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NMR: Kernspin-Resonanz-
Spektroskopie

• 1938 NMR in molecular beams; Rabi 
(Nobelpreis in Physik 1943)

• 1946 NNR in bulk matter; Bloch & Purcell 
(Nobelpreis in Physik 1952)

• 1970 FT-NMR and multidimensional NMR; 
Ernst & Jener (Nobelpreis für R. Ernst in 
Chemie 1991)

• 1973 MRI; Lauterbur and Mansfield 
(Nobelpreis in Medizin 2003)

• 1984/85 NMR structure of a protein (Arseniev, 
Kaptein, Wagner, Braun, Wüthrich 
(Nobelpreis für K. Wüthrich in Chemie 2002)



NMR: Kernspin-Resonanz-
Spektroskopie



1D 1H NMR of RNA
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Protein Strukturen



Ribosome



Translation machinery

10 A

3.8 A



Translation machinery



• Proteine werden durch RNA und Protein 
hergestellt aus DNA/RNA Information 

• RNA wird durch Proteine hergestellt aus 
DNA/RNA Information

Huhn – Ei Paradox



Leben aus der chemischen 
Perspektive

• Komplexität aus ”einfachen” Bausteinen
• Proteine mit Aminosäuren als Bausteine
• Membrane mit Lipide/Fettsäuren als 

Bausteine
• RNA/DNA mit Nucleotide als Bausteine

• Ein totes Bakterium ist tot



A first important question is what (if any) type of 
sequence selection is made in the synthesis process.
 Number of unique sequences: N=An   (A = # of amino acid types, n = length of 
peptide)

   4 amino acids, peptide length 6  N ~ 4k

   4 amino acids, peptide length 10  N ~ 1M
 20 amino acids, peptide length 100 N = 20100

Mass calculation for a single copy of each possible 100-mer:

20100 x 10000 g mol-1 / 6.022 x 1023 mol-1 = 3 x 1081 g

                   Mass of observable universe = 3 x 1055 g

 Only enough mass to make a single copy of 1 in 1026 sequences !!!!

Putting this into perspective for life on Earth:

     If the entire Mass of the earth contributed to making a single copy of every 100mer, only 1 
in 5e53 of them could be made once.

     Relative to an object the size of the Earth, the size of the space that has been searched is 
a 1/50th of a hydrogen atom.
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Wenn unter diesen Reaktionsbedingungen eine Epimerisierung des i n 
Präge stehenden ChiralitätsZentrums stattgefunden hätte, müssten 
die Lacton-lactame an diesem Zentrum e i n Deuterium aufweisen. Ex-
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bau von Deuterium nachweisbar. 
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Normalerweise werden b e i der Veresterung mit Diazomethan die f r e i e n 
Carbonsäuren mit ei n e r ätherischen Lösung von CHgNg umgesetzt: 

Die Umwandlung ( 7 ) — * ( 8 ) i s t eines der ( b i s h e r seltenen) B e i s p i e l e 
e i n e r Veresterung i n basischem Medium: 
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Primär w i r d das Methanol-Additionsprodukt (8a) i s o l i e r t j dieses 
l i e f e r t b e i der D e s t i l l a t i o n unter Abspaltung von CH,OH das 
Enamid-Derivat ( 8 ) . 

Erfahrungsgemäss l i e g e n Tautoraerie-Qleichgewichte des folgenden Typs 
vollständig auf der Seite der Enamidform zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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sp -Elektronenpaar D-Elektronenpaar ( v g l . hohe S t a b i -

l i s i e r u n g s e n e r g i e von Amidgruppen) 

Trägt der S t i c k s t o f f jedoch keine A c y l - , sondern eine Alkylgruppe, 
so l i e g t das Gleichgewicht auf der Seite der Ketiminform ( v g l . 
Ring D Vorläufer). 
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Over 60 steps for the chemical 
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Involved are over 30 genes in 
biogenesis



Chemische Information

• Genetischer Code
• Proteine/DNA/RNA/Lipide
• Genome Information



Einfache Moleküle im All 
(Ursuppe Experimente)

• Fullerene

to a planet when impact events occur. Meteoroids that form in
the icy outer regions of the Solar System can later impact a
planet, such as Earth, if their orbits are perturbed by large
outer planets. This provides a way of bringing to a planet
organic molecules and water that have formed on grains and
in meteoroids at larger orbital radii—beyond the snow lines
for these ices (for water, typically at or beyond 2.5 astro-
nomical units). With regard to Earth, the delivery of molecules
from beyond the confines of the planet is only relevant for the
origin of life if the rate is comparable to or exceeds the rate of
formation of the same molecules by Earth-based chemistry.
Several authors have tried to estimate the relative rates of
these internal and external processes, though it is extremely
difficult to do this with certainty (Whittet, 1997; Pierazzo and
Chyba, 1999; Bernstein, 2006). Observation of the chemical
composition of meteorites provides us with a time capsule of
the kind of organic chemistry that was occurring in the early
stages of the Solar System when the meteorite parent bodies
were formed. In contrast, chemistry on Earth has been dra-
matically changed by subsequent geological and biological
activity. Thus, meteoritic compositional data and extrapo-
lated impact rates are relevant for understanding prebiotic
conditions and suggest that meteorites contributed signifi-
cantly to the organics present on Earth over 4 billion years
ago—at delivery rates of the order 108 kg per yr (Pierazzo and
Chyba, 1999).

Table 1 gives the relative concentrations of amino acids
measured in meteorites. Column M1 is the Murchison mete-
orite [H2O extract from Table 2 of Engel and Nagy (1982)], M2
is the Murray meteorite (Cronin and Moore, 1971), and M3 the
Yamato meteorite [interior, hydrolyzed sample from Shi-
moyama et al. (1979)]. The possibility that dust grains with icy
mantles are sites for amino acid synthesis has been investi-
gated experimentally (Bernstein et al., 2002; Munoz Caro et al.,
2002). Several amino acids may result from the exposure of icy
mantles of HCN, NH3, and H2CO to UV radiation. Column I1
shows measurements from the icy mantle experiment of
Munoz Caro et al. (2002).

Miller’s experiments showed that synthesis was possible in
the atmosphere of early Earth, which was presumed to have
been reducing. Column A1 shows the results for an atmo-
sphere of CH4, NH3, H2O, and H2 (Miller and Orgel, 1974),
and column A2 shows the results for an atmosphere of CH4,
N2, H2O, and traces of NH3 (Miller and Orgel, 1974). There
have since been many claims that the early atmosphere was
not strongly reducing (Kasting, 1993; Pierazzo and Chyba,
1999), but the importance of atmospheric synthesis is still
maintained by some. Schlesinger and Miller (1983) compared
the quantities and the diversity of amino acids formed from
various atmospheric mixtures. Although yields are lower in
nonreducing atmospheres, synthesis is still possible in mix-
tures that are not strongly reducing, such as the experiment in
which proton irradiation of an atmosphere of CO, N2, and
H2O was used (Miyakawa et al., 2002). Results of this exper-
iment are shown in column A3. Another very recent result
(Cleaves et al., 2008) on spark discharge in neutral gas mix-
tures dominated by CO2 and N2 shows that yields of amino
acids in these conditions may be higher than previously es-
timated. Interestingly, two recent studies regarding the at-
mosphere on early Earth (Tian et al., 2005; Schaefer and
Fegley, 2007) claim that it may have been reducing after all
and the rates of organic synthesis may in fact have been high.

In the experiments noted above, amino acids were formed
by Strecker synthesis (Miller, 1957), i.e., energy sources such
as spark discharge or UV produce HCN and aldehydes,
which dissolve in water and subsequently form amino acids.
The experiments on atmospheric synthesis are relevant here
regardless of what the predominant atmospheric conditions
were, because they illustrate the generality of the Strecker
synthesis. One reason why meteorite compositions are similar
to those produced in atmospheric discharge experiments is
that Strecker synthesis may occur in the parent bodies of the
meteorites (Wolman et al., 1972).

Hydrothermal vents are local environments on Earth that
are often proposed as sites for the origin of life (Baross and
Hoffman, 1985; Amend and Shock, 1998). Vents are sources of

Table 1. Relative Concentrations of Amino Acids Observed in Nonbiological Contexts

M1 M2 M3 I1 A1 A2 A3 H1 H2 S1 S2 S3 Robs

G - Gly 1.00 1.0 1.000 1.000 1.000 1.000 1.000 18 12 1.000 1.000 40 1.1
A - Ala 0.34 0.4 0.380 0.293 0.540 1.795 0.155 15 8 0.473 0.097 20 2.8
D - Asp 0.19 0.5 0.035 0.022 0.006 0.077 0.059 10 10 0.000 0.581 30 4.3
E - Glu 0.40 0.5 0.110 0.000 0.010 0.018 0.000 6 11 0.000 0.000 20 6.8
V - Val 0.19 0.3 0.100 0.012 0.000 0.044 0.000 1 0 0.006 0.000 2 8.5
S - Ser 0.00 0.0 0.003 0.072 0.000 0.011 0.018 8 11 0.000 0.154 0 8.6
I - Ile 0.13 0.0 0.060 0.000 0.000 0.011 0.000 8 9 0.000 0.002 4 9.1
L - Leu 0.04 0.0 0.035 0.000 0.000 0.026 0.000 3 0 0.001 0.002 7 9.4
P - Pro 0.29 0.1 0.000 0.001 0.000 0.003 0.000 9 0 0.000 0.000 2 10.0
T - Thr 0.00 0.0 0.003 0.000 0.000 0.002 0.000 2 0 0.000 0.002 1 11.7
K - Lys 0.00 0.0 0.000 0.000 0.000 0.000 0.000 7 0 0.000 0.000 14 12.6
F - Phe 0.00 0.0 0.000 0.000 0.000 0.000 0.000 4 0 0.000 0.000 1 13.2
R - Arg 0.00 0.0 0.000 0.000 0.000 0.000 0.000 0 0 0.000 0.000 15 13.3
H - His 0.00 0.0 0.000 0.000 0.000 0.000 0.000 0 0 0.000 0.000 15 13.3
NQCYMW 0.00 0.0 0.000 0.000 0.000 0.000 0.000 0 0 0.000 0.000 0 14.2

With the exception of columns H1, H2, and S3, the quoted figures are concentrations normalized such that Gly¼ 1.0. For columns H1, H2,
and S3, the figures are the number of experiments in which the amino acid was observed in greater than trace amounts. M denotes meteorites,
I denotes icy grains, A denotes atmospheric synthesis, H denotes hydrothermal synthesis, and S denotes other chemical syntheses (details of
sources are given in the text). Robs is the mean rank derived from these observations. The final six amino acids are not observed.
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The “worlds”

• RNA World hypothesis
• Membrane world hypothesis
• Protein/Peptid world hypothesis



The RNA World Hypothesis

• Selbstvervielfachende RNA
• Ribzoyme
• Ribosome hat RNA als 

katalytisches Zentrum
• Genetische Information



Amyloid Fibrillen 



Alzheimer Erkankung

From Alzheimer's Disease Education and Referral (ADEAR) Center's Web site 
and library.med.utah.edu
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Amyloid Fibrils

Protein-only Hypothese und  Amyloidogenesis
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3D Struktur von b-endorphin 
Amyloid Fibrillen
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Ursprung des Lebens: The amyloid 
world hypothesis (Ghazit, Maury, Orgel)

Hypothese: 
Peptide amyloids spielen am Anfang des Lebens eine 
wichtige Rolle

Rational:
Simple short peptide sequences can form a tertiary 
structure
Amyloids are stable in harsh conditions
Amyloids are not highly sequence specific
Amyloids can replicate themselves (prions)
Amino acid sequences evolve away from amyloid 
sequences



Peptide and proteins

20

crystal structures of amyloid peptides (Fig. 4). For example, for the 
peptide segment KLVFAA (residues 16–21) of amyloid-β(1–42), three 
steric zipper cross-β-sheet motifs were found (Fig. 4a–c) and for the 
peptide segment MVGGVVIA (residues 35–42), two structures were 
found21 (Fig. 4d, e). On the basis of these structures, such polymor-
phisms can be classified as segmental polymorphs in which different 
segments form the cross-β-sheet cores of the two polymorphs, or as 
packing polymorphs in which the same segment forms the cross-β-
sheet core but is packed differently (such as parallel strands versus 
antiparallel strands or alternative steric-zipper side-chain interac-
tions)20. At the mesoscopic level, polymorphisms can occur through 
different modes of binding between the protofilaments in a fibril. 
These weak, local interactions gain avidity by their summation over 
thousands of identical copies along the axis of the fibril. Such different 
supramolecular structures might be the result of underlying packing 
or segmental polymorphisms at the atomic level or could themselves 
be an independent form of polymorphism, termed an assembly poly-
morphism51. The number of amyloid polymorphs of a protein depends 
on the protein and can be estimated crudely as varying between a few 
and a few dozen9,50.

Amyloid polymorphism might seem to challenge Christian 
Anfinsen’s thermodynamic hypothesis, which describes a one-to-one 
correlation between a polypeptide sequence and its 3D structure53. 
However, Anfinsen stated that his hypothesis applies to the structures 
of native proteins in their normal physiological milieu, in which the 

native state is the lowest free-energy state under the given conditions. 
Pathogenic amyloid sequences are not in their native states when they 
form amyloid fibrils and, because they change conformation to reach 
the amyloid state, probably pass outside of their normal physiological 
milieu. Amyloid sequences that form pathogenic fibrils have not expe-
rienced evolutionary optimization, unlike functional amyloids54, which 
can yield energetically similar but distinct structures that are separated 
from one another by energy barriers larger than thermal energy. Fur-
thermore, even a less stable polymorph can be the predominant spe-
cies in a sample. This is because the aggregation of amyloid is initiated 
by stochastic nucleation and aggregates grow by kinetic processes in 
which the polymorph can replicate itself more quickly than a more 
stable polymorph. Together, these factors result in a plethora of kineti-
cally uncoupled alternative structural states. For this reason, the col-
lection of amyloid aggregates in an infected organism might comprise 
a pool of polymorphs with condition-dependent relative abundancies. 
Because these polymorphs are structurally distinct, they could also 
have different activities. This is exemplified by the atomic-resolution 
structures shown in Fig. 4. The intersheet steric-zipper motifs between 
the polymorphs differ, yielding distinct amyloid stabilities, and cor-
respondingly, the surfaces between the polymorphs require dissimilar 
interaction activities55.

General properties of amyloids
Two general biochemical properties account for the biological effects 
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Figure 1 | Atomic-resolution X-ray diffraction steric-zipper structures of 
amyloid protofilaments formed by short segments of amyloid-forming 
proteins. Each structure illustrates one of the possible symmetry classes 
of steric zippers, with views along (top) and perpendicular to (bottom) 
the protofilament axis. One β-sheet is shown in black and the other is in 
grey. Notably, water molecules (light blue spheres) are excluded from the 
tight interface between the β-sheets. Nitrogen atoms (blue), oxygen atoms 
(red), sulfur atoms (yellow) and β-strands (arrows) are depicted. For each 
class, the amino-acid sequence of the representative segment, the parent 
protein from which the segment was selected and the Protein Data Bank 
(PDB) accession code (in parentheses) for the coordinates of the structure 
is presented. Classes 1, 2 and 4 (top row) describe parallel β-sheets and 
classes 5–8 (bottom row) describe antiparallel β-sheets. Asn and Tyr ladders 

are also shown (top right). Class 3 has not yet been observed experimentally. 
Each class is defined on the basis of several characteristics: whether their 
β-strands are parallel or antiparallel; whether their β-sheets pack with the 
same (face-to-face) surface or different (face-to-back) surface adjacent to one 
another; and, whether the two closely packed β-sheets are oriented in the same 
(up–up) direction or the opposite (up–down) direction. In summary: class 1 
contains parallel, face-to-face, up–up structures; class 2 contains parallel, 
face-to-back, up–up structures; class 3 contains parallel, face-to-face, up–
down structures; class 4 contains parallel, face-to-back, up–down structures; 
class 5 contains antiparallel, face-to-face, up–up structures. Class 6 contains 
antiparallel, face-to-back, up–up structures; class 7 contains antiparallel, face-
to-face up–down structures; and, class 8 contains antiparallel, face-to-face, 
up–down structures. IAPP, islet amyloid polypeptide.
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Peptide Amyloids

crystal structures of amyloid peptides (Fig. 4). For example, for the 
peptide segment KLVFAA (residues 16–21) of amyloid-β(1–42), three 
steric zipper cross-β-sheet motifs were found (Fig. 4a–c) and for the 
peptide segment MVGGVVIA (residues 35–42), two structures were 
found21 (Fig. 4d, e). On the basis of these structures, such polymor-
phisms can be classified as segmental polymorphs in which different 
segments form the cross-β-sheet cores of the two polymorphs, or as 
packing polymorphs in which the same segment forms the cross-β-
sheet core but is packed differently (such as parallel strands versus 
antiparallel strands or alternative steric-zipper side-chain interac-
tions)20. At the mesoscopic level, polymorphisms can occur through 
different modes of binding between the protofilaments in a fibril. 
These weak, local interactions gain avidity by their summation over 
thousands of identical copies along the axis of the fibril. Such different 
supramolecular structures might be the result of underlying packing 
or segmental polymorphisms at the atomic level or could themselves 
be an independent form of polymorphism, termed an assembly poly-
morphism51. The number of amyloid polymorphs of a protein depends 
on the protein and can be estimated crudely as varying between a few 
and a few dozen9,50.

Amyloid polymorphism might seem to challenge Christian 
Anfinsen’s thermodynamic hypothesis, which describes a one-to-one 
correlation between a polypeptide sequence and its 3D structure53. 
However, Anfinsen stated that his hypothesis applies to the structures 
of native proteins in their normal physiological milieu, in which the 

native state is the lowest free-energy state under the given conditions. 
Pathogenic amyloid sequences are not in their native states when they 
form amyloid fibrils and, because they change conformation to reach 
the amyloid state, probably pass outside of their normal physiological 
milieu. Amyloid sequences that form pathogenic fibrils have not expe-
rienced evolutionary optimization, unlike functional amyloids54, which 
can yield energetically similar but distinct structures that are separated 
from one another by energy barriers larger than thermal energy. Fur-
thermore, even a less stable polymorph can be the predominant spe-
cies in a sample. This is because the aggregation of amyloid is initiated 
by stochastic nucleation and aggregates grow by kinetic processes in 
which the polymorph can replicate itself more quickly than a more 
stable polymorph. Together, these factors result in a plethora of kineti-
cally uncoupled alternative structural states. For this reason, the col-
lection of amyloid aggregates in an infected organism might comprise 
a pool of polymorphs with condition-dependent relative abundancies. 
Because these polymorphs are structurally distinct, they could also 
have different activities. This is exemplified by the atomic-resolution 
structures shown in Fig. 4. The intersheet steric-zipper motifs between 
the polymorphs differ, yielding distinct amyloid stabilities, and cor-
respondingly, the surfaces between the polymorphs require dissimilar 
interaction activities55.

General properties of amyloids
Two general biochemical properties account for the biological effects 
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Figure 1 | Atomic-resolution X-ray diffraction steric-zipper structures of 
amyloid protofilaments formed by short segments of amyloid-forming 
proteins. Each structure illustrates one of the possible symmetry classes 
of steric zippers, with views along (top) and perpendicular to (bottom) 
the protofilament axis. One β-sheet is shown in black and the other is in 
grey. Notably, water molecules (light blue spheres) are excluded from the 
tight interface between the β-sheets. Nitrogen atoms (blue), oxygen atoms 
(red), sulfur atoms (yellow) and β-strands (arrows) are depicted. For each 
class, the amino-acid sequence of the representative segment, the parent 
protein from which the segment was selected and the Protein Data Bank 
(PDB) accession code (in parentheses) for the coordinates of the structure 
is presented. Classes 1, 2 and 4 (top row) describe parallel β-sheets and 
classes 5–8 (bottom row) describe antiparallel β-sheets. Asn and Tyr ladders 

are also shown (top right). Class 3 has not yet been observed experimentally. 
Each class is defined on the basis of several characteristics: whether their 
β-strands are parallel or antiparallel; whether their β-sheets pack with the 
same (face-to-face) surface or different (face-to-back) surface adjacent to one 
another; and, whether the two closely packed β-sheets are oriented in the same 
(up–up) direction or the opposite (up–down) direction. In summary: class 1 
contains parallel, face-to-face, up–up structures; class 2 contains parallel, 
face-to-back, up–up structures; class 3 contains parallel, face-to-face, up–
down structures; class 4 contains parallel, face-to-back, up–down structures; 
class 5 contains antiparallel, face-to-face, up–up structures. Class 6 contains 
antiparallel, face-to-back, up–up structures; class 7 contains antiparallel, face-
to-face up–down structures; and, class 8 contains antiparallel, face-to-face, 
up–down structures. IAPP, islet amyloid polypeptide.
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Eigenschaften von Amyloiden

• Kurze Peptide machen eine 3D Struktur

• Amyloide sind stabil

• Interaktionen werden gestärkt durch 
Kooperativität

 

crystal structures of amyloid peptides (Fig. 4). For example, for the 
peptide segment KLVFAA (residues 16–21) of amyloid-β(1–42), three 
steric zipper cross-β-sheet motifs were found (Fig. 4a–c) and for the 
peptide segment MVGGVVIA (residues 35–42), two structures were 
found21 (Fig. 4d, e). On the basis of these structures, such polymor-
phisms can be classified as segmental polymorphs in which different 
segments form the cross-β-sheet cores of the two polymorphs, or as 
packing polymorphs in which the same segment forms the cross-β-
sheet core but is packed differently (such as parallel strands versus 
antiparallel strands or alternative steric-zipper side-chain interac-
tions)20. At the mesoscopic level, polymorphisms can occur through 
different modes of binding between the protofilaments in a fibril. 
These weak, local interactions gain avidity by their summation over 
thousands of identical copies along the axis of the fibril. Such different 
supramolecular structures might be the result of underlying packing 
or segmental polymorphisms at the atomic level or could themselves 
be an independent form of polymorphism, termed an assembly poly-
morphism51. The number of amyloid polymorphs of a protein depends 
on the protein and can be estimated crudely as varying between a few 
and a few dozen9,50.

Amyloid polymorphism might seem to challenge Christian 
Anfinsen’s thermodynamic hypothesis, which describes a one-to-one 
correlation between a polypeptide sequence and its 3D structure53. 
However, Anfinsen stated that his hypothesis applies to the structures 
of native proteins in their normal physiological milieu, in which the 

native state is the lowest free-energy state under the given conditions. 
Pathogenic amyloid sequences are not in their native states when they 
form amyloid fibrils and, because they change conformation to reach 
the amyloid state, probably pass outside of their normal physiological 
milieu. Amyloid sequences that form pathogenic fibrils have not expe-
rienced evolutionary optimization, unlike functional amyloids54, which 
can yield energetically similar but distinct structures that are separated 
from one another by energy barriers larger than thermal energy. Fur-
thermore, even a less stable polymorph can be the predominant spe-
cies in a sample. This is because the aggregation of amyloid is initiated 
by stochastic nucleation and aggregates grow by kinetic processes in 
which the polymorph can replicate itself more quickly than a more 
stable polymorph. Together, these factors result in a plethora of kineti-
cally uncoupled alternative structural states. For this reason, the col-
lection of amyloid aggregates in an infected organism might comprise 
a pool of polymorphs with condition-dependent relative abundancies. 
Because these polymorphs are structurally distinct, they could also 
have different activities. This is exemplified by the atomic-resolution 
structures shown in Fig. 4. The intersheet steric-zipper motifs between 
the polymorphs differ, yielding distinct amyloid stabilities, and cor-
respondingly, the surfaces between the polymorphs require dissimilar 
interaction activities55.

General properties of amyloids
Two general biochemical properties account for the biological effects 
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Figure 1 | Atomic-resolution X-ray diffraction steric-zipper structures of 
amyloid protofilaments formed by short segments of amyloid-forming 
proteins. Each structure illustrates one of the possible symmetry classes 
of steric zippers, with views along (top) and perpendicular to (bottom) 
the protofilament axis. One β-sheet is shown in black and the other is in 
grey. Notably, water molecules (light blue spheres) are excluded from the 
tight interface between the β-sheets. Nitrogen atoms (blue), oxygen atoms 
(red), sulfur atoms (yellow) and β-strands (arrows) are depicted. For each 
class, the amino-acid sequence of the representative segment, the parent 
protein from which the segment was selected and the Protein Data Bank 
(PDB) accession code (in parentheses) for the coordinates of the structure 
is presented. Classes 1, 2 and 4 (top row) describe parallel β-sheets and 
classes 5–8 (bottom row) describe antiparallel β-sheets. Asn and Tyr ladders 

are also shown (top right). Class 3 has not yet been observed experimentally. 
Each class is defined on the basis of several characteristics: whether their 
β-strands are parallel or antiparallel; whether their β-sheets pack with the 
same (face-to-face) surface or different (face-to-back) surface adjacent to one 
another; and, whether the two closely packed β-sheets are oriented in the same 
(up–up) direction or the opposite (up–down) direction. In summary: class 1 
contains parallel, face-to-face, up–up structures; class 2 contains parallel, 
face-to-back, up–up structures; class 3 contains parallel, face-to-face, up–
down structures; class 4 contains parallel, face-to-back, up–down structures; 
class 5 contains antiparallel, face-to-face, up–up structures. Class 6 contains 
antiparallel, face-to-back, up–up structures; class 7 contains antiparallel, face-
to-face up–down structures; and, class 8 contains antiparallel, face-to-face, 
up–down structures. IAPP, islet amyloid polypeptide.
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A first important question is what (if any) type of 
sequence selection is made in the synthesis process.
 Number of unique sequences: N=An   (A = # of amino acid types, n = length of 
peptide)

   4 amino acids, peptide length 6  N ~ 4k

   4 amino acids, peptide length 10  N ~ 1M
 20 amino acids, peptide length 100 N = 20100

Mass calculation for a single copy of each possible 100-mer:

20100 x 10000 g mol-1 / 6.022 x 1023 mol-1 = 3 x 1081 g

                   Mass of observable universe = 3 x 1055 g

 Only enough mass to make a single copy of 1 in 1026 sequences !!!!

Putting this into perspective for life on Earth:

     If the entire Mass of the earth contributed to making a single copy of every 100mer, only 1 
in 5e53 of them could be made once.

     Relative to an object the size of the Earth, the size of the space that has been searched is 
a 1/50th of a hydrogen atom.
 



Overall sequence Coverage

• Sequence coverage of 6, 7, 8, 9-mers: 
99.8, 79.8, 20.9, 1.7%

(9aa  512 billions arrangements)

209 

Peptides



Peptide Amyloids

crystal structures of amyloid peptides (Fig. 4). For example, for the 
peptide segment KLVFAA (residues 16–21) of amyloid-β(1–42), three 
steric zipper cross-β-sheet motifs were found (Fig. 4a–c) and for the 
peptide segment MVGGVVIA (residues 35–42), two structures were 
found21 (Fig. 4d, e). On the basis of these structures, such polymor-
phisms can be classified as segmental polymorphs in which different 
segments form the cross-β-sheet cores of the two polymorphs, or as 
packing polymorphs in which the same segment forms the cross-β-
sheet core but is packed differently (such as parallel strands versus 
antiparallel strands or alternative steric-zipper side-chain interac-
tions)20. At the mesoscopic level, polymorphisms can occur through 
different modes of binding between the protofilaments in a fibril. 
These weak, local interactions gain avidity by their summation over 
thousands of identical copies along the axis of the fibril. Such different 
supramolecular structures might be the result of underlying packing 
or segmental polymorphisms at the atomic level or could themselves 
be an independent form of polymorphism, termed an assembly poly-
morphism51. The number of amyloid polymorphs of a protein depends 
on the protein and can be estimated crudely as varying between a few 
and a few dozen9,50.

Amyloid polymorphism might seem to challenge Christian 
Anfinsen’s thermodynamic hypothesis, which describes a one-to-one 
correlation between a polypeptide sequence and its 3D structure53. 
However, Anfinsen stated that his hypothesis applies to the structures 
of native proteins in their normal physiological milieu, in which the 

native state is the lowest free-energy state under the given conditions. 
Pathogenic amyloid sequences are not in their native states when they 
form amyloid fibrils and, because they change conformation to reach 
the amyloid state, probably pass outside of their normal physiological 
milieu. Amyloid sequences that form pathogenic fibrils have not expe-
rienced evolutionary optimization, unlike functional amyloids54, which 
can yield energetically similar but distinct structures that are separated 
from one another by energy barriers larger than thermal energy. Fur-
thermore, even a less stable polymorph can be the predominant spe-
cies in a sample. This is because the aggregation of amyloid is initiated 
by stochastic nucleation and aggregates grow by kinetic processes in 
which the polymorph can replicate itself more quickly than a more 
stable polymorph. Together, these factors result in a plethora of kineti-
cally uncoupled alternative structural states. For this reason, the col-
lection of amyloid aggregates in an infected organism might comprise 
a pool of polymorphs with condition-dependent relative abundancies. 
Because these polymorphs are structurally distinct, they could also 
have different activities. This is exemplified by the atomic-resolution 
structures shown in Fig. 4. The intersheet steric-zipper motifs between 
the polymorphs differ, yielding distinct amyloid stabilities, and cor-
respondingly, the surfaces between the polymorphs require dissimilar 
interaction activities55.

General properties of amyloids
Two general biochemical properties account for the biological effects 
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Figure 1 | Atomic-resolution X-ray diffraction steric-zipper structures of 
amyloid protofilaments formed by short segments of amyloid-forming 
proteins. Each structure illustrates one of the possible symmetry classes 
of steric zippers, with views along (top) and perpendicular to (bottom) 
the protofilament axis. One β-sheet is shown in black and the other is in 
grey. Notably, water molecules (light blue spheres) are excluded from the 
tight interface between the β-sheets. Nitrogen atoms (blue), oxygen atoms 
(red), sulfur atoms (yellow) and β-strands (arrows) are depicted. For each 
class, the amino-acid sequence of the representative segment, the parent 
protein from which the segment was selected and the Protein Data Bank 
(PDB) accession code (in parentheses) for the coordinates of the structure 
is presented. Classes 1, 2 and 4 (top row) describe parallel β-sheets and 
classes 5–8 (bottom row) describe antiparallel β-sheets. Asn and Tyr ladders 

are also shown (top right). Class 3 has not yet been observed experimentally. 
Each class is defined on the basis of several characteristics: whether their 
β-strands are parallel or antiparallel; whether their β-sheets pack with the 
same (face-to-face) surface or different (face-to-back) surface adjacent to one 
another; and, whether the two closely packed β-sheets are oriented in the same 
(up–up) direction or the opposite (up–down) direction. In summary: class 1 
contains parallel, face-to-face, up–up structures; class 2 contains parallel, 
face-to-back, up–up structures; class 3 contains parallel, face-to-face, up–
down structures; class 4 contains parallel, face-to-back, up–down structures; 
class 5 contains antiparallel, face-to-face, up–up structures. Class 6 contains 
antiparallel, face-to-back, up–up structures; class 7 contains antiparallel, face-
to-face up–down structures; and, class 8 contains antiparallel, face-to-face, 
up–down structures. IAPP, islet amyloid polypeptide.
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Screening the Protein Sequence Universe 
for amyloid presence (top down)

crystal structures of amyloid peptides (Fig. 4). For example, for the 
peptide segment KLVFAA (residues 16–21) of amyloid-β(1–42), three 
steric zipper cross-β-sheet motifs were found (Fig. 4a–c) and for the 
peptide segment MVGGVVIA (residues 35–42), two structures were 
found21 (Fig. 4d, e). On the basis of these structures, such polymor-
phisms can be classified as segmental polymorphs in which different 
segments form the cross-β-sheet cores of the two polymorphs, or as 
packing polymorphs in which the same segment forms the cross-β-
sheet core but is packed differently (such as parallel strands versus 
antiparallel strands or alternative steric-zipper side-chain interac-
tions)20. At the mesoscopic level, polymorphisms can occur through 
different modes of binding between the protofilaments in a fibril. 
These weak, local interactions gain avidity by their summation over 
thousands of identical copies along the axis of the fibril. Such different 
supramolecular structures might be the result of underlying packing 
or segmental polymorphisms at the atomic level or could themselves 
be an independent form of polymorphism, termed an assembly poly-
morphism51. The number of amyloid polymorphs of a protein depends 
on the protein and can be estimated crudely as varying between a few 
and a few dozen9,50.

Amyloid polymorphism might seem to challenge Christian 
Anfinsen’s thermodynamic hypothesis, which describes a one-to-one 
correlation between a polypeptide sequence and its 3D structure53. 
However, Anfinsen stated that his hypothesis applies to the structures 
of native proteins in their normal physiological milieu, in which the 

native state is the lowest free-energy state under the given conditions. 
Pathogenic amyloid sequences are not in their native states when they 
form amyloid fibrils and, because they change conformation to reach 
the amyloid state, probably pass outside of their normal physiological 
milieu. Amyloid sequences that form pathogenic fibrils have not expe-
rienced evolutionary optimization, unlike functional amyloids54, which 
can yield energetically similar but distinct structures that are separated 
from one another by energy barriers larger than thermal energy. Fur-
thermore, even a less stable polymorph can be the predominant spe-
cies in a sample. This is because the aggregation of amyloid is initiated 
by stochastic nucleation and aggregates grow by kinetic processes in 
which the polymorph can replicate itself more quickly than a more 
stable polymorph. Together, these factors result in a plethora of kineti-
cally uncoupled alternative structural states. For this reason, the col-
lection of amyloid aggregates in an infected organism might comprise 
a pool of polymorphs with condition-dependent relative abundancies. 
Because these polymorphs are structurally distinct, they could also 
have different activities. This is exemplified by the atomic-resolution 
structures shown in Fig. 4. The intersheet steric-zipper motifs between 
the polymorphs differ, yielding distinct amyloid stabilities, and cor-
respondingly, the surfaces between the polymorphs require dissimilar 
interaction activities55.

General properties of amyloids
Two general biochemical properties account for the biological effects 
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Figure 1 | Atomic-resolution X-ray diffraction steric-zipper structures of 
amyloid protofilaments formed by short segments of amyloid-forming 
proteins. Each structure illustrates one of the possible symmetry classes 
of steric zippers, with views along (top) and perpendicular to (bottom) 
the protofilament axis. One β-sheet is shown in black and the other is in 
grey. Notably, water molecules (light blue spheres) are excluded from the 
tight interface between the β-sheets. Nitrogen atoms (blue), oxygen atoms 
(red), sulfur atoms (yellow) and β-strands (arrows) are depicted. For each 
class, the amino-acid sequence of the representative segment, the parent 
protein from which the segment was selected and the Protein Data Bank 
(PDB) accession code (in parentheses) for the coordinates of the structure 
is presented. Classes 1, 2 and 4 (top row) describe parallel β-sheets and 
classes 5–8 (bottom row) describe antiparallel β-sheets. Asn and Tyr ladders 

are also shown (top right). Class 3 has not yet been observed experimentally. 
Each class is defined on the basis of several characteristics: whether their 
β-strands are parallel or antiparallel; whether their β-sheets pack with the 
same (face-to-face) surface or different (face-to-back) surface adjacent to one 
another; and, whether the two closely packed β-sheets are oriented in the same 
(up–up) direction or the opposite (up–down) direction. In summary: class 1 
contains parallel, face-to-face, up–up structures; class 2 contains parallel, 
face-to-back, up–up structures; class 3 contains parallel, face-to-face, up–
down structures; class 4 contains parallel, face-to-back, up–down structures; 
class 5 contains antiparallel, face-to-face, up–up structures. Class 6 contains 
antiparallel, face-to-back, up–up structures; class 7 contains antiparallel, face-
to-face up–down structures; and, class 8 contains antiparallel, face-to-face, 
up–down structures. IAPP, islet amyloid polypeptide.
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Take all proteomes known and study 
the amyloidogenecity of peptides

• Mehr amyloid Sequenzen als statistisch 
arbiträr

• Bakterien/Archaea haben mehr 
amyloidogene Sequenzen als Eukaryoten

crystal structures of amyloid peptides (Fig. 4). For example, for the 
peptide segment KLVFAA (residues 16–21) of amyloid-β(1–42), three 
steric zipper cross-β-sheet motifs were found (Fig. 4a–c) and for the 
peptide segment MVGGVVIA (residues 35–42), two structures were 
found21 (Fig. 4d, e). On the basis of these structures, such polymor-
phisms can be classified as segmental polymorphs in which different 
segments form the cross-β-sheet cores of the two polymorphs, or as 
packing polymorphs in which the same segment forms the cross-β-
sheet core but is packed differently (such as parallel strands versus 
antiparallel strands or alternative steric-zipper side-chain interac-
tions)20. At the mesoscopic level, polymorphisms can occur through 
different modes of binding between the protofilaments in a fibril. 
These weak, local interactions gain avidity by their summation over 
thousands of identical copies along the axis of the fibril. Such different 
supramolecular structures might be the result of underlying packing 
or segmental polymorphisms at the atomic level or could themselves 
be an independent form of polymorphism, termed an assembly poly-
morphism51. The number of amyloid polymorphs of a protein depends 
on the protein and can be estimated crudely as varying between a few 
and a few dozen9,50.

Amyloid polymorphism might seem to challenge Christian 
Anfinsen’s thermodynamic hypothesis, which describes a one-to-one 
correlation between a polypeptide sequence and its 3D structure53. 
However, Anfinsen stated that his hypothesis applies to the structures 
of native proteins in their normal physiological milieu, in which the 

native state is the lowest free-energy state under the given conditions. 
Pathogenic amyloid sequences are not in their native states when they 
form amyloid fibrils and, because they change conformation to reach 
the amyloid state, probably pass outside of their normal physiological 
milieu. Amyloid sequences that form pathogenic fibrils have not expe-
rienced evolutionary optimization, unlike functional amyloids54, which 
can yield energetically similar but distinct structures that are separated 
from one another by energy barriers larger than thermal energy. Fur-
thermore, even a less stable polymorph can be the predominant spe-
cies in a sample. This is because the aggregation of amyloid is initiated 
by stochastic nucleation and aggregates grow by kinetic processes in 
which the polymorph can replicate itself more quickly than a more 
stable polymorph. Together, these factors result in a plethora of kineti-
cally uncoupled alternative structural states. For this reason, the col-
lection of amyloid aggregates in an infected organism might comprise 
a pool of polymorphs with condition-dependent relative abundancies. 
Because these polymorphs are structurally distinct, they could also 
have different activities. This is exemplified by the atomic-resolution 
structures shown in Fig. 4. The intersheet steric-zipper motifs between 
the polymorphs differ, yielding distinct amyloid stabilities, and cor-
respondingly, the surfaces between the polymorphs require dissimilar 
interaction activities55.

General properties of amyloids
Two general biochemical properties account for the biological effects 
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Figure 1 | Atomic-resolution X-ray diffraction steric-zipper structures of 
amyloid protofilaments formed by short segments of amyloid-forming 
proteins. Each structure illustrates one of the possible symmetry classes 
of steric zippers, with views along (top) and perpendicular to (bottom) 
the protofilament axis. One β-sheet is shown in black and the other is in 
grey. Notably, water molecules (light blue spheres) are excluded from the 
tight interface between the β-sheets. Nitrogen atoms (blue), oxygen atoms 
(red), sulfur atoms (yellow) and β-strands (arrows) are depicted. For each 
class, the amino-acid sequence of the representative segment, the parent 
protein from which the segment was selected and the Protein Data Bank 
(PDB) accession code (in parentheses) for the coordinates of the structure 
is presented. Classes 1, 2 and 4 (top row) describe parallel β-sheets and 
classes 5–8 (bottom row) describe antiparallel β-sheets. Asn and Tyr ladders 

are also shown (top right). Class 3 has not yet been observed experimentally. 
Each class is defined on the basis of several characteristics: whether their 
β-strands are parallel or antiparallel; whether their β-sheets pack with the 
same (face-to-face) surface or different (face-to-back) surface adjacent to one 
another; and, whether the two closely packed β-sheets are oriented in the same 
(up–up) direction or the opposite (up–down) direction. In summary: class 1 
contains parallel, face-to-face, up–up structures; class 2 contains parallel, 
face-to-back, up–up structures; class 3 contains parallel, face-to-face, up–
down structures; class 4 contains parallel, face-to-back, up–down structures; 
class 5 contains antiparallel, face-to-face, up–up structures. Class 6 contains 
antiparallel, face-to-back, up–up structures; class 7 contains antiparallel, face-
to-face up–down structures; and, class 8 contains antiparallel, face-to-face, 
up–down structures. IAPP, islet amyloid polypeptide.
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Our Scratch: Amino Acids
Presence of Amino acids in Meteorites -> Selecting: 

Gly, Ala, Asp, Val

• Composition

to a planet when impact events occur. Meteoroids that form in
the icy outer regions of the Solar System can later impact a
planet, such as Earth, if their orbits are perturbed by large
outer planets. This provides a way of bringing to a planet
organic molecules and water that have formed on grains and
in meteoroids at larger orbital radii—beyond the snow lines
for these ices (for water, typically at or beyond 2.5 astro-
nomical units). With regard to Earth, the delivery of molecules
from beyond the confines of the planet is only relevant for the
origin of life if the rate is comparable to or exceeds the rate of
formation of the same molecules by Earth-based chemistry.
Several authors have tried to estimate the relative rates of
these internal and external processes, though it is extremely
difficult to do this with certainty (Whittet, 1997; Pierazzo and
Chyba, 1999; Bernstein, 2006). Observation of the chemical
composition of meteorites provides us with a time capsule of
the kind of organic chemistry that was occurring in the early
stages of the Solar System when the meteorite parent bodies
were formed. In contrast, chemistry on Earth has been dra-
matically changed by subsequent geological and biological
activity. Thus, meteoritic compositional data and extrapo-
lated impact rates are relevant for understanding prebiotic
conditions and suggest that meteorites contributed signifi-
cantly to the organics present on Earth over 4 billion years
ago—at delivery rates of the order 108 kg per yr (Pierazzo and
Chyba, 1999).

Table 1 gives the relative concentrations of amino acids
measured in meteorites. Column M1 is the Murchison mete-
orite [H2O extract from Table 2 of Engel and Nagy (1982)], M2
is the Murray meteorite (Cronin and Moore, 1971), and M3 the
Yamato meteorite [interior, hydrolyzed sample from Shi-
moyama et al. (1979)]. The possibility that dust grains with icy
mantles are sites for amino acid synthesis has been investi-
gated experimentally (Bernstein et al., 2002; Munoz Caro et al.,
2002). Several amino acids may result from the exposure of icy
mantles of HCN, NH3, and H2CO to UV radiation. Column I1
shows measurements from the icy mantle experiment of
Munoz Caro et al. (2002).

Miller’s experiments showed that synthesis was possible in
the atmosphere of early Earth, which was presumed to have
been reducing. Column A1 shows the results for an atmo-
sphere of CH4, NH3, H2O, and H2 (Miller and Orgel, 1974),
and column A2 shows the results for an atmosphere of CH4,
N2, H2O, and traces of NH3 (Miller and Orgel, 1974). There
have since been many claims that the early atmosphere was
not strongly reducing (Kasting, 1993; Pierazzo and Chyba,
1999), but the importance of atmospheric synthesis is still
maintained by some. Schlesinger and Miller (1983) compared
the quantities and the diversity of amino acids formed from
various atmospheric mixtures. Although yields are lower in
nonreducing atmospheres, synthesis is still possible in mix-
tures that are not strongly reducing, such as the experiment in
which proton irradiation of an atmosphere of CO, N2, and
H2O was used (Miyakawa et al., 2002). Results of this exper-
iment are shown in column A3. Another very recent result
(Cleaves et al., 2008) on spark discharge in neutral gas mix-
tures dominated by CO2 and N2 shows that yields of amino
acids in these conditions may be higher than previously es-
timated. Interestingly, two recent studies regarding the at-
mosphere on early Earth (Tian et al., 2005; Schaefer and
Fegley, 2007) claim that it may have been reducing after all
and the rates of organic synthesis may in fact have been high.

In the experiments noted above, amino acids were formed
by Strecker synthesis (Miller, 1957), i.e., energy sources such
as spark discharge or UV produce HCN and aldehydes,
which dissolve in water and subsequently form amino acids.
The experiments on atmospheric synthesis are relevant here
regardless of what the predominant atmospheric conditions
were, because they illustrate the generality of the Strecker
synthesis. One reason why meteorite compositions are similar
to those produced in atmospheric discharge experiments is
that Strecker synthesis may occur in the parent bodies of the
meteorites (Wolman et al., 1972).

Hydrothermal vents are local environments on Earth that
are often proposed as sites for the origin of life (Baross and
Hoffman, 1985; Amend and Shock, 1998). Vents are sources of

Table 1. Relative Concentrations of Amino Acids Observed in Nonbiological Contexts

M1 M2 M3 I1 A1 A2 A3 H1 H2 S1 S2 S3 Robs

G - Gly 1.00 1.0 1.000 1.000 1.000 1.000 1.000 18 12 1.000 1.000 40 1.1
A - Ala 0.34 0.4 0.380 0.293 0.540 1.795 0.155 15 8 0.473 0.097 20 2.8
D - Asp 0.19 0.5 0.035 0.022 0.006 0.077 0.059 10 10 0.000 0.581 30 4.3
E - Glu 0.40 0.5 0.110 0.000 0.010 0.018 0.000 6 11 0.000 0.000 20 6.8
V - Val 0.19 0.3 0.100 0.012 0.000 0.044 0.000 1 0 0.006 0.000 2 8.5
S - Ser 0.00 0.0 0.003 0.072 0.000 0.011 0.018 8 11 0.000 0.154 0 8.6
I - Ile 0.13 0.0 0.060 0.000 0.000 0.011 0.000 8 9 0.000 0.002 4 9.1
L - Leu 0.04 0.0 0.035 0.000 0.000 0.026 0.000 3 0 0.001 0.002 7 9.4
P - Pro 0.29 0.1 0.000 0.001 0.000 0.003 0.000 9 0 0.000 0.000 2 10.0
T - Thr 0.00 0.0 0.003 0.000 0.000 0.002 0.000 2 0 0.000 0.002 1 11.7
K - Lys 0.00 0.0 0.000 0.000 0.000 0.000 0.000 7 0 0.000 0.000 14 12.6
F - Phe 0.00 0.0 0.000 0.000 0.000 0.000 0.000 4 0 0.000 0.000 1 13.2
R - Arg 0.00 0.0 0.000 0.000 0.000 0.000 0.000 0 0 0.000 0.000 15 13.3
H - His 0.00 0.0 0.000 0.000 0.000 0.000 0.000 0 0 0.000 0.000 15 13.3
NQCYMW 0.00 0.0 0.000 0.000 0.000 0.000 0.000 0 0 0.000 0.000 0 14.2

With the exception of columns H1, H2, and S3, the quoted figures are concentrations normalized such that Gly¼ 1.0. For columns H1, H2,
and S3, the figures are the number of experiments in which the amino acid was observed in greater than trace amounts. M denotes meteorites,
I denotes icy grains, A denotes atmospheric synthesis, H denotes hydrothermal synthesis, and S denotes other chemical syntheses (details of
sources are given in the text). Robs is the mean rank derived from these observations. The final six amino acids are not observed.
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Second requirement is the 
peptide synthesis

namic change of histone H4 Arg3 methylation
and citrullination in HL-60 granulocytes.

Histone Arg methylation at H3 Arg17 and
H4 Arg3 is known to regulate estrogen-
responsive genes, such as the pS2 gene in
MCF-7 cells (11, 30). The observed demethyl-
imination activity of PAD4 suggests it might
regulate histone Arg methylation on specific
promoters, leading to a change of gene
expression. To test this idea, we first analyzed
the effect of PAD4 and an enzymatically
inactive form of PAD4 (PAD4C645S) (fig. S3)
on the activity of an EREII-luciferase reporter
gene, which can be strongly induced by $-
estradiol in MCF-7 cells (Fig. 5A). We found
that the wild-type PAD4 effectively repressed
the activity of the luciferase reporter in a
dose-dependent manner (Fig. 5A), whereas the
PAD4C645S mutant displayed weaker inhibito-
ry effects. Intriguingly, the PAD4C645S mutant
displays partial repressive activity when pres-
ent at higher doses. Whether the mutant retains
partial enzymatic activity, recruits additional
cofactors, or heterodimerizes with endogenous
PAD4 in MCF7 cells Eas does wild-type PAD4
(19)^ remains unclear.

The repressive activity of PAD4 on the
EREII-luciferase reporter gene prompted us
to test whether PAD4 plays a role in reg-
ulating the endogenous pS2 gene in MCF-7
cells after estradiol stimulation. We found
both PAD4 expression and low amounts of
H4 Cit3 in MCF-7 cells (28). With chromatin
immunoprecipitation (ChIP) analyses, we
showed that PAD4 is associated with the
pS2 gene promoter before the addition of
estradiol and that PAD4 amounts increased
Ètwofold at 40 and 60 min after estradiol
induction (Fig. 5B). We observed a strong
increase of H4 Arg3 methylation at 20 min
and a decrease at subsequent time points,
whereas H4 Cit3 increased at 40 and 60 min.
Therefore, the decrease of H4 Arg3 methyla-
tion correlates with the increase of PAD4
protein and H4 Cit3 levels on the pS2 gene
promoter. In addition, PAD4 was not associ-
ated with the control CIITA gene and
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene promoters before or after
estradiol treatment (Fig. 5C). These data sug-
gest that PAD4 acts specifically at the pS2
promoter and that its recruitment does not
simply result from increased PAD4 expression
upon hormone induction. Thus, our data sup-
port the conclusion that the demethylimination
activity of PAD4 is likely involved in the
subtle balance of the estrogen-inducible pS2
gene expression in MCF-7 cells.

Our finding that PAD4 can both de-
iminate and demethyliminate histones suggests
that PAD4 may affect chromatin structure
and function via two related but different
mechanisms (fig. S5). Regarding demethyli-
mination, histone Arg methylation mediated
by secondary co-activators, such as CARM1

and PRMT1, has been correlated with gene
activity (11–15) (fig. S5). Given the para-
digm already established by reversible acetyl-
ation (31–33), it seems reasonable that Arg-
directed methylation events, particularly
those that lead to gene activation, would be
reversible. In the case of estrogen-induced
genes in MCF-7 cells, we favor the view that
PAD4 also functions to remove histone Arg
methylation marks, thereby reversing the
transcriptional activation brought about by
nuclear hormone receptor coactivators and
histone arginine methyltransferases, likely in
concert with other chromatin modifying ac-
tivities (e.g., histone deacetylases) (fig. S5).
It remains a formal possibility, however, that
the repressive effect of PAD4 may be due to
its deimination activity, which, in turn, pre-
vents histone methylation by CARM1 and
PRMT1. Because of the dual enzymatic ac-
tivities of PAD4, deimination versus de-
methylimination, separating any observed
transcriptional or other biological effects
brought about by PAD4 at target Arg residues
will represent a challenge for future studies.
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Carbonyl Sulfide–Mediated
Prebiotic Formation of Peptides

Luke Leman,1 Leslie Orgel,2 M. Reza Ghadiri1*

Almost all discussions of prebiotic chemistry assume that amino acids, nu-
cleotides, and possibly other monomers were first formed on the Earth or
brought to it in comets and meteorites, and then condensed nonenzymati-
cally to form oligomeric products. However, attempts to demonstrate plau-
sibly prebiotic polymerization reactions have met with limited success. We
show that carbonyl sulfide (COS), a simple volcanic gas, brings about the
formation of peptides from amino acids under mild conditions in aqueous
solution. Depending on the reaction conditions and additives used, exposure
of !-amino acids to COS generates peptides in yields of up to 80% in minutes
to hours at room temperature.

The first suggestion that COS might be a pre-
biotic condensing agent appears in a footnote
of a paper by Hirschmann and co-workers on

peptide synthesis from 2,5-thiazolidinediones
(1). The authors reported that traces of
dipeptide are formed from phenylalanine
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Poly Ala and Val from precipitate of COS mediated 
condensation (from 10 mM Ala/Val)

(Greenwald, Riek et al., Angewandte Chemie 2015) 

crystal structures of amyloid peptides (Fig. 4). For example, for the 
peptide segment KLVFAA (residues 16–21) of amyloid-β(1–42), three 
steric zipper cross-β-sheet motifs were found (Fig. 4a–c) and for the 
peptide segment MVGGVVIA (residues 35–42), two structures were 
found21 (Fig. 4d, e). On the basis of these structures, such polymor-
phisms can be classified as segmental polymorphs in which different 
segments form the cross-β-sheet cores of the two polymorphs, or as 
packing polymorphs in which the same segment forms the cross-β-
sheet core but is packed differently (such as parallel strands versus 
antiparallel strands or alternative steric-zipper side-chain interac-
tions)20. At the mesoscopic level, polymorphisms can occur through 
different modes of binding between the protofilaments in a fibril. 
These weak, local interactions gain avidity by their summation over 
thousands of identical copies along the axis of the fibril. Such different 
supramolecular structures might be the result of underlying packing 
or segmental polymorphisms at the atomic level or could themselves 
be an independent form of polymorphism, termed an assembly poly-
morphism51. The number of amyloid polymorphs of a protein depends 
on the protein and can be estimated crudely as varying between a few 
and a few dozen9,50.

Amyloid polymorphism might seem to challenge Christian 
Anfinsen’s thermodynamic hypothesis, which describes a one-to-one 
correlation between a polypeptide sequence and its 3D structure53. 
However, Anfinsen stated that his hypothesis applies to the structures 
of native proteins in their normal physiological milieu, in which the 

native state is the lowest free-energy state under the given conditions. 
Pathogenic amyloid sequences are not in their native states when they 
form amyloid fibrils and, because they change conformation to reach 
the amyloid state, probably pass outside of their normal physiological 
milieu. Amyloid sequences that form pathogenic fibrils have not expe-
rienced evolutionary optimization, unlike functional amyloids54, which 
can yield energetically similar but distinct structures that are separated 
from one another by energy barriers larger than thermal energy. Fur-
thermore, even a less stable polymorph can be the predominant spe-
cies in a sample. This is because the aggregation of amyloid is initiated 
by stochastic nucleation and aggregates grow by kinetic processes in 
which the polymorph can replicate itself more quickly than a more 
stable polymorph. Together, these factors result in a plethora of kineti-
cally uncoupled alternative structural states. For this reason, the col-
lection of amyloid aggregates in an infected organism might comprise 
a pool of polymorphs with condition-dependent relative abundancies. 
Because these polymorphs are structurally distinct, they could also 
have different activities. This is exemplified by the atomic-resolution 
structures shown in Fig. 4. The intersheet steric-zipper motifs between 
the polymorphs differ, yielding distinct amyloid stabilities, and cor-
respondingly, the surfaces between the polymorphs require dissimilar 
interaction activities55.

General properties of amyloids
Two general biochemical properties account for the biological effects 
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Figure 1 | Atomic-resolution X-ray diffraction steric-zipper structures of 
amyloid protofilaments formed by short segments of amyloid-forming 
proteins. Each structure illustrates one of the possible symmetry classes 
of steric zippers, with views along (top) and perpendicular to (bottom) 
the protofilament axis. One β-sheet is shown in black and the other is in 
grey. Notably, water molecules (light blue spheres) are excluded from the 
tight interface between the β-sheets. Nitrogen atoms (blue), oxygen atoms 
(red), sulfur atoms (yellow) and β-strands (arrows) are depicted. For each 
class, the amino-acid sequence of the representative segment, the parent 
protein from which the segment was selected and the Protein Data Bank 
(PDB) accession code (in parentheses) for the coordinates of the structure 
is presented. Classes 1, 2 and 4 (top row) describe parallel β-sheets and 
classes 5–8 (bottom row) describe antiparallel β-sheets. Asn and Tyr ladders 

are also shown (top right). Class 3 has not yet been observed experimentally. 
Each class is defined on the basis of several characteristics: whether their 
β-strands are parallel or antiparallel; whether their β-sheets pack with the 
same (face-to-face) surface or different (face-to-back) surface adjacent to one 
another; and, whether the two closely packed β-sheets are oriented in the same 
(up–up) direction or the opposite (up–down) direction. In summary: class 1 
contains parallel, face-to-face, up–up structures; class 2 contains parallel, 
face-to-back, up–up structures; class 3 contains parallel, face-to-face, up–
down structures; class 4 contains parallel, face-to-back, up–down structures; 
class 5 contains antiparallel, face-to-face, up–up structures. Class 6 contains 
antiparallel, face-to-back, up–up structures; class 7 contains antiparallel, face-
to-face up–down structures; and, class 8 contains antiparallel, face-to-face, 
up–down structures. IAPP, islet amyloid polypeptide.
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4-component co-polymerization
10 mM L-alanine, 5 mM L-valine, 2 mM L-

glycine, 1 mM L-aspartate
CDI (Carbonyldimidazole) activated amino acids in H2O

0.2 μm

~5 nm wide fibrils
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Template-Assisted Chemical 
Replication (using CDI or COS activated amino acids)

 (Rout, Riek, Greenwald et al., Nat. Comm. 2018
Bomba, Riek, Greenwald.et al., Orig. of Life Evol Biosph 2019)

Ac-FEFEFEFE-NH2  (Template)
    RFRFRFR-NH2  (Substrate)
  

(CDI carbonyl diimidazole amino acids)

RFRFRFR-NH2

200 nm

R(FR)3/(FE)4

influenced by the physicochemical properties of the incoming
amino acid. Indeed, in the context of the R(FR)3/(FE)4 amyloid,
the addition of DL-phenylalanine is highly stereoselective for the
L-enantiomer (Fig. 2). In the range of phenylalanine concentra-
tions that we tested (25–200 μM), there is a distinct dependence
of the product diastereomeric excess (d.e.) on the phenylalanine
concentration. This would suggest that the reaction kinetics are
not simply second order with distinct rate constants for L and D
additions, but rather that preceding the condensation there is a
binding event, perhaps with the N-[imidazolyl-(1)-carbonyl]-
phenylalanine or N-carboxyanhydride intermediate, whose
affinity is in the micromolar range. The stereoselectivity of
the R(FR)3/(FE)4 amyloid for five additional amino acids (A, V, L,
Y and W) was similarly tested and found to be consistently
L-selective, concentration dependent, and yielding higher product
d.e. than the soluble R(FR)3 peptide (Supplementary Fig. 3,
Supplementary Table 2). As expected for the reaction between
two chiral molecules, the addition of amino acids to soluble
peptide displays some stereoselectivity albeit to a much lesser
extent. In fact, soluble R(FR)3 favors the D-enantiomers of
leucine, phenylalanine, tyrosine and tryptophan, such that for
these amino acids the R(FR)3/(FE)4 amyloid has inverted and
enhanced stereoselectivity relative to soluble R(FR)3. The
largest increases in stereoselectivity for the amyloid relative

to the soluble substrate occurred for phenylalanine and valine:
for example, at 200 μM amino acid (100 μM each enantiomer)
the d.e. of phenylalanine addition products increased from
0% to 71% and for valine from −3 to 76%. As expected,
the stereoselectivity for L-additions produces an excess of
D-enantiomers in the unreacted pool of amino acid (Supple-
mentary Fig. 4).

Kinetics of amyloid-templated additions. For an initial assess-
ment of the reaction kinetics, we measured the time dependence
of product formation at our standard conditions (100 μM
activated phenylalanine) over a period of 24 h. The results
depicted in Supplementary Fig. 5 show that the majority of the
(FR)4 product is formed within 30min, with the yield peaking
around 3 h and then sinking about 20%, primarily due to multiple
additions. In an effort to get a more detailed understanding of
the reaction mechanism we measured the early kinetics of the
reaction for both R(FR)3/(FE)4 and the soluble R(FR)3 at
various L- and D-phenylalanine concentrations (Supplementary
Figs. 6–8). The additions of L- or D-phenylalanine to soluble
peptide appear to be first order with respect to phenylalanine
(Supplementary Fig. 8c, d) as would be expected for a simple
uncatalyzed addition. In contrast, the reaction kinetics of the
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Fig. 1 Single addition reactions with the R(FR)3/(FE)4 amyloid. a Schematic model of the amyloid-templated addition reaction, depicting just three
layers of the repetitive amyloid structure in which the phenylalanine is represented by squares and the arginine and aspartate by blue and red
circles respectively. The blue shading highlights the sites of addition in the substrate peptide. b–f, Reverse-phase HPLC chromatograms of the
addition reactions with phenylalanine (b), aspartate (c), glycine (d), valine (e) and arginine (f). The * and ** indicate the C-terminal deamidated
substrate and template, respectively, that remained after purification. The reactions with just the substrate R(FR)3 are the black traces and those
with the amyloid R(FR)3/(FE)4 are the red ones. The R(FR)3 concentration was 100 μM, the (FE)4 concentration was 130 μM and amino acids were
all at 100 μM
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Template-Assisted Chemical 
Replication (using CDI or COS activated amino acids)

 (Rout, Riek, Greenwald et al., Nat. Comm. 2018
Bomba, Riek, Greenwald.et al., Orig. of Life Evol Biosph 2019)

Ac-FEFEFEFE-NH2  (Template)
    RFRFRFR-NH2  (Substrate)
  

(CDI carbonyl diimidazole amino acids)

RFRFRFR-NH2

influenced by the physicochemical properties of the incoming
amino acid. Indeed, in the context of the R(FR)3/(FE)4 amyloid,
the addition of DL-phenylalanine is highly stereoselective for the
L-enantiomer (Fig. 2). In the range of phenylalanine concentra-
tions that we tested (25–200 μM), there is a distinct dependence
of the product diastereomeric excess (d.e.) on the phenylalanine
concentration. This would suggest that the reaction kinetics are
not simply second order with distinct rate constants for L and D
additions, but rather that preceding the condensation there is a
binding event, perhaps with the N-[imidazolyl-(1)-carbonyl]-
phenylalanine or N-carboxyanhydride intermediate, whose
affinity is in the micromolar range. The stereoselectivity of
the R(FR)3/(FE)4 amyloid for five additional amino acids (A, V, L,
Y and W) was similarly tested and found to be consistently
L-selective, concentration dependent, and yielding higher product
d.e. than the soluble R(FR)3 peptide (Supplementary Fig. 3,
Supplementary Table 2). As expected for the reaction between
two chiral molecules, the addition of amino acids to soluble
peptide displays some stereoselectivity albeit to a much lesser
extent. In fact, soluble R(FR)3 favors the D-enantiomers of
leucine, phenylalanine, tyrosine and tryptophan, such that for
these amino acids the R(FR)3/(FE)4 amyloid has inverted and
enhanced stereoselectivity relative to soluble R(FR)3. The
largest increases in stereoselectivity for the amyloid relative

to the soluble substrate occurred for phenylalanine and valine:
for example, at 200 μM amino acid (100 μM each enantiomer)
the d.e. of phenylalanine addition products increased from
0% to 71% and for valine from −3 to 76%. As expected,
the stereoselectivity for L-additions produces an excess of
D-enantiomers in the unreacted pool of amino acid (Supple-
mentary Fig. 4).

Kinetics of amyloid-templated additions. For an initial assess-
ment of the reaction kinetics, we measured the time dependence
of product formation at our standard conditions (100 μM
activated phenylalanine) over a period of 24 h. The results
depicted in Supplementary Fig. 5 show that the majority of the
(FR)4 product is formed within 30min, with the yield peaking
around 3 h and then sinking about 20%, primarily due to multiple
additions. In an effort to get a more detailed understanding of
the reaction mechanism we measured the early kinetics of the
reaction for both R(FR)3/(FE)4 and the soluble R(FR)3 at
various L- and D-phenylalanine concentrations (Supplementary
Figs. 6–8). The additions of L- or D-phenylalanine to soluble
peptide appear to be first order with respect to phenylalanine
(Supplementary Fig. 8c, d) as would be expected for a simple
uncatalyzed addition. In contrast, the reaction kinetics of the
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Fig. 1 Single addition reactions with the R(FR)3/(FE)4 amyloid. a Schematic model of the amyloid-templated addition reaction, depicting just three
layers of the repetitive amyloid structure in which the phenylalanine is represented by squares and the arginine and aspartate by blue and red
circles respectively. The blue shading highlights the sites of addition in the substrate peptide. b–f, Reverse-phase HPLC chromatograms of the
addition reactions with phenylalanine (b), aspartate (c), glycine (d), valine (e) and arginine (f). The * and ** indicate the C-terminal deamidated
substrate and template, respectively, that remained after purification. The reactions with just the substrate R(FR)3 are the black traces and those
with the amyloid R(FR)3/(FE)4 are the red ones. The R(FR)3 concentration was 100 μM, the (FE)4 concentration was 130 μM and amino acids were
all at 100 μM
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Black:XXXRFRFR-NH2Red:     XXXRFRFR-NH2 
   Ac-FEFEFEFE-NH2

HPLC of with and without template of the reaction of CDI-
activated amino acids L-Arg (R) and D-Arg(r) and L-Phe (F) 

and D-Phe (f)

fact that the (FR)3/(FE)4 mixture forms an amyloid implies that
the single phenylalanine addition product of R(FR)2 would
aggregate with (FE)4. To probe the combined sequence and
stereoselectivity of the soluble R(FR)2/(FE)4 mixture, we added
both activated DL-phenylalanine and DL-arginine (each enantio-
mer at 200 μM). The precipitate from this reaction was collected
at 100,000 g, solubilized in guanidine and analyzed by HPLC. Of
the 64 possible triple addition products, only three could be
detected in the insoluble fraction: two major products L-(FR)4
and L-FF(FR)3 and a minor product of undetermined stereo-
chemistry, however most likely fFFRFRFR-NH2 in which the final
addition is a D-phenylalanine. (Fig. 4b). To help identify the
numerous diastereomeric reaction products, the same reactions
were carried out separately with D-amino acids or L-amino acids
and also individually with arginine or phenylalanine. From these
results, it was apparent that in the racemic reactions, the D-amino
acids have little impact on the yield of the L-products. (Fig. 4a).
The reaction with R(FR)2 alone does not yield a precipitate and

the HPLC chromatogram of its reaction products has no
detectable (FR)4.

Regioselectivity in the additions to (OV)4 templated by V
(DV)4. In order to address the relevance and general feasibility of
this amyloid templating mechanism as a prebiotic reaction, we
also designed an analogous substrate-template peptide pair from
amino acids that are more likely to have been abundant in a
prebiotic setting25. The valine/aspartate template V(DV)4 (Ac-
VDVDVDVDV-NH2) and valine/ornithine substrate (OV)4
(OVOVOVOV-NH2) are, as with the FE/FR peptides, soluble in
isolation and form an amyloid when mixed (Supplementary
Fig. 9), yet they have an added complexity: the four ornithine
residues and the N-terminus of (OV)4 present a total of five
addition-reactive sites. Indeed, in the standard conditions with
two equivalents of activated valine, addition occurs equally well at
all five sites of the soluble substrate, yielding the N-terminal
addition product V(OV)4 at 5%, constituting only 15% of the
single addition products. With the (OV)4/V(DV)4 amyloid, the
yield of V(OV)4 is increased to 14%, constituting 65% of the
single addition products (Fig. 5a). Taking into account the five
potential reactive sites, the increase in N-terminal specificity in
the amyloid aggregate compared to soluble peptide is about 10-
fold. Since all five valine addition products are not resolved by
HPLC, the elution time for V(OV)4 was identified with an
authentic sample and each HPLC peak analyzed by NMR (Sup-
plementary Fig. 10). The yield and regioselectivity is even higher
for phenylalanine for which N-terminal additions comprise 85%
of single addition products (or about 23-fold more than each
sidechain) with a yield of 20% (Fig. 5b).

Robustness of the amyloid templating reaction. The resilience
of amyloids under harsh conditions is one of the characteristics
that makes them interesting from a prebiotic perspective. The
templating mechanism described above further supports the
notion of the amyloid as a molecular scaffold that could have
fulfilled the catalytic and genetic requirements of an early life-
form. In fact, the (OV)4/V(DV)4 amyloid, with its putative pre-
biotic composition, retains enhanced N-terminal addition activity
from pH 5.6–8.6, and in salt concentrations from 0 to 4M NaCl.
Within these ranges, the N-terminal specificity increases with
decreasing pH or increasing NaCl concentration, both at a small
expense to V(OV)4 yield (Supplementary Tables 3 and 4). The
stabilizing effect of the amyloid was very pronounced in a reac-
tion at 90 °C for 6 h in which the amyloid both retained N-
terminal addition specificity and resisted hydrolysis while the
soluble peptide yielded dozens of products as a result of hydro-
lysis, ornithine sidechain additions and multiple additions
(Fig. 6).
While the reaction outcomes are shown to be influenced by

many factors, both yield (of sequence-specific products) and
specificity are consistently higher for the amyloid substrates
compared to the soluble substrates. Also, in the course of the
study we found that phosphate, the buffer used in all experiments
except the NaCl series, is moderately inhibitory to the CDI
activated additions, reducing the yields 2–3-fold at 50 mM
compared to yields at 20 mM NaPO4; however, it has no effect
on the specificity. Of course, the equilibrium between the amyloid
and soluble peptides will also affect the yield and specificity of the
reactions. Under our standard aggregation conditions (100 μM
substrate, 120–130 μM template, pH 7.4) we quantitated the
amount of substrate that remains soluble for the three different
amyloids studied. We could not detect soluble substrate peptide
for the (FR/FE) amyloids, however about 3% of (OV)4 remained
soluble in a mixture with its template V(DV)4.
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Fig. 4 Sequence-specific and stereospecific, consecutive triple addition
reactions with the R(FR)2/(FE)4 mixture. Reverse-phase HPLC
chromatograms of the addition reactions of a mixture of arginine and
phenylalanine (a), and a mixture of DL-arginine and DL-phenylalanine (b)
with substrate R(FR)2, in presence (red) or absence (black) of template
(FE)4. The maximum absorbance of the peaks that go off scale are listed
above the peaks and the overlaid chromatograms have been scaled to
represent the same amount of the total reaction. The substrate and
template concentration was 100 μM, and amino acids were all at 200 μM of
each enantiomer. The sequential additions of amino acids are indicated by
the curved arrows: green for phenylalanine and blue for arginine, dotted
lines are for D-enantiomers and lower case letters indicate the positions of
D-residues. The isotactic and sequence-specific products are highlighted in
gray. The labeled products were identified by mass spectrometry and
control reactions with just D-enantiomers. The numbered products,
identified only by mass spectrometry (sequence and stereochemistry not
identified) have the following compositions: 1. R4F3, 2. R4F3, 3. R3F4, 4. R3F5

5. R3F4
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Can Amyloids by enzymatic active:
Peptide of length 7 plus Y for detection

Amino acid composition: V, A, S, D, and H
Table S1 and associated data: Biophysical characterization of library
peptides.

pH 7.3 pH 4.0
Sequence ThT1 CD2 FTIR3 EM4 ThT CD FTIR EM X-ray5

1 Ac-YVDVDVDV-CONH2 1 � � 89 �++ 1625 +
2 Ac-YVSVDVDV-CONH2 24 � 1624 322 �++ 1624 + cross-�
3 Ac-YVDVSVDV-CONH2 2 � � 120 �++ 1623 +
4 Ac-YVDVDVSV-CONH2 3 � � 160 �++ 1618 +
5 Ac-YVSVSVDV-CONH2 322 �+ 1619 322 �++ 1618 +
6 Ac-YVSVDVSV-CONH2 309 �+ 1618 322 �++ 1622 +
7 Ac-YVDVSVSV-CONH2 208 � � 128 �++ 1619 +
8 Ac-YVHVHVHV-CONH2 126 �+ 1627 + 1 � � � cross-�
9 Ac-YVSVHVHV-CONH2 82 �++ 1624 + 1 � �

10 Ac-YVHVSVHV-CONH2 29 �+ 1623 + 1 � �
11 Ac-YVHVHVSV-CONH2 18 �++ 1624 + 1 � �
12 Ac-YVSVSVHV-CONH2 183 �++ 1623 5 ? 1621 + cross-�
13 Ac-YVSVHVSV-CONH2 0 �+ 1622 + 11 �++ 1621
14 Ac-YVHVSVSV-CONH2 322 �+ 1624 + 2 �+ 1623 cross-�
15 Ac-YVDVHVSV-CONH2 114 �+ 1623 + 13 �+ 1622 +
16 Ac-YVDVSVHV-CONH2 177 �++ 1618 + 7 �++ 1619 +
17 Ac-YVHVDVSV-CONH2 163 �+ 1622 + 5 �++ 1622
18 Ac-YVSVDVHV-CONH2 31 �++ 1622 + 1 �++ 1622
19 Ac-YVSVHVDV-CONH2 142 �++ 1624 + 9 �++ 1624
20 Ac-YVHVSVDV-CONH2 98 �+ � + 23 �++ 1622 +
21 Ac-YVHVHVDV-CONH2 133 �+ 1626 + 1 ? � +
22 Ac-YVHVDVHV-CONH2 44 �+ 1624 + 1 ? � +
23 Ac-YVDVHVHV-CONH2 21 �+ 1624 + 1 � 1626 +
24 Ac-YVDVDVHV-CONH2 2 � � + 1 �++ 1626 +
25 Ac-YVDVHVDV-CONH2 2 � � 9 �++ 1623 +
26 Ac-YVHVDVDV-CONH2 5 � � 5 �++ 1624 +
27 Ac-YVAVHVHV-CONH2 129 �+ 1625 + 1 � � cross-�
28 Ac-YVHVAVHV-CONH2 114 �+ 1624 + 1 � �
29 Ac-YVDVHVAV-CONH2 183 �+ 1622 + 25 ? 1618
30 Ac-YVAVDVHV-CONH2 42 � 1623 + 10 �++ 1624
31 Ac-YVHVDVAV-CONH2 259 �+ 1622 32 �++ 1621 +
32 Ac-YVHVAVDV-CONH2 322 �+ 1621 111 �++ 1621 +
33 Ac-YVAVHVDV-CONH2 67 �+ 1624 2 �++ 1623 +

1. Fold increase in ThT fluorescence over background.
2. CD spectra classified as follows: (�+) has minimum near 217 nm, (�++) has minimum near 217 nm
and a maximum near 197 nm, (�) signal too weak to interpret, (?) spectra not typical of any secondary
structure.
3. The peak position in amide I region is given in cm�1. (�) indicates that no peak was observed
within the typical range of stretching frequencies for �-structure (between dashed lines at 1638 cm�1 and
1615 cm�1)[1].
4. (+) fibrils present or (�) absent in EM micrographs.
5. Di↵raction images recorded for the aligned fibrils of 5 di↵erent peptides (see materials and methods).

1

!
Table%3:%Esterase%activity%of%selected%peptides%at%pH%7.3%
!
 composition symbo

l1 
kcat/KM 
(M-1s-1) 

kcat 
(10-2s-1) 

KM 
(mM) 

82 Ac-YVHVHVHV-
CONH2 ● 

 
2.288±0.07
7 

0.547±0.0
56 

2.39±0.
32 

9 Ac-YVSVHVHV-
CONH2 ○ 

 
1.461±0.09
4 

0.544±0.0
48 

3.71±0.
39 

11 Ac-YVHVHVSV-
CONH2 □  6.29 

±0.52 
0.514±0.0
51 

0.87±0.
15 

27
2 

Ac-YVAVHVHV-
CONH2 ■  4.26 

±0.13 
3.05 
±0.80 

7.2 
±2.1 

34
2 

Ac--IHIHIQI-
CONH2 ▲ 15.76 

±0.96 
2.47 
±0.32 

1.57±0.
29 

35
2 

Ac-YVHVHVAV-
CONH2  

 7.38 
±0.63 

0.463±0.0
39 

0.63±0.
10 

10 Ac-YVHVSVHV-
CONH2 ● 

 
0.172±0.00
34 

  

21 Ac-YVHVHVDV-
CONH2 ■ 

 
0.473±0.04
6 

0.059±0.0
10 

1.23±0.
32 

28 Ac-YVHVAVHV-
CONH2 ○ 

 
0.215±0.00
7 

0.042±0.0
04 

1.95±0.
23 

36
3 

Ac---HGH----
CONH2 ▲ 

 
0.041±0.00
54 

  

% imidazole 

 

 
0.199±0.00
84 

  

%
1.!Symbol!used!in!Figure!1a!(first!5)!and!1b!(last!4).!!
2.!Measurements!taken!in!duplicate!for!these!peptides,!otherwise!in!
triplicate.!
3.!Measurements!taken!without!replicates.!
4!For!these!kcat/KM!=!k2!was!obtained!through!a!linear!fit!to!v0!=![E]0!k2[S].!
% %

The activity of 7 is strictly zinc-dependent, and no significant
activity above background is observed in the absence of Zn2þ. The
catalytic activity also showed a marked dependence on the nature
of the residue at position 6. Interestingly, peptide 3, with an amyloi-
dogenic glutamine residue at this position was most active, with
kcat/KM¼ 30+3 M21 s21. Peptides with Asp, Glu or His residues
at position 6 (1, 2 and 5, respectively) had little to no activity,

possibly because these side chains compete with the His residues
at positions 2 and 4 for binding to the metal ion creating catalyti-
cally inactive sites.

Structure–activity relationships. Intrigued by the finding that a
potentially amyloid-promoting Gln residue enhanced catalytic
activity we varied the hydrophobic Leu residues that were
expected to stabilize the b-sheet association. Replacement of the
Leu residues with residues of greater b-sheet propensity15,16, Ile or
Val, produced peptides 9 (IHIHIRI) and 10 (VHVHVRV) with
almost 50% increase in activity compared to 7. Conversely,
replacement of Leu with Ala, a residue with both lower
hydrophobicity and weaker b-sheet-forming propensity, gave a
peptide (8) that is almost inactive as an esterase. The terminal
acetyl and carboxamide groups also appeared to be important for
activity, because the peptide lacking these groups (14) was
catalytically inactive. These observations are in good agreement
with previous studies that showed that subtle modifications of
secondary structure in short peptide catalysts lead to substantial
improvements in activity and substrate specificity17,18.

The activity of 9 (IHIHIRI) could be further increased by
inclusion of Gln at position 6, which had already been shown to
increase activity in the leucine-containing peptides. The effects of
introducing b-branched amino acids and glutamine are additive:
the peptide containing both isoleucines in its hydrophobic core
and Gln at position 6 (11, IHIHIQI) is 3.5-fold more active than
7 (Table 1) and reaches a kcat/KM value of 360+30 M21 s21 at
pH 10.3 (Fig. 2b). The catalysis follows Michaelis–Menten kinetics,
and no product inhibition was observed over 20 turnovers. A similar
effect, albeit to a lower extent, was observed when Gln was intro-
duced into the valine-containing peptide 10. Interestingly, in both
cases the gain in catalytic efficiency comes from the decrease in
KM rather than improvement in kcat. The activity of 11 is more

a

b

c
d

e

1 53
42

7
6

Figure 1 | Overview of concept and design. a, Structure of human carbonic anhydrase showing a typical metal-binding motif. b, Model for one of the
designed peptides (11, Ac-IHIHIQI-CONH2) in the extended b-strand configuration showing positions of the residues in the sequence. c–e, Computationally
derived model of fibrils formed by 11, showing overall fold (c), packing of the hydrophobic core (d) and zinc primary coordination sphere (e).

Table 1 | Esterase activity for the designed peptides at pH 8
in the presence of 1 mM Zn21.

Peptide Sequence kcat/KM

(M21 s21)
kcat 3 1022

(s21)
KM

(mM)
Position 6 variants
1 Ac-LHLHLDL-CONH2 0.2+0.1
2 Ac-LHLHLEL-CONH2 ,0.2
3 Ac-LHLHLQL-CONH2 30+3
4 Ac-LHLHLYL-CONH2 13+5
5 Ac-LHLHLHL-CONH2 0.6+0.08
6 Ac-LHLHLKL-CONH2 12+2
7 Ac-LHLHLRL-CONH2 18+4
Leucine substitutions
7 Ac-LHLHLRL-CONH2 18+4 3.2+0.4 1.8+0.4
8 Ac-AHAHARA-CONH2 0.12+0.8
9 Ac-IHIHIRI-CONH2 22+8 4.2+0.8 1.9+0.5
10 Ac-VHVHVRV-CONH2 26+4 3.8+0.3 1.5+0.2
Combined substitutions
11 Ac-IHIHIQI-CONH2 62+2 2.6+0.04 0.4+0.1
11a Ac-VHVHVQV-CONH2 32+2 1.6+0.2 0.5+0.1
Primary ligand variants
12 Ac-IAIHIRI-CONH2 0.36+0.16
13 Ac-IHIAIRI-CONH2 0.2+0.4
Removal of N, C-terminal blocking groups
14 H2N-IHIHIQI-COOH 1+3
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Short peptides self-assemble to produce
catalytic amyloids
Caroline M. Rufo1†, Yurii S. Moroz1†, Olesia V. Moroz1†, Jan Stöhr2, Tyler A. Smith1, Xiaozhen Hu3,
William F. DeGrado3* and Ivan V. Korendovych1*

Enzymes fold into unique three-dimensional structures, which underlie their remarkable catalytic properties. The
requirement to adopt a stable, folded conformation is likely to contribute to their relatively large size (>10,000 Da).
However, much shorter peptides can achieve well-defined conformations through the formation of amyloid fibrils. To test
whether short amyloid-forming peptides might in fact be capable of enzyme-like catalysis, we designed a series of seven-
residue peptides that act as Zn21-dependent esterases. Zn21 helps stabilize the fibril formation, while also acting as a
cofactor to catalyse acyl ester hydrolysis. These results indicate that prion-like fibrils are able to not only catalyse their
own formation, but they can also catalyse chemical reactions. Thus, they might have served as intermediates in the
evolution of modern-day enzymes. These results also have implications for the design of self-assembling nanostructured
catalysts including ones containing a variety of biological and non-biological metal ions.

The mechanisms by which proteins evolved to possess enzymatic
activity are largely unresolved. An enzyme’s amino-acid
sequence underlies its ability to fold into a native structure,

which positions and tunes the dynamics of the functional groups
required for binding and catalysis. Modern-day enzymes are gener-
ally at least 100 residues in length, which is close to the chain
length required to create a well-defined hydrophobic core in a
globular protein. A protein of this length, however, would have an
astronomically large number of possible sequences, and it is
unclear how nature might have tested sufficient numbers of permu-
tations to find one capable of folding and function.

This apparent paradox has led to the suggestion that the earliest
proteins might have been formed from short peptides or polymers
with repeating amino-acid sequences that relied on self-assembly
to achieve a folded structure1,2. Indeed, simple heptapeptides with
alternating apolar and polar residues self-assemble into extended
b sheets stabilized through intermolecular association of the
apolar residues in the sequence repeat3. Moreover, structural charac-
terization of short amyloid-forming peptides has revealed a myriad
of conformational variations on the basic cross-b conformation4–6.
Thus, it is possible that the first primitive protein enzymes were
short peptides with amyloid structures providing the frameworks
to support their catalytic activities.

Metals also might have figured largely in the emergence of the
catalytic activity of proteins7,8. Not only do transition-metal ions
help catalyse reactions, but they can also influence the folding of
proteins through interaction with ligating side chains. We therefore
explored the design, metal interactions and catalytic properties of
Zn2þ-binding amyloidogenic peptides. Zn2þ was chosen as a cofac-
tor given its high abundance and frequent occurrence in modern
metal-dependent hydrolases such as carbonic anhydrase and metal-
loproteases. The Zn2þ ion lowers the pKa of a bound water, stabiliz-
ing and positioning hydroxide for nucleophilic attack of the
substrate. The Zn2þ binding site in enzymes often contains two
His ligands projecting from positions i and iþ 2 of a b-sheet; a
third His ligand from a neighbouring strand completes the

primary ligand environment. This very simple interstrand 3-His
metal-binding site is observed in proteins such as erythrocyte
carbonic anhydrase (Fig. 1a)9; similarly, two His residues from
neighbouring positions of b-strands are seen in the amyloid-like
b-solenoid structure of an archaeal g-carbonic anhydrase10.
Additionally, general acid/bases from neighbouring side chains
serve as secondary ligands and assist protonation/deprotonation
events in catalysis. We therefore asked whether a similar site
might be created within the b-sheet-forming minimalist heptapep-
tide sequence (LKLKLKL). This and related peptides have alternat-
ing hydrophobic residues, which creates an amphiphilic b-strand
that further associates via hydrophobic interactions to form
extended amyloid b-structures11,12. Considerable sequence variation
is tolerated as long as the hydrophobic periodicity is preserved13,14.
We retained the apolar Leu residues to drive assembly, while the Lys
side chains at positions 2, 4 and 6 were changed to polar residues
capable of supporting transition-metal ion binding and catalysis.
Zn2þ-binding His residues were placed at positions 2 and 4, while
at position 6 (Fig. 1b) we explored acidic (Asp, Glu), neutral (Gln,
Tyr) and basic residues with various pKa values (His, Lys, Arg).

Results and discussion
Hydrolytic enzymes perform a diverse set of functions ranging from
amide, ester or lipid hydrolysis to catalysing the equilibration
between CO2 and bicarbonate. Despite such diversity, many hydro-
lytic enzymes are assayed and benchmarked using a simple chromo-
genic substrate, p-nitrophenylacetate ( pNPA). We therefore chose
this substrate to allow for comparison with natural enzymes and
various designed protein catalysts. Most of the seven original
designs displayed measurable activity over the buffer control
(pH 8 in the presence of 1 mM ZnCl2) in the initial screening for
pNPA hydrolysis, as shown in Table 1. The dependence of the
initial rate of the reaction on substrate concentration for a typical
peptide (7, LHLHLRL) is consistent with the Michaelis–Menten
model, with kcat¼ 3.2+0.4 × 1022 s21, KM¼ 1.8+0.4 mM and a
catalytic efficiency of kcat/KM¼ 18+4 M21 s21 (Fig. 2a, Table 1).
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Fig 1 | Schematic model of RNA-amyloid interactions. RNA, on the left, is composed of 
phosphodiester linkages (yellow), ribose (grey) and nucleobases (purple and blue). Amyloid, 
on the right, is composed of b-structured peptides (green) that form β-sheets (here indicated as 
antiparallel although parallel is also possible) with their sidechains (black) pointing alternately 
into and out of the fibril composed of two b-sheets. The repetitive distances that can occur in 
both RNA and amyloid structures are indicated. Note that parallel beta-sheets have a repeat 
distance of 4.7 Å instead of 9.4 Å. 
  

68 RNA-only controls were used to quantitate the total RNA and
69 to account for possible nonspecific binding of the RNA to the
70 plastic DNA LoBind tubes (Eppendorf). An amyloidogenic

t1 71 nature for the peptides used in this study (Table 1) was
72 expected based on the alternating hydrophilic/hydrophobic
73 character of the sequences; however, we also measured the
74 Fourier-transform infrared (FTIR) spectra of the aggregated
75 samples to verify that they possess β-sheet structure, used
76 transmission electron microscopy (TEM) to image their
77 fibrillar nature, and determined the percentage of aggregation
78 by HPLC (Figures S1−S3). Considering the importance of
79 electrostatics in peptide−RNA interactions, we first inves-
80 tigated the pH dependence of the binding between the RNA
81 heptanucleotide GUGUGUG ([GU]3G) and a series of
82 peptide amyloids of varying electrostatic character. For these

f2 83 assays we used a stoichiometric excess of the peptide, with 100

84 f2μM peptide and 50 μM RNA. As shown in Figure 2A, peptide
85amyloids comprised of both acidic and basic ionizable groups
86have a strong pH dependence for their interaction with RNA.
87Low pH is more favorable for binding, which we attribute to
88the protonation and neutralization of carboxylate groups,
89thereby facilitating the interaction with the negatively charged
90phosphate backbone of RNA. Hence, the C-terminally
91amidated peptide 3 shows the lowest dependence on pH
92because it retains an overall positive charge character even at a
93neutral pH, while for peptides 2 and 1, the C-terminus and the
94Glu side chain, unless protonated, can interfere with binding to
95the [GU]3G oligonucleotide. To further investigate the role of
96electrostatics, [GU]3G binding to peptide amyloids that
97contain multiple ionizable groups (peptides 4, 5, and 6),
98including peptide 6 which has no cationic group due to the
99acetylation of its N-terminus, was measured at pH 3. The

Figure 1. The periodic nature of RNA and amyloid structures. A schematic representation of RNA, on the left, is composed of phosphodiester
linkages (yellow), ribose (gray), and nucleobases (purple and blue). The amyloid, on the right, is composed of β-structured peptides (green) that
form β-sheets (here indicated as antiparallel although parallel is also possible) with their side chains (black) pointing alternately into and out of the
fibril composed of two β-sheets. The repetitive distances that can occur in both RNA and amyloid structures are indicated. Note that parallel β-
sheets have a repeating distance of 4.7 Å instead of 9.4 Å. The dashed lines on the β-sheets indicate other repetitive features on the amyloid surface.

Table 1. Amyloidogenic Peptides Used in This Study

aAmino acid residues are represented in the standard single letter code; Ac− is for an acetylated N-terminus and −NH2 is for an amidated C-
terminus. bDominant ionization states of the ionizable groups of the peptide at neutral pH are listed as the charges on the N-terminus, side chains,
and C-terminus. The listed ionization states are based on the individual pKa values of the groups and are expected to vary depending on buffer pH
and the aggregation state of the peptide.
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Fig S5 | Mobility of pGNG RNA trinucleotides by reverse phase HPLC. The HPLC traces 
of the four pGNG trinucleotides are overlayed to demonstrate their elution order, which 
corresponds to the reverse of the order of hydrophobicity of the mononucleotide of the 
middle base. 
 

 
 
Fig S6 | Affinity of the RNA-amyloid interaction. Binding dissociation constants for 
[GU]3G and pGUG binding to the peptide 7 amyloid. HPLC analyses of the supernatant 
from mixtures of 50 μM peptide and 5-150 μM RNA were performed to obtain the fraction 
bound (ratio of RNA to peptide in the pellet) as a function of unbound RNA. The data were 
fit to a model for a single binding site to yield the Kd and maximum fraction bound. a, Plot 
and fit of the data for [GU]3G binding and b, the data for pGUG binding. The fits were 
performed with the hlfit program of the OpenSource SimFit package. 
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Table 1 Amyloidogenic peptides used in this study  
 

No. Composition a 
Ionization at neutral pH b 

N Sidechain C Sum 
1    FVFEFQFQ + - - -1 
2    FVFQFQFQ +  -  0 
3    FVFQFQFQ-NH2 +   +1 
4    FEFEFKFK + - - + + -  0 
5    FEFEFQFQ + - - - -2 
6 Ac-FEFEFQFQ  - - - -3 
7   VFEFEFKFK + - - + + -  0 
8   VFEFEFQFQ + - - - -2 
9    FVFEFQFV + - - -1 
10   DFEFEFQFQ + - - - - -3 
11    FDFEFQFD + - - - - -3 

 
a Amino acid residues are represented in the standard single letter code; Ac- is for acetylated N-terminus and –
NH2 is for amidated C-terminus. 
b Dominant ionization states of the ionizable groups of the peptide at neutral pH are listed as the charges on the 
N-terminus, sidechains and C-terminus. The listed ionization states are based on individual pKas of the groups 
and are expected to vary depending on buffer pH and the aggregation state of the peptide. 
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Fig. 4. Membrane selectivity provides haven for amyloidogenic peptide formation in a 
chemically unfavorable environment. (A) The schematic shows the selective uptake of an 
activated amino acid (red), its condensation into a peptide and the ensuing amyloid formation all 
while in the presence of an external excess of a species with a reactive amine (green) that cannot 
cross the membrane (Asp in our experiments). The Asp will react with activated valine outside of 
the vesicle and, due to its higher concentration, will prevent the formation of longer aggregation-
prone peptides. (B) to (E) Cryo-EM of several of the conditions tested in order to achieve a 
selective formation of amyloids exclusively on the inside of vesicles. POPC vesicles formed in the 
presence of x mM V(DV)4 were treated with y mM Asp and z mM activated Val. The images 
displayed have concentrations x:y:z of 8:100:20 (B); 8:200:10 (C); 2:100:10 (D); 1.5:100:10 (E). 
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“Progress in science depends on new techniques, new discoveries and 
new ideas, probably in that order”
Sydney Brenner
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