particularly important in in-
stances in which the chief dietary
sources are marine or dairy products.

It is of particular interest to marine
biology that C-P compounds are major
constituents in three phyla and that they
are synthesized by phytoplankton, the
base of the food chains in the ocean.
This observation forces a reevaluation
of the phosphorus cycle in the sea. Since
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the utilization of AEP by bacteria may
be inhibited in the presence of ortho-
phosphate (47), the fraction of the
total phosphorus which becomes incor-
porated into C-P compounds may be
only slowly returned to the cycle. To
date, C-P compounds have been found
in six species of phytoplankton (7, 8),
in two ciliates (6, 19), in 25 species of
coelenterates (5, 52), and in 33 species
of mollusks (5, 16, 17, 28). In addi-
tion, they have been detected in nema-
todes, annelids, echinoderms, and crus-
tacea (5, 28).

No attempt has been made here to
cover the entire literature dealing with
the natural occurrence of C-P com-
pounds or with the recent use of many
synthetic phosphonic acid analogs of
naturally occurring substances as po-
tential inhibitors of wvarious cellular
processes. We have discussed only those
aspects of our work and of the work
of others which could be woven into a
meaningful pattern.
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