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The history of discovery by Rosetta Reusch of oligo- and poly-β-hydroxybutyrates (OHBs and PHBs) consisting
of less than ca. 150 HB units is described. These ‘short-chain’ biopolymers can be detected in all living organisms
and have numerous physiological activities of fundamental importance for the chemistry of life. The largest are
components of ion channels such as Ca2+-polyphosphate-PHB (Ca-PPi-PHB) in genetically competent E. coli and
in mammalian mitochondria. Sequences with chain lengths < ca. 30 occur covalently attached to proteins (post-
translational PHBylation), and methyl esters of the dimer and trimer are used by certain bacteria as highly
efficient antioxidants. With synthetic monodisperse OHBs (up to 128mer) our group has contributed structural
investigations, and we have shown that OHBs�16 alone make phospholipid bilayer vesicles permeable to Ca
ions. An extensive biochemical analysis of the TRPM8 protein channel, responsible for the sense of heat in our
skin, proved to be fully active only when PHBylated. Reasons for the difficulty of detecting OHBs and PHBs are
discussed: the polyester chain is highly flexible, and there is ester cleavage by base, acid, nucleophiles, Lewis
acids, and heat – in stark contrast to peptides. PHBs may be called a ubiquitous but fleeting species in the
chemistry of life – worth being appreciated and studied much more intensively in the future! A speculation
about PHB’s possible role in prebiotic compartmentalization is presented, and recent uses of compartmentaliza-
tion in organic synthesis are briefly mentioned.
Portions of the figures used herein were presented in a lecture at the International Symposium on Biopolymers
on September 13, 2022, in Sion (Switzerland).

Keywords: compartmentalization, history of science, ion channels, non-proteinaceous ion channels, organic
synthesis in water, PHBylated proteins, poly-β-hydroxybutyrates, polyphosphates, prebiotic chemistry, TRPM8
channel.

1. Brief Overview of PHB History

In apparent contrast to the statement of the title, the
average natural scientist (chemist, biochemist, medici-
nal chemist, with the possible exception of the
material scientist) looks up in surprise when asked
about the biopolymer poly-β-hydroxy-butanoic acid
(PHB; Table 1). However, the general practitioner, the
clinician, indeed every premedical student, will know

that the monomer, β-OHB, is a major component of
so-called ketone bodies, together with acetyl-acetate
(AcAc) and acetone (CH3COCH3). Ketone bodies are
formed from fatty acids by oxidative degradation in
the liver, especially when there is a shortage of
carbohydrates: starvation, excessive exercise, carbohy-
drate-free diet, deficiency of insulin. See the terms
ketosis, acidosis, ketone stress, acetone breath as well
as recent review articles.[1–4]

The polymer PHB was discovered by M. Lemoigne
almost 100 years ago.[5] It is a biopolymer produced by
microorganisms as a storage material under conditions
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of nutrient limitation in the presence of an excess
carbon and energy source (certain cyanobacteria can
use CO2 and light, resp.!)[6–8] PHB and other poly-(β-
hydroxy-alkanoic)-acids, PHAs) of high molecular
weight (>103 units) are deposited in cells in the form
of granules (up to 90% of the cellular dry weight) and
can be produced biotechnologically on large scale.
PHAs have excellent material properties (Figure 1) and
are fully biodegradable. Thus, numerous groups world-
wide have investigated PHAs; for a personal selection
of prominent scientists in this field and for some
leading review articles that have appeared in the past
20 years see Figure 2 and references.[9–14]

Parallel to the material-driven investigations, Roset-
ta Reusch – widely unnoticed, poorly recognized and
almost single-handedly – discovered and studied the
physiological properties of different kinds of PHB.
Starting in the early 1980s, she identified PHB of chain

lengths in the range of 100 to 200 HB units as
components of ion channels in cell membranes, where
it is associated with polyphosphate (PPi), another
orphan biopolymer (Table 1).[15–23] Furthermore,
Reusch found that PHB of chain lengths below ca.
30 units occurs as an appendage to proteins, formed
by post-translational PHBylation. Reusch’s contribu-
tions up to the year 2005 were summarized in an
article by V. Norris (Figure 3). An extensive review
published in 2012[24] by Reusch was entitled ‘Physio-
logical Importance of Poly-(R)-3-hydroxybutyrates’, and
a complete list of her publications is attached as
Supplementary Material S1.

In the meantime, very short oligomers of
3-hydroxy-butanoic acid have been identified as
physiologically active compounds. Thus, the methyl
esters of the HB dimer and trimer are used by bacteria
against oxidative stress caused by reactive oxygen
species RO* (ROS), with higher activities than the
common antioxidants glutathione and vitamin C.[25–27]

In a previous report, the HB tetramer was character-
ized as a growth promoting factor in certain
microorganisms.[28]

2. Entry and Contributions to the PHB Field by
Our Group

The entry of our group into PHB chemistry took place
at a time when we were demonstrating the usefulness
of readily available natural products as chiral building
blocks for syntheses of enantiomerically pure complex
target molecules.[29–32] An example was our synthesis
of elaiophylin, which required access to (R)-3-hydroxy-
butanoic acid (Figure 4);[33–36]1 we had found that the
(S)-form is accessible via reduction of ethyl acetoace-
tate with fermenting baker’s yeast.[38,39] A literature
search for the (R)-enantiomer led to PHB, to its
biotechnological production by ICI in Billingham UK, to
a contact with Dr. Atkins of the ICI (Figure 1), and to
our Organic Syntheses procedure for large-scale degra-
dation of PHB to (R)-3-hydroxy-butanoic acid and its
methyl ester.[40,41] Eventually, the engagement with
PHB led to the discovery in our group of the non-
natural β-peptides – from a world without hydrogen
bonds to a world with hydrogen bonds![42]2 (Figure 4).

Dieter Seebach was born in
Karlsruhe, Germany, in 1937 and
studied chemistry at the local
Technische Hochschule (now
KIT), where he received a PhD
degree in 1964 with a thesis on
small-ring compounds and per-
oxides (supervisor R. Criegee).
After a two-year stay at Harvard
University as Postdoctoral Fellow
(with E. J. Corey) and as Lecturer
he returned to Karlsruhe for a

Habilitation (1969) on S- and Se-stabilized carbanion and
carbene derivatives. In 1971 he became Full Professor at
the Justus Liebig Universität Giessen and in 1977 he
moved to ETH Zurich. He held longer-term guest
professorships, for instance at the University of Wisconsin
(Madison), at Caltech (Pasadena), and at Harvard Univer-
sity. Main areas of research in the past: reactivity
umpolung, pool of chiral building blocks, structure of Li-
compounds, chiral dendrimers, TADDOLs, self-regenera-
tion of stereogenic centers, S-, Se-, Si-, NO2-, F-, Ti-organic
compounds, PHB, and β-peptides. From 2004, the year
Seebach became Professor emeritus at ETH, until 2014,
he did research with a group of postdoctoral co-workers
on the mechanism of organocatalysis and on biological
investigations of β-peptides and of cyanophycin deriva-
tives. This work was financed by the Swiss National
Science Foundation and by Novartis. Without funding,
laboratory space, or external collaborations Seebach now
enjoys discussions with coworkers of active groups in the
LOC, with colleagues worldwide, and with former group
members, and he takes more time with his family and for
achieving an acceptable state of health.

1For a more recent use of β-hydroxy-butanoate see
ref. [37].
2For the original German version of this article see
Supplementary Material S2 as pdf-file.
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Table 1. Well known and hitherto less well appreciated biopolymers.

Monomers Oligomers Biopolymers

Metabolism Regulation, recognition, signaling Catalysis, storage, structure, information
Amino acids Oligopeptide Polypeptides (enzymes, silk, wool)
Carbohydrates Oligosaccharides (glycans, blood-

group det.)
Polysaccharides (cellulose, starch, chitin)

Acetic acid, isoprene derivatives Isoprenoids (steroids) Polyisoprenoids (rubber, gutta-percha)
Nucleotides, Nucleosides Oligonucleotides (t-RNA) Polynucleotides (DNA)
β-Hydroxy-alkanoic acids; 3-HB is major
ketone body

OHBs
(PTM PHBylation)
(HO* scavenger)
(growth-prom. factor)

Poly(β-hydroxy-alkanoates) PHAs
(storage PHB)
(ion-channel component)
(cf. polymalate, PMA)

Phosphoric acid Oligophosphates
(ADP, ATP, CoA)

Polyphosphate, PPi[a]

(energy storage)
(ion-channel component)

Phenolic styrenes made from Phe and Tyr Lignin
(mechanical support and water transport in
plants)

[a] For brevity PPi is used for ‘inorganic polyphosphate’ throughout this paper.

Figure 1. Granulate of PHB from the ICI biotechnological process, articles made from BIOPOL (PHB/PHV-copolymer), demonstration
of biodegradability and Cautionary Tales. https://www.scotchem.ac.uk/wp-content/uploads/2019/02/Biopol-IBioIC-compressed.pdf.
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Next, we became involved in improving analytical
methods for detecting PHB, especially by NMR
spectroscopy.[43] Our group members were busy
collecting samples in the supermarket, in the bakery,
in the butcher’s shop, in the pet shop, and in the
university hospital. The fact is that PHB was detected
in every living organism or part thereof, and R. Reusch
found that its concentration depends upon the state
of health of animals (for instance with or without
diabetes; Figure 5).[43,44] The most sensitive method of
detection is due to Rosetta Reusch: the use of an anti-
PHB F(ab’)2, an antibody

[45,46] with detection limits in
the picogram range for short-chain (< ca. 30) PHB in
covalently PHBylated proteins. For a survey of the PHB

analytics available at the turn of the century see
Figure 12 in our review article entitled ‘Detection,
synthesis, structure, and function of oligo(3-hydroxy-
alkanoates): contributions by synthetic organic
chemists’.[47]

As synthetic organic chemists, we could not resist
the temptation to prepare various monodisperse
oligomers of β-hydroxy-butanoic acid (OHBs) and
study their properties. Thus, we noticed that heating
PHB or poly(3HB-co-3HV) under transesterifying con-
ditions and distillation in vacuo led to cyclic oligomers
as thermodynamic products, with the triolide being
preferred (Figure 6).[48–50] Crystallization of triolides
under various conditions provided a clear demonstra-

Figure 2. M. Lemoigne, the discoverer[5] of PHB, and a selection
of prominent researchers in the area of PHAs.

Figure 3. Special issue of Cell. Mol. Biol., and the article by V.
Norris therein, covering the work of R. N. Reusch up to 2005; the
subtitles in this review are given in capital-letter print. DOI
10.1170/T673.

Figure 4. Synthesis of an enantiomerically pure elaiophylin
derivative using (R)-β-hydroxy-butanoic acid from PHB as a
building block.[33–37] For an extensive review article on
β-peptides see ref. [41].

Figure 5. PHB detected in various kingdoms of life[43] and
enrichment of PHB in diabetic vs. healthy rats.[44] Courtesy of
Rosetta Reusch.
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tion of PHB’s amphipathicity: see the crystal structures
of inclusion compounds with the non-polar diethyl
ether and with the thiocyanide sodium salt in Figure 6.
Using fragment coupling, we synthesized monodis-
perse linear OHBs up to 128 units long. We also
prepared oligolides of up to 128-atom ring sizes,
coumarin-labeled oligomers, bicyclic and dendritic
derivatives of β-hydroxybutanoic acid, and we inves-
tigated malic-acid analogs (Figure 7).[51–60]

A preferred folding mode for PHB in the solid state
was revealed when we treated a stirred suspension of
PHB in THF at � 75 °C with LiN(SiMe3)2 (Li-HMDS): The
resulting mixture contained an increasing amount of
15-mer (by size-exclusion chromatography), indicating
that the polymer chain is folded in crystalline domains,
that the cleavage by Li-HMDS occurs at the folding
points, and that ca.15 HB units span the thickness of
the crystallites.[61,62] For the 21-helical PHB structure,
which has a ca. 6 Å pitch,[49] the crystallite would be
ca. 48 Å thick. This was confirmed in a collaboration
with Peter Barham’s group in Bristol (UK):[62–66] Crystal-
lites of OHBs of various chain lengths, and of the
polymer were prepared and investigated by electron
diffraction, electron microscopy, wide and small angle
X-ray diffraction, and atomic force microscopy (Fig-

ure 8,A and 8,B). Our linear OHBs consisting of 16, 32,
and 96 HB units, as well as PHB itself, all form
crystallites of ca. 50 Å thickness, indicating that the
chains of �32 HB units must be folded.

In view of the role PHB plays in cellular ion
channels (vide supra), we tested the ability of OHBs to
transport ions between two aqueous phases through a
lipophilic environment, first in a simple U-tube experi-
ment (Figure 8,C).[67] As a bulk liquid organic mem-
brane we chose methylene chloride (density 1.33 g/
cm3) containing a linear HB 28mer or various cyclic
OHBs, as counter anion in the aqueous phase we used
the yellow picrate, and we tested the transport rates
of alkali (Li to Cs) and alkaline-earth (Mg to Ba) ions.
Result: all cations were transported and all OHBs were
found to be transporting ionophores, without special
selectivities, except that the largest ions Cs+, Ba2+

(which have smaller heats of solvation in water) were
fastest – and Li+ slowest.

We then turned to the patch-clamp technique, in
which a POPC phospholipid bilayer (PLB) is placed in
an aperture in such a way that a voltage can be
applied between the two sides of the bilayer. Prepara-
tion of bilayers in the presence of 0.1 to 5% of a linear
OHB consisting of n=4, 8, 16, 32, 64, 96 HB units led

Figure 6. Preferred triolide formation from PHB (or PHV) and crystal structures of inclusion complexes of triolides with diethylether
and with NaSCN. Methyl groups point inside the channel housing Et2O. Carbonyl oxygens point inside the channel housing
hydrated Na+ ions, with the NCS� anions sticking to the wall through their sulfur atoms.[48–50] Reproduced with permission from
Reference [50], Copyright 1994, Wiley-VHCA, Switzerland.
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to voltage-driven conductance for Rb+ and Ba2+ ions
with n �16 (Figure 8,E, collaboration with R. N.
Reusch).[68] Moving even closer to cellular systems (cf.
cell walls, liposomes, microsomes), permeation of Ca2+

ions through the PLB of unilamellar vesicles encapsu-
lating the Ca-complexing Quin-2 dye was studied.
Indeed, when linear 32- or 64-mer OHB had been
incorporated into the vesicle wall it became Ca2+

permeable! (Figure 8,D, collaboration with P. Walde,
ETH Zürich).[69]

We have thus clearly demonstrated that simply
incorporating OHBs into phospholipid bilayers renders
them ion permeable! The amphipathicity (cf. Figure 6)
of OHBs is evident: they have an affinity for the
hydrophobic region of the bilayer, and, once inside,
can transport hydrophilic ions through the bilayer.
There are two intriguing questions: 1) is the matching
thickness of ca. 50 Å of OHBs/PHB and standard
phospholipid bilayers accidental or evolutionary?, and
2) is the chain length of �30 HB units in posttransla-
tionally modified PHBylated proteins correlated with
the folding propensity of the HB chain in this chain-

length range (vide infra)? For examples of PHBylated
proteins, including the E. coli outer membrane protein
A (OmpA) see the corresponding chapters in the
article presented in Figure 3 and in Reusch’s review
article.[24]

3. The Non-Proteinaceous Calcium/
Polyphosphate/Polyhydroxybutyrate
(Ca-PPi-PHB) Channel

When E. coli cells are incubated in calcium salt
solutions, they become genetically competent, i. e.,
their cell wall becomes permeable to DNA
(transformation).[70–72] This process is performed nu-
merous times every day worldwide in molecular
biology laboratories, for instance to express large
amounts of proteins or enzymes, or to perform site-
directed mutagenesis. If asked how this transformation
occurs, the average molecular biologist will shrug and
admit ignorance – it works! I have done this test many
times. The matter-of-fact answer is: R. Reusch showed

Figure 7. Synthesized OHB and oligomalate derivatives. A: Linear OHBs consisting of 4, 8, 16, 32, 64 and 128 HB units. B: Oligolides
of β-hydroxybutanoic and hydroxypentanoic acid containing up to 32 building blocks. C: A fluorescence labeled OHB. D: A bicyclic
compound, in which trimesic acid and benzene-1,3,5-trimethanol function as bridgeheads, and three OHBs as the bridges. E: A
dendrimer with OHBs between the branching points. F: A linear oligomer of malic acid; various other malates were synthesized; the
anionic (cf. DNA, RNA, PPi) biopolymer PMA has interesting physiological functions in certain microorganisms.[58–60]
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in 1988 that PHB is involved,[73] the Ca2+ ions induce
the microorganism to form an ion channel consisting
of calcium polyphosphate (PPi, ca. 60 residues) and
PHB (ca. 135 residues). This non-proteinaceous channel
can be extracted from E. coli and incorporated into
PLBs for patch clamp experiments,[73–75] which show
selectivity for divalent (Ca2+ !) over monovalent cati-
ons. The same channel (with somewhat longer poly-
mer chains) has been isolated from rat liver mitochon-
dria by water-free chloroform extraction.[76–78] To
make sure that no additional but undetected compo-
nent is present in the natural Ca-PPi-PHB channel from
E. coli cells and from mitochondria we synthesized a
complex from our 128mer OHB and Ca(polyP), the
latter being obtained from sodium polyphosphate
glass (Av residue number 65, Sigma–Aldrich) and
calcium chloride. The resulting complex was incorpo-
rated in a POPC (Avanti Polar Lipids) bilayer and used
for patch-clamp experiments. Result: the potential-
current dependence of the synthetic channel is super-

imposable with that of the channel extracted from E.
coli (Figure 9).[79] Other properties of the natural and
the synthetic Ca-PPi-PHB channel, such as ion selectiv-
ity, gating characteristics, or temperature effects (only
up to 40 °C!)[80] are also identical.

The discovery that the Ca-PPi-PHB channel can also
be extracted from mitochondria is particularly impor-
tant in view of the fact that these organelles are not
only the ‘powerhouses’ (ATP synthesis) in eukaryotic
cells but also function as ‘storehouses’ for calcium;
there is constant Ca2+ pumping between the inside
and outside of mitochondria through the inner (IMM)
and outer mitochondrial membranes (OMM)[21,81–84] –
and obviously PHB is involved![76–78] For further
physiologically important functions of mitochondria
see textbooks of biochemistry, and for leading refer-
ences about inorganic polyphosphate in physiology
vide supra,[15–23] see especially the leading contribu-
tions by A. Kornberg.[15–17]

Figure 8. Lamellar crystallites of linear OHBs and of PHB (A), 21-helix of PHB chain (B) and ion transport through hydrophobic
phases by OHBs as ionophores (C, D, E). For both, the spherical (D) and the planar (E) bilayer preparation palmitoyl-oleoyl-
phosphatidylcholin (POPC) was used, a common phospholipid in eukaryotic cell membranes.
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4. The TRPM8 Channel: Cold-Temperature
Sensor in the Peripheral Nervous System, PHB
in Our Daily Lifes, and Problems of Detecting
PHB

The 2021 Nobel Prize in Physiology and Medicine was
awarded jointly to David Julius (University of California,
San Francisco) and Ardem Patapoutian (Scripps Re-
search Institute) for ‘their discoveries of the receptors
for temperature and touch’ (https://www.nobelprize.
org/uploads/2021/10/press-medicineprize2021.pdf).
The laureates and their groups identified receptors in
the mammalian peripheral nervous system that sense
heat, cold, pressure, as well as compounds producing
the sensation of burning (capsaicin of chili pepper) or
of cold (menthol, icilin). These receptors are members
of the Transient Receptor Potential ion channel family
present in the plasma membranes of animals and
gated by phosphatidylinositol 4,5-bisphosphate [PI-
(4,5)P2].

[85] One of the best studied TRP channel
proteins is TRPM8,[85–94] and here we go: it is a calcium
channel, it is modulated by inorganic
polyphosphate,[87] it is regulated by PHB,[88] and it is
post-translationally modified (PTM) by PHBylation![89,90]

An exhaustive biochemical analysis of the TRPM8
protein by state-of-the-art methodologies was pub-
lished in 2013 by the groups of E. Zakharian, E. Pavlov,
and D. Jendrossek (Figure 10,A).[89] The conclusion of
this investigation is: a receptor in our skin responsible
for sensing cold is only fully active when PHBylated!

Whether this is also true when TRPM8 exhibits other
physiological and pathological activities[86,91] remains
to be seen – if it is looked for at all!

It has been suggested that there may be a
correlation between the temperature dependent activ-
ity of PHB-containing channels and the conformational
mobility of the PHB chains.[24,80] If we take the
rotational barriers around the single bonds (labelled in
Table 2) of butane, methyl acetate, N-methyl
acetamide, and 2-butene as simple reference values,
we realize that rotation around the functional groups
of PHB at room temperature is much faster than that
around the amide groups of peptides. Furthermore,
we notice that the glass temperature of PHB (ca. 5 °C)
is in the temperature range of sensing by the TRPM8
protein channel. The constant temperature-dependent
movement of PHB chains could influence and change
channel activity by interactions with certain amino-
acid side chains of the protein. The flexibility and
conformational energy of PHB may cause the large
enthalpy and entropy changes accompanying the
gating processes.[85,89]

The conformational mobility of PHB chains may
also be responsible for the fact that post-translational
PHBylation is not detected in cryo-electron microscopy
(cryo-EM) analysis (Figure 10,B).[92,93] The flexible PHB
chains are present in different conformations, disor-
dered, a mess compared to the orderly crystallites
(Figure 8) and the comparatively rigid peptide struc-
tures. When the sample undergoes shock freezing in
water below � 150 °C at a rate of over 10,000 K/s,[95]

the PHB chains are fixed in their various conformations
and not detected by cryo-EM because disorder in the
substrate leads to electron density that is smeared out
and hence uninterpretable. The same is true for other
PTMs, especially for lipidations where the even more
mobile fatty-acid chain conformations (Table 2) are
frozen and likewise lost in the image analysis. Never-
theless, in the papers describing the TRPM8 cryo-EM
structure published 2017 and 2019,[92,93] the detailed
biochemical structural analysis (published 2013) of
TRPM8[89] is not even mentioned or referred to.

Another reason why PHB is not detected in
standard protein structural analyses is the chemical
instability of PHB: the ester groups are readily cleaved
by hydrolysis under acidic and under basic conditions,
by nitrogen nucleophiles,[96] and by Lewis-acid catal-
ysis, and there is pyrolysis above 100 °C. When looking
at the typical sample preparation conditions for
protein single-crystal X-ray structure determination it
is obvious that no care is taken for the sensitive PHB
chain: supersaturated solutions are prepared by

Figure 9. A: Conductance for Ca2+ of the non-proteinaceous
voltage-activated calcium/polyphosphate/poly-β-hydroxybuty-
rate (Ca-PPi-PHB) channel (patch-clamp experiment); red circles:
channel from E.coli, green triangles: synthetic channel. B:
Synthetic monodisperse HB 128mer for preparation of the (Ca-
PPi-PHB) channel. C: A proposed structure of the (Ca-PPi-PHB)
channel.
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addition of salts and polymers, and temperature and
pH are manipulated.[97]

Finally, and perhaps most importantly, many
proteins for structural analysis are synthesized by
recombinant protein expression technologies in hosts
lacking the relevant PTM machinery!

The results described above leave no doubt about
the fact that PHBs of various chain lengths (from 2 to
>1000 HB units) play fundamental roles in the
chemistry of life. Clearly, methods of detecting PHB
are available, and thus numerous hitherto unknown
physiological activities of PHBs wait to be discovered
and exploited for the benefit of medical health! And
yet, statements made approximately 10, 20, or 30 years
ago still hold:
* ‘PHAs: a Fifth Class of Physiologically Important
Organic Biopolymers?’.[98]

* ‘PHB merits being the central activity of scores of
laboratories and being on every undergraduate
syllabus’….‘and yet this opus has gone largely
unnoticed’. (Figure 3, Special issue of Cell. Mol. Biol.,
DOI 10.1170/T673).

* ‘In conclusion, oligo-PHB and cPHB are molecules of
essential and fundamental importance in living
cells’.[10]

* ‘this natural polymer that has been ignored in
biochemistry textbooks for a long time’.[99]

* ‘cPHB therefore is one of the regulators of metabolic
activity. These views place cPHB at the very origins
of life, and point to significant roles for cPHB in
normal and abnormal cell biology’.[24]

PHB appears and disappears everywhere in the
kingdoms of biology – we could call it a ‘fleeting’
species, so far a curiosity for most scientists.

5. Is PHB a Component of Primordial
Chemistry or Has It Been Introduced Late in
the Origin of Life? Compartment Formation

Research addressing the subject origin of life has
increased exponentially in recent decades. For a small,
personal collection of articles and books see
references.[100–114]3 The contributions to this topic are
diverse and cover a wide range of aspects from

Figure 10. A: Keywords about the biochemical TRPM8 investigation.[89] HEK293 cells, rat DRG neurons, anti-PHB F(ab’)2 antibody,
PHB depolymerase PhaZ7-expressing cells, electrophysiological characterization, Ca2+ fluorescence imaging, site-directed muta-
genesis, post-translational protein modification by PHB (PHBylation), LC/MS, MALDI-MS, MS/MS, whole-cell patch clamp technique,
cold, menthol and icilin activation, temperature dependence. This figure is the slightly modified Graphical Abstract from E.
Zakharian’s article in [89]. Courtesy E. Zakharian, 2013, Cell Reports.[89] B: Cryo-electron-microscopy structure of TRPM8 (4.1 Å
resolution)[92] This picture is part of Figure 1 in ref. [92], copyright 2017, Science, granted by The American Association for the
Advancement of Science (order number 5493130841886), cf. Figure 1 in ref. [93].

3Besides reference [103], also go to ‘Articles in the Synlett
Cluster on Prebiotic Organic Chemistry and Chemical pre-
Biology’.
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molecules entering the earth through meteorites, to
the primordial soup, to prebiotic Darwinian evolution,
all the way to biomolecular homochirality.[113,114]

In an insight-full statement by Albert Eschenmoser
the essential point to be drawn is: ‘the origin of life
cannot be ‘discovered’, it has to be ‘re-invented’’.

Concerning the role of PHB in this scenario, Norris,
Reusch et al.[115] have presented a hypothesis about
protocells, and Reusch has repeatedly pointed to the
possible involvement of PHB in a world before other
biopolymers.[24][116] Whatever possibilities the many
proposals about the origin of life consider,[100–112] at
some point there must be
compartmentalization.[106–112,117]

Based on our experience with the structure and
properties of OHBs (Figure 8) we can hypothesize, or

better speculate, that under the reductive conditions
of fatty acid formation from acetic acid on a mineral
surface[100,118] there could have been a bifurcation at
the stage of OHB or PHB formation, providing the
components of micelles and of vesicles (compart-
ments) with PHB ion channels (Figure 11,A).

In view of today’s cell membranes there are three
intriguing questions to be asked: 1) Why do the fatty
acids in cellular bilayers universally have chain length
of ca. 18 C-atoms, which happens to be the maximum
chain length for an unfolded alkane in the gas
phase?[119–122] 2) Is it correct to assume that only
monodisperse OHBs form well-ordered ion pores and
Ca-PPi-PHB channels through bilayers? (Figure 11,B, cf.
Figure 8). If so, pore formation would separate the
enantiomeric all (R)- and all (S)-OHBs from their many

Table 2. Conformational Mobility of the chains in fatty acids, PHB and peptides by comparison with the simple analogs butane,
methyl-acetate, N-methyl acetamide and 2-butene. Rotational barriers as well as associated rate constants k and lifetimes t at
298.15 K as calculated with CCSD(T), extrapolated to the complete basis set limit with the cc-pVDZ and cc-pVTZ basis sets. All
calculations were done with Turbomole 7.4.1.
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polydisperse diastereoisomers. 3) The most difficult
question: at which point, and by which mechanism
‘was the decision made’ that the absolute configu-
ration of β-hydroxy-butanoates in modern cells would
be (R) and not (S)?[113,114] Question (2) could be
answered by specific synthesis of polydisperse HB
oligomers and comparison with the monodisperse
OHBs we have studied (Figure 8). Questions (1) and (3)
‘are for’ physical chemists and theoreticians, respec-
tively.

The notion that compartments, comprised of fatty
acids, may have co-existed in an environment with
PHB, PPi, and various ions such as Na+, K+, and Ca2+

suggests that compartmentalization may have oc-
curred, for instance of divalent vs. monovalent ions
(cation discrimination), at an early stage of prebiotic
chemistry. These biopolymers would, thus, not have
been introduced sometime later to a world of nucleic
acids and peptides, but vice versa might have helped
in the development of other biomolecules by provid-
ing an early system for compartmentalization and
complexation. This would be compatible with the fact
that PHB is ubiquitous in living organisms and that it is
involved in fundamentally important processes such
as carbon and energy storage, various ion pumps and

ion channels, genetic competence and DNA trans-
formation, post-translational protein modification, etc.

The word compartmentalization triggers the syn-
thetic organic chemist to make a connection to a
recent development in his field: the use of ‘interface-
rich aqueous systems (IRAS) that promote and guide
chemical reactions’.[108] This includes micellar
catalysis,[123–125] phase transfer catalysis’,[126–128] use of
emulsion droplets,[108,110,111] reactions ‘on water’,[129] in
water and in deep eutectic solvents.[130–134] Two
examples published by V. Capriati and his group are
presented in Figure 12.[131] A finely divided suspension
of an organic electrophile in water is treated with
three equivalents of an ether or hydrocarbon solution
of a polar organometallic reagent, and ca. one third of
this nucleophile succeeds in meeting electrophile
(through droplet-droplet fusion?), rather than being
hydrolyzed.

It is hoped that this article will generate interest
and enthusiasm for PHB among those teaching
biology and medicinal chemistry and among their
students in the next generation of natural scientists.
This intriguing biopolymer is likely involved in many
hitherto unknown physiological processes. A greater
understanding of its biological roles could eventually

Figure 11. A: Possible parallel formation of fatty acids and of OHBs under prebiotic conditions. In the presence of PPi and Ca2+ ions
this could lead to vesicles with ion pores and channels (cf. Figure 8,D and 8,E) and with the Ca-PPi-PHB channel (cf. Figure 9). B: It is
assumed that only monodisperse OHBs, consisting of all(R)- or all(S)-HB can aggregate to form the well-ordered PHB arrangements
in a channel or pore.
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lead to a complete shift in paradigms – a late reward
for the work of Rosetta Reusch!

Acknowledgement

I gratefully acknowledge the agreement by Prof.
Markus Reiher and Dr. Thomas Weymuth (LPC, ETHZ)
for my including Table 2 herein. I thank Albert Beck for
help with literature searches, and I am deeply
indebted to my friend and colleague Professor em.
Don Hilvert who has generously made orthographical
corrections and helped re-writing certain sentences
addressing the fields of his expertise in the original
manuscript.

Data Availability Statement

The data that support the findings of this study are
available in the supplementary material of this article.

References
[1] P. Puchalska, P. A. Crawford, ‘Multi-dimensional Roles of

Ketone Bodies in Fuel Metabolism, Signaling, and Ther-
apeutics’, Cell Metab. 2017, 25, 262–284.

[2] N. Møller, ‘Ketone Body, 3-Hydroxybutyrate: Minor Metab-
olite – Major Medical Manifestations’, J. Clin. Endocrinol.
Metab. 2020, 105, 2884–2892.

[3] P. Rojas-Morales, J. Pedraza-Chaverri, E. Tapia, ‘Ketone
bodies, stress response, and redox homeostasis’, Redox
Biol. 2020, 29, 101395.

[4] H. Kolb, K. Kempf, M. Röhling, M. Lenzen-Schulte, N. C.
Schloot, S. Martin, ‘Ketone bodies: from enemy to friend
and guardian angel’, BMC Med. 2021, 19, 313.

[5] M. Lemoigne, ‘Produits de deshydration et de polymer-
isation de l’acide β-oxobutyrique’, Bull. Soc. Chim. Biol.
1926, 8, 770–782.

[6] M. Miyake, K. Takase, M. Narato, E. Khatipov, J. Schnacken-
berg, M. Shirai, R. Kurane, Y. Asada, ‘Polyhydroxybutyrate
Production from carbon dioxide by cyanobacteria’, Appl.
Biochem. Biotechnol. 2000, 84, 991–1002.

[7] B. Drosg, I. Fritz, F. Gattermayr, L. Silvestrini, ‘Photo-
autotrophic Production of Poly(hydroxyalkanoates) in
Cyanobacteria’, Chem. Biochem. Eng. Q. 2015, 29, 145–
156.

[8] M. Koch, K. Forchhammer, ‘Metabolic Engineering von
Cyanobakterien für nachhaltiges Bioplastik’, BIOspektrum
2021, 27, 200–201.

[9] G.-Q. Chen, M. K. Patel, ‘Plastics Derived from Biological
Sources: Present and Future: A Technical and Environ-
mental Review’, Chem. Rev. 2012, 112, 2082–2099.

[10] D. Jendrossek, D. Pfeiffer, ‘New insights in the formation
of polyhydroxyalkanoate granules (carbonosomes) and
novel functions of poly(3-hydroxybutyrate)’, Environ.
Microbiol. 2014, 16, 2357–2373.

[11] J. Dobrogojski, M. Spychalski, R. Luciński, S. Borek, ‘Trans-
genic plants as a source of polyhydroxyalkanoates’, Acta
Physiol. Plant. 2018, 40, 162.

[12] S. Y. Choi, M. N. Rhie, H. T. Kim, J. C. Joo, I. J. Cho, J. Son,
S. Y. Jo, Y. J. Sohn, K.-A. Baritugo, J. Pyo, Y. Lee, S. Y. Lee,
S. J. Park, ‘Metabolic engineering for the synthesis of
polyesters: A 100-year journey from polyhydroxyalka-
noates to non-natural microbial polyesters’, Metab. Eng.
2020, 58, 47–81.

[13] ‘The Handbook of Polyhydroxyalkanoates – Kinetics,
Bioengineering, and Industrial Aspects, Three Volume
Set’, Ed. M. Koller, CRC Press, Boca Raton, 2020; see also:
M. Koller, A. Mukherjee, ‘A New Wave of Industrialization
of PHA Biopolyesters’, BioEngineering 2022, 9, 74.

[14] A. Z. Naser, I. Deiab, B. M. Darras, ‘Poly(lactic acid) (PLA)
and polyhydroxyalkanoates (PHAs), green alternatives to
petroleum-based plastics: a review’, RSC Adv. 2021, 11,
17151–17196.

[15] A. Kornberg, N. N. Rao, D. Ault-Riché, ‘Inorganic Polyphos-
phate: A Molecule of Many Functions’, Annu. Rev.
Biochem. 1999, 68, 89–125.

[16] M. R. W. Brown, A. Kornberg, ‘Inorganic polyphosphate in
the origin and survival of species’, Proc. Natl. Acad. Sci.
USA 2004, 101, 16085–16087.

[17] N. N. Rao, M. R. Gómez-García, A. Kornberg, ‘Inorganic
Polyphosphate: Essential for Growth and Survival’, Annu.
Rev. Biochem. 2009, 78, 605–647.

[18] L. Achbergerová, J. Nahálka, ‘Polyphosphate – an ancient
energy source and active metabolic regulator’, Microb.
Cell Fact. 2011, 10, 63.

[19] C. Acevedo, A. Saiardi, ‘Functions of inorganic polyphos-
phates in eukaryotic cells: a coat of many colours’,
Biochem. Soc. Trans. 2014, 42, 98–102.

Figure 12. Compartmentalization in organic synthesis. A solu-
tion (3 equiv.) of a Li compound or of a Grignard reagent in THF
or in an ethereal hydrocarbon is added to a vigorously stirred
suspension of an electrophilic organic starting material in water.
All operations are done in open air and the reactions take just a
couple of minutes each! A: Conversion of γ-chloroketones to
2,2-disubstituted tetrahydro-furans. B: Conversion of nitriles to
1,1-disubstituted homoallyl amines. See references cited in
[130–134].

Helv. Chim. Acta 2023, 106, e202200205

www.helv.wiley.com (12 of 16) e202200205 © 2023 The Authors. Helvetica Chimica Acta published by Wiley-VHCA AG

Wiley VCH Mittwoch, 17.05.2023

2305 / 296813 [S. 60/64] 1

 15222675, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hlca.202200205 by K

arl-Franzens-U
niversit G

raz, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

www.helv.wiley.com


[20] J. J. Christ, S. Willbold, L. M. Blank, ‘Methods for the
Analysis of Polyphosphate in the Life Sciences’, Anal.
Chem. 2020, 92, 4167–4176.

[21] M. Guitart-Mampel, P. Urquiza, F. Carnevale Neto, J. R.
Anderson, V. Hambardikar, E. R. Scoma, G. E. Merrihew, L.
Wang, M. J. MacCoss, D. Raftery, M. J. Peffers, M. E. Solesio,
‘Mitochondrial Inorganic Polyphosphate (polyP) Is a
Potent Regulator of Mammalian Bioenergetics in SH-SY5Y
Cells: A Proteomics and Metabolomics Study’, Front. Cell
Dev. Biol. 2022, 10, 833127.

[22] F. Kus, R. T. Smolenski, M. Tomczyk, ‘Inorganic Polyphos-
phate–Regulator of Cellular Metabolism in Homeostasis
and Disease’, Biomedicine 2022, 10, 913.

[23] ‘Inorganic Polyphosphates in Eukaryotic Cells’, Eds. T.
Kulakovskaya, E. Pavlov, E. N. Dedkova, 1st Edition,
Springer Cham, 2016.

[24] R. N. Reusch, ‘Physiological Importance of Poly-(R)-3-
hydroxybutyrates’, Chem. Biodiversity 2012, 9, 2343–2366.

[25] J. J. Koskimäki, M. Kajula, J. Hokkanen, E.-L. Ihantola, J. H.
Kim, H. Hautajärvi, E. Hankala, M. Suokas, J. Pohjanen, O.
Podolich, N. Kozyrovska, A. Turpeinen, M. Pääkkönen, S.
Mattila, B. C. Campbell, A. M. Pirttilä, ‘Methyl-esterified 3-
hydroxybutyrate oligomers protect bacteria from
hydroxyl radicals’, Nat. Chem. Biol. 2016, 12, 332–338.

[26] J. Messens, ‘Bioplastic hydroxyl radical trapping’, Nat.
Chem. Biol. 2016, 12, 307–308.

[27] M. Müller-Santos, J. J. Koskimäki, L. P. Silveira Alves, E.
Maltempi de Souza, D. Jendrossek, A. M. Pirttilä, ‘The
protective role of PHB and its degradation products
against stress situations in bacteria’, FEMS Microbiol. Rev.
2021, 45, fuaa058.

[28] N. Ogita, Y. Hashidoko, S. H. Limin, S. Tahara, ‘Linear 3-
Hydroxybutyrate Tetramer (HB4) Produced by Sphingo-
monas sp. is Characterized as a Growth Promoting Factor
for Some Rhizomicrofloral Composers’, Biosci. Biotechnol.
Biochem. 2006, 9, 2325–2329.

[29] D. Seebach, H.-O. Kalinowski, ‘Enantiomerenreine Natur-
stoffe und Pharmaka aus billigen Vorläufern (Chiral Pool).
– Zur Frage der chiral ökonomischen und ökologischen
Totalsynthese’, Nachr. Chem. Tech. 1976, 24, 415–418.

[30] D. Seebach, E. Hungerbühler, ‘Syntheses of enantiomeri-
cally pure compounds (EPC Syntheses); tartaric acid, an
ideal source of chiral building blocks for syntheses?’, in
‘Modern Synthetic Methods 2’, Ed. R. Scheffold, Salle +

Sauerländer, Frankfurt/Aarau, 1980, pp. 91–178.
[31] D. Seebach, A. R. Sting, M. Hoffmann, ‘Self-Regeneration

of Stereocenters (SRS) – Applications, Limitations, and
Abandonment of a Synthetic Principle’, Angew. Chem. Int.
Ed. 1996, 35, 2708–2748.

[32] D. Seebach, ‘A Journey from the Pool of Chiral Synthetic
Building Blocks to Cell-Penetrating Peptides, to a Novel
Type of Enzyme – and back’, Chimia 2013, 67, 844–850.

[33] M. A. Sutter, D. Seebach, ‘Synthese von (2E,4E,6S,7-
R,10E,12E,14S,15r)-6,7,14,15-Tetramethyl-16-dioxa-
2,4,10,12-cyclohexadecatetraen-1,9-dion. Ein Modellsys-
tem für Elaiophylin’, Liebigs Ann. Chem. 1983, 939–949.

[34] R. F. W. Jackson, M. A. Sutter, D. Seebach, ‘Preparation of
(2E,4E,6S,7S,10E,12E,14S,15S,1'S)-7,15-Bis (1’-hydroxymeth-
ylethyl)-6,14-dimethyl-8,16-dioxa-2,4,10,12-cyclohexa-dec-
atetraene-1,9-dione. – A Building Block for the Synthesis
of Elaiophylin’, Liebigs Ann. Chem. 1985, 2313–2327.

[35] D. Seebach, H.-F. Chow, R. F. W. Jackson, K. Lawson, M. A.
Sutter, S. Thaisrivongs, J. Zimmermann, ‘Total Synthesis of
(+)-11,11’-Di-O-methylelaiophylidene: An Aglycone of
Elaiophylin’, J. Am. Chem. Soc. 1985, 107, 5292–5293.

[36] D. Seebach, H.-F. Chow, R. F. W. Jackson, M. A. Sutter, S.
Thaisrivongs, J. Zimmermann, ‘(+)-11,11’-Di-O-meth-
ylelaiophylidene – preparation from elaiophylin and total
synthesis from (R)-3-hydroxybutyrate and (S)-malate’,
Liebigs Ann. Chem. 1986, 1281–1308.

[37] S. Huang, D. Liu, L. Tang, F. Huang, W. Yang, X. Wang, ‘A
Concise and Versatile Total Synthesis of all Stereoisomers
of Tarchonanthuslactone’, Synlett 2015, 26, 2019–2023.

[38] D. Seebach, M. A. Sutter, R. H. Weber, M. F. Züger, ‘Yeast
Reduction of Ethyl Acetoacetate: (S)-(+)-Ethyl 3-Hydrox-
ybutanoate [Butanoic acid, 3-hydroxy-, ethyl ester, (S)]’,
Org. Synth. 1985, 63, 1–7.

[39] J. Ehrler, F. Giovannini, B. Lamatsch, D. Seebach, ‘Stereo-
selectivity of Yeast Reductions – an Improved Procedure
for the Preparation of Ethyl (S)-3-Hydroxybutanoate and
(S)-Hydroxymethyl-butanoate’, Chimia 1986, 40, 172–173.

[40] D. Seebach, M. Züger, ‘Ueber die Depolymerisierung von
Poly-(R)-3-hydroxy-buttersäureester (PHB)’, Helv. Chim.
Acta 1982, 65, 495–503.

[41] D. Seebach, A. K. Beck, R. Breitschuh, K. Job, ‘Direct
Degradation of the Biopolymer Poly[(R)-3-Hydroxybutyric
Acid] to (R)-3-Hydroxybutanoic Acid and its Methyl Ester’,
Org. Synth. 1992, 71, 39–47.

[42] D. Seebach, A. K. Beck, D. J. Bierbaum, ‘The World of β-
and γ-Peptides Comprised of Homologated Proteinogenic
Amino Acids and Other Components’, Chem. Biodiversity
2004, 1, 1111–1239.

[43] D. Seebach, A. Brunner, H. M. Bürger, J. Schneider, R. N.
Reusch, ‘Isolation and 1H-NMR Spectroscopic Identifica-
tion of Poly(3-Hydroxybutanoate) from Prokaryotic and
Eukaryotic Organisms. Determination of the Absolute
Configuration (R) of the Monomeric Unit 3-Hydroxybuta-
noic Acid from Escherichia coli and Spinach’, Eur. J.
Biochem. 1994, 224, 317–328.

[44] R. N. Reusch, E. M. Bryant, D. N. Henry, ‘Increased poly-(R)-
3-hydroxybutyrate concentrations in streptozotocin (STZ)
diabetic rats’, Acta Diabetol. 2003, 40, 91–94.

[45] R. N. Reusch, A. W. Sparrow, J. Gardiner, ‘Transport of
poly-β-hydroxybutyrate in human plasma’, Biochim. Bio-
phys. Acta 1992, 1123, 33–40.

[46] R. N. Reusch, ‘Antibody Assay for Conjugated PHB’,
Technical Report, July 2015, https://www.researchgate.
net/publication/280053997.

[47] D. Seebach, M. G. Fritz, ‘Detection, synthesis, structure,
and function of oligo(3-hydroxyalkanoates): contributions
by synthetic organic chemists’, Int. J. Biol. Macromol.
1999, 25, 217–236, and cited reviews within.

[48] D. Seebach, H.-M. Müller, H. M. Bürger, D. A. Plattner, ‘The
Triolide of (R)-3-Hydroxybutyric acid–Direct Preparation
from Polyhydroxybutyrate and Formation of a Crown
Estercarbonyl Complex with Na Ions’, Angew. Chem. Int.
Ed. 1992, 31, 434–435.

[49] D. A. Plattner, A. Brunner, M. Dobler, H.-M. Müller, W.
Petter, P. Zbinden, D. Seebach, ‘Cyclische Oligomere von
(R)-3-Hydroxybuttersäure: Herstellung und strukturelle
Aspekte’, Helv. Chim. Acta 1993, 76, 2004–2033.

Helv. Chim. Acta 2023, 106, e202200205

www.helv.wiley.com (13 of 16) e202200205 © 2023 The Authors. Helvetica Chimica Acta published by Wiley-VHCA AG

Wiley VCH Mittwoch, 17.05.2023

2305 / 296813 [S. 61/64] 1

 15222675, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hlca.202200205 by K

arl-Franzens-U
niversit G

raz, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.researchgate.net/publication/280053997
https://www.researchgate.net/publication/280053997
www.helv.wiley.com


[50] D. Seebach, T. Hoffmann, F. N. M. Kühnle, U. D. Leng-
weiler, ‘Preparation and Structure of Oligolides from (R)-3-
Hydroxypentanoic Acid and Comparison with the Hydrox-
ybutanoic-Acid Derivatives: A Small Change with Large
Consequences’, Helv. Chim. Acta 1994, 77, 2007–2034.

[51] U. D. Lengweiler, M. G. Fritz, D. Seebach, ‘Synthese
monodisperser linearer und cyclischer Oligomere der (R)-
3-Hydroxybuttersäure mit bis zu 128 Einheiten’, Helv.
Chim. Acta 1996, 79, 670–701.

[52] M. G. Fritz, D. Seebach, ‘Synthesis of Amino-Acid-, Carbo-
hydrate-, Coumarin-, and Biotin-Labelled Oligo [(R)-3-
Hydroxybutanoic Acids] (OHB)’, Helv. Chim. Acta 1998, 81,
2414–2429.

[53] D. Seebach, G. F. Herrmann, U. D. Lengweiler, W. Amrein,
‘Synthesis of Monodisperse Macromolecular Bicyclic and
Dendritic Compounds from (R)-3-Hydroxybutanoic Acid
and Benzene-1,3,5-tricarboxylic Acid and Analysis by
Fragmenting MALDI-TOF Mass Spectroscopy’, Helv. Chim.
Acta 1997, 80, 989–1026.

[54] D. Seebach, G. F. Herrmann, U. D. Lengweiler, B. M.
Bachmann, W. Amrein, ‘Synthesis and Enzymatic Degrada-
tion of Dendrimers from (R)-3-Hydroxybutanoic Acid and
Trimesic Acid’, Angew. Chem. Int. Ed. 1996, 35, 2795–
2797.

[55] T. Hoffmann, D. Seebach, ‘Preparation of 12- and 16-
Membered Macrolactones (Oligolides) from (S)-Malic Acid
– Low Molecular-Mass Analogs of the Biopolymer
Poly[(S)-Malic Acid] (PMA)’, Liebigs Ann. 1996, 1277–1282.

[56] C. M. Krell, D. Seebach, ‘Preparation of Free and of
Specifically Protected Oligo[β-Malic Acids] for Enzymatic
Degradation Studies’, Eur. J. Org. Chem. 2000, 1207–1218.

[57] B. Gasslmaier, C. M. Krell, D. Seebach, E. Holler, ‘Synthetic
substrates and inhibitors of β-poly(L-malate)-hydrolase
(polymalatase)’, Eur. J. Biochem. 2000, 267, 5101–5105.

[58] H. Fischer, S. Erdmann, E. Holler, ‘An Unusual Polyanion
from Physarum polycephalum That Inhibits Homologous
DNA Polymerase α in Vitro’, Biochemistry 1989, 28, 5219–
5226.

[59] E. Holler, B. Angerer, G. Achhammer, S. Miller, C. Windisch,
‘Biological and biosynthetic properties of poly-L-malate’,
FEMS Microbiol. Rev. 1992, 103, 109–118.

[60] C.-Y. Qi, Z. Chi, G.-L. Liu, Z.-M. Chi, ‘A high molecular
weight polymalate is synthesized by the whole genome
duplicated strain Aureobasidium melanogenum OUC’, Int.
J. Biol. Macromol. 2022, 202, 608–619.

[61] D. Seebach, A. K. Beck, U. Brändli, D. Müller, M. Przybylski,
K. Schneider, ‘Partial Depolymerization and Solubilization
of Poly[(R)-3-hydroxybutanoate] (PHB) and Its Copolymer
with (R)-3-Hydroxyvalerate (BIOPOL®) by Treatment with
Li-Amides/LiCl in Tetrahydrofuran at Low Temperature’,
Chimia 1990, 44, 112–116.

[62] D. Seebach, H. M. Bürger, H.-M. Müller, U. D. Lengweiler,
A. K. Beck, K. E. Sykes, P. A. Barker, P. J. Barham, ‘Synthesis
of Linear Oligomers of (R)-3-Hydroxybutyrate and Solid-
State Structural Investigations by Electron Microscopy
and X-Ray Scattering’, Helv. Chim. Acta 1994, 77, 1099–
1123.

[63] K. E. Sykes, T. J. McMaster, M. J. Miles, P. A. Barker, P. J.
Barham, D. Seebach, H. M. Müller, U. D. Lengweiler, ‘Direct
imaging of the surfaces of poly(β)hydroxybutyrate and

hydroxybutyrate oligomers by atomic force microscopy’,
J. Mater. Sci. 1995, 30, 623–627.

[64] J. Li, S. J. Organ, J. K. Hobbs, A. E. Terry, P. J. Barham, D.
Seebach, ‘Crystallization of hydroxybutyrate oligomers: 1.
morphology and folding’, Polymer 2004, 45, 8913–8923.

[65] S. J. Organ, J. Li, A. E. Terry, J. K. Hobbs, P. J. Barham,
‘Crystallization of hydroxybutyrate oligomers. Part 2.
Growth and thickening of solution grown crystals
observed in situ using synchrotron radiation’, Polymer
2004, 45, 8925–8936.

[66] J. Li, S. J. Organ, A. E. Terry, J. K. Hobbs, P. J. Barham,
‘Crystallization of hydroxybutyrate oligomers. Part 3. Un-
folding transitions followed in real time using SAXS and
WAXS’, Polymer 2004, 45, 8937–8947.

[67] H. M. Bürger, D. Seebach, ‘Cation Transport across Bulk
Liquid Organic Membranes with Oligomers of (R)-3-
Hydroxybutanoic Acid’, Helv. Chim. Acta 1993, 76, 2570–
2580.

[68] D. Seebach, A. Brunner, H. M. Bürger, R. N. Reusch, L. L.
Bramble, ‘Channel-Forming Activity of 3-Hydroxybuta-
noic-Acid Oligomers in Planar Lipid Bilayers’, Helv. Chim.
Acta 1996, 79, 507–517.

[69] M. G. Fritz, P. Walde, D. Seebach, ‘Oligoesters of (R)-3-
Hydroxybutanoic Acid: Transmembrane Transport of Ca2+

across Vesicle Bilayers’, Macromolecules 1999, 32, 575–
580.

[70] M. Mandel, A. Higa, ‘Calcium-dependent bacteriophage
DNA infection’, J. Mol. Biol. 1970, 53, 159–162.

[71] M. Dagert, S. D. Ehrlich, ‘Prolonged incubation in calcium
chloride improves the competence of Escherichia coli
cells’, Gene 1979, 6, 23–28.

[72] G. Karuna, N. Munuswamy, ‘Induction of competency and
comparison of transformation efficiency in Escherichia coli
using different salt solutions – Cations’, World J. Pharm.
Sci. 2015, 3, 732–736.

[73] R. N. Reusch, H. L. Sadoff, ‘Putative structure and functions
of a poly-β-hydroxybutyrate/calcium polyphosphate
channel in bacterial plasma membranes’, Proc. Natl. Acad.
Sci. USA 1988, 85, 4176–4180.

[74] R. N. Reusch, R. Huang, L. L. Bramble, ‘Poly-3-Hydroxybu-
tyrate/Polyphosphate Complexes Form Voltage-Activated
Ca2+ Channels in the Plasma Membranes of Escherichia
coli’, Biophys. J. 1995, 69, 754–766.

[75] J. C. Hildenbrand, S. Reinhardt, D. Jendrossek, ‘Formation
of an Organic– Inorganic Biopolymer: Polyhydroxybuty-
rate–Polyphosphate’, Biomacromolecules 2019, 20, 3253–
3260.

[76] E. Pavlov, E. Zakharian, C. Bladen, C. T. M. Diao, C. Grimbly,
R. N. Reusch, R. J. French, ‘A Large, Voltage-Dependent
Channel, Isolated from Mitochondria by Water-Free
Chloroform Extraction’, Biophys. J. 2005, 88, 2614–2625.

[77] M. Smithen, P. A. Elustondo, R. Winkfein, E. Zakharian,
A. Y. Abramov, E. Pavlov, ‘Role of polyhydroxybutyrate in
mitochondrial calcium uptake’, Cell Calcium 2013, 54, 86–
94.

[78] P. A. Elustondo, M. Nichols, A. Negoda, A. Thirumaran, E.
Zakharian, G. S. Robertson, E. V. Pavlov, ‘Mitochondrial
permeability transition pore induction is linked to for-
mation of the complex of ATPase C-subunit, polyhydrox-
ybutyrate and inorganic polyphosphate’, Cell Death Dis.
2016, 2, 16070.

Helv. Chim. Acta 2023, 106, e202200205

www.helv.wiley.com (14 of 16) e202200205 © 2023 The Authors. Helvetica Chimica Acta published by Wiley-VHCA AG

Wiley VCH Mittwoch, 17.05.2023

2305 / 296813 [S. 62/64] 1

 15222675, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hlca.202200205 by K

arl-Franzens-U
niversit G

raz, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

www.helv.wiley.com


[79] S. Das, U. D. Lengweiler, D. Seebach, R. N. Reusch, ‘Proof
for a nonproteinaceous calcium-selective channel in
Escherichia coli by total synthesis from (R)-3-hydroxybuta-
noic acid and inorganic polyphosphate’, Proc. Natl. Acad.
Sci. USA 1997, 94, 9075–9079.

[80] S. Das, D. Seebach, R. N. Reusch, ‘Differential Effects of
Temperature on E. coli and Synthetic Polyhydroxybuty-
rate/Polyphosphate Channels’, Biochemistry 2002, 41,
5307–5312.

[81] L. Contreras, I. Drago, E. Zampese, T. Pozzan, ‘Mitochon-
dria: The calcium connection’, Biochim. Biophys. Acta
2010, 1797, 607–618.

[82] E. A. Jonas, G. A. Porter Jr., G. Beutner, N. Mnatsakanyan,
K. N. Alavian, ‘Cell death disguised: The mitochondrial
permeability transition pore as the c-subunit of the F1FO
ATP synthase’, Pharmacol. Res. 2015, 99, 382–392.

[83] S. Orrenius, V. Gogvadze, B. Zhivotovsky, ‘Calcium and
mitochondria in the regulation of cell death’, Biochem.
Biophys. Res. Commun. 2015, 460, 72–81.

[84] A. Rossi, P. Pizzo, R. Filadi, ‘Calcium, mitochondria and cell
metabolism: A functional triangle in bioenergetics’, Bio-
chim. Biophys. Acta Mol. Cell Res. 2019, 1866, 1068–1078.

[85] E. Zakharian, C. Cao, T. Rohacs, ‘Gating of Transient
Receptor Potential Melastatin 8 (TRPM8) Channels Acti-
vated by Cold and Chemical Agonists in Planar Lipid
Bilayers’, J. Neurosci. 2010, 30, 12526–12534.

[86] I. Jimenez, Y. Prado, F. Marchant, C. Otero, F. Eltit, C.
Cabello-Verrugio, O. Cerda, F. Simon, ‘TRPM Channels in
Human Diseases’, Cells 2020, 9, 2604.

[87] E. Zakharian, B. Thyagarajan, R. J. French, E. Pavlov, T.
Rohacs, ‘Inorganic Polyphosphate Modulates TRPM8
Channels’, PLoS One 2009, 4, e5404.

[88] L. Demirkhanyan, D. Goa, E. Zakharian, ‘PHB Regulates
Trafficking of TRPM8 to the Plasma Membrane, Confer-
ence report, 63rd Annual Meeting of the Biophysical
Society in Baltimore’, Biophys. J. 2019, 116, 538a.

[89] C. Cao, Y. Yudin, Y. Bikard, W. Chen, T. Liu, H. Li, D.
Jendrossek, A. Cohen, E. Pavlov, T. Rohacs, E. Zakharian,
‘Polyester Modification of the Mammalian TRPM8 Channel
Protein: Implications for Structure and Function’, Cell Rep.
2013, 4, 302–315.

[90] O. Voolstra, A. Huber, ‘Post-Translational Modifications of
TRP Channels’, Cells 2014, 3, 258–287.

[91] M. Iftinca, C. Altier, ‘The cool things to know about
TRPM8!’, Channels 2020, 14, 413–420.

[92] Y. Yin, M. Wu, L. Zubcevic, W. F. Borschel, G. C. Lander, S.-
Y. Lee, ‘Structure of the cold- and menthol-sensing ion
channel TRPM8’, Science 2017, 359, 237.

[93] Y. Yin, S. C. Le, A. L. Hsu, M. J. Borgnia, H. Yang, S.-Y. Lee,
‘Structural basis of cooling agent and lipid sensing by the
cold-activated TRPM8 channel’, Science 2019, 363,
eaav9334.

[94] G. H. Souza Bomfim, ‘TRPM8 Channels and SOCE: Modu-
latory Crosstalk between Na+ and Ca2+ Signaling’, J. Cell
Signaling 2022, 3, 5–13.

[95] J.-P. Renaud, A. Chari, C. Ciferri, W.-T. Liu, H.-W. Rémigy, H.
Stark, C. Wiesmann, ‘Cryo-EM in drug discovery: achieve-
ments, limitations and prospects’, Nat. Rev. Drug Discovery
2018, 17, 471–492.

[96] R. P. Maskey, I. Kock, M. Shaaban, I. Grün-Wollny, E.
Helmke, F. Mayer, I. Wagner-Döbler, H. Laatsch, ‘Low

molecular weight oligo-β-hydroxybutyric acids and 3-
hydroxy-N-phenethyl-butyramide – new products from
microorganisms’, Polym. Bull. 2002, 49, 87–93.

[97] A. McPherson, J. A. Gavira, ‘Introduction to protein
crystallization’, Acta Crystallogr. Sect. F 2014, 70, 2–20.

[98] H.-M. Müller, D. Seebach, ‘Poly(hydroxyalkanoates): A Fifth
Class of Physiologically Important Organic Biopolymers?’,
Angew. Chem. Int. Ed. 1993, 32, 477–502.

[99] E. N. Dedkova, L. A. Blatter, ‘Role of β-hydroxybutyrate, its
polymer poly-β-hydroxybutyrate and inorganic polyphos-
phate in mammalian health and disease’, Front. Plant
Physiol. 2014, 5, 260.

[100] G. Wächtershäuser, ‘Life as We Don’t Know It’, Science
2000, 289, 1307–1308.

[101] A. Eschenmoser, ‘Etiology of Potentially Primordial Bio-
molecular Structures: From Vitamin B12 to the Nucleic
Acids and an Inquiry into the Chemistry of Life’s Origin: A
Retrospective’, Angew. Chem. Int. Ed. 2011, 50, 12412–
12472.

[102] J. W. Szostak, ‘Attempts to Define Life Do Not Help to
Understand the Origin of Life’, J. Biomol. Struct. Dyn.
2012, 29, 599–600.

[103] R. Krishnamurthy, V. Snieckus, ‘Prebiotic Organic
Chemistry and Chemical pre-Biology: Speaking to the
Synthetic Organic Chemists’, Synlett 2017, 28, 27–29.

[104] P. Herdewijn, M. V. Kisakürek, ‘Origin of Life: Chemical
Approach’, Verlag Helvetica Chimica Acta, Wiley-VCH,
Weinheim, 2008.

[105] P. L. Luisi, ‘The Emergence of Life – From Chemical
Origins to Synthetic Biology’, 2nd Edn., Cambridge
University Press, 2016.

[106] Y. Briers, P. Walde, M. Schuppler, M. J. Loessner, ‘How did
bacterial ancestors reproduce? Lessons from L-form cells
and giant lipid vesicles’, BioEssays 2012, 34, 1078–1084.

[107] P.-A. Monnard, P. Walde, ‘Current Ideas about Prebiolog-
ical Compartmentalization’, Life 2015, 5, 1239–1263.

[108] S. Serrano-Luginbühl, K. Ruiz-Mirazo, R. Ostaszewski, F.
Gallou, P. Walde, ‘Soft and dispersed interface-rich
aqueous systems that promote and guide chemical
reactions’, Nat. Chem. Rev. 2018, 2, 306–327.

[109] N. P. Kamat, S. Tobé, I. T. Hill, J. W. Szostak, ‘Electrostatic
Localization of RNA to Protocell Membranes by Cationic
Hydrophobic Peptides’, Angew. Chem. Int. Ed. 2015, 54,
11735–11739.

[110] T. Z. Jia, K. Chandru, Y. Hongo, R. Afrin, T. Usui, K. Myojo,
H. J. Cleaves II, ‘Membraneless polyester microdroplets as
primordial compartments at the origins of life’, Proc. Natl.
Acad. Sci. USA 2019, 116, 15830–15835.

[111] U. Capasso Palmiero, C. Paganini, M. R. G. Kopp, M.
Linsenmeier, A. M. Küffner, P. Arosio, ‘Programmable
Zwitterionic Droplets as Biomolecular Sorters and Model
of Membraneless Organelles’, Adv. Mater. 2022, 34,
210483.

[112] R. Brazil, ‘How protocells bridge the gap from chemistry
to biology’, Chem. World 2022, 19, 48–51.

[113] M. Quack, G. Seyfang, G. Wichmann, ‘Parity Violation in
Chiral Molecules: From Theory towards Spectroscopic
Experiment and the Evolution of Biomolecular Homochir-
ality’, in Chiral Matter, Proceedings of the Nobel Sympo-
sium 167 (Stockholm 28 June - 1 July 2021), Eds. E.
Babaev, D. Kharzeev, M. Larsson, A. Molochkov, V.

Helv. Chim. Acta 2023, 106, e202200205

www.helv.wiley.com (15 of 16) e202200205 © 2023 The Authors. Helvetica Chimica Acta published by Wiley-VHCA AG

Wiley VCH Mittwoch, 17.05.2023

2305 / 296813 [S. 63/64] 1

 15222675, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hlca.202200205 by K

arl-Franzens-U
niversit G

raz, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

www.helv.wiley.com


Zhaunerchyk, World Scientific, Singapore, 2023, pp.209–
268.

[114] M. Quack, ‘Asymmetries as Quasi-Fossils of the Origin of
Life and Matter’, Bunsen-Magazin 2022, 24, 124–125.

[115] V. Norris, R. N. Reusch, K. Igarashi, R. Root-Bernstein,
‘Molecular complementarity between simple, universal
molecules and ions limited phenotype space in the
precursors of cells’, Biol. Direct 2015, 10, 28.

[116] R. M. Reusch, ‘Ion Recognition and Transport by Poly-(R)-
3-hydroxybutanoates and Inorganic Polyphosphates’, in
‘Advances in Supramolecular Chemistry’, Ed. G. W. Gokel,
JAI Press Inc., Stamford, Connecticut, 2001, Vol. 7, pp. 49–
98.

[117] L. Schoonen, J. C. M. van Hest, ‘Compartmentalization
Approaches in Soft Matter Science: From Nanoreactor
Development to Organelle Mimics’, Adv. Mater. 2016, 28,
1109–1128.

[118] G. Wächtershäuser, ‘From volcanic origins of chemo-
autotrophic life to Bacteria, Archaea and Eukarya’, Phil.
Trans. R. Soc. B 2006, 361, 1787–1808.

[119] M. D. Wodrich, C. S. Wannere, Y. Mo, P. D. Jarowski, K. N.
Houk, P. von Ragué Schleyer‚ ‘The concept of proto-
branching and its many paradigm shifting implications
for energy evaluations’, Chem. Eur. J. 2007, 13, 7731–
7744.

[120] J. P. Wagner, P. R. Schreiner, ‘London Dispersion in
Molecular Chemistry–Reconsidering Steric Effects’, An-
gew. Chem. Int. Ed. 2015, 54, 12274–12296.

[121] J. N. Byrd, R. J. Bartlett, J. A. Montgomery Jr., ‘At What
Chain Length Do Unbranched Alkanes Prefer Folded
Conformations?’, J. Phys. Chem. A 2014, 118, 1706–1712.

[122] T. Shakirov, W. Paul, ‘Folded alkane chains and the
emergence of the lamellar crystal’, J. Chem. Phys. 2019,
150, 084903.

[123] J. H. Fendler, E. J. Fendler, ‘Catalysis in Micellar and
Macromolecular Systems’, Academic Press, 1975.

[124] F. Gallou, N. A. Isley, A. Ganic, U. Onken, M. Parmentier,
‘Surfactant technology applied toward an active pharma-
ceutical ingredient: more than a simple green chemistry
advance’, Green Chem. 2016, 18, 14–19.

[125] V. Singhania, M. Cortes-Clerget, J. Dussart-Gautheret, B.
Akkachairin, J. Yu, N. Akporji, F. Gallou, B. H. Lipshutz,
‘Lipase-catalyzed esterification in water enabled by nano-

micelles. Applications to 1-pot multi-step sequences’,
Chem. Sci. 2022, 13, 1440–1445.

[126] M. Makosza, ‘Phase-transfer catalysis. A general green
methodology in organic synthesis’, Pure Appl. Chem.
2000, 72, 1399–1403.

[127] M. J. O’Donnell, ‘The Enantioselective Synthesis of α-
Amino Acids by Phase-Transfer Catalysis with Achiral
Schiff Base Esters’, Acc. Chem. Res. 2004, 37, 506–517.

[128] T. Hashimoto, K. Maruoka, ‘Recent Development and
Application of Chiral Phase-Transfer Catalysts’, Chem. Rev.
2007, 107, 5656–5682.

[129] S. Narayan, J. Muldoon, M. G. Finn, V. V. Fokin, H. C. Kolb,
K. B. Sharpless, ‘“On Water”: Unique Reactivity of Organic
Compounds in Aqueous Suspension’, Angew. Chem. Int.
Ed. 2005, 44, 3275–3279.

[130] P. Vitale, L. Cicco, F. M. Perna, V. Capriati, ‘Introducing
deep eutectic solvents in enolate chemistry: synthesis of
1-arylpropan-2-ones under aerobic conditions’, React.
Chem. Eng. 2021, 6, 1796–1800.

[131] J. García-Álvarez, E. Hevia, V. Capriati, ‘The Future of Polar
Organometallic Chemistry Written in Bio-Based Solvents
and Water’, Chem. Eur. J. 2018, 24, 14854–14863.

[132] L. Cicco, S. Sblendorio, R. Mansueto, F. M. Perna, A.
Salomone, S. Florio, V. Capriati, ‘Water opens the door to
organolithiums and Grignard reagents: exploring and
comparing the reactivity of highly polar organometallic
compounds in unconventional reaction media towards
the synthesis of tetrahydrofurans’, Chem. Sci. 2016, 7,
1192–1199.

[133] A. F. Quivelli, F. V. Rossi, P. Vitale, J. García-Álvarez, F. M.
Perna, V. Capriati, ‘Sustainable and Scalable Two-Step
Synthesis of Thenfadil and Some Analogs in Deep
Eutectic Solvents: From Laboratory to Industry’, ACS
Sustainable Chem. Eng. 2022, 10, 4065–4072.

[134] F. F. Mulks, B. Pinho, A. W. J. Platten, M. Reza Andalibi,
A. J. Expósito, K. J. Edler, E. Hevia, L. Torrente-Murciano,
‘Continuous, stable, and safe organometallic reactions in
flow at room temperature assisted by deep eutectic
solvents’, Chem 2022, 8, 3382–3394.

Received December 31, 2022
Accepted February 9, 2023

Helv. Chim. Acta 2023, 106, e202200205

www.helv.wiley.com (16 of 16) e202200205 © 2023 The Authors. Helvetica Chimica Acta published by Wiley-VHCA AG

Wiley VCH Mittwoch, 17.05.2023

2305 / 296813 [S. 64/64] 1

 15222675, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hlca.202200205 by K

arl-Franzens-U
niversit G

raz, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

www.helv.wiley.com

