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Introduction

Two earlier reviews (in 1966 and 1977) were pub-
lished on the subject of proline analogs,? including
both natural and synthetic compounds. The present
review is restricted to naturally occurring compounds
based upon the pyrrolidine-2-carboxylic acid structure,
both as the free amino acids and embedded in larger
structures, usually peptides (however, analogues incor-
porated by “directed biosynthesis” are not covered).
Unlike the earlier reviews,? the present compilation
does not include the compounds with other ring sizes
such as azetidine-2-carboxylic acid and pipecolic acid.
N-Substituted derivatives of proline itself are not in-
cluded, but those of proline analogs are. The compounds
reviewed are discussed in terms of source, structure,
and biological activity (where relevant), but not syn-
thesis.

1. Dehydroprolines

2,3-Dehydroproline. Although unstable under hy-
drolytic conditions, 2,3-dehydro-L-proline is a component
of the cyclopeptolide antibiotic ostreogrycin A (1) from
Streptomyces ostreogriseus.3* The same compound from

other strains of Streptomyces has been named mika-
mycin A, pristinamycin Il, staphylomycin My, strep-
togramin A, syncothrecin A, synergistin Al, vernamycin
A, virginiamycin M, etc., and is one of several congeners
that display antimicrobial synergy with members of
another class of antibiotics® (depsipeptides). Isotopic
labeling experiments demonstrated that L-proline is the
precursor of the 2,3-dehydroproline residue in virgin-
iamycin M.

3,4-Dehydroproline. 3,4-Dehydro-L-proline (2) was
identified in hydrolysates of phomopsins A and B,
mycotoxins from Phomopsis leptostromiformis.”8 Con-
sumption of lupins infected with this fungus causes
severe liver damage in cattle and sheep.® The phomop-

* Fax: (301) 480-4817. E-mail: mauger@dtpax2.ncifcrf.gov.

sins inhibit the polymerization of tubulin and depoly-
merize preformed microtubules.1®

1,2-Dehydropyrrolidine-5-carboxylic Acid and
Related Compounds. This compound (3) accumulates
in culture filtrates of a proline-requiring mutant of
Escherichia coli.1!

Siderochelin A (4) is a ferrous iron chelating antibiotic
from Norcardia species.12
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The antibiotics termed kikumycins A (5) and B (6)13-1°
(from Streptomyces phaeochromogenes), noformicin (7)1
(from Nocardia formica), and anthelvencin A (8)17:18
(from Streptomyces venezuelae) have also been repre-
sented as having structures with the tautomeric 5-imi-
noprolyl moiety. These compounds have antimicrobial,
and also antiviral activity, especially noformicin.1:20
Their biological activity is exerted through binding to
the minor groove of DNA 2122
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2. Carbon-Substituted Prolines

A. 3-Substituted Prolines. 3-Methylproline. cis-
3-Methyl-L-proline (9) was identified?® in hydrolysates
of the peptide antibiotic bottromycin A,, a member of
an antibiotic complex from Streptomyces species,?* and
from Kitasatoa kauaiensie, Kitasatoa purpurea and
Micromonospora chalcea. Originally believed to be
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acyclic,?324 structural revisions?>26 led to the cyclic
structure. The bottromycins are active against Gram-
positive bacteria and mycobacteria.?”

trans-3-Methyl-L-proline (10) is a component of the
mycotoxin, roseotoxin B, a cyclodepsipeptide elaborated
by the fungus, Trichotheceum roseum.282° Recently, a
novel member of the destruxin family, destruxin A5,
which has insecticidal activity, has been isolated from
an undescribed species of fungus from the genus Ascher-
sonia.3® Destruxin A5 contains a 3-methylproline resi-
due of unspecified stereochemistry. The striking struc-
tural similarity between the destruxins and roseotoxin
B suggests that the 3-methylproline residue in destruxin
A5 is trans.

3,4-Methanoproline. cis-3,4-Methano-L-proline (11)
was isolated from the seeds of Aesculus parviflora,3' and
recently, from Ephedra foeminea and Ephedra foliata.32
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Kainic Acid. o-Kainic acid (12), originally named
digenic acid, was isolated as the anthelmintic principle
of Diginea simplex, along with its diastereoisomer,
a-allokainic acid.3® The structures of these two com-
pounds were subsequently reported3*3> and confirmed
by X-ray crystallography.3¢ They possess anthelmintic®”
and neurotoxic®® activity, the latter via a potent neu-
rotransmitting effect,3® mediated through glutamate
receptors. This activity enabled kainic acid to generate
an animal model of Huntington’s chorea in the rat.*°
The particular excitotoxic amino acid receptors affected
by kainic acid have become known as kainate receptors.
Kainic acid is a conformationally restricted analog of
glutamic acid,3® which is the molecular basis for this
activity, as well as that of the related domoic acid and
acromelic acids (see below). The neurotoxicity of kainic
acid*! and its applications in neurobiology*? have been
reviewed.
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Domoic Acid. Domoic acid (13) was isolated from
Chondria armata,*® and the structures previously pro-
posed*344 were subsequently revised.*®> The isomeric
isodomoic acids A, B, and C, which differ structurally
in the positions of the double bonds in the 4-substituent,
and other related compounds (nordomoic acid and
domoilactones A and B) were later obtained from the
same source.*® Like kainic acid, domoic acid possesses
anthelmintic,*” insecticidal,*® and neuroexcitatory4°:50
activities. It was rediscovered in 1989 as the causative
agent in a Canadian outbreak of shellfish poisoning
traced to cultured mussels (Mytilus edulis).5* The origin
of the domoic acid found in the mussels was the diatom
(Nitzschia pungens) upon which they fed.

Biosynthetic studies utilizing 12C-labeled acetate
established that domoic acid is derived from condensa-
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tion of geranyl pyrophosphate with glutamic acid de-
rived from an activated Cs unit from the citric acid
cycle.>?

Acromelic Acids. Acromelic acids A (14) and B (15)
were isolated from Clitocybe acromelaga®® and found to
be even more potent neuroexcitants than kainic or
domoic acids.
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B. 4-Substituted Prolines. 4-Methylproline. cis-
4-Methyl-L-proline (16) was discovered in hydrolysates
of leucinostatins A (originally®* termed antibiotic ICI
13959), B, C, and D, peptide antibiotics isolated from
several Paecilomyces strains.>*=%8 The structure of
leucinostatin A was confirmed by X-ray crystallogra-
phy.%® A compound termed Antibiotic P168 was inde-
pendently isolated from Paecilomyces lilicanus and
found to be identical to leucinostatin A.6° The leucino-
statins have antitumor activity®®8:61 as well as a wide
antimicrobial spectrum against fungi, yeasts, and Gram-
positive bacteria.5?2 They act as uncouplers of oxidative
phosphorylation.5”

Free trans-4-methyl-L-proline (17) has been isolated
from apples.5364 This amino acid is also a component
of the monamycins,556¢ depsipeptide antibiotics from
Streptomyces jamaicensis, and griselimycin,5768 a dep-
sipeptide antibiotic from Streptomyces griseus and
Streptomyces coelicus. The monamycins are active
against Gram-positive bacteria and have some immu-
nosuppressant activity.5® Griselimycin, which contains
one proline and two 4-methylproline residues, is active
against mycobacteria and Gram-positive microorgan-
isms.5” Minor griselimycin congeners were isolated with
three proline residues, or three methylprolines, or the
combination of two prolines and one methylproline.5®
trans-4-Methyl-L-proline is also a component of myco-
planecin A, a depsipeptide antibiotic from Actinoplanes
awajinensis,’®~72 which is active against molds, yeasts
and mycobacteria, including Mycobacterium tuberculo-
sis.”
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4-Methyleneproline. 4-Methylene-pL-proline (18)
was isolated from the seeds of the loquat tree (Eriobot-
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rya japonica)”®7# and the plants Raphiolepis indica and
Afzelia bella.”

4-(Hydroxymethyl)proline. Free cis-4-(hydroxy-
methyl)-L-proline (19) was found in several species of
apples (Malus pumila and Pyrus communis).”6=78 |t
seems remarkable that the cis sterecisomer coexists
with the trans isomer of the related 4-methylproline (see
above). This amino acid has also been isolated from
Afzelia bella.”

4-Ethylproline. trans-4-Ethyl-L-proline (20) is a
component of the depsipeptide antibiotic mycoplanecin
A72 together with trans-4-methyl-L-proline (see above).

4-Propylproline. The clinically used broad spec-
trum antibiotic lincomycin (21) (from Streptomyces
lincolnensis, Streptomyces espinosus, and Streptomyces
variabilis) consists of N-methyl-trans-4-n-propyl-L-pro-
line attached amide-wise to an aminosugar.”®=81 Lin-
comycin B (from S. lincolnensis) contains N-methyl-
trans-4-ethyl-L-proline.82 The lincomycins have been
reviewed.83
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4-Propenylproline. 4-[(Z)-Prop-1-enyl]proline (22)
of unreported streochemistry is a component of the
peptide lactone antibiotic hormaomycin (from Strepto-
myces griseoflavus), which is active against some Gram-
positive bacteria, especially Arthrobacter species.8485 It
has potent aerial mycelium-inducing activity.?

4-Carboxyproline. Free trans-4-carboxy-L-proline
(23) was isolated from the seeds of Afzelia bella.”™

C. 5-Substituted Prolines. 5-Methylproline. cis-
5-Methyl-L-proline (24) has been identified in hydroly-
sates of the chromodepsipeptide antibiotic, actinomycin
Zs from Streptomyces fradiae.86:87 4-Keto-cis-5-methyl-
L-proline and 2,3-trans-2,5-cis-3-hydroxy-5-methyl-L-
proline are also found in actinomycins (see below,
section 4). The actinomycins, which have antimicrobial
and antitumor activity, have been reviewed.88

5-Carboxyproline. Free trans-5-carboxy-L-proline
(25) was isolated from Schizymenia dubyi.®®
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3. Nitrogen-Substituted Prolines
3-Aminoproline. cis-3-Amino-L-proline (26) was
isolated from the fruit bodies of Morchella esculenta,
Morchella conica, and Morchella crassipes.®® Biosyn-
thetic experiments demonstrated efficient conversion of
L-proline into cis-3-amino-L-proline in the cultured
mycelium of M. esculenta.®? The dipeptide, y-glutamyl-
cis-3-amino-L-proline, was also found in M. esculenta.®?
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Noformicin, anthelvencin, and the kikumycins, which
are 5-aminodehydroproline derivatives, are discussed in
section 1.

4. Oxygen-Substituted Prolines

A. 3-Substituted Prolines. 3-Hydroxyproline.
Both cis- and trans-3-hydroxyprolines (27 and 28) are
components of the cyclopeptide antibiotic telomycin,
which was isolated from a Streptomyces species.%® The
structure originally proposed for telomycin®* has since
been revised.®> A related compound, antibiotic AO
341B, has been isolated from Streptomyces candidus.®6:97
Like telomycin, it is active against Gram-positive mi-
croorganisms.

trans-3-Hydroxy-L-proline (28) was first isolated from
hydrolysates of Mediterranean sponge,® and later from
hydrolysates of the seeds of Delonix regia.®®1% It has
also been identified as a component of various colla-
gens101-103 and of Candida.’%* The free amino acid
occurs in human urine, resulting from collagen metabo-
lism.195 This amino acid is also a component of pneu-
mocandins By and By, lipopeptide antibiotics from
Zalerion arboricola.’% These compounds are structur-
ally related to the echinocandins (see below), but with
3-hydroxyproline replacing 3-hydroxy-4-methylproline.1
They are active against Candida, like the echinocan-
dins, and also against Pneumocystis carinii.1o8

Two isomeric 3-hydroxyproline betaines (L-trans-
and p-cis-3-hydroxystachydrines, 29 and 30) were iso-
lated from Courbonia virgata,'®® and uncertainties
regarding their absolute stereochemistry were settled
by synthesis.110.111
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3-Hydroxy-4-methylproline. 2,3-trans-2,4-trans-3-
Hydroxy-4-methyl-L-proline (31) was first identified in
echinocandins B, C, and D, cyclic lipopeptide antibiotics
isolated from Aspergillus ruglosus and Aspergillus nidu-
lans.112113 The echinocandins have been reviewed.1*
This amino acid is also a component of the structurally
related aculeacin A (from Aspergillus aculeatus),t®
mulundocandin (from Aspergillus sydowi),116117 and
certain of the pneumocandins (Ao, A1, Az, Az, and
A4).197 This whole class of compounds is important
because of the potent activity (in the subnanomolar
range) against Candida albicans, a clinically significant
pathogen. Biosynthetic studies on the pneumocandins
(see also above under 3-hydroxyproline) revealed that,
whereas L-leucine is the precursor of the 3-hydroxy-4-
methylproline in these compounds, L-proline is the
precursor of the trans-3-hydroxyproline that occupies
the corresponding site in pneumocandins Bo and B», as
well as of the trans-4-hydroxyproline present in all of
them.118 Recently, the related water-soluble compounds
WF11899 A, B, and C were isolated from Coleophoma
empetri.11°
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3-Hydroxy-5-methylproline. 2,3-trans-2,5-cis-3-
Hydroxy-5-methyl-L-proline (32) was identified in hy-
drolysates of the antitumor chromodepsipeptide anti-
biotic actinomycin Z; (from Streptomyces fradiae).120.121
Oxygen substitution at the 3 position was unexpected
in view of the presence of 4-hydroxyproline and 4-ke-
toproline in other actinomycins,8 and of 4-keto-5-
methylproline in the other peptide unit of this same
actinomycin Z; (see below).
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3,4-Dihydroxyproline. Three of the four possible
diastereoisomers of this proline analog have been found
to occur in nature. 2,3-cis-3,4-trans-3,4-Dihydroxy-L-
proline (33) was the first to be isolated, from hydroly-
sates of the protein component of the cell walls of the
diatom Navicula pelicullosa.122:123

2,3-trans-3,4-cis-3,4-Dihydroxy-L-proline (34) was dis-
covered in hydrolysates of an adhesive protein from the
mussel Mytilus edulis.124

2,3-trans-3,4-trans-3,4-Dihydroxy-L-proline (35) is a
component of the virotoxins from the mushroom Aman-
ita virosa.1?>
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Dihydroxyproline of unspecified stereochemistry was
found in the free amino acid pool of Aspergillus tama-
rii.126

Lactacystin. Lactacystin (36),127128 3 derivative of
3-hydroxypyroglutamic acid, was isolated from Strep-
tomyces sp. OM-6519, and its structure was recently
confirmed by synthesis.'?® It is of interest as the first
microbial metabolite found to possess neurotrophic

activity.
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Cyclopeptide Alkaloids Containing 3-(Aryloxy)-
prolyl Moieties. These compounds have been found
to occur in two structural categories, 37 and 38, as
summarized in the Table 1.130-140 They belong to a class
of related compounds, not all of which contain a prolyl
moiety.1*?  Zizyphin,1#2 for which a quite different
structure incorporating a 4-(aryloxy)proline moiety was
originally proposed,*® has been renamed zizyphin A,
and the revised structure is in accord with the other
members of this class.138

B. 4-Substituted Prolines. 4-Hydroxyproline
and its N- and O-Methyl Derivatives. trans-4-
Hydroxy-L-proline (39) was first discovered!* in gelatin
hydrolysates in 1902 and has since been found in many
other proteins, particularly collagens. During the bio-
synthesis of collagen, free hydroxyproline is not incor-
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Table 1. Cyclopeptide Alkaloids Containing 3-(Aryloxy)proline
Moieties

structure
compd code R Xxx Yyy Zzz source ref
Amphibine B 37 Me Phe lle Phe Ziziphus 130
amphibia
Amphibine C 37 Me Leu lle Phe Z. Amphibia 130
Amphibine D 37 Me Phe lle lle Z.amphibia 130
Amphibine E 37 Me Leu Trp lle Z.amphibia 130
Amphibine F 37 H lle -- Phe Z.amphibia 131
Amphibine G 37 Me Trp -- Leu Z.amphibia 131
Amphibine H 38 Me Ala Val Phe Z.amphibia 131
Mauritin A 37 Me Ala Val Phe Z. mauritania 132
Mauritin B 37 Me lle Val Phe Z. mauritania 132
Mauritine J 37 H Leu Trp lle Z. mauritania 133
Mucronin D 38 Me Phe Leu lle Z. mucronata 134
Mucronine J 37 Me Leu --- lle Z.mucronata 135
Nummuraline A 38 H Phe Leu lle Z.nummaralia 136
NummuralineB 38 H Ala Val Phe Z. nummaralia 136
NummuralineC 38 Me Phe --- Leu Z.nummaralia 136
NummuralineF 37 Me Gly --- lle Z. nummuralia 137
Zizyphin A 38 Me lle lle Pro Z. oenoplia 138
Zizyphin B 38 H lle lle Pro Z. oenoplia 139
Zizyphin C 38 Me Phe lle Pro Z.oenoplia 140
OCHj
o_
AN ‘:O N\
O\rZZZ—NH O\H/ZZZ—NH
N N
| (o] | o
Y|yy Yyy
RMe(N)-Xxx RMe(N)-XIXX
37 38

porated directly, but rather proline is converted to
hydroxyproline in a bound form.1#> Free hydroxyproline
has been detected in prunes,'#¢ Galleria mellonella,4’
and Bacillus globigii.1¥® Hydroxyproline is also a
component of actinomycin Xgs,'° and of the pneu-
mocandins!®’ (see also above under 3-hydroxyproline
and 3-hydroxy-4-methylproline). The biochemistry of
hydroxyproline has been reviewed.1%0

The free cis isomer, allo-4-hydroxy-L-proline (40),
was isolated from sandal (Santalum album)!1.152 and
was obtained from fermentations of the microorganisms
Heliocerus oryzae and Acrocylindrium oryzae.153 This
amino acid was also found in hydrolysates of the toxic
cyclopeptides phalloidin, phallicidin, and amanitin from
Amanita phalloides and Agaricus phalloides.154-157
More recently, it was identified as a component of
two structurally related lipopeptides from Lyngbya
majuscula: majusculamide D (41), which is cytotoxic,58
and microcolin A (42), which has immunosuppressive,
antileukemic,’>® and protein kinase C inhibitory!60
properties.
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H H H
39 40 43
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allo-4-Hydroxy-p-proline (43) was isolated from hy-
drolysates of the cyclodepsipeptide viridogrisein,161.162



Reviews

a broad-spectrum antibiotic subsequently found to be
identical with etamycin,®3 of which the structure was
later determined.t64

The betaines of hydroxy-L-proline (44) and allo-
hydroxy-bp-proline (45) (termed betonicine and turicine,
respectively) coexist in Betonica officinalis and Stachys
sylvatica.1®> Probably the isolation of turicine results
from the ready C-2 epimerization of betonicine.1%® Be-
tonicine is also found in Marrubium vulgare.16”
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N-Methyl-trans-4-hydroxy-L-proline (46) has been
isolated from various plants, including Croton gobou-
ga,'%8 Afromosia elata,'®® and Celaenodendron mexi-
canum.170

N-Methyl-trans-4-methoxy-L-proline (47) was isolated
from Petiveria alliacea.l’!

4-Keto-L-proline. 4-Keto-L-proline (48) was found
to be a component of actinomycins X172 and X14173 from
Streptomyces chrysomallus. Because it is largely de-
stroyed during hydrolysis, it was identified following
prior reduction to 4-hydroxyproline. Later, 4-ketopro-
line itself was identified in unreduced hydrolysates.174
4-Ketoproline is also a component of the antibiotic
echinocandin B!!2 together with 3-hydroxy-4-methyl-
proline (see above).

4-Keto-5-methylproline. 4-Keto-cis-5-methyl-L-pro-
line (49) has been identified as a component of actino-
mycins Z;17% and Zs8 from Streptomyces fradiae.

HQ H3CQ
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46 47
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N COOH H3C N COOH
H H
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Bulgecins. Bulgecins A, B, and C (50-52), are
aminoglycoside antibiotics isolated from Pseudomonas
acidophila and Pseudomonas mesoacidophila.l’6177 They
induce bulge formation (a morphological change) in
Gram-negative bacteria in synergy with g-lactam anti-
biotics and enhance the latter’s lytic activity.1’® The 2,4-
cis-2,5-trans-4-hydroxy-5-(hydroxymethyl)prolyl moiety
of the bulgecins is termed bulgecinine.
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C. 5-Substituted Prolines. 5-Keto-L-proline (Py-
roglutamic Acid). Pyroglutamic acid (53), the bio-
chemistry of which has been reviewed,1”® occurs in
various animal tissues!® and is the N-terminal residue
of several neuropeptide hormones.’®! It is an orally
active glutamatergic agonist.182

2,3-Dimethyl-5-ketoproline. 2,3-trans-2,4-trans-
3,4-Dimethylpyroglutamic acid (54) is the N-terminal
component of callipeltin B, a cytotoxic peptide lactone
from Callipelta sp. (sponge).183

HiC,  CHs

O%LCOOH OQ\COOH

H H
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5. Chlorine-Substituted Prolines

3,4-Dichloroproline. 3,4-Dichloro-L-proline of un-
specified relative stereochemistry was tentatively iden-
tified as a component of the toxic metabolite islanditoxin
(from Penicillium islandicum)84 on the basis of degra-
dation to L-proline (by hydrogenation) and to pyrrole-
2-carboxylic acid (by alkali).1® Independently, a toxic
cyclopeptide was isolated from the same organism and
named cyclochlorotine;!® its structure was determined
by X-ray crystallography.®” This structure incorporates
a cis,cis-3,4-dichloro-L-proline residue. Since the source
and the amino acid composition of the two toxins are
the same, and the amino acid sequences reported differ
only slightly, they are probably identical.

Recently, a series of related cyclopeptides named
astins A—C (55—57), which possess antitumor activity,
have been isolated from Aster tataricus.'® These
compounds have the same ring size (16) as islanditoxin
and cyclochlorotine and share some of the amino acids,
including cis,cis-3,4-dichloro-L-proline.18® However, the
astins adopt a conformation different from that of
cyclochlorotine, for example, incorporating a cis X-Pro-
(Cly) peptide bond.190191 Dechlorinated derivatives of
the astins lack the antitumor activity of the parent
compounds.192

3-Hydroxy-4-chloroproline. cis, cis-3-Hydroxy-4-
chloro-L-proline was identified as a component of astin
1 (58) from Aster tataricus.®3

(o]
H
N\")LN
Ohgor
HN o Rz

NZ//S’R‘

HO

§5 R=Cl Ry =H,Ry=OH 56 R=Cl,Ry=OH,Ry=H
57 R=Cl,Ry=Ry=H 58 R=OH,R{=Rp=H
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