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Replication of self is a fundamental aspect of life that
scientists have only begun to emulate in the laboratory on a
molecular level. Examples of self-replicating systems include
nucleotide-based oligomers,1-3 adenine-Kemp’s triacid con-
jugates,4 peptides,5 and micelles.6 The development of molec-
ular systems that link self-replication and natural selection has
been a more elusive target.1d,2c Recent work of Leeet al.
demonstrated that peptides from the GCN4 leucine zipper
domain self-replicate in an autocatalytic cycle.5 We sought a
peptidic self-replicating system that would be sensitive to
environmental conditions and reproduce only under extreme
conditions. We now disclose a peptide sequence capable of
replication of self from two peptide fragments in an autocata-
lytic, pH-dependent manner.
We designed a peptide, E1E2 (Figure 1), based on the peptide

of Zhouet al. (EE).7 Like EE, E1E2 was designed to form a
coiled-coil under acidic conditions due to protonation of Glu
side chains at theeandg positions of the helical heptad repeats,
which should relieve electrostatic repulsion in the coiled-coil.
Under physiological conditions, however, the negatively-charged
side chains of Glu should destabilize the coiled-coil, and E1E2
should adopt a random coil conformation. Two fragments of
E1E2,8 the electrophilic thioester-containing fragment E1 and
the nucleophilic fragment E2 containing a free cysteine at its
N-terminus, were designed to produce E1E2 on the basis of
the thioester-promoted, peptide bond formation strategy devel-
oped by Kent.9 We predicted that under acidic conditions the
coupling between E1 and E2 to form E1E2 should proceed via
an autocatalytic pathway, whereby the coupled product, E1E2,
would act as a template to organize the two subunits and
accelerate their condensation. At neutral pH, however, E1E2

formation should proceed by a noncatalytic pathway due to the
lack of structure in E1E2, thereby removing its templating
abilities.
Circular dichroism (CD) spectroscopy was used to assess the

helical content of the designed peptides.10 It was found that
the peptides adopted a helical conformation in a pH-dependent
manner.11 The helical content of E1E2 reached a maximum of
86% at pH 4.0, presumably due to formation of a coiled-coil
upon protonation of the Glu residues as was observed with EE.7

The ratio ofθ220nm/θ207nmhas been shown to correlate with the
presence of a coiled-coil structure, and a value of 1.07 was
obtained for E1E2 at pH 4.0 which is in good agreement with
those of other coiled-coil peptides.12 Addition of 50% trifluo-
roethanol (TFE), a solvent reported to disrupt interhelical
interactions, to E1E2 at pH 4.0 lowered theθ220nm/θ207nmratio
to 0.9, a value indicative of a single-strandedR-helix.12 Size
exclusion chromatography also confirmed that E1E2 is in an
aggregated state at pH 4.0; an apparent molecular weight of
approximately 14 000 was obtained which corresponds to a
trimer at E1E2 concentrations as low as 50µM.
The secondary structure of the shorter peptides, E1 and E2,

was also pH dependent with maximum helical contents of 18
and 22%, respectively, at pH 4.0. The CD spectra of E1 and
E2 in the presence of E1E2 at pH 4.0 showed an increase in
the helical content of E1 and E2 to 31 and 44%, respectively,
confirming the role of E1E2 as a template for the smaller
peptides. To ascertain whether E1 and E2 would associate at
pH 4.0, CD spectra of equimolar concentrations of a mixture
of E1 and E2 were compared to the addition spectra of E1 and
E2. No increase in helical content was observed with the
mixture of peptides over that obtained with the individual
peptides alone, suggesting a lack of association between E1 and
E2.
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Figure 1. (a) Helical wheel diagram of E1E2 showing the positions
of the coiled-coil, heptad repeat (a-g). (b) Peptide sequences employed
in the study [R) (CH2)2CONH2]. Ligation residues Ala and Cys are
located at the solvent exposedb andc positions.
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Since the conformation of E1E2 could be controlled by pH,
the production of E1E2 from E1 and E2 was next investigated
over a pH range of 3.0-7.5. As the pH of the reaction was
decreased from 7.5, there was a concomitant decrease in the
formation of E1E2 with the exception of pH values of 4.0 and
3.0 (Figure 2 and inset). The significantly higher rate of E1E2
formation at pH 4.0 as compared to all other pH values is
presumably due to the coiled-coil and templating ability of the
product E1E2 under these conditions and a reasonably high rate
of reaction between the coupling partners. As the pH of the
reaction was raised the deprotonation of the Glu residues would
result in uncoiling of E1E2 and lead to a diminished templating
of E1 and E2 by E1E2. At a pH of 3.0, however, the rate of
E1E2 formation was significantly lower than at 4.0 presumably
due to the lower reactivity of the condensation reagents, although
the distinct sigmoidal growth in E1E2 product formation
confirms the autocatalytic nature of the reaction under these
conditions as well (Figure 2, inset).1,2,4,5

Autocatalysis in the formation of E1E2 from E1 and E2 at a
pH of 4.0 was unambiguously established when the reaction
was performed in the presence of differing amounts of E1E2
(Figure 3a).13 The reaction was accelerated by the presence of
template: increasing the amount of E1E2 in the reaction mixture
increased the initial rate of E1E2 formation. The initial rate of
product formation was found to be linearly proportional to the
square root of the template concentration (Figure 3b), a
phenomenon that is commonly observed in autocatalytic
reactions.1f,2,4,5 Furthermore, addition of E1E2 to the pH 7.5
reaction mixture led to no increase in product formation,
confirming the lack of autocatalysis under these conditions.
Interestingly, we were able to observe the reaction intermediate,
the thioester ligation product (E1E2*), during the course of the
formation of E1E2. The thiolactone intermediate has been
observed previously,9d,14and under our reaction conditions (pH
) 4), the free amino terminus of E2 would be in the protonated
form and less likely to undergo facile reaction with the thioester.
The experimental data were analyzed using the program

SimFit1d,e based on the empirical equations for autocatalysis

derived by von Kiedrowski.15 This analysis provided an
apparent autocatalytic rate constant ofka ) 24.4 M-3/2 s-1 and
a noncatalytic rate constant ofkb ) 0.0265 M-1 s-1 with an
autocatalytic efficiency (ε) ka/kb) of approximately 900 (M-1/2).
There was also a noticeable sigmoidal growth in E1E2 produc-
tion when no template was added, providing further evidence
for autocatalysis under these conditions, and significant inhibi-
tion of the reaction upon addition of 50% trifluoroethanol, an
agent which is known to inhibit coiled-coil formation,12,16

providing evidence for the role of E1E2 as a template for the
reaction of E1 with E2. Since E1E2 exists as a trimer at
concentrations greater than 50µM, it is possible that the
templating species is a dimeric or trimeric coiled-coil, although
we cannot rule out the potential for a monomeric template at
the low, initial concentrations of E1E2 during the early stages
of the reaction.
In conclusion, we have successfully designed a pH-modulated,

self-replicating peptide which promotes its own production under
acidic conditions. At neutral pH, however, autocatalysis is
suppressed and the reaction with added template is indistin-
guishable from the background reaction. This self-replication
demonstrates the first application of environmental control
within the peptide autocatalysis regime. We are applying this
strategy to design self-replicating systems where cross-catalysis
is possible under controlled conditions.
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Figure 2. Product formation as a function of time at different pH:
(O) 3.0, (9) 4.0, (+) 5.3, (4) 6.6, (0) 7.5 (E1E2 and E1E2* were both
considered product in this study for a more accurate comparison). (inset)
Expanded region emphasizing the 0-12 µM portion of the graph.

Figure 3. (a) E1E2 production as a function of time for reaction
mixtures of E1 and E2 containing different initial concentrations of
E1E2 as the template at pH 4.0: (9) no E1E2, (0) 25 µM E1E2, (2)
50 µM E1E2, (4) 100 µM E1E2. Curves were generated from the
program SimFit.1d,eThe dashed line represents the calculated production
of E1E2 in the absence of autocatalysis. (b) Initial rate of E1E2
formation as a function of the square root of the initial template
concentration (T0).
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