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Misincorporation of the Proline Analog Azetidine-2-Carboxylic
Acid in the Pathogenesis of Multiple Sclerosis: A Hypothesis

Edward Rubenstein, MD

Abstract
The misconstruction of proteins as a result of the displacement

of one of more proline residues by their congener, azetidine-2-
carboxylic acid (Aze), can result in various disorders. A number of
lines of evidence suggest that multiple sclerosis may be among
these. This concept adheres to the current view that multiple
sclerosis lesions originate in the myelin sheath and that the
underlying molecular abnormality involves the myelin basic protein.
The Aze hypothesis posits that myelin basic protein and possibly
other closely related molecules are misassembled in sites of lesion
formation because of the substitution of Aze for one or more
prolines within consensual epitopes. These include a highly
conserved myelin basic protein hexapeptide sequence, PRTPPP,
and an > helix bounded by prolyls. Recent studies have focused on
the immunopathogenetic effects of posttranslational modification of
this region. This hypothesis proposes that the domain is structurally,
functionally, and antigenically altered by the intrusion of Aze in
place of proline and that such misassembly may involve other
proteins and adversely affect interactions with neighboring mole-
cules. This report reviews evidence supporting the hypothesis that
ingestion of Aze in the diet, in conjunction with genetic
susceptibility, may predispose or contribute to the pathogenesis of
multiple sclerosis.
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INTRODUCTION
There are hundreds of amino acids in nature. The 22

protein amino acids comprise a small subset, evolutionarily
selected from the larger group for inclusion in proteins. Their
location in the linear sequence of a protein is stipulated by a
codon in messenger RNA.

The other amino acids, referred to as nonprotein amino
acids, are found principally in plants and in lower marine
forms (1, 2). Their biologic assignments are not ordained by
codons, and thus they do not ordinarily become incorporated
into proteins. They function instead as nitrogen storage com-

pounds and as arsenals of poisons, which are deployed to
establish botanical territoriality and to defend against
marauding predators (1, 2). In addition, there is an ever-
expanding class of unnatural amino acids synthesized in the
laboratory (3).

Two nonprotein amino acid congeners of alanine, A-N-
methyl-amino-L-alanine and A-N-oxalyl-L-alanine, have been
implicated in the pathogenesis of neurological diseases. The
disorder caused by A-N-methyl-amino-L-alanine is a form of
amyotrophic lateral sclerosis that has been prevalent among
native populations in Western Pacific Islands. The disorder
caused by A-N-oxalyl-L-alanine is neurolathyrism, a form of
spastic paraparesis that has afflicted certain indigenous
groups in East Africa and southern Asia (2, 4).

The present communication calls attention to the path-
ogenetic potential of another naturally occurring nonprotein
amino acid, azetidine-2-carboxylic acid (Aze), a congener of
proline. To avoid its unwieldy name, the amino acid will be
referred to in the form of its abbreviation, Aze. Recall that
the word proline is used in place of the cumbersome
terminology, 2-carboxypyrrolidine (Aze is pronounced by
sounding each of its letters separately).

Azetidine-2-carboxylic acid is present in food and is
capable of exerting noxious effects in many species, includ-
ing humans, resulting in a wide range of toxic, teratogenic,
inflammatory, protein catabolic, and degenerative abnor-
malities, many of which involve the nervous system (1, 5).
These facts have led to the hypothesis that Aze may be
involved in the pathogenesis of multiple sclerosis (MS).

PROLINE AND AZE
The harmful effects of Aze can be understood by

comparing its structure to that of proline, the protein amino
acid for which it masquerades (Fig. 1). Proline is unlike any
of the other 22 protein amino acids in that its amino group
is covalently locked within a 5-member ring (Fig. 1). Such
bonding constrains the torsion angles of the peptide union
between the nitrogen group of a proline and the carboxyl
group of the adjacent amino acid. Such bonds may impart a
local rigid flexure to a string of amino acids.

In the peptide link between amino acids, the hydrogen
atom of the amino group of one and the oxygen atom of the
carboxyl group of the other occupy opposite positions (trans)
in the plane of the bond. Because of the absence of a second
hydrogen atom on proline’s nitrogen and the latter’s unique
electron environment, there is a strong tendency for the
proline ring structure to drift to the same side (cis) of the
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peptide plane as that occupied by the oxygen atom, a
configuration that causes major changes in the shape of a
protein as the bulk of the molecule rotates, markedly altering
regional conformation. The process of cis-trans isomer-
ization, accelerated by prolyl isomerases, converts subtle
shifts in the electronic milieu into major biomechanical
events and plays a key role in protein folding. Polyproline
helices composed of cis isomers (poly-Pro I) form right-
handed helices, whereas polyproline helices composed of
trans isomers (poly-Pro II) form left-handed helices.

Another exceptional property of proline arises from the
fact that its nitrogen atom is bonded to only 1 hydrogen atom.
Therefore, proline cannot function as a hydrogen bond donor;
it can, however, serve as a hydrogen bond acceptor (6, 7).

The presence of a proline residue may change the
direction of a chain and result in a turn. Sharp (tight) turns
at surfaces are often sites of posttranslational modifications
and of epitope formation. Some proline-rich sequences
weave a characteristic extended helix, which is the config-
uration of a strand in collagen. On the other hand, the
intrusion of a proline within an > helical chain or within a A

sheet disrupts the basic architecture. Therefore, prolyls are
excluded from these regions, but they can serve as the initial
amino acid of > helices and at the edges of A sheets.

Azetidine-2-carboxylic acid is identical to proline ex-
cept that its ring contains 4 members instead of 5 (Fig. 1).
This structural difference results in changes in torsion angles,
the direction of turns, and in cis-trans isomerizations. Thus,
the substitution of Aze for proline can change protein struc-
ture and function (8, 9). These effects take on significance
because Aze is readily misincorporated into proteins in place
of proline, and such misconstruction can eventuate in a wide
range of clinical disorders (2). As already mentioned, Aze is
present in the human diet (2, 5).

AZE SUBSTITUTION FOR PROLINE AND
ACQUIRED PROTEIN MISASSEMBLY

Errors in protein synthesis, customarily attributable to
alterations in DNA sequence, may lead to the accumulation
of malformed molecules, the dysfunction of which eventuates
in disease (10). A genetic missense mutation causes 1 amino
acid in a specific protein to be substituted for another. The
underlying disorder involves a mutation in a protein-coding
region in DNA (10).

Amino acid substitution in proteins can occur for a
different reason, a typesetting error arising from a faulty

translational process in which transfer RNAs (tRNAs) fail to
distinguish between their cognate protein amino acids and
impostor nonprotein amino acids. The tRNAs, charged with
alien molecules, deliver their cargo to the ribosomal stations
through which the exotic molecules make their way into a
nascent protein, displacing the authentic amino acids (1, 2).
The failure of a tRNA to exclude a specific nonprotein amino
acid is a translational error that may be shared by an entire
species. This mechanism of disease, the substitution of a
nonprotein amino acid for its protein amino acid analog, can
eventuate in exceedingly diverse clinical manifestations
because virtually any number of different proteins may be
involved and each at one or more critical locations. Unlike
hereditary homozygous missense mutations that deform all of
the miscoded proteins, the misassembly of proteins owing to
tRNA promiscuity affects only those proteins undergoing
ribosomal synthesis at the time of the delivery of the culprit
nonprotein amino acid. Thus, the misconstruction of proteins
is likely to be spotty, and the manifestations, highly variable.

The failure of a tRNA to distinguish between a protein
and a nonprotein amino acid is an imprecision in protein
synthesis distinctive from the wobble mechanism (10). Wob-
ble involves the tRNA anticodon, whereas the misincorpora-
tion of a nonprotein amino acid involves the tRNA amino
acid attachment site and the aminoacyl-tRNA synthetase.
Therefore, different molecular mechanisms are responsible
for these 2 types of translational infidelity (10).

A factor influencing the pathogenicity of molecular
misincorporation is the amino acid replaced by the imperso-
nator. Substitution for proline may be a worst-case scenario.
As previously indicated, proline is strikingly unlike any of
the other 22 protein amino acids and its influence on pro-
tein architecture can in certain instances be critical. The dis-
placement of a proline by a molecular analog may result in
untoward effects on the folding conformation, charge distri-
bution, immunogenicity, and function of a protein.

To understand why Aze may be a cause for concern, it
is necessary to review the biology of the nonprotein amino
acid and the history of the events that led to the sudden
increase in human exposure to it.

AZE IN THE BIOSPHERE
Fowden discovered Aze more than 50 years ago in

lilies, in the seeds of the Royal Poinciana tree, and in the root
of the sugar beet (11, 12). He demonstrated its presence in
20 of 90 plants he tested (11Y13). The nonprotein amino
acid did not attract attention as an etiologic agent in human
disease, presumably because humans do not consume lilies,
poinciana seeds, or the roots of sugar beets. In 2006, Aze
was reported to be present in garden or red beets, the vege-
table that is a constituent of the human diet and a staple food
in many regions (5).

Dismissing sugar beets as inedible may have been pre-
mature, inasmuch as their by-products can enter the human
food chain (13). The mechanical harvesting and processing of
a crop of sugar beets is followed by the extraction of sucrose
by boiling and crystallization. The residue, consisting of beet
molasses and fibrous plant tissues, containing minerals and

FIGURE 1. The structures of proline and azetidine-2-
carboxylic acid. The ring of proline has 5 members and the
ring of azetidine-2-carboxylic acid has 4. Note that the ni-
trogen atoms of each molecule are covalently bound within
the ring structure.

Rubenstein J Neuropathol Exp Neurol � Volume 67, Number 11, November 2008

� 2008 American Association of Neuropathologists, Inc.1036

D
ow

nloaded from
 https://academ

ic.oup.com
/jnen/article/67/11/1035/2916817 by guest on 24 April 2024



Copyright @ 200  by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.8

amino acids, is fed to meat-producing and dairy livestock. In
this way, Aze can be carried into human food (14, 15).

A BRIEF HISTORY OF HUMAN
CONSUMPTION OF AZE

The spread of Aze in the biosphere occurred as a con-
sequence of geopolitical events in Europe and the Americas
during the 19th and 20th centuries. Sugar beet agriculture is
relatively new, an enterprise that first reached significance a
little more than 150 years ago and now accounts for almost a
third of the global sugar supply (16).

Humans have eaten beets throughout recorded history,
but evidently in small amounts. Early documents suggest that
the stalks and leaves were preferred. These do not contain
Aze. The bulbous root was consumed for medicinal pur-
poses (16). In 1747, a German apothecary chemist, Andreas
Marggraf, discovered sucrose in the roots (bulbs) of sugar
beet. The sugar was present in low concentrations, probably
only a few percent, and therefore of little commercial interest
(16). Franz Achard, Marggraf’s student, pursued this dis-
covery during the next 50 years, and by crossbreeding, he
increased the sucrose content severalfold. It is now 16%
to 18%. Achard established the first sugar beetYprocessing
plant in Kunern, in the Silesian region of Germany in
1801Y1802; it was destroyed in a fire 5 years later.

The blockades of Europe during the Napoleonic wars
cut off the supply of sugar from the West Indies. Pressed by
the disgruntled populace of an entire continent virtually de-
prived of sweets, Napoleon issued a decree in 1810 allotting
some 32,000 hectares (about 79,000 acres) to sugar beet
production. He funded scholarships, established special sugar
beet schools, and directed the construction of 10 factories in
northern France. Thereafter, sugar beet agriculture proliferated
in France and Germany (16). Sugar beet agriculture, previ-
ously a small-scale activity, expanded gradually at first and
then began to flourish by the middle third of the 19th century.
It eventually surged into the third or fourth leading farming
enterprise in Europe and became a major crop-growing en-
deavor in Canada and in the United States (16, 17). In this
way, human populations may have become exposed only
recently to this highly noxious nonprotein amino acid.

MS: THE AZE HYPOTHESIS
The cause or causes of MS remain enigmatic. It is

widely believed that abnormalities of myelin basic protein
(MBP), a major protein component of the central nervous
system (CNS) myelin, play an important role in pathogenesis
(18Y25). A proline-rich sequence within a consensually
identified epitope of MBP (residues 90Y102) embraces a
unique and highly conserved hexapeptide string containing
4 prolines, 3 of which are contiguous in the alignment of
PRTPPP. The triple proline segment, residues 99Y101, has
been regarded as a keystone element in the overall archi-
tecture of the molecule (21). Numerous studies have focused
on this region and on the effects of its posttranslational mod-
ification by phosphorylation, deamidation, and deimination
(citrullination) adjacent to residues 99 to 101 (18). Similarly,
an overlapping epitope (residues 85Y96) is bounded by pro-

lines and has been identified as an > helix that penetrates
deeply into the phospholipid bilayer (22).

The present hypothesis calls attention to Aze sub-
stitution for prolines in the region. This could change charge
distribution, protein structure, epitope conformation, induce
immunogenicity, and exert tectonic stress because of the
unique torsion angles and steric constraints of the proline
analog (8, 9). Such effects would interfere with reciprocal
nesting among adjacent lipids and proteins, especially with
SH3 domains that bind proline-rich regions of proteins, as
well as interfere with posttranslational modifications and
interactions among the epitope, lymphocyte, and HLA
receptors (18, 26Y39). Studies of genetic susceptibility to
MS have identified a variety of molecules including
interleukins and HLA haplotypes that may play a role in its
pathogenesis (39).

Central nervous system myelination in humans occurs
principally in late gestation and during childhood. The
gradual accumulation of misassembled molecules of MBP,
as well as other related and interacting molecules, may reach
a critical threshold in scattered locations. Thereafter, plaques
may begin to form as a consequence of defective molecular
conformation, intramembrane proteolysis, inflammation, and
autoimmune responses. The initial lesions, which may be
detectable with magnetic resonance imaging, are likely to be
clinically silent. Such an unfolding of events is consistent
with the observation that the geographic location of child-
hood residence influences both the age of onset and the
lifetime risk of the disease (40). Most cases of adult-onset
MS are diagnosed after the age of 25 years (40).

Evidence supporting the hypothesis that proline dis-
placement by Aze might play a role in some instances of
MS relates to geoepidemiology, chronoepidemiology, mi-
grant epidemiology, and disease in animals. Each of these
aspects is now considered.

MS EPIDEMIOLOGY AND THE AZE HYPOTHESIS
There is a tight fit between the worldwide prevalence of

MS and the geography of beet agriculture. This correlation
goes beyond the occurrence of MS in higher latitudes (41).
Beets share this cartography, but their adaptability allows
them to flourish under more temperate conditions, such as
those of the Mediterranean coast. In each high-prevalence
cluster of cases of MS, beets are a principal commodity or a
dietary staple. This specification applies to Sardinia, the
Orkney Islands, the Middle East, Finland, the Faroe Islands,
Alberta, and the Tokachi province in Hokkaido, Japan
(42Y53). The Alberta prairie region is the center of Canadian
sugar beet production and has the highest prevalence of MS
in Canada (46, 53). Tokachi province has the highest rate of
MS reported to date in Asians (47). Although it constitutes
only 0.3% of the population of Japan, it produces 45% of
Japan’s sugar beets (54).

THE HISTORY OF MS AND THE AZE
HYPOTHESIS

Multiple sclerosis may be a relatively new disease (55).
Its beginnings in medicine are French. Jean Cruveilhier may
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have recorded the first description of its pathology in 1835,
and Jean-Martin Charcot provided the first account of its
clinical features in 1868 (55). There seems to have been a
progressive increase in its incidence during the late 19th
and early 20th centuries. The extent to which the rising oc-
currence was real or was the result of improving medical
sophistication is not known. In any case, there is a close
correspondence in time (i.e. mid-19th century) and in geo-
graphic locale (northern France) between the growing
recognition of MS and the sudden entry of unprecedented
amounts of Aze in food.

DISEASE AMONG MIGRANTS
In addition to earlier well-known studies of the

incidence of MS among migratory populations, a detailed
epidemiological study has recently documented that an
abrupt increase in incidence and prevalence of MS in the
French West Indies during the late 1990s was attributable to
the occurrence of the disease among returning West Indian
natives who had emigrated to northern France for economic
reasons during the 1950s and 1960s (56). The risk of devel-
oping the disease was highest for those who had moved to
France before the age of 15 years. The mean duration of stay
was 12.3 years. The mean interval between arrival in France
and the development of the clinical disorder was 19.1 years
(56). These features suggest that a slowly acting agent, pre-
sent in the environment in northern France, plays a role in
disease pathogenesis, especially during the period of CNS
myelination. They are consistent with the Aze hypothesis,
which proposes that the misincorporation of the nonprotein
amino acid, a stochastic process, reaches a critical level and is
followed by inflammation and the ignition of an autoimmune
response. The chronology and geography of MS among the
French West Indian migrants echo the chronology and
geography of the first cases recognized in Europe more than
a century earlier (55).

SWAYBACK AND THE AZE HYPOTHESIS
A natural experiment relevant to Aze substitution for

proline took place in Alberta in 1972 (57). An outbreak of
enzootic ataxia (swayback) occurred in a flock of newborn
lambs; it killed more than 60 of 100 animals (57). The
manifestations included prostration, head shaking, ataxia,
trembling, swaying of the hind quarters, and collapse of the
posterior trunk. Studies of the pathology of enzootic ataxia
(Fig. 2) revealed widespread white matter damage resembling
that seen in MS lesions (58Y60). A salient observation about
the Alberta outbreak led to the report that during pregnancy,
lambing, and lactation, the ewes and the offspring had been
fed an unusual diet containing large amounts of sugar beet
silage (57).

Swayback has been attributed to viruses, copper defi-
ciency, and autoimmune responses to myelin degeneration,
but none of these proposals have been validated (61). Dis-
eases resembling swayback have been reported in cattle,
goats, and in various forms of wildlife, especially red deer; it
is not clear whether swayback and enzootic ataxia should be

considered the same disease (62, 63). In any case, swayback
shows features of CNS myelin breakdown with parallels to
MS in humans. Moreover, the studies of an outbreak indicate
that the consumption of large amounts sugar beets early in
life can be associated with a neurological disease and patho-
logical alterations of CNS myelin.

OTHER NEUROPROTEINS RENDERED
DYSFUNCTIONAL BY AZE

The hypothesis that Aze misincorporation in MBP
may play a role in the pathogenesis of MS is supported by
evidence that Aze-related misassembly exerts deleterious
effects on other neuroproteins, including those involved in
the gating of ion channels, the regulation of the hypoxia-
inducible factor (HIF), and in embryogenesis. In investiga-
tions of ion channels and of HIF, Aze has been deliberately
substituted for proline to demonstrate that a specific proline
residue is critical to the function under study.

Cis-trans isomerization of a prolyl residue located
between ion channel helical components is responsible for
the opening and closing of the pore of a neurotransmitter
gated cation-selective channel belonging to the Cys-loop re-
ceptor superfamily (64). Substitution of Aze for the proline
interferes with normal regulation of the pore size and results
in dysfunctional channels (64Y66).

Another example of neuroproteins that are rendered
dysfunctional by Aze misincorporation is the complex that
constitutes HIF in which prolyl residues play a critical role in
the protein functions (67). An entire repertoire of interacting
molecules is involved in the tightly coordinated activities of
the HIF complex that can be assigned to 3 general functions:
1) hypoxia sensing; 2) upregulation of hypoxia-correcting
DNA-coding sequences, including the transcription of
proteins involved in the production of endothelial growth

FIGURE 2. Electron micrograph demonstrating myelin break-
down and phagocytosis in the spinal cord of a lamb with
swayback. The phagocytosed degenerating myelin at the
upper left has irregular widened myelin lamellae. The myelin
at the right shows greater degeneration and digestion. Intact
and dense compact myelin is also seen in the upper and left
lower portions of the field. Original magnification: 8,000�.
Figure reproduced with permission from Springer (58).
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factor, erythropoietin, and the cascade of enzymes involved
in glycolysis; and 3) the prompt proteolytic destruction of
key components of the system after amelioration of local
hypoxia. The HIF subunits that respond to hypoxia do so
as a result of enzymatic hydroxylation of specific proline
residues, and replacement of the prolyls by Aze markedly
impairs this effect (68). Similarly, substitution of Aze for
proline interferes with the degradation of the complex under
normal oxygen conditions (68).

Hydroxylation of prolyl residues also regulates inter-
actions with the von HippelYLindau suppressor (pVHL), the
component of the ubiquitin-ligase complex that designates
HIF subunits for proteosomal destruction. Among the nu-
merous neurological disorders associated with the von
HippelYLindau syndrome are angioblastic lesions, visual loss,
and various neoplasms (69).

The collagens are long thin molecules composed of 3
helical chains that wrap around each other in a braided
fashion (70). Proline constitutes about 15% of the amino acid
residues. Because of the abundance of prolyls in collagen and
their critical role in its conformation, collagen molecules are
highly vulnerable to the effects of the misincorporation of
Aze. This is especially true during the time span of em-
bryonic biosynthesis and growth into adulthood. Numerous
studies have demonstrated that experimental exposure to
Aze causes severe impairment of collagen formation in
chicks, mice, pigs, and human cells in vitro (2); these could
result in a wide range of teratogenic abnormalities, including
impaired formation of the neural crest and abnormal develop-
ment of the CNS (2, 71Y75). To date, however, there have
been no reports of studies to determine the presence of Aze
in naturally occurring tissues.

Beyond its deleterious effects on specific molecules,
Aze misincorporation may add to the cellular burden of mis-
folded proteins; neurons appear to be especially vulnerable
to such stress (76).

FUTURE STUDIES
The possible role of proline replacement by Aze in MS

and in other diseases is hypothetical and based on circum-
stantial evidence. Further data are needed, such as the amount
of Aze in meat, in dairy products, and other derivative foods
as well as in untested vegetation; the antigenicity of Aze-
substituted putative epitopes; the presence of Aze in MBP
and other proteins derived from early MS lesions; the effects
of Aze feeding in animal models, including lambs; and
possibly, clinical trials of the effects of eliminating Aze from
the diet and the use of proline washouts in susceptible
individuals.

The many unanswered questions underscore the neces-
sity for restraint in arriving at conclusions about the possible
emergence of Aze as a cause of disease in humans and other
animals. They suggest the need for research on many aspects
and, in particular, argue for caution against premature con-
clusions about dietary hazards. Azetidine-2-carboxylic acid
evolved as a weapon in the harsh struggle for survival among
plants, their competitors, and their predators. That struggle
is ongoing.
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