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Perspective

What can a chemist learn from nature’s macrocycles? – A brief, conceptual view
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Summary

Macrocyclic natural products often display remarkable biological activities, and many of these compounds (or their derivatives)
are used as drugs. The chemical diversity of these compounds is immense and may provide inspiration for innovative drug
design. Therefore, a database of naturally occurring macrocycles was analyzed for ring size, molecular weight distribution,
and the frequency of some common substructural motifs. The underlying principles of the chemical diversity are reviewed
in terms of biosynthetic origin and nature’s strategies for diversity and complexity generation in relation to the structural
diversity and similarities found in the macrocycle database. Finally, it is suggested that synthetic chemists should use not only
nature’s molecules, but also nature’s strategies as a source of inspiration. To illustrate this, the biosynthesis of macrocycles by
non-ribosomal peptide synthetases and terpene and polyketide cyclases, as well as recent advances of these strategies in an
integrated synthesis/biotechnology approach are briefly reviewed.

Abbreviations: ACE, angiotensin converting enzyme; ACP, acyl carrier protein; AT, acyl transferase; C, condensation; 6-dEB, 6-
deoxyerythronolide B; DEBS, deoxyerythronolide B synthase; E, epimerization (domain); GGPP, geranylgeranyl diphosphate;
KR, ketoreductase (domain); KS, ketosynthase (domain); M, N -methylation (domain); Nic, nicotinoyl; NRPS, non-ribosomal
peptide synthetase; PCP, peptidyl carrier protein; PKS, polyketide synthase; QSAR, quantitative structure-activity relationships;
TE, thioesterase

Introduction

Natural products, predominantly secondary metabolites, play
a key role in modern drug development. Their disproportion-
ally high success rate was confirmed by recent reports indi-
cating that natural products, together with their derivatives,
mimics, and other compounds derived or inspired by them,
comprise approximately 35–40% of all current trade drugs
[1–6]. The proportion of these compounds in screening ef-
forts, however, constitutes less than 1%. In some areas, such
as antibiotic and anticancer agent research, up to 3/4 of all
drugs are natural product-derived. One obvious reason for
this success is the million years of adaptation and natural se-
lection of these products within the biological realm, i.e. our
current natural products inherited an evolutionary advantage.

Moreover, the premise that natural products are generally
polar with an inherited low bioavailability profile may be
unfounded. Lee and Schneider estimated that known natural
products follow Lipinski’s “rule of five” [7] for bioavailabil-
ity equally well as current trade drugs do [8]. This is hardly
surprising considering that these compounds are required to

exert a certain biological effect in nature (which will, how-
ever, not necessarily be the same as that on the pharmacolog-
ical target) and must be able to reach a specific site of action.

Accordingly, natural products have been suggested to be
excellent starting points for library construction in drug de-
velopment [9, 10]. Many approaches led to the discovery of
active compounds [9].

Since natural products are not produced by any organ-
ism to solve human health problems, their extraordinary suc-
cess in drug development must have an additional compo-
nent beyond the evolutionary advantage and bioavailability.
They must exhibit an increased biological activity probabil-
ity against certain targets, which do not necessarily coincide
with the “native” target in their biotope. A good question to
illustrate this point is why a yew tree bark compound like
Taxol R©, which originally maybe directed against bark fungi
or parasites, proved useful for human purposes as an anti-
cancer agent?

The simplest and obvious explanation is that certain com-
pounds or compound groups bind to specific and highly
conserved or otherwise structurally related protein domains
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[11, 12] regardless of the organism expressing such proteins.
Proteins are built up in a modular fashion and have evolved
through variation and recombination of modules (domains),
which fold in a certain way more or less independent of the
rest of the protein. Whereas the total number of proteins in
humans is thought to be in the 100,000–450,000 range, the
number of folding types is presumably only 600–8,000 and
the number of sequence families in these protein domains
is estimated to be 4,000–60,000. Therefore, proteins with
similar folding types (though not necessarily functionally re-
lated) may be inhibited by the same class or rather type of
small molecule compounds. This was demonstrated by the
selective inhibition of two structurally, but not functionally,
related proteins with derivatives of a natural product [13, 14].
This theory also explains why highly active natural products
often have a native biological target different from their phar-
maceutical (human use) target. The theory also validates the
use of natural products as starting points (leads) for diversity-
oriented synthesis, even when the native target of the natural
product is not the desired one. In most cases, the native tar-
get of many successful natural products is not even known,
or was discovered years after they were used by humans for
other purposes.

In order to optimize the compound to fit non-native, but
pharmacologically useful targets, often minor variations are
sufficient to improve the lead compound. Thus, some deriva-
tives of natural products were found to have a very different
biological target than the natural compound itself [13–15].
Slight structural changes, artificial or natural, to some basic
pharmacophores cause very different receptor activities (e.g.
histamine derivatives, steroid derivatives, morphine versus
codeine, etc.). The high probability of finding natural prod-
ucts with desired biological activities, however, must not be
confused with the readiness of such compounds for commer-
cial use. It must be clearly stated that, in contrast to the beliefs
of the general public, natural products or their derivatives are
by no means “better” drugs than artificially designed or syn-
thetic ones. The latter often have the advantage of providing
better availability and easier access to libraries for QSAR-
studies. Thus, natural products make good lead compounds,
but not necessarily good medicines. For an eager synthetic
chemist, this raises the question “what information will I
need to be able to design lead compounds with a success rate
similar to the one that natural products provide?”

The evolutionary and (especially in the context of protein
domains) co-evolutionary advantage of natural products an-
swers part of the question about the reasons why their odds
of showing activity against a given target are superior to ran-
dom, artificially designed compounds. A recent survey shows
that natural products generally have fewer nitrogen atoms and
fewer five- and six-membered rings than synthetic drugs [8].
This finding is contrary to the general belief that successful
drugs should ideally have small, nitrogen-rich heterocycle-
based pharmacophores. We think that this classical pharma-
cophore model is biased by the easier synthetic availability of
such five- and six-membered ring structures in the past. On

the other hand, natural products often possess complex struc-
tures. So far, the cheminformatic analysis of natural products
focused on a comparison with established drugs [4–6], on
general diversity parameters, and on Lipinski’s rule of five [7]
and other medicinal chemistry properties, most of which are
macroscopic like log P . The complex structural parameters
of these compounds are rarely analyzed with cheminformatic
methods, and are almost never compared with the underly-
ing metabolic processes and natural building blocks. Also,
rather than looking for similarities to current synthetic drugs,
we consider it worthwhile to also concentrate on properties of
successful natural lead compounds not mirrored in synthetic
drugs, and on nature’s principles to produce them. This should
pave the way for faster, successful lead design off the histori-
cal beaten track. If we are able to extract enough information
from natural products, ultimately, the physical or even virtual
presence of natural compounds in drug discovery may be re-
placed by the underlying first principles of success and lead to
synthetic lead compounds designed directly from these first
principles. In order to garner the necessary information, we
initiated an in-depth cheminformatic study into the structural
and metabolic patterns of natural products. Our hope is to sup-
port the design of improved synthetic (really natural product-
like) lead compounds, independent of natural scaffolds, but
using principles or tendencies taught by the natural products’
successes. Here we present some preliminary results.

Natural products commonly contain medium to large ring
systems [8, 16–18]. These are more frequently encountered
in natural than in artificial drugs. Indeed, macrocycles consti-
tute a significant part of natural product(-derived) drugs and
this article will focus on them. We decided to have a closer
look into the principles of macrocyclic natural products,
structurally and conceptually, based on some basic chem-
informatic and metabolic observations. Naturally occurring
macrocycles often have very complex structures and remark-
ably high activities (Figure 1). The variety in ring sizes and
chemical constitution is overwhelming. The relatively high
occurrence of macrocycles in nature may be rationalized by
the fact that they constitute an equilibrium or compromise
between conformational preorganization (i.e. less entropy
loss upon docking) and flexibility to achieve optimal binding
properties to their biological target, which also explains their
often unrivaled activities. The variety in structure and bio-
logical activity of naturally occurring macrocycles is demon-
strated by comparing FK-506 (1, immunosuppressant), ery-
thromycin A (2) and vancomycin (3, antibiotic), epothilone
B (4, anticancer), amphotericin B (5, antifungal), and K-13
(6, ACE inhibitor) (Figure 1).

Cheminformatic analysis of natural macrocycles – the
structural concept

In order to gain insight into the structural variety and distri-
bution of common substructures within naturally occurring
macrocycles, we analyzed as many natural product entries as
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Figure 1. Some naturally occurring macrocycles displaying a variety of medicinally important biological activities.

possible, listed in reagent catalogs, the Dictionary of Natural
Products [19], Beilstein database [20], and Phytobase R© [21],
using SciDex [22] and self-programmed subroutines for the
cheminformatic analysis. Of these sources, Beilstein is the
most complete one, suitable for this analysis. Altogether, we
analyzed 132,522 compounds designated as natural products.

Some remarks need to be made with respect to the dataset,
since most readers will not be aware of the problems and
limitations inherent to such data mining and cheminformatic
analyses. The effort may best be compared to the task of
finding relevant literature for a given reaction. Here it is well
accepted, that often only a percentage of the relevant liter-
ature will be discovered by sending a query to a database,
and sometimes whole groups of relevant authors are not dis-
covered, and only will be found by further refinement and
secondary checks of references cited. Similar discrepancies
apply here, only the data numbers in this case are several
orders of magnitude larger.

The assignment of a compound as a natural product was
taken as listed in the database sources. In view of the num-
bers involved, this could not be verified individually. Next,
we tried to eliminate duplicates by comparing CAS-numbers
of the various sources, or simply by hand. In conclusion,
this semi-automatic approach did avoid almost all double
entries, but did not allow us to verify that each macrocycle
was a natural product, nor does it fully preclude the erro-
neous inclusion of some non-macrocyclic compounds and
residual duplicate entries. Also, many members of unusually
well-studied classes of macrocycles (e.g. substance classes
studied in depth because of outstanding medicinal impor-

tance, like erythromycin- and vancomycin-type compounds
[23]) do not occur in these databases in all natural variations
known. The same applies to compounds isolated from ge-
netically modified organisms, or from wild-type organisms
cultivated under abnormal conditions, for example by the
One Strain MAny Compounds (OSMAC)-procedure or from
mutasynthesis [24, 25]. Thus, although more than 140 gly-
copeptide antibiotics such as vancomycin are known, only
a few are discovered by automatic data mining and are in-
cluded in the analysis. Other structures had to be eliminated
because they lacked chemical integrity (meaning they were
missing bonds, had carbons with five bonds, had inconsis-
tencies between the structural and molecular formulas, etc.).
The individual biological activity information had to be ex-
cluded from our analysis altogether, because such data are
often not reported, or cannot be evaluated automatically with
our current tools, or because only “soft” information is given
(for example “. . . use was reported against abdominal pain
. . .” without quantifiable data or citation).

What is the consequence for our dataset? Completeness
as an ultimate goal currently is not possible. Apart from
the fact that a complete, verified database is not yet avail-
able, such a database would be distorted because many or-
ganisms and compound classes are much more thoroughly
studied than others. Microorganisms allow rapid variation
of metabolite production [24, 25] and strains can produce
many derivatives, which are more easily isolated and char-
acterized than compounds produced by more complex or
challenging systems, such as tree bark or non-cultivable ma-
rine organisms. In other cases, selective in-depth isolation
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efforts (e.g. of glycopeptides) sparked by an important
application, distort the results further and will lead to a dis-
proportional abundance of these pre-selected structures. Even
metabolomics as a more universal approach is not able to fill
this data gap within foreseeable time since it is currently
limited to very few organisms and, despite its hypothetical
claim of completeness, is limited to compounds amenable to
current rapid separation and identification methods [26].

Thus, the numbers given here should not be taken as ab-
solutes. They are distorted by selective or erroneous data
production, as well as, incomplete, selective, or even incor-
rect database entries. However, we believe the error rate from
data mining and selection is negligible for most basic anal-
yses, based on random spot checks, especially for statistical
considerations of a relative character. This set of compounds
is one of the largest to be used for such a purpose so far
and we think it is a good representation overall of structural
variability in naturally occurring macrocycles. Also, some
compound properties had limitations, which forced us to re-
frain from statements or correlations we were eager to draw.
For example, a correlation of the presented macrocycle data
with the mostly very “soft” or unavailable biological activity
data would generate results with a relevance factor too low to
be acceptable. Thus, the reader will have to wait for further re-
finement of our analyses for correlations to biological activity.

For this analysis, macrocycles were defined as compounds
containing at least one non-bridged ring with ≥13 covalently
connected atoms. This arrangement was found in 3,747 com-
pounds, that is ca. 3% of all natural products are macrocycles.

This subset of naturally occurring macrocycles was ana-
lyzed for ring size and molecular weight distribution. The
largest ring size considered consisted of 72 atoms and was
found in eight compounds, ether lipids of archeae bacteria
(e.g. 2,3-di-O-biphytanyl-sn-glycerols). The compound with
the highest molecular weight (2559 g mol−1) is merremin. Of
course, even larger cyclic compounds are known from nature
(e.g. cyclic DNA in plasmids), but these are usually not part
of secondary metabolism and behave like linear compounds
rather than macrocycles, except for the missing terminals.
From the 3,747 compounds, only 36 (<1%) macrocycles
have ring sizes larger than 40 atoms. These compounds were
removed from our subsequent, more detailed analyses, since
they represent a negligible proportion of the total set, and
their omission resulted in an improved graphical presenta-
tion of the more relevant small and medium macrocycles.
The total number of compounds per ring size is represented
by the connected dots in Figure 2. Please note that this num-
ber is not absolute since it is limited by the dataset available
for automated analysis as discussed above, and real numbers
will be higher.

The general trend is a decrease in the number of
compounds with increasing ring size, which is logical with
respect to entropy and cyclization statistics. Also, there is
a ring size-dependent oscillation in the abundance. Smaller
macrocycles oscillate with every second atom added to the
ring, with even-numbered macrocycles being much more fre-

quent than odd ones, whereas for medium range macrocycles
the oscillation period is stretched to have a peak after roughly
three more atoms. This is a preliminary indication that smaller
macrocycles may be formed by building blocks of two (or
four) connecting atoms, such as acetate, malonate, or propi-
onate in polyketides and lipids (or isoprenoids for four ring
atom distance), whereas in larger rings, three-atom build-
ing blocks such as amino acids for peptides dominate. The
latter also show a propensity for higher molecular weights,
something also expected for peptides with their extensive side
chains (compared to polyketides or terpenoids).

Fourteen-membered macrocycles are by far the most com-
mon with 806 compounds represented. The molecular weight
distribution of the 13–40-membered compounds (all 3,711)
with respect to ring size is represented as bars in Figure 2.
Only two 13-membered ring compounds had a molecular
weight <200 g mol−1. These two were omitted for better
clarity in the graphical representation. By far, the highest
frequency of compounds (414) was found for 14-membered
rings with a molecular weight between 300 and 400 g mol−1.
Other relatively frequent ring sizes are 16, 18, 19, 21, 24,
and 25. For 25-membered macrocycles, the high frequency
of high molecular weight compounds (>1000 g mol−1) is
remarkable. Please note that in this analysis, the high num-
bers of selectively isolated derivatives of erythromycin (14-
membered) and glycopeptide (16-membered) antibiotics are
not fully represented for the reasons given previously.

Further analysis highlights the distribution of macro-
cycles relative to elements and functional groups, or their
omission (Figure 3). For each size, the proportion of rings that
consist of carbon atoms only, or contain at least one ring nitro-
gen or oxygen atom, and at least one lactam or lactone func-
tionality are compiled. Quite unexpectedly, 14-membered
rings that contain only carbon atoms, but no heteroatoms
(463 compounds) are most abundant. The majority of these
compounds (320) have a total number of 20 carbon atoms,
and it is therefore plausible that the majority of these com-
pounds are diterpenoids, i.e. cyclized geranylgeranyl diphos-
phate, with three exocyclic methyl and one isopropyl(idene)
or dimethylcyclopropane group [27]. An additional 72 C14-
macrocyles possess 22 carbon atoms. They may be the cor-
responding acetates. This interpretation is supported by the
extraordinarily high number of isolated double bonds in 13-
and 14-membered rings (see Figure 4). Thirteen-, 15-, and
16-membered derivatives may either be 1,2- or allyl-shifted
diterpenoids, or internally cyclized ones, or have a different
(polyketide) metabolic origin. Accordingly, another peak of
all-carbon macrocycles would be expected for 22-membered
terpenoids, which might be attributed to macrocyclic triter-
penes or cyclized squalene, but such compounds are not
of statistical importance, and C7-bridged para-cyclophanes
dominate this group. A more detailed discussion of terpene
macrocyclization is given below.

It is evident from Figure 3 that the majority of nitrogen-
containing macrocycles are also lactams. Some 25- and 30-
membered nitrogen-containing rings are not lactams. These
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Figure 2. Distribution (number of compounds) of 100 D molecular weight ranges (bars) and total number of natural macrocycles (line connected dots) of a
given ring size. The scale for the total count (abundance) is twice the scale for the weight distribution given at the ordinate.

Figure 3. Distribution of only carbon (black) or at least one structural heteroatom moiety within the rings.

Figure 4. Distribution of at least one C C double bond or at least two non-aromatic conjugated C C double bonds within the ring structures.
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are mainly polyketide-type compounds with typically two
or three oxazole residues in the macrocyclic framework,
such as the halichondramides and the disorazoles. Although
most oxygen-containing macrocycles with ring size >16 are
lactones, significant portions of 13–15-membered oxygen-
containing macrocycles do not contain a lactone moiety, but
are mainly ethers. For 13- and 14-membered macrocycles,
the amount of non-lactone, oxygen-containing rings corre-
sponds quite well to the abundance of lactams, and this sug-
gests that most of these compounds are cyclopeptide ethers of
the ansa-cyclopeptide alkaloid type [28]. For the underrepre-
sented 16-membered glycopeptides such as vancomycin (3)
and derivatives, the same connection, ether–oxygen + lac-
tam applies, but in contrast to the 14-membered rings, the
16-membered ones contain many lactams, which do not si-
multaneously have an ether oxygen.

Also, for 16-membered rings, an especially high fre-
quency of oxygen-containing rings and corresponding
lactone-containing rings was observed. These compounds are
mainly of polyketide origin.

Cyclopeptides, having ring sizes of 3n (n being the num-
ber of amino acids in the cycle) can be expected to constitute
a significant proportion of naturally occurring macrocycles.
Indeed, Figure 2 shows relatively high occurrence of 18-,
21-, 24-, 30-, and 33-membered macrocycles. In some cases,
however, ring sizes 3n + 1 prevail, particularly ring sizes
19, 25, 28. This might be attributed to the occurrence of cy-
clodepsipeptides, compounds where one peptide bond is re-
placed by a lactone bond connecting the peptide C-terminus
and a β-oxidized amino acid, such as the L-allo-threonine
residue in pristinamycin IA (7) (Figure 5). Some classes
of cyclodepsipeptides may also be responsible for the pre-
dominant occurrence of high molecular weight compounds
(>1000 g mol−1) in 25-membered macrocycles.

In Figure 4, the occurrence of at least one isolated carbon–
carbon double bond in comparison to non-benzenoid conju-
gated double bonds is shown. Isolated double bonds occur
particularly frequently in 14-membered rings. This obser-
vation is consistent with the assumption that most of the
all-carbon 14-membered ring compounds are macrocyclic
diterpenes. In contrast, conjugated double bonds predominate

Figure 5. Cyclodepsipeptides (aa = amino acid).

in 16-membered macrocycles (also constituting a significant
part of all-carbon ring compounds). Presumably, a different
class of cyclic diterpenes or polyketides is involved here. The
relatively high frequency of conjugated double bonds in 24-,
26-, 28-, and 30-membered macrocycles is also remarkable.
For these ring sizes, hardly any all-carbon rings were found
and, presumably, many of these compounds are lactones of
the polyketide type.

The observation that macrocycles frequently contain ben-
zene rings incorporated into the macrocycle, especially in the
form of aryl ether and biphenyl units, spurred us to analyze the
occurrence of both phenylene groups (Figure 6) and phenyl
ethers (Figure 7) in macrocyclic natural products. For both
series, 1,2- (ortho), 1,3- (meta), or 1,4- (para) linked ben-
zene rings were distinguished. The main conclusion is that
these moieties occur primarily in the smaller macrocycles
(<20). The occurrence of 1,4-linked benzene rings (158)
in 14-membered cycles is especially high and all of these
benzene rings are a part of para-substituted phenyl ethers.
This is in accordance with the previously stated suggestion
that ansa-cyclopeptide alkaloid-type compounds represent a
significant part (some 160 compounds) of naturally occur-
ring 14-membered macrocycles [28, 29]. In the smaller 13-
membered rings, 1,2- and 1,3-linked structures are common
(a 1,4-linkage would probably have too much ring strain,
cf. 11). Indeed, a predominance of 1,4-arylethers can be
expected in cyclopeptides with tyrosine as building block.
A different attack during the cyclization mechanism of the
same (oxidized) intermediate or a rearrangement can lead to
the corresponding 13-membered 1,3-ansa-derivatives instead
[28].

Whereas more than half of the 1,3-linked benzene rings
are part of the corresponding phenyl ethers, this is not the
case for the 1,2-linked compounds. In general, 1,2-linked
phenyl ethers are quite rare, although 20 of these compounds,
probably salicylic acid derivatives, were found among 18-
membered macrocycles. In 16-membered macrocycles, ben-
zene rings are quite common, but only a minority is part of
a phenyl ether moiety. However, the number of basic struc-
tures is accompanied by a considerable number of derivatives
(some 140 glycopeptides) that are not included in this anal-
ysis for the reasons stated previously.

Of the larger macrocycles, 24- and 28-membered rings
most frequently contain benzene rings, and most of the
1,3- and 1,4-linked structures simultaneously form part of
the corresponding phenyl ethers. In these cases, 1,3- and 1,4-
linked phenyl ethers usually occur in identical amounts if
3,4′-substituted diphenyl ether units are involved. The latter
also applies to 18-membered ring substructures.

Overall, the majority of the phenyl ether and the pheny-
lene units are derived from tyrosine metabolism in various
oxidation and substitution states. Salicylic acid derivatives
form an exception to this rule.

In order to estimate the biosynthetic origin of macrocyclic
natural products, we analyzed the occurrence of pyrrolidine
(mostly originating from proline, as a measure for peptide
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Figure 6. Distribution of phenylene rings within the macrocycles.

Figure 7. Distribution of phenolic rings including the phenolic oxygen atom inside the macrocyclic ring.

Figure 8. Distribution of pyrrolidine rings including the nitrogen atom inside the macrocycles, and of typical isoprene and polyketide fragments within the
ring systems.
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(-like) compounds) fused to the macrocycle at the C–N bond,
3,7-dimethyloctane units (with the longest linear chain in
the ring, as a measure for isoprenoid abundance) and 2,4-
di-O-substituted pentane units (with all carbon atoms in the
ring, as an indication for polyketide compounds). These moi-
eties were selected because they were deemed the most typ-
ical structural elements likely to result from the respective
metabolic pathways. These indicator elements have a limited
absolute value, but we expected them to be representative in
a relative sense. Of course, proline-derived pyrrolidine is not
present in all small cyclic peptides, but the relative value of
this indicator function is not lost by such known limitations.
The results are given in Figure 8.

Pyrrolidine rings occur most frequently in 19-, 21- and
24-membered macrocycles, confirming the previously stated
suggestion that cyclo(depsi) peptides are the main sources
for naturally occurring macrocycles of these ring sizes.
The 3,7-dimethyloctane unit is most common in 14- and
16-membered macrocycles, and is also significant in 13-
membered ones. Regarding the high number of all-carbon
13- and 14-membered macrocycles (see Figure 2), it can be
assumed that such compounds are cyclized diterpenes. All-
carbon rings are rare in 16-membered structures, but lactones
are quite common and diterpene-derived lactones may con-
tribute some compounds. However, 3,7-dimethyloctane units
(i.e. the geranyl/neryl skeleton) may also be derived from
polyketide metabolism, as is the case in the biosynthesis of
epothilone B (4) [30–32], and this is most likely the case here.
In support of this explanation, the isoprenoid indicator unit
can also be found in several 34- and 40-membered macro-
cycles. These compounds are all polyketide (di)lactones of
the niphimycin (34), swinholide (40), and mathemycin (40)
families.

Finally, 2,4-di-O-pentane units are most common in 13-,
14-, and 16-membered rings. Furthermore, this unit occurs
relatively often in larger macrocycles, especially in those with
an even number of atoms in the ring. This makes sense from
a biosynthetic perspective, as the polyketide chain is always
elongated by two carbon atoms, and there is typically an
odd number of carbons between two oxygen functionalities.
Since lactonization is the main macrocyclization method of
polyketides, an even-membered macrocycle results.

Another aspect of many macrocycles is a repeating pattern
of charge/polarity distribution within the molecule. Many
structures show an apolar, lipophilic side and a polar, hy-
drophilic side. In many cases, they will also have an ad-
ditional small heterocyclic (e.g. imidazole/oxazole/thiazole
[33], sugar, etc.) or substituted aromatic moiety, which maybe
endo- or exo-cyclic, resulting in a general structure 8, shown
with an endocyclic small heterocycle. This empirical obser-
vation was not yet backed by cheminformatic analyses nor is
it related to ring size, since it would be necessary to calcu-
late minimized 3D-structures, charge distribution and hetero-
cyclic moiety distributions for all macrocycles and then com-
pare and cluster these three-dimensionally. This information
is not available at this time. However, this frequently observed

phenomenon is not limited to membrane-active polyene
macrocycles, such as amphothericin B (5) or nystatin. It is
also found in many smaller polyketides (for example see FK-
506, 1; epothilones like 4; and kendomycin [36–40], 12), in
macrocyclic glycolipids (such as sophorolipid lactone, 10)
[34], to some degree in cyclo(depsi)peptides (see arylether-
cyclopeptides such as 3, the ansa-cyclopeptide alkaloids from
plants, see 11, or K-13, 6) [35] and hybrid polyketide/peptide
compounds (such as the clinically applied anticancer agent
maytansin, 9). Charge and polarity distribution are not nec-
essarily located “along the ring” as in the examples given,
but may occur with respect to top and bottom face (β- and
α-face) as seen in cyclic peptides [41] and in the anticancer
taxanes (Taxol R©, Taxotere R©, v.i.) [42–44], derived from the
12-membered verticillene, which possess a polar α-surface
and an apolar β-surface. Finally, differentially polar inner and
outer ring sides are possible as seen in some cyclodextrins,
but are rare [3, 45–49].

Biosynthetic origin of macrocyclic diversity – the
production concept

Although the variety in structures is large, the variability in
substructures is essentially limited to the available biosyn-
thetic pathways. The complexity arises from the versatility
of the separate metabolic pathways and the possibility to com-
bine them (Figure 10) [3, 4].

The basis of these metabolic pathways is formed by
simple, repetitive processes, mostly iterative in nature.
These include (1) polyketide pathways related to fatty acid
metabolism, connecting primarily acetate, malonate, and
methylmalonate/propionate units in aldol (Claisen) type re-
actions; (2) isoprenoid metabolism, connecting isopentenyl
and dimethylallyl diphosphate building blocks by Friedel-
Crafts-like reactions; (3) peptide biosynthesis condensing
amino acids to form amide bonds, and (4) sugar condensa-
tion to give oligo- and polysaccharides by acetal formation.
The structural diversity resulting from these primarily linear
processes is limited by the discrete number of monomers,
but the diversity increases dramatically through subsequent
cyclization reactions leading to (1) aromatic or macrocyclic
polyketides; (2) terpenoids and steroids, or (3) alkaloids or
cyclopeptides, respectively. Sugars are rarely directly incor-
porated into macrocyclic rings of ≤40 members (exceptions
are cyclodextrins [45–48] and macrocyclic sugar lipids [34]),
but sugars and amino sugars are of extraordinary importance
in the periphery of other macrocycles.

The structural diversity is further increased by connect-
ing products derived from the major metabolic pathways to
form conjugates. Such conjugations often involve sugars to
produce glycosylated compounds including polyketide gly-
cosides such as erythromycin, steroid glycosides such as dig-
itoxin, and glycopeptides such as vancomycin.

A final possibility to enhance diversity involves post-
modification reactions, including oxidation and reduction,
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Figure 9. A polarity domain distribution found in many natural macrocycles. Polar domains are usually rich in hydroxy, keto, amide, and sometimes amino
groups, apolar domains often have alkyl (methyl), aryl (phenylene), ether, halogen, or alkene groups. The heterocycle(s), mostly 5- or 6-membered rings, can
be endocyclic or exocyclic. Some examples are given in Figure 1 (1, 3–6), and here with compounds 9–12.

Figure 10. Natures strategy to macrocycle diversity: a typical biosynthesis of a complex natural product: (I) iterative oligomerization, (II) cyclization, (III)
combination/conjugation, and/or (IV) (post-)modification.

heterocycle formation, eliminations, and/or side chain attach-
ment reactions. The course of steps III and IV in Figure 10
may be inverted or repeated.

The macrolide antibiotic erythromycin (Figure 11)
provides a good example for diversity enhancement by
macrocyclization, polyketide and sugar metabolism, and
post-modification. In its biosynthesis, a linear polyketide is
cyclized to form a macrocyclic aglycon precursor, which is

subsequently modified by two oxidation reactions. Two un-
common sugars are synthesized by post-modification of com-
mon sugars, and subsequently combined with the polyketide-
derived macrocycle to form a complex natural product with
a remarkable biological activity.

The question that arises now is: How does nature achieve
such complex processes? Or, more precisely, how is such a
complex product synthesized alongside primary metabolism?
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Figure 11. Complexity enhancement in erythromycin biosynthesis after the
linear polyketide formation.

These questions are best answered by regarding well-studied
examples. Here, of course, we will focus on the macrocycliza-
tion reaction. The biosynthesis of the antibiotic erythromycin
B has been studied in great detail [50–53]. The biosynthesis
of the complete aglycon 6-deoxyerythronolide B (6-dEB, 13)
takes place in a polyketide synthase (PKS), a protein com-
plex often compared to an assembly line. This specific PKS,
6-deoxyerythronolide B synthase (DEBS) consists of three
polypeptide chains (DEBS 1, 2, and 3). Each chain com-
prises two modules, and each module consists of several do-
mains (see Figure 12). Each module adds an acyl residue to
the growing polyketide chain by the combined action of its
domains.

All six modules have an acyl carrier protein (ACP) do-
main that binds one of the six acyl residues of 6-dEB, selected
by the adjacent acyl transferase (AT) domain, as a thioester.
A ketosynthase (KS) domain then transfers the ACP-bound
acyl residue to the next module in a Claisen-type reaction. Of-
ten, the resulting ketone is reduced by a ketoreductase (KR)

Figure 12. Schematic representation of 6-deoxyerythronolide B synthase (DEBS).

domain. The growing polyketide chain progresses to the final
module, which has an additional thioesterase (TE) domain.
This module breaks the thioester bond, presumably by nu-
cleophilic attack of a serine residue OH group. The protein-
bound acyl chain then undergoes transesterification to give
the macrolide 6-dEB. Substrate specificity of the individual
modules has been the subject of research. Generally, the main
determinants of specificity are the α- and β-stereocenters
and/or a specific chain length (range). The functional tol-
erance in the rest of the substrate is quite high. Therefore,
the modules function more or less independently from each
other. This has been exploited by recombining modules, even
from different organisms, to generate novel macrolides. This
combinatorial biotechnology is a promising concept, and it
has already led to the identification of new lead structures
[50–52], although its applicability is limited to cases where
substrate specificity is sufficiently high, so that the modules
(or single enzymes) are more or less independent of each
other and the activity of one module (enzyme) does not de-
pend on the previous one.

Despite these achievements, the mechanistic details of
PKSs are still quite unclear. Perhaps the most intriguing func-
tion of the synthase complex is the cyclase, which forms a
specific macrocycle by intramolecular nucleophilic attack in
the presence of several other nucleophiles. In synthetic chem-
istry, this would avoid the need for protective groups, and
the frequently problematic protection/deprotection steps in-
volved. However, the mechanism of these cyclases is largely
unclear. Studies on DEBS TE suggest that the TE domain
alone does not cause cyclization, and that the adjacent ACP
domain may be involved in this process [53].

Certain cyclopeptides are synthesized by non-ribosomal
peptide synthetases (NRPSs), in a manner similar to PKSs
[54–58]. The peptide residues are connected to peptidyl
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carrier protein (PCP) domains as thioesters, and transferred
to the next module by condensation (C) domains, forming
a new peptide [54–56] or depsipeptide bond [59]. In some
cases, additional domains are included, such as epimerase
(E), which transforms amino acid residues to their D-form, or
N -methylation (M) domains. Again at the end of the terminal
module, a TE domain is located, which directs and catalyses
the intramolecular attack of the N -terminal amino group or
a side chain nucleophile to give the cyclo(depsi)peptide (cf.
the TE in PKS-Clusters). Chemical diversity is even increased
by combining peptide and polyketide modules to form hybrid
synthases, which are responsible for a wide variety of inter-
esting natural products, including many macrocycles [54, 56].

The linear C10, C15, C20, and C30-isoprenoids are formed
by sequential addition of carbocation intermediates derived
from dimethylallyl or oligoprenyl diphosphates to isopen-
tenyl diphosphate, derived from either the mevalonate (MEV)
or the methylerythrosediyl cyclodiphosphate (MEP or DXP)
pathways [60, 61]. The iterative generation of linear terpenoid
precursors is different from that of peptides and polyketides
in that the process is much less complex and does not involve
stereocenters. The only variation found is that head-to-head
cyclization of two oligoprenyl diphosphates forms squalene
or phytoene. Nevertheless, this limited diversity generation
in the linear precursors is compensated for by the many cy-
clization modes of isoprenoids, forming an almost endless
number of steroids (from squalene), carotenoids (from phy-
toene), and terpenoids (from oligoprenyl diphosphates). The
cyclization is followed by rich post-cyclization modification
chemistry, especially oxidations and rearrangements. In con-
trast to polyketides and cyclopeptides, the stereocenters in
terpenoids are introduced by selective cyclization and post-
modification reactions. The divergent synthetic routes of ter-
penoid biosynthesis are a consequence of the evolution of di-
versity in terpene cyclases [62, 63] such that different active

Figure 13. Biosynthetic pathways to casbene and taxadiene.

site templates evolved as chaperones for reactive carbocation
intermediates forcing different cyclization pathways.

Terpene cyclases require the presence of a Lewis-acidic
divalent metal ion such as Mg2+ or Mn2+ to aid the formation
of an intermediate prenyl diphosphate cyclase complex with
activation of the diphosphate as leaving group [27, 64–69].
A variety of isoprenoid synthases (cyclases), most of which
are from plants and fungi, have been cloned, purified, and ex-
tensively studied [62, 63, 67, 68, 70, 71]. X-ray crystal struc-
tures of some monoterpene [72] and sesquiterpene cyclases
[67, 68, 70] have also been recently reported. Since the vast
majority of isoprenoids is produced by eukaryotes, there have
been few reports of eubacterial isoprenoid cyclases and their
genes, such as squalene-hopene cyclases [73]. Almost all of
the naturally occurring terpenoid macrocycles or derivatives
fit into the geranylgeranyl diphosphate (GGPP) derived diter-
pene family with C20 (Figure 13), supporting our preliminary
idea that the high numbers of 13- and 14-membered, as
well as some 15- and 16-membered, all-carbon macrocycles
could be derived from this precursor rather than a polyketide
one.

Diterpene cyclases are classified into two major types
with respect to their modes of cyclizations [74]. The first
type of diterpene cyclases catalyzes a reaction initiated by
protonation at the 14,15-double bond of GGPP, followed by
consecutive cyclization steps, which furnish polycyclic skele-
tons, but not macrocycles. The polycycle formation proba-
bly occurs in a similar manner to that of the triterpene and
squalene-hopene cyclases [64, 65, 73, 75, 76]. Biosynthetic
evidence and X-ray structures of triterpene cyclases [77, 78]
explain why polycyclic triterpenoid skeletons are generally
found in nature [71, 79] rather than macrocyclic ones. The
available crystal structures are from plant enzymes. However,
a high degree of sequence identity, the presence of aromatic
residues to stabilize and retain the formed carbocations within
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the cavity, the highly conserved and essential aspartate-rich
motif(s) as initial proton donor residues, and M2+ binder
found in different organisms suggest similar, evolutionary
preserved, catalytic mechanisms for all prenyl transferases,
including terpene cyclases. Moreover, eukaryotic as well as
prokaryotic oligoprenyl transferases, synthases, or cyclases
present similar elements. These similarities support the idea
of a widespread mechanism to protect the intermediate car-
bocations against the addition of water or deprotonation by a
base. This protected system allows the shift of the hydride and
methyl groups along a thermodynamically and kinetically fa-
vorable cascade [27, 79] culminating in the (cyclizing) addi-
tion to a double bond of an aromatic ring (aromatic prenyl
transferases [69, 80, 81]), another molecule of isopentenyl
diphosphate (synthases, elongases), or an intramolecular one
as required for cyclases. In accordance with Baldwin’s cy-
clization rules of cations to alkenes (n-endo or n-exo-trig re-
actions), the most common ring sizes are 5- and 6-membered
ones. Strained three-membered [27], and medium sized (8–
12-membered) rings are not rare, but only few macrocycles
are formed. The latter will require an excellent control of
folding of a long lipophilic tail without allowing subsequent
transannular reactions.

Casbene [82, 83] and taxadiene [84, 85] synthases are rep-
resentative of the second class of diterpene cyclases. Casbene

Figure 14. Structures of some macrocyclic diterpenoids and subsequent transannular cyclization products [86–88].

(14) is a macrocyclic diterpene phytoalexin with antibacterial
and antifungal activity [64, 65], whereas taxadiene (15) repre-
sents the diterpenoid portion of the important anticancer agent
Taxol R© (Paclitaxel) [31, 42–44]. Both compounds are formed
from geranylgeranyl diphosphate by the action of their cor-
responding cyclases through ionization of the diphosphate
group to an allylic carbocation [69] followed by cyclization
and deprotonation to the olefins (Figure 13). The formation of
the macrocyclic casbene involves the simultaneous formation
of a cyclopropane ring [27].

Although the taxadiene skeleton is not macrocyclic, but
rather a polycyclic medium-sized ring derivative, its biosyn-
thetic precursor (1S)-verticillene is already 12-membered.
The taxanes have continued to attract considerable interest
and there are estimated to be about 400 known naturally oc-
curring taxoids. Recent updated reviews of the chemistry and
biology of these compounds as well as major advances in the
genetics of Taxol R© biosynthesis have appeared [42, 43], in-
cluding the details of the cyclization pathway to taxadiene
and the post-cyclization functionalization toward taxol-type
structures.

The huge amount of bioactive macrocyclic diterpenoids,
which have been reported in the recent years [71, 86–88]
(see Figures 13 and 14), as well as the high number of
14-membered macrocycles, suggest that this biosynthetic
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mechanism is widespread in a large variety of organisms, and
this dominance is reflected in our statistical results. Exami-
nation of their striking structures confirms that most of them
possess a casbene-type skeleton and therefore their chemical
diversity is primarily due to post-cyclization modifications,
which include transannular cyclization, lactonization, oxida-
tion and epoxidation, alkyl migration, and acylation steps.

For the synthetic chemist, the most remarkable essence of
these systems is the striking similarity to solid phase synthe-
sis, in this case, combined with a cyclative cleavage strategy.
Indeed, this is a very elegant and effective strategy for the
solid phase synthesis of cyclic compounds [3, 89–94]. How-
ever, nature has taken the strategy to the next level, where each
of the reactants is “solid-phase”-bound, and is connected to a
growing “solid-phase”-bound chain in an ordered, predeter-
mined fashion, followed by cleavage/cyclization at exactly
the desired moment with prefolded chains to achieve defined
ring sizes and even stereocenters where required. Although
some iterative solid-phase based strategies have been devel-
oped (Merrifield peptide synthesis, DNA-synthesizer, etc.), a
similarly perfect modular ‘molecular assembly line’ for lab-
oratory chemistry to make products of secondary metabolism
seems far away. However, other concepts from nature have
already found widespread application. Cyclative cleavage
strategies, for example, are well established in solid-phase
synthesis, and have contributed to the synthesis of many
cyclic compounds [3, 90–92, 95].

Recently, cyclases from NRPSs have been employed in
the construction of cyclopeptides [41, 57, 59, 96]. The use
of peptidyl phenylthioesters, which were synthesized using
standard solid-phase synthesis [96], was especially effective.
When these were treated with a recombinant protein consist-
ing of the terminal PCP and TE domain of the corresponding
NRPS, the peptidyl chains were spontaneously transacylated
to the PCP domain, subsequently transferred to the TE do-
main, and finally cyclized to give the natural cyclopeptides. In
some cases, hydrolysis and/or spontaneous aspecific cycliza-
tion occurred in competition to the transacylation. In these
cases, however, results were dramatically improved by the
use of less reactive, substituted phenylthioesters. Even solid-
phase bound peptidyl esters can be substrates for an isolated
TE domain, not only for the natural peptide substrate, but also
for sufficiently similar derivatives [41, 58]. This study demon-
strates that TEs have a certain degree of flexibility in substrate
acceptance, and the compatibility with solid-phase bound
substrates makes this a very promising strategy, elegantly in-
tegrating chemical synthesis and biotechnology [41]. Recent,
dramatic improvements of enzyme reactions with polymer
bound substrates have been achieved [97–99], and these may
be combined with macrocyclizing enzyme reactions other
than peptide formation, for example, macrolactonization and
lactam formation [100–103].

In conclusion, it is evident that nature’s strategies for the
synthesis of complex macrocycles are a great source of inspi-

ration, providing opportunities both for synthetic chemistry
and biotechnology, as well as integrated approaches. With the
current dataset, it became evident that each metabolic fam-
ily (e.g. polyketides, cyclopeptides) has different preferred
ring sizes and structural elements that dominate. Molecular
weight tendencies and some common structural units could
be extracted, and polarity distribution trends were discussed.
Further studies are under way to refine these analyses, to im-
prove the database, and to correlate and integrate this with
biological and other data.
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