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Living cells can process rapidly and simultaneously multiple
extracellular input signals through the complex networks of
evolutionary selected biomolecular interactions and chemical
transformations.1 Recent approaches to molecular computation have
increasingly sought to mimic or exploit various aspects of biology.
A number of studies have adapted nucleic acids2 and proteins3 to
the design of molecular logic gates and computational systems,
while other works have affected computation in living cells via
biochemical pathway engineering.4,5 Here we report that de novo
designed synthetic peptide networks can also mimic some of the
basic logic functions of the more complex biological networks. We
show that segments of a small network whose graph structure is
composed of five nodes and 15 directed edges (Figure 1) can
express OR, NOR, and NOTIF logic.

We described recently the graph structure and experimental
analysis of a self-organized synthetic peptide network.6 The system
was designed rationally to operate in neutral aqueous solutions based
on the sequence-selective auto- and cross-catalytic template-directed
coiled-coil peptide fragment condensation reactions.7 Given that
this relatively simple synthetic network appeared to display some
of the basic architectural and dynamic features of the much larger
complex systems,1 we sought to examine whether selected segments
of the network6 (Figure 1) could also carry out basic Boolean logic
operations.1a,3 We have established experimentally that the rates
of product formation in isolated reaction mixtures follow closely
the relative order of the predicted pathway efficiencies.6 However,
as to be expected, the rates of product formation in the context of
the network is significantly different than in isolated reactions since
the preponderance of certain nodes depend on the competition
between and/or integrated inputs from other node(s). Accordingly,
we envisioned that since the formation of a given node within the
network can be regulated by more than one template-directed
pathway, certain nodes could be evaluated as outputs of logic
processes in response to selected system inputs.1a Specifically,
because of the prominent positions of nodesT3 and T7 in the
network and their patterns of network interconnectivities (Figure
1), we chose to examine each of these nodes separately as outputs
in two input logic operations.

The linear nature of theT3 a T7 a T4 sub-network connectivity
suggests thatT7 might function as the output of an OR gate with
T3 andT4 as the inputs. The OR logic function was validated in
isolated experiments in which the rate ofT7 production was
monitored in reactions mixtures composed of equimolar amounts
of E7 andN (100µM) in the absence or presence of eitherT3 (40
µM), T4 (40 µM), or an equal mixture ofT3 andT4 (20 µM each).
In the absence of added initial amounts of either input, the
background autocatalytic rates ofT7 production is low (Figure S1).
However, becauseT3 andT4 are both efficient templates for the
production ofT7, the presence of either or both inputs in the reaction
mixture gives rise to significantly enhanced rates ofT7 production
(Figure S1). More significantly, the OR logic function persists even

in the more complex reaction mixture composed ofN (200 µM)
and equimolar amounts of (∼80 µM each)E3, E4, andE7 (Figure
2a). It is important to note that althoughT3 possesses modest
inherent autocatalytic activity (Figure S2), in the context of the
network this activity is practically lost because of its greater
efficiency as template for the cross-catalytic production ofT7 as
also reflected in the relative efficiency scores calculated for these
processes (4.8 vs 5.8, respectively). Therefore, the presence of either
or bothT3 andT4 as inputs leads to the enhanced production of
theT7 output signal even though the substrates for the competing
pathways are present in the reaction mixture.

Reaction pathways can be negatively regulated when substrates
compete for binding to a given catalyst to prevent its normal
function and/or redirect its participation into an alternative pathway.
The simplest negative regulation is the inverter NOT function. As
an example, the autocatalytic production ofT3 in a reaction mixture
composed ofN, E3, and T3 can be negatively affected by the
addition ofE5 that sequestersN andT3 for the production ofT5

Figure 1. Synthetic network (top left), template-directed peptide fragment
ligation (top right), and the peptide sequences employed in this study
(bottom). Each node in the graph represents a distinct peptide template or
product, with the edges (arrows) designating the experimentally observed
template-assisted ligation pathways (condensation of the electrophilicEi

and nucleophilicN fragments byTj to produceTi) pointing from the
template sequence to the product. The circular nodes depict the peptide
sequences with inherent autocatalytic activities.6 A reaction is autocatalytic
whenTi ) Tj and cross-catalytic whenTi * Tj. The primary sequence of
a given nodeTj is labeled on the graph according to the amino acids Z1

and Z2 (parentheses) employed at the corresponding positions on its
constituent electrophilic fragmentEi. Peptide sequence numbering was
intentionally kept as that in ref 6 to allow facile comparisons. Numerical
values represent theoretical estimation of the relative efficiency (edge
weight) of depicted pathways. These values were estimated on the basis of
the calculated difference in the stability of the trimeric product species as
described previously.6 Ar ) 4-acetamidobenzoic acid (ABA), X) Lys-
ABA, R′ ) ethanesulfonic acid.
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through the more efficientT3 f T5 pathway (Figure 2b). The NOT
function is part of the more interesting two-input NOR and NOTIF
logic operations.8 The NOR logic was explored in the context of
the circular subnetwork ofT3, T5, andT7. The rate ofT3 production
(output) was monitored in reactions mixtures composed ofN (200
µM), E3 (80 µM), and T3 (40 µM) fragments in the absence or
presence of the inputs: eitherE5 (80 µM), E7 (80 µM), or an equal
mixture of E5 andE7 (80 µM each). In the absence of any input,
T3 production proceeds efficiently through its autocatalytic cycle.
However, in the presence of the inputsE5 and/orE7, the autocata-
lytic rate ofT3 production is diminished because of its involvement
in the more efficientT3 f T5 and/or T3 f T7 pathways,
respectively (Figure 2b).

The NOTIF logic function was studied in the context of theT3

f T1 pathway. The autocatalytic rates ofT3 production as the output
were monitored in reaction mixtures composed ofN (200µM) and
E3 (80 µM) in the presence of either inputsE1 (80 µM) or T3 (40
µM) or a mixture ofE1 (80 µM) andT3 (40 µM). A strong output
signal is observed in the presence ofT3 only whenE1 is absent

(Figure 2c). The observed NOTIF function is consistent with the
inhibition of T3 autocatalysis in the presence of competing substrate
E1 that redirectsT3 for the production ofT1, which is neither an
autocatalyst nor can back-catalyze the formation ofT3. Two other
NOTIF logic operations are also present in the context of theT3

a T5 sub-network (see Figure S6).
In summary, we have demonstrated that simple synthetic

chemical systems can be designed to express network-dependent
logic operations in response to external stimuli. We suggest that
the ability to rationally construct predictable chemical circuitry
might be useful in advancing the modeling and better understanding
of some of the basic dynamic information processing characteristics
of the more complex cellular networks.
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Figure 2. Logic gate operations expressed by selected peptide sub-
networks. In each panel (a-c), the relevant network is illustrated on the
right and the amounts of product formed (output), in the absence (0) or
presence (1) of different combinations of input peptides, are depicted on
the left. Results shown are the amounts of products formed after 30 (a) or
60 min (b and c). Reactions were performed in 100 mM MOPS, pH 7.2, at
22 °C in the presence of 5 mM tris(2-carboxyethyl)phosphine (TCEP) as
the reducing agent. The rates of product formation were monitored by RP-
HPLC, and products were identified by mass spectrometry and by
comparisons with authentic samples. See Supporting Information for
complete graphs of product formation in time.
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