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A Bistable Switch in Dynamic Thiodepsipeptide Folding and Template-
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Abstract: Bistable reaction networks provide living cells with
chemically controlled mechanisms for long-term memory
storage. Such networks are also often switchable and can be
flipped from one state to the other. We target here a major
challenge in systems chemistry research, namely developing
synthetic, non-enzymatic, networks that mimic such a complex
function. Therefore, we describe a dynamic network that
depending on initial thiodepsipeptide concentrations leads to
one of two distinct steady states. This bistable system is readily
switched by applying the appropriate stimuli. The relationship
between the reaction network topology and its capacity to
invoke bistability is then analyzed by control experiments and
theory. We suggest that demonstrating bistable behavior using
synthetic networks further highlights their possible role in early
evolution, and may shine light on potential utility for novel
applications, such as chemical memories.

Key milestones in systems chemistry have been realized in
recent years by the de novo design and analysis of synthetic
chemical networks manifesting increasingly complex func-
tions. Networks of different characteristics have been used to
afford such functions, including dynamic libraries under
thermodynamic control,"! replication networks under kinetic
control,”) and as recently demonstrated, dynamic mixtures
incorporating catalytic® and autocatalytic!® processes, lead-
ing to reactions progress under “partial thermodynamic
control”.’! Among other features, such networks display
various motifs, such as hubs, and sub-network modularity.*!
They are furthermore adaptive in response to chemical and
physical triggers,**® and facilitate the emergence of func-
tional kinetically trapped architectures.”” A major, generally
unmet, challenge is to develop the synthetic, non-enzymatic,
networks to mimic significantly more complex functionality
observed in cell biology, such as displaying oscillation and
bistability (or multistability).’! Achieving this task will high-
light possible roles for molecular networks in early evolution
and at the same time can shine light on their utility for novel
applications in material science.

Cellular reaction networks often display bistability. Such
a phenomenon simply means that a dynamic system has two
stable resting states. These states are not necessarily sym-
metric with respect to the stored energy. Bistability provides
the cell with a mechanism for long-term memory storage,
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namely the ability to integrate a transient molecular stimulus
into a sustained molecular response.”’’ Hence, these biological
systems are also switchable; they can be flipped from one
state to the other by application of specific stimuli. Using
synthetic biology, several networks were constructed to create
a toggle switch by rearranging regulatory components in
cells." A bottom-up design approach—more relevant for the
current research—was also applied to produce bistable
molecular arrays as memory devices and switches. Recent
examples used different chemical systems, such as the
Belousov—Zhabotinsky reaction-diffusion systems,'!]
enzyme feedback-driven assemblies in solution and gels,™
and DNA (and enzymes) in vitro circuits.”*"¥) As part of
a long-term program to study the complexification of
synthetic peptide-based networks and its possible relevance
for early evolution, we describe here a dynamic reaction
network that, depending on initial thiodepsipeptide concen-
trations, leads to one of two distinct steady-state (SS)
concentration distributions. The newly developed bistable
system can be switched from one state to the other by
applying physical (heat) or chemical stimuli; it presents an
unprecedented bistable switch operating with non-enzymatic
catalysis. Since a great deal of subtlety exists in the relation-
ship between the structure of a reaction network and its
capacity to invoke bistability,”>!¥ we characterize the net-
work functionality under various different conditions. First,
we follow the bistability and switch operation under a range
of working concentrations. Then, using additional control
experiments and an extensive theoretical analysis, we high-
light the most prevalent mechanistic features that affect
bistability and its scope.

The bistable system was studied by following the rever-
sible formation of a thioester peptide R from its precursor
peptides, a shorter thioester, E, and a thiol-terminated, N
(Figure 1). Peptide R forms a trimeric coiled-coil structure in
neutral pH aqueous solutions (see Figure S1 in the Supporting
Information)," and can serve as a template for the associ-
ation of E and N, enhancing their ligation by a thiol-thioester
exchange reaction.**8! As was shown for other thioester
peptides," we have recently elucidated that the formation of
a well-folded coiled-coil structure by R renders it stable
against the attack of peptide or small-molecule thiols, thus
significantly slowing down its decomposition, relative to the
decomposition of unfolded peptides or peptides that form less
stable coiled coils."”! This observation implies a disparity in
rates of formation/decomposition of R in the autocatalyzed
and uncatalyzed reactions. Based on earlier theoretical
predictions that even traditional (mass-action) kinetics, with
a disparity in conversion of just one or two substrates, already
carries the capacity for bistability,'¥ and that hysteresis is
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Figure 1. Time-dependent and steady-state analysis of reactions

between E, N, R, and S, initiated with different concentration combina-

tions. In all cases [E]=[N], [E4+R]=40 um, and S in large excess (ca.
3 mwm; Table S1). a) HPLC traces for two representative experiments
initiated with mixtures containing E and N (left), or R (right). Light
color used for chromatograms obtained at initial states (¢(=15s) and
dark color chromatograms for SS (t>72 h). The slight offset between
chromatograms is provided for better clarity. *marks a residual N
disulfide peak. b) R concentrations as a function of time for represen-
tative reactions leading to low (green traces) or high (black/gray) SS
concentration distributions. The K, values ([R][S]/[E][N]) are given for
average measured concentrations of the presented data. c) K,,, values
as function of the initial concentration of R, highlighting low (green)
and high (black) SS distributions. The square orange color marks are
shown for the low-to-high ([R],_o=10.5 and 14 um) and high-to-low
([R],=o=140 pum) switching experiments (see text). Peptide sequences:
E =Ar-RVARLEKKVSALEKKVA-COSR, N =H-ZLEXEVARLKKLVGE-
CONH,, R=Ar-RVARLEKKVSALEKKVAZLEXEVA-RLKKLVGE-CONH,.
Ar=4-acetamidobenzoate, Z=-SCH,CO, X = Lys-Ar, SR=2-mercapto-
ethane sulfonate. Reactions were carried out in 3-(N-morpholino)pro-
panesulfonic acid (MOPS) buffer pH 7.0+£0.1, at room temperature
(22+£1°C), and with tris(2-carboxyethyl)phosphine (TCEP) as reducing
agent and 4-acetamido-benzoic acid as an HPLC internal standard.

www.angewandte.de

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a marker for complex landscapes in protein folding,!'”! we
hypothesize that the reversible formation of R from E and N
may follow different pathways leading to bistability. Figure 1
shows the equilibration kinetics (Figure 1b) and the steady-
state (SS) product distributions observed for multiple reac-
tions having the same total material concentrations ([E]+
[R] =40 pm; Figure 1c). It is clearly observed that reactions
initiated with substrates only, or in the presence of low R
concentrations, reached a low SS (apparent equilibrium
distribution K,,, = [R][S]/[E][N]~200), while reactions ini-
tiated with only R, or in the presence of low E and N
concentrations, reached a much higher SS (K,,, >800). Fig-
ure 1c allows us to closely pinpoint the SS transition value at
34 <[R]-p <355 pm.

The equilibration experiments were then repeated with
reaction mixtures containing different total concentrations,
ranging at 25-150 um (Figure 2). In all cases, a clear bistability
picture was obtained, revealing SS equilibration with two
significantly distinct K,,, values, each of narrow distribution
(see standard-deviation bars in Figure 2). Interestingly, when
the system was studied with increased total concentrations,
the results show a small increase in the low K, values and
a larger increase in the high K,

An additional set of experiments was conducted to
highlight the role that R coiled-coil formation plays in the
observed equilibration pattern. First, circular dichroism (CD)
measurements (Figure S1 and Table S2) revealed that R can
assemble into highly helical (> 67 % ) coiled-coil structures at
almost the entire range of studied concentrations (10—
150 pm), and that E and N present as random coils even at
high concentrations (100 pum). This data supports our hypoth-
esis that the bistable behavior is a result of an emerged
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Figure 2. K,,, values as a function of the total (E+R) concentrations,
highlighting low (gray) and high (black) steady-state distributions.
Results from the high-to-low and low-to-high switching experiments
are shown for total concentrations of 40 um and 100 pum. Reaction
conditions were as described in Figure 1. Table S1 lists all initial and
SS concentrations, calculated at t>72 h.
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phenomenon related to the topology of the small network of
interactions at each studied concentrations combination. In
a second experiment, we reacted E and N, or R, in the
presence of high concentration of the denaturing reagent
GnHCI, and in the third, we reacted short peptides that do not
fold to defined structures (Es and Ns, or Rs; see the
Supporting Information). Significantly, in both cases, the
reaction mixtures equilibrated into a single SS with low
product (R or Rs) concentrations (Figure S2 and Table S1).

The system equilibration into two distinct steady states
reflects the bistable behavior, obtained because of decoupling
of the trimeric R unfolding events from its S-dependent
decomposition reaction leading to E and N. We have studied
the possibility of switching the system between the two states
by external energy supply (Scheme 1). After noting that

A
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Scheme 1. Bistable behavior observed along R thiodepsipeptide equili-
bration experiments described in Figures 1 and 2. The system can be
switched between the two SSs by applying heat, or by initiating the
forward reaction in the absence of S molecules.

equilibration at higher temperature (37°C) leads to lower SS
product distributions (all K,,, <100; Figure S2), and appa-
rently a less clear-cut bistability picture, we devised a high-to-
low SSs temperature-dependent switch. The reaction mix-
tures ((R+E]=40 or 100 um) containing high initial R
concentrations were allowed to react for 40 h at 37°C, and
then re-equilibrated at room temperature, reaching the low
steady state (Figures 1c and 2). The low-to-high SS switch was
chemically achieved, by first allowing mixtures containing E
and N to react in the absence of the thiol small-molecule—
reflecting a chemical switch for the forward reaction—
affording formation of high R concentrations within 1 day.
These mixtures were then equilibrated in the presence of
excess thiol and found stable against degradation, reaching
the high SS (Figures 1¢ and 2).

In order to further probe the interplay between multiple
network reactions affecting the rate of R thioester formation
and the system bistability capacity, we model the overall
process [Egs. (1)-(3)]. These equations account for the
template-free reaction between E and N [Eq.(1)], their
template-assisted ligation enhanced by a dimer 77 [Eq. (2)],
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and the reversible template association into dimer and trimer
species [Eq. (3)]. The concentration of R, which is measured
experimentally, is derived from the template (7) concentra-
tions in all of its forms [Eq. (4)].

E4+NesT+S§
(g)

a b
E+ N + TT=[ENTT)=TTT + S
(@) (b)

f d
TTT—=T+TT=T+T+T

* )

[R] = [T] + 2 [ENTT] +2[TT) + 3 [TTT)

In order to predict the SS positions, we compute the rate
of each process using mass-action kinetics. Assuming fast
intermediate equilibrium, in which the assembly processes
reach SS faster than the ligation processes, '™ and practical
(b) =0, it can be shown that the intermediate concentrations
are continually related in the following manner: [TT]~[T]?
and [ENTT]~[E][N][T]> This yields the approximate rate
equation for R production as in Equation (5) (¢c=ab (d)/
((a) +b)d); SS is reached when this rate equals zero (Fig-
ure S3).

d[R]

7«/

gEJ[N]=(g)[T][S] + c [E] [N} [T]* (3)

Equation (5) reflects that the rate is not a monotonic
function of [R], and accordingly, there may be several SSs for
given initial conditions. Furthermore, each SS point may be
stable or unstable, based on the Jacobian (d*[R]/df)."
Figure 3 shows the computed SS solutions for (normalized)
R for various sets of rate constants. It can be seen that for
certain total resource regimes there may be three solutions:
two represent stable points—gray and black for low and high
solutions, respectively—while the third in between the other
two, is unstable (dashed). In the latter cases, initial R
concentrations less than the unstable point converge to the
lower stable point, while initial R concentrations greater than
the unstable point converge to the higher stable point.

Figure 3a shows the results for standard initial concen-
trations and rate constants, corresponding to nominal exper-
imental conditions.’” The experimentally observed bistable
behavior is qualitatively reproduced here for total concen-
trations between approximately 45 um and 140 um. For total
concentrations less than 45 um or greater than 140 um, the
system has only one SS solution, revealing that these values
are the bifurcation points. Interestingly, the bifurcation points
can also be predicted mathematically as a function of the rate
constants and S concentrations (see the Supporting Informa-
tion); for the case shown in Figure 3 a, such prediction yielded
39 uM and 146 pwM, respectively. The theoretical model allows
us to test the effect of additional parameters on the bistability
behavior. Figure 3b displays the numerical results for rate
constants corresponding to the control experiments under
unfolding conditions, which yielded a single low SS point
(Figure S2). Higher values were applied for the dissociation
constants ({a), d and f) relevant for this case. The bifurcation
map demonstrates that the bistability regime has shifted to
much higher values of total resources (700-1200 um). Using
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processes. Several recent reports have
suggested that de novo designed chem-
ical systems operating out-of-equilibri-

um can give rise to additional emergent
behavior including oscillations.[®2?2!]
We now suggest that bistability may
also exist in dynamic libraries incorpo-
rating catalytic reactions. If proven
viable, such systems might be used to
develop and analyze dynamic memory
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Figure 3. Normalized SS solutions for R as a function of total R+ E concentration, computed
numerically by zeroing the rate of product formation [Eqs. (5) or (6)]. The stable SS are
displayed in gray (low solution) and black (high solution), while the unstable solutions are
shown by dashed lines. In all cases, [E]=[N]. a) Reactions under standard initial concentrations
and rate constants, corresponding to nominal experimental conditions: a=10°, (d) = (f) =105,
(a)=10,d=10, f=1000, g=1, b=10, (g) =100, [S]=3000 pum. b) Results for reactions with
rate constants corresponding to the control experiments in unfolding conditions: (a) =1000,
d=1000, f=100000. c) A set of reactions reflecting irreversible R formation (g/(g) =10) and
three cases of fully-reversible template-assisted reaction step ((b)[S]/b=10, 100 or 1000). All
these cases lead to diminished or no bistability. d) Reactions with the standard parameters, but

with [S]=100 um.

the data shown in Figure 3¢, we then analyze the delicate
balance between various reversible processes needed to
obtain bistable behavior. First, we reveal that a (practically)
irreversible system, in which the background forward ligation
is much preferred over the back reaction (g/(g) = 10), leads to
a single SS. Additionally, the results for three distinct values
of (b), reflecting systems driven by a fully reversible template-
assisted reaction step, show that bistability is also diminished.
The rate equation for this system is given by Equation (6) (see
the Supporting Information).

@ ~ gIE]N]=()[T][S] + b [ENTT]|—(b) [TTT][S] 6)

The lower solution is common to all three values, while
the higher solutions decrease with increasing (b), highlighting
that indeed the experimental system is better represented by
our original model where only the background reaction is
reversible. Finally, Figure 3d highlights the need for high
excess of § molecule to afford the bistable behavior. Here,
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