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Peptide Self-Replication via Template-Directed Ligation

Kay Severin, David H. Lee, Jose A. Martinez, and M. Reza Ghadiri*

Abstract: A 32-residue z-helical peptide
with a sequence similiar to that of the
GCN4 leucine zipper region is shown to
catalyze its own formation by accelerating

istics as revealed by a detailed kinetic
analysis. Control reactions with single-
mutant peptides strongly support a mech-
anism in which a ternary and/or quater-

nary complex of the product with both
peptide fragments act(s) as the catalytical-
ly active intermediate(s). Furthermore,
these experiments reveal a remarkable se-

the amide bond formation of a 17-residue
peptide, preactivated as a thiobenzyl es-
ter. and a 15-residue peptide with a N-ter-
minal cysteine. The self-replication pro-
cess displays parabolic growth character-

autocatalysis -

Introduction

In a distant future, it may be possible to construct complex
molecular systems through self-instructed nonlinear chemical
processes. Such endeavors would first require the ability to ra-
tionally design informational self-reproducing and self-organizing
molecular systems. The design and study of self-replicating
molecular systems is viewed as the first step toward these long-
term goals and is expected to provide the vehicle for exploring
such uncharted chemistry frontiers. Here we describe the design
principles. the kinetic profile, and the molecular information
transfer propertics of the first sclf-replicating peptide structure.

Molecular sclf-replication, in its most basic manifestation, is
a rcaction in which the product(s) functions as a specific catalyst
for the rcaction. Thus, self-replicating molecular systems are
necessarily nonlinear chemical processes. They can exhibit vary-
ing degrees of nonlinearity depending on the molecular nature
and the complexity of the overall system.!") In recent years a few
intriguing examples of seif-replicating molecular structures have
been described.l?! These primarily operate based on the well-
defined pattern of hydrogen-bond donors and acceptors of
nucleic acid base-pairing interactions. In contrast, the self-repli-
cating molecular structure described here is the first example of
a peptide-based replicator that utilizes a multitude of noncova-
lent chemical interactions.®
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quence selectivity, as evidenced by the loss
of autocatalytic activity as a result of a
single replacement of leucine or valine
residues with an alanine at the recognition
interface.

Results and Discussion

Design Principles: As opposed to nucleic acids, polypeptides are
not intrinsically self-complementary molecular structures. Ex-
pression of the required complementary surfaces in self-replicat-
ing peptides depends not only on the primary sequence, but also
on its folded three-dimensional structure. Accordingly, our de-
sign was based on a simple protein folding motif, namely, the
a-helical coiled coil, for which the factors contributing to the
thermodynamic and kinetic stability of the helical ensembles are
reasonably well-understood.!* 3! The most simple coiled-coil
motif is made up of an identical pair of parallel «-helical pep-
tides that wrap around one another with a slightly left-handed
superhelical twist. The primary sequence of a coiled-coil peptide
exhibits a heptad repeat (ubcdefg: see Figure 4) in which the
residues at ¢ and d positions constitute the primary interhelical
recognition motif forming a specific (knobs into holes) hydro-
phobic interface (Figure 1). Electrostatic interactions between
the residues at the ¢ and g positions are thought to constitute a
secondary level of molecular recognition.!”! Residues at the b, ¢,
and f'positions are exposed to the solvent and do not participate
directly in the self-assembly of the coiled-coil structure and thus

Figure 1. Schematic representation of the coiled-coil peptide structure employed in
this study. Amino acid side chains are represented as balls. The hydrophobic core
consists of alternating valine and leucine residues (darker gray) which show a knobs-
into-holes type packing.
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can tolerate a large variety of amino acid substitutions. The
thermodynamic and kinetic stability, the aggregation state, and
the relative orientation of the helical strands in such peptides
have been shown to depend largely on the identity of the amino
acid residues at positions ¢ and d. Certain amino acid substitu-
tions at these positions can transform the two-stranded coiled-
coil structure into three- or four-helix bundles. !

Monomeric peptide subunits of a coiled coil in aqueous solu-
tions are typically random coils, but almost completely a-helical
in the aggregated state. Therefore, conceptually a given peptide
subunit of a coiled-coil structure may be viewed as the template
that cooperatively directs the self-assembly and self-organiza-
tion of the other strand(s). If so, it seemed reasonable that, given
sufficient thermodynamic driving force, a coiled-coiled peptide
subunit may also act as a template to organize two shorter
peptide fragments onto itself (Figure 2). Furthermore, we
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Figure 2. Schematic representation of the minimal autocatalytic reaction cycle for
the sclf-replicating a-helical peptide. The electrophilic and nucleophilic peptide frag-
ments E and N are preorganized on the template T through interhelical hydropho-
bic interactions forming the ternary complex TEN. Subsequent amide bond forma-
tion gives an identical copy of the template itself, which then becomes part of the
autocatalytic cycle to promote further peptide ligation. The following color code is
used: hydrophobic residues are shown in green, positively charged residues are blue,
while negatively charged residues arc red. The cysteine residue, critical for the
ligation, is shown in yellow.

hypothesized that peptide fragments that are equipped with ap-
propriate reactive end groups should enjoy significantly higher
coupling rates, due to their close proximity and higher effective
molarity when preorganized on the template strand.[®! We envi-
sioned that, if the reacting peptides are constituent fragments of
the template sequence, the newly formed product will be an
identical copy of the template itself, which sets up a new catalyt-
ic cycle that further catalyzes the formation of more templates.
Therefore, the template-directed catalysis (autocatalysis) cre-
ates a positive feedback loop, which establishes the nonlinear
growth profile of self-replicating molecular systems.

The chemo- and regioselectivity in peptide fragment coupling
is of paramount importance, especially when free peptides hav-
ing reactive side chains are employed in aqueous solutions. Al-
though a number of peptide fragment coupling strategies may
be applicable in the self-replicating process, in the present study
we chose to employ the method of Kent et al. in which the
N-terminal peptide fragment is preactivated as a thiobenzyl es-
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ter (electrophilic fragment E) and the C-terminal fragment is
equipped with a free cysteine residue at its N-terminus {nucle-
ophilic fragment N).T1 Such a coupling strategy circumvents the
need for addition of external coupling reagents to the reaction
mixture. In addition, the coupling reaction becomes highly
chemo- and regioselective in producing the desired amide bond
at the intended coupling site (Figure 3), because of the appropri-
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Figure 3. The first step of the ligation is a transthioesterification between the acti-
vated C-terminus of the electrophilic peptide fragment E and the N-terminal cys-
teine side chain functionality of the nucleophilic peptide fragment N. The interme-
diate thioester rapidly rearranges to give the native amide bond (the intermediate
thioester has never been observed during the course of the self-replication process).

ate stability of the thiobenzyl ester in neutral aqueous solu-
tions,as well as the greater nucleophilicity of the sulfhydry! func-
tionality of the cysteine residue at neutral pH as compared to all
other side chain moieties.

A 32-residue polypeptide, similar in sequence to the coiled-
coil a-helical domain of the yeast transcription factor GCN 4,
was chosen as the putative catalyst (template T) in the self-repli-
cation process.'*!! The sequence employed in this study differs
from the natural sequence in six positions (Figure 4). The wild-
type GCN4 sequence contains a single neutral hydrophilic
residue (Asn 16) in the hydrophobic core structure, which has
been shown to exert a critical influence in limiting the aggrega-
tion state of the peptide to a parallel homodimer, while at the
same time considerably reducing the thermodynamic stability of
the coiled-coil structure.! We felt that, unlike the full-length
peptide, a short fragment would not be able to bury such a polar
residue in the hydrophobic core and thus may not favor the
formation of a productive template — peptide fragment complex.
Therefore, the asparagine residue at the position 16 of the natu-
ral sequence was replaced with valine. The consequence of this
mutation is that the template can equilibrate between two- and
three-stranded structures.!? At first glance the occurrence of
this additional species may seem to be a complication, but it may
also be a productive situation since the template dimer (TT) can
potentially act as a catalyst in the ligation reaction (Figure 7).
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Figure 4. Helical-wheel diagram of the template peptide in the dimeric a-helical
coiled-coil configuration emphasizing the heptad repeat motif (top). The interheli-
cal recognition surface is dominated by hydrophobic packing interactions (positions
« and d) and electrostatic interactions (positions ¢ and g). Amino acids at positions
h, c. and f lie on the solvent-exposed surface of the helical structure and do not
participate in the molecular recognition processes. Arrows indicate the ligation site
between a cysteine residue (N-terminus of the nucleophilic peptide fragment) and an
alanine residue (as thiobenzy! ester activated C-terminus of the electrophilic peptide
fragment). The following peptide sequences were employed in this study:
Ar-RMKQLEEKVYELLSKVACLEYEVARLKKLVGE-CONH, (T),
Ar-RMKQLEEK EYELLSKVACLEYEVARLKKLVGE-CONH, (T,g),
Ar-RMKQLEEKVYELLSKVACLEYEVAREKKLVGE-CONH, (T,4g),
Ar-RMKQLEEKAYELLSKVACLEYEVARLKKLVGE-CONH, (Tya),
Ar-RMKQLEEKVYELLSKVACLEYEVARAKKLVGE-CONH, (T,s,).
Ar-RMKQLEEKVYELLSKVA-COSBn (E),

Ar-RMKQLEEK EYELLSKVA-COSBn (Eyy),
H,N-CLEYEVARLKKLVGE-CONH, (N},
HON-CLEYEVAREKKLVGE-CONH, (Nygg).

For consistency, residue numbering of the smaller fragments are the same as the
template. The templates and the electrophilic peptide fragments were acylated at the
N-termini with 4-acetamidobenzoic acid (Ar) to allow sensitive monitoring of
product formation by HPLC.

All other amino acid substitutions to the wild-type GCN4 se-
quence were made to residues at the solvent-exposed surface of
the helical structure and are not implicated in the molecular
information transfer process. The amino acids at positions 17
and 18 were chosen as the site for breaking the full sequence to
form the electrophilic and nucleophilic fragments and were re-
placed with alanine and cysteine residues, respectively. Further-
more, in order to facilitate spectroscopic analysis of the reaction
mixture, Glu10 and Asn 21 were replaced with tyrosine residues,
and 4-acetamidobenzoic acid was coupled to the N-termini of
the electrophile and the template. Aspartic acid residue at posi-
tion 7 was changed to Glu to avoid possible side reactions dur-
ing solid-phase peptide synthesis. The 15-residue nucleophilic N
and 17-residue electrophilic E peptide fragments were derived
accordingly from the template sequence (Figure 4).

Peptide Self-Replication: Autocatalytic amide bond formation
can be clearly established when reaction mixtures differing only
in the initial concentration of the template are studied (Fig-
ure 5). Increasing the initial template concentrations in other-
wise identical reaction mixtures was shown to lead to a signifi-
cant increase of the initial rates of product formation. Three sets
of reactions were carried out starting with initial peptide con-
centrations of [E] =185 uM and [N] =179 um and in the pres-
ence of various amounts of template (0, 8, 28, and 53 pMm).
The present study complements our recent preliminary report
in a number of ways.I® The self-replication studies were per-
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Figure 5. Template formation as a function of time for reaction mixtures with initial
concentrations [E] =185 um, [N] =179 um, and [T] = 0(a), 8 (), 28 (), and 53 um
(0). Error bars reflect standard deviations of three independent runs. Curves were
generated by nonlinear least-squares fit. The simulations are based on the reaction
model described in the text. The dashed line represents the calculated production of
template in the absence of autocatalysis.

formed at higher initial peptide concentrations and monitored
for a longer reaction time-course in order to improve the data
quality and assist in more detailed kinetic analyses. It is interest-
ing to note that the initial concentration of the peptide frag-
ments significantly affects the reaction growth profile.[®! For
example, in one of the reactions described above, in the presence
of 30% initial template (53 um), a 540 % enhancement for the
initial rate of template formation was observed as compared
with the rate of product formation in the absence of added
template. This value exceeds the 350 % rate enhancement previ-
ously reported for similar experiments (in the presence 40%
initial template) performed at twofold lower peptide fragment
concentrations.!®’

The ligation reaction was found to be remarkably regio- and
chemoselective. After 170 minutes less than 15% side products
were observed (compared to the total amount of template
produced) (Figure 6).
Much of the side
product was hydrolyzed
thioester (Hyd) (=9 %).
The second major side
product was a
“branched” peptide
(BR) formed in a trans-
esterification  reaction
between the thioester E
and the cystcine side
chain of the template T
(~6%). Both species
were isolated and char-
acterized by electro-
spray mass spectrome-
try, and their physical
properties were com-
pared with authentic
samples. In order to es-
tablish whether the BR
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Figure 6. Reverse-phase HPLC reaction pro-
file 70 min after initiation of the reaction.
ABA denotes the internal standard 4-acet-
amidobenzoic acid, N the nucleophilic pep-
tide fragment, T the template, E the elec-
trophilic peptide fragment, and BnSH is
benzyl mercaptan. The two minor side
products—hydrolyzed electrophile and a
(““branched™) thioester formed from T and
E—are marked with an asterisk.
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specics can act directly as a catalyst for the reaction, despite its
very low concentration during the course of the reaction, we
investigated the reaction of the BR peptide with the nucleophilic
peptide fragment N. These studies indicated that product was
only formed in the presence of benzyl mercaptan suggesting the
equilibrium shown in reaction (4) of Scheme 1, thus negating
any significant catalytic role of BR in the self-replication pro-
cess. Other minor side products ( <1%) that were identified by
liquid chromatography and mass spectrometry were the mixed
disulfides formed between the template and benzyl mercaptan
and between the template and the nucleophile.

There are at least six template-dependent pathways that
might possibly contribute to the autocatalytic process. The cru-
cial intermediates of those pathways are schematically shown in
Figure 7. Ligation via the ternary or quaternary complexes TEN
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Figure 7. Schematic representation of plausible catalytically active intermediates

which can contribute to the autocatalytic channel of template formation. Results of

u variety of experiments suggest that only pathways a aad b are active (see text).

or TTEN (Figure 7a and b) does involve molecular recognition
of both fragments. Therefore, these aggregates can be consid-
ered as the “true” intermediates of the self-replication process.
For the bimolecular, simply autocatalytic reactions proceeding
through intcrmediates ¢—f, only one of the peptide fragments is
structurally organized on the template.

Two types of control experiments were designed to reveal the
nature of the template-catalyzed process. In the first set of con-
trol experiments two reactions, one with 13 % initial template
and the other without, werc performed in the presence of 2.5M
guanidinium hydrochloride in the reaction buffer. The chaotropic
agent was expected to denature the thermodynamically least
stable template - peptide fragment(s) species, such as the ternary
complex TEN, thercby abolishing any template-directed effect
without affecting any functional groups present in the pep-
tides that might somehow catalyze the ligation reaction. Fig-
ure 8 shows the results of this experiment at an initial peptide
concentration of 190 mM. As in the control experiment previ-
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Figure 8. Template formation as a function of time in the presence () and absence
(o) of 25 um initial template. The reactions were carried out in a buffered solution
of 2.5M guanidinium hydrochloride. Production of template in the absence of guani-
dinium hydrochloride without any added template is shown for reference (a). The
branched peptide BR was included as part of the template T.

ously reported at 90 mm,' there is very little difference in rate
between the reaction with template compared to that without
template— practically none when one accounts for the minute
production of the branched species. Furthermore, the rates of
the reactions in guanidinium hydrochloride are similiar to the
calculated rate of the template-independent background reac-
tion (see kinetic analysis). It is also noteworthy to point out that
the sigmoidal growth (a characteristic signature of autocatalytic
processes) that was so prominent in the experiments lacking
guanidinium hydrochloride was lost. Therefore, it can be unam-
biguously concluded that loss of template-assisted structural
preorganization in the reaction mixture abolishes catalysis and
that no unusual or fortuitous off-template catalysis is provided
by the peptide side-chain functionalities in the primary step of
the fragment condensation process.

The second set of control experiments was performed in order
to determine whether the template-dependent channels c¢—f
(Figure 7) contribute to the production of the full-length pep-
tide. Two “‘crippled’ peptide sequences were designed for use as
templates in these reactions. The crippled peptide sequences
differ from the original template sequence only in one amino
acid position at the recognition interface: a glutamic acid
residue in place of Val9 (T,g) and Leu26 (T,4e) in the native
sequence, respectively. The locations of these amino acid substi-
tutions were chosen to correspond to the putative binding re-
gions of E and N on the native template strand. Placement of a
hydrophilic residue inside the hydrophobic recognition interface
of coiled coils is known to disrupt interhelical associations.[*J!
Therefore, in the presence of a given crippled template the reac-
tion can initially proceed only through pathways c—f, and thus
their contributions to the overall self-replicating process can be
directly assessed. As shown in Figure 9 reactions initially con-
taining 17 % mutant templates T, and T, had approximately
the same rate of product formation as the reaction with no
initial template at all. Thus, any autocatalysis observed was
derived from the normal template that was produced in situ
during the course of the reaction, and not from the mutant
template that was initially present in the reaction mixture. These
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Figure 9. Template formation as a function of time for reaction mixtures initially
containing 29 uM native template T (@), 30 um crippled template Ty (o), 28 um
crippled template Toqe (0). or no template at all (a). In the presence of templates

with Glu mutations in the hydrophobic core, no significant rate-enhancement is
observed.

experiments indicate that intermediates c¢—f (Figure 7) do not
contribute significantly to the production of T and thus the
self-replication process must indecd proceed through the inter-
mediate(s) (such as a and b) in which both fragments are inter-
acting with the template through specific hydrophobic packing
interactions.

Sequence Selectivity in Peptide Self-Replication: The above
studies in the presence of crippled templates also suggest a high
degree of sequence specificity in the self-replication process. In
order to more fairly probe the sequence fidelity of the self-repli-
cation process—the degree and preciseness of the information
transfer process—we prepared an additional clectrophilic (Eg,)
and nucleophilic (N,,,) peptide fragment for our studies. Each
of these fragments diffcrs from its corresponding native coun-
terpart by a single, very “‘conservative” mutation in the hydro-
phobic core (alanine in place of Val9 and Leu 26, respectively;
sec Figure 4). Two sets of reactions were employed (o assess the
sequence selectivity issues in the self-replication process. In the
first set of reactions, the mutant fragment E,, and the native
(nonmutated) fragment N were allowed to react in the presence
of 15% T,,, 19% native template T, and in the absence of any
added initial template. In the second set of reactions, the frag-
ments E and N, 4, were allowed to react in the presence of 41 %
T,ea. 19% native template T, and in the absence of any added
initial template. Interestingly, none of these reactions displayed
any significant template-assisted catalysis. The above studies
clearly establish a remarkable sequence selectivity in the forma-
tion of the (auto)catalytically productive intermediate complex-
es and thus strongly suggest a high sequence fidelity in the pep-
tide self-replication process.

Kinetic Analysis: Simulations of the experimental data were car-
ried out by means of the program SimFit (nonlinear fitting by
dynamic simulations).?¢! This program derives rate constants
together with their errors by nonlinear curve-fitting. Following
a general theoretical analysis of autocatalysis in self-comple-
mentaty systems,!'®! we {ocused on the minimal reaction model

Chem. Eur. J 1997, 3, No. 7
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Scheme 1. Minimal reaction model for autocatalysis in self-complementary sys-
tems.

depicted in Scheme 1. Reaction (1) reflects the template-inde-
pendent background with the rate constant 4, assuming a
simple bimolecular ligation. Reaction (2) reflects the autocata-
lytic channel with the apparent rate constant k,. To account for
the major side products, a pseudo first-order hydrolysis of E and
a slow cquilibrium between E, T, and BR were included (reac-
tions (3) and (4)). Approximations for the rate constants k, to
ks were determined in scparate simulations including side prod-
ucts and fixed to the following values: A, = 2.4x10 %57 !,
ky=74x10"2mM 's™ ' and k, =2.6x10"2M " 's "', The ini-
tial benzyl mercaptan concentration was set to 1.6 mm.

Of special interest is the reaction order p with respect to the
template. If we assume that autocatalysis proceeds through the
ternary complex TEN, that the concentration of TEN is low in
comparison to the concentration of the template dimer TT
(“product inhibition™), and that the rate-limiting step is the
irreversible reaction of TEN to form TT. then a reaction order
of p = 0.50 is expected, giving rise to parabolic growth of tem-
plate (“square-root law”).** If, however, highcr order aggre-
gates are involved (e.g. autocatalysis proceeds through the two-
stranded  o-helical template) or significantly higher
concentrations of TEN are present (little or no product inhibi-
tion), p may have a higher value: 0.5<p<1 (see Appendix). A
priori it was hypothesized that the unique feature of peptide
self-replication based on coiled-coil sequences may allow higher
than parabolic growth of template. Figure 10 shows a plot of the
reaction order against the goodness of {it.['%' The best fit is
obtained for p = 0.63. This value is in accordance with the
mechanism shown in Figure 2, but also suggests a possible con-
tribution from TTEN to the autocatalytic pathway.

As outlined above, the reaction order as well as the autocata-
Iytic efficiency is strongly dependent on the relative thermody-
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Figure 10. RMS value calculated with SimFit as a function of the reaction order p
with respect to the template. The minimum RMS value is obtained for p = 0.63.
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namic stability of the ternary complex TEN with respect to the
template dimer TT. Temperature is one of the parameters which
is expected to influence the stability of these aggregates. There-
fore another set of experiments was carried out at 5°C (similiar
concentrations as in previous reactions). At this temperature the
peptide was still able to replicate (Figure 11). However, in com-
parison to the experiments carried out at 21 °C the rate enhance-
ment was slightly diminished (290% at 5 °C instead of 460 % at
21°C for an initial template concentration of 55 um).

Product x 10® (M)

0 80

160 240 320 400 480 560 640
Time (min)

Figure 11. Template formation as a function of time for rcaction mixtures initially
containing 0 pm (a), 9 um (a), 27 pm (o), and 55 pm (o) of template at 5°C. Error
bars reflect standard deviations of two independent experiments. Curves were gen-
erated by nonlinear least-squares fit. The simulations are based on the reaction
model described in the text. The dashed line represents the calculated production of
template in the absence of autocatalysis.

Simulations based on the reaction model depicted in
Scheme 1 with the fixed rate constants k, = 6.2x10" 757},
ky=18x10"2m"'s7! and k£, =1.0x10"2M " 's™! give also
an excellent fit for p = 0.63, suggesting no significant change in
the reaction order p within our experimental error (Table 1).

Table 1. Results obtained from numerical fittings of the experimental data accord-
ing to the reaction model described in the text.

T(C) P k(10727757 &, (10TMTUF P57y RMS (%)
21 0.63 32(40.0 1.9 (+0.1) 3.60
5 0.63 1.1 (£0.1) 1.9 (+0.1) 2.12

Despite the remarkably good fit of the theoretical curves (o
the experimental data, it must be pointed out that the reaction
models used are simpified representations of a potentially very
complex kinetic system. Full modeling of this system should
include a large number of equilibria between monomers and
possible aggregates such as TT, TTT, TEN, and TTEN com-
plexed with peptides in parallel and antiparallel orientations.
Furthermore, a full model should also account for side reac-
tions, nonspecific association, and the fact that the ligation
between the thioester and the nucleophilic peptide fragment
iIs a two-step process. However, as pointed out by von
Kicdrowski,!'™ the advantage of empirical reaction models is
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that the derived apparent rate constants are more reliable than
the often difficult and inaccurate experimentally derived
parameters for various plausible pathways/intermediates.

Summary and Outlook

This study describes the design and the synthesis of a self-repli-
cating peptide together with a detailed kinetic analysis of the
autocatalytic process at two different temperatures. Control re-
actions in guanidinium hydrochloride solutions and with pep-
tides having single amino acid mutations strongly support a
mechanism in which a ternary and/or quaternary complex of the
template with both peptide fragments act(s) as the catalytically
active intermediate(s). Furthermore these experiments reveal a
remarkable sequence selectivity in the self-replication process:
single alanine mutations at the recognition interface are suffi-
cient to abolish autocatalysis.

Characterization of the first self-replicating peptide sequence
marks only the beginning of a research program aimed at the
discovery and better understanding of self-organized nonlinear
chemical systems. In the near future, the scope and limitations
of the self-replication process as well as the behavior of multi-
component autocatalytic systems need to be explicitly ad-
dressed. The results of several ongoing studies along these lines
will be reported shortly.

Appendix

If the rate-determining step of the autocatlytic cycle is described by the
transition of the quarternary complex TTEN to the template trimer TTT, the
reactions (5) to (8) comprise the minimal reaction model.

3T —= TTT K, (5)
2T == TT K, (6)
TT + E+N == TTEN K, )
TTEN — TTT k ®)

Under the assumption that the the equilibria (5) to (7) are fast in comparison
to the irreversible reaction, the initial rate of template formation can be
described by Equation (9). Using the explicit equations for the equilibria (5)

d[T]/dt = k[TTEN] 9)
to (7) the concentration of TTEN can be expressed by Equation (10). If we
[TTEN] = K; ** K, K, [E}[N}{TTT}?? (10)
assume that [E] =[E],.,., [N]=[N],,;, and [TTT]~1/3[T},;, (template trimer is
the dominant T-containing species in solution and is the product-inhibited
catalyst), the initial rate of template formation is given by Equation (11),
leading to a reaction order of p = 2/3 with respect to the template.

dATYdt = (1/372 k K; 2% K, K [E], [N [T

init
= k* [Elinit [NTiaie [T]z/’3

init

11

Experimental Section

General: Dichloromethane (optima grade), dimethylformamide (sequencing
grade), and diisopropylethylamine (peptide synthesis grade) were purchased
from Fisher. Dichloromethane and dimethylformamide were dried over

0947-6539{97/0307-1022 § 17.50 + .50/0 Chem. Eur. J. 1997, 3. No. 7



Peptide Self-Replication

1017-1024

4 A molecular sieves and stored under nitrogen; diisopropylethylamine
was either used from a newly opened bottle or distilled prior to use. The
following chemicals were used as purchased: acctonitrile (Fisher), 4-acetami-
dobenzoic acid (ABA) (Aldrich), trifluoroacetic acid (New Jersey Halo
Carbon), 2-(1 H-benzotriazol-1-y1)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate (HBTU) (Richelicau Biotechnologies), 3-(N-morpholino)pro-
panesulfonic acid (MOPS) (Fisher), benzyl mercaptan (BnSH) (Aldrich),
2-(N-morpholino)ethanesulfonic acid (MES) (Sigma), guanidinium hydro-
chloride (Gnd-HCI) (Fisher), N,N-diisopropylethylamine (DIEA) (Fisher),
thiophenol (Aldrich), 3-mercaptopropionic acid (Fluka), dicyclohexylamine
(DCHA) (Fisher). All Boc amino acids were purchased from Bachem Califor-
nia. Side chains of serine and glutamic acid were protected with o-benzyl,
tyrosine with dichlorobenzyloxycarbonyl, lysine with o-chlorobenzyloxycar-
bonyl, glutamine with xanthyl, arginine with p-tosyl, and cysteine with p-
methylbenzyl group. p-Methylbenzhydrylamine (MBHA, substitution =
0.87-1.05 meq/g) resin was purchased from Novabiochem. Electrospray
mass spectrometry (ES-MS) data were collected on a Sciex API3 and Sciex
API 100 mass analyzers by direct infusion at 4 uLmin~'. Liquid chromatog-
raphy-mass spectrometry (LC-MS) experiments were carried out by coupling
the Sciex API100 with a Hewlett-Packard 1090 liquid chromatograph.
"H NMR spectra were collected on Bruker AM-300/AMX-500 spectrome-
ters.

Synthesis of BOC-Ala-SCH,CH,CO,H:!""1 3-Mercaptopropionic acid
(3.49 mL, 40 mmol) and DIEA (13.0 mL, 75 mmol) were added to a solution
of BOC-Ala-OSut*? (10 g, 35 mmol) in CH,Cl, (120 mL). The resulting
mixture was stirred at room temperature for 19 h. After evaporation of the
solvent under reduced pressure, the crude product was dissolved in ethyl
acetate (100 mL). The ethyl acetate layer was washed with 0.5M citric acid
(2x 30 mL) and brine (1 x 30 mL), dried over sodium sulfate, and filtered.
The solution was concentrated, and the resulting oil was dissolved in diethyl
ether (70 mL) and crystallized upon addition of DCHA (3.42 mL, 28 mmol)
and hexane. After recrystallization from hot ethyl acetate, the salt (13.2 g)
was suspended in ethyl acetate (100 mL) and DCHA was extracted with
0.5m citric acid (3x30mL). The organic layer was washed with brine,
dried over sodium sulfate, and filtered. After concentration and freezing,
BOC-Ala-SCH,CH,CO,H was obtained as a white solid (7g, 72%;
m.p. =73-75°C). '"HNMR (CDCl,); 6 =1.28 (d, 3H), 1.36 (s, 9H), 2.57
(m, 2H), 3.02 (m, 2H), 4.07, 4.30 2m, 1H), 5.29 and 6.64 (2m, 1H).
Enantiomeric purity was confirmed by mild hydrolysis (NH,OH, 3 h, 20°C)
and Marfey’s test.!!%

Peptide Synthesis: All peptides were synthesized on a 0.5-1.0 mmol scale
with MBHA resin using Boc chemistry and the optimized protocol of
Kent,'*! except that DMF flow washes were replaced with 5x30s shake
washes. BOC-Ala-SCH,CH,CO,H was coupled to the resin with either DCC
or the Kent protocol. 4-Acetamidobenzoic acid was coupled to the N-termi-
nus of the electrophilic peptide using the same procedure. After HF cleavage
(10% anisole/HF, 1 h, 0°C) the crude peptides were washed with ether,
dissolved in water, lyophilized, and then purified by C, ¢ reverse-phase HPLC
with 99% water/acetonitrile/0.1% TFA (A) and 90% acetonitrile/waterf
0.07% TFA (B) binary gradient. Purity was confirmed by analytical HPLC
and mass spectrometry (electrospray or MALDI).

Synthesis of E: Benzyl mercaptan (180 mL, 1.53 mmol) was added to a
solution of the propionamide thioester peptide [E(SCH,CH,CONH,),
17 pmol] in degassed 4M Gnd-HCI (50 mm MES buffer, pH 7, 11 mL) and
acetonitrile (0.9 mL). The resulting mixture was stirred at room temperature
under argon for 18 h. After acidification with neat TFA, excess benzyl mer-
captan was removed with diethyl ether (4 x5 mL). The crude mixture was
purified on C 4 RP-HPLC to afford E(SCH,Ph) (11 pmol, 65%). The
thiobenzyl esters of the mutant peptides Ey, and E,; were synthesized in an
analogous manner.

Synthesis of T: The peptides E(SCH,CH,CONH,) (5.2 pmol) and N
(5.1 pmol) were dissolved in a mixture of 5 mL degassed Gnd-HCI solution
{4m, 50 mM MES buffer, pH 7) and 0.5 mL acctonitrile. To this solution
thiophenol (400 mmol) was added four times during 30 h, once 15 min before
acidification with neat TFA. Excess thiophenol was removed with diethyl
ether (5 x) and the crude peptide was purified on C, RP-HPLC (4.0 umol.
78 %). The mutant peptides Ty,, T;44. Tog. and T, were synthesized in an
analogous fashion using the respective mutant peptide fragments.
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Self-replication reactions: The reactions were performed in 0.6 mL Eppendorf
tubes. Temperature was maintained at 21.0 {£0.2) “C. All components werc
dissolved in degassed H,O at acidic pH to inhibit initiation of the reaction.
Peptide concentrations were determined by amino acid analysis and adjusted
relative to the internal standard 4-acetamidobenzoic acid. Reactions were
initiated by adding argon-purged, benzyl mercaptan saturated MOPS bufler
to give a total volume of 300 pL (final average concentrations: [E] = 185 pu,
[N} =179 um, {BnSH] = ~1.6 mm, [MOPS] =157 mm (pH 7.50), [ABA] =
37 uM; [T] = 0, 8, 28, and 53 uM, respectively). All experiments were repeated
three times. Samples (33 uL) were removed from the reaction vessel at various
time points, immediately quenched with 2% trifluoroacetic acid (70 uL), and
stored at —78 °C prior to HPLC analysis.

Peptide fragment condensations in the presence of Gnd-HCI were performed
in the same way as the reactions described above, except that degassed, benzyl
mercaptan saturated MOPS buffer containing Gnd-HCl was used. Final
concentrations: [Gnd-HCl] = 2.5m, [BnSH]~1.6 mM, [MOPS] = 84 mm
(pH 7.50), [ABA] = 235 pum, [E] =195 um, [N] =187 pm: [T] = 0 and 25 um,
respectively.

Peptide fragment condensations in the presence of crippled templates Ty, and
T, ¢ were performed similiarly to the reactions described above. Final con-
centrations: [BnSH]}~ 1.6 mm, [MOPS] =139 mM (pH 7.50), [ABA] = 90 um.
[E] =170 pm, [N1=173 pm; [T]=0pum, [T] =29 uMm, [Tog = 30 puM, and
{T,6e] = 28 um, respectively.

Peptide condensations of alanine mutant fragments in the presence of nonmu-
tated as well as single-mutant templates were performed similiarly to the
reactions described above. Final concentrations: [Eg,] =163 uM, [N] =
167 uM, [Ty, 0 =24uM, [T]=0uM and 31 pm; [E] =160 uM, [N,¢ 1=
178 pMm, [Ty4,] = 63 pM, [T] = 0 uM and 31 pm; in all experiments, [ABA] =
90-150 pum, [MOPS] = 100—150 mM (pH = 7.5), [BnSH] = 1.6 mm.

Peptide fragment condensations at low temperature were performed similiar-
ly to the reactions described above, cxcept that the temperature was main-
tained at 5°C. Final concentrations: [BnSH]~1.6 mm, [MOPS] =139 mm
(pH 7.50), [ABA] = 93 pm, [E] =166 pum, [N] =168 pm; [T] =0, 9, 27, and
55 pM, respectively.

HPLC Analysis: RP-HPLC analysis was carried out using a Zorbax C-8
300SB column connected to a Hitachi D-7000 diode array HPLC system. The
initial buffer (A) consisted of acetonitrile/water 1:99 containing 0.1% tri-
fluoroacetic acid; the final buffer (B) of acetonitrile/water 90:10 contained
0.07% trifluoroacetic acid. The following gradient program was used:
10 — 25% B within 4 min, 25 - 30% B within 5 min, 30 — 50% B within
2 min, 50% B for 4 min, 50 —+100% B within 2 min, 100% B for 3 min, and
100 -10% B within 2 min. The flow rate was 1.5 mLmin~'. The injection
volume was 100 pL. HPLC peaks were detected by monitoring the UV ab-
sorbance at 4 =270 nm. Known amounts of peptide (concentration mea-
sured by standardized amino acid hydrolysis) were calibrated against known
amounts of the internal standard 4-acetamidobenzoic acid. Peptide concen-
trations during the course of the reaction were determined relative to the
internal standard.

Simulations: The experimental data were analyzed according to the empirical
reaction models described in the text using the program SimFit. Nonlinear
curve fitting by least squares was achieved using the Simplex algorithm fol-
lowed by the Newton-Raphson algorithm. For screening the reaction order
only the Simplex algorithm was used.
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