Engineering a synthetic protein network that functions like a D-latch

Using synthetic proteins composed of WW domaing,[@&ltose binding protein (MBP)
[S2], calmodulin [S3], adenylate cyclase [S4, $bjanylate cyclase [S6], CAMP binding
domain from protein kinase A (PKA) [S7-S9], and cBMinding domain from protein
kinase G (PKG) [S9, S10], a biomolecular reactietwork was simulated that behaved
similar to a digital memory element (i.e D-latciowing that a network of proteins can
remember state (Figure A). D-latches are simgigadimemory units that synchronize
the setting of a data bit (value that can be 0)do & clock signal (also can be 0 or 1).
When the clock is 1, the D-latch maintains the masly set value; when the clock is 0,
the D-latch output is changed to the input D. @Has are often incorporated in digital
systems to remember the state of a machine anddhbhine responds specifically to
inputs depending on its state. Similarly, cellgéhthe notion of a state as it responds
differently to the same stimuli such as in stenh déferentiation. We showed that a
network of proteins with particular interactionicaeate a D-latch and therefore a
protein network can be used to encode states.e @ifi:-latch is made fundamentally by
switches in a particular configuration, proteingieeered to perform switching can
theoretically create similar memory units. A sttt binding or catalytic protein can be
engineered to have two regulatory sites, where s#é€lserves as an input signal and the
binding or catalytic activity of the protein senasthe output signal. Furthermore, this
protein can be engineered such that as long asitenes occupied (representing a 1
input), the binding activity is inhibited (represieig a O output). This switching
behaviour is known as a NOR logic gate. From diddgic theory, we can create a D-

latch using 4 NOR logic gates (Figure S1A).



Specifically, C&" and maltose were chosen as inputs to Data andGlespectively.
The output of the two NOR gatesgand Niock, Were the binding activity of the WW
and WW; domain, respectively (Figure S1B). The synthptmtein NjziaCcan be
engineered by fusing WWWomain with both CaM and MBP such that when eitb&t
or maltose was present, the activity gfdwas inhibited (Figure S1B). Similarly ¢k
was created using WBFRa binding partner for W\{Yy and MBP to receive input that
inhibited the function of W\W/(Figure S1B). Since f,had two inhibitory sites
responding to input signals whereagMonly had one, when both €and maltose
signals were presentgwas inhibited much higher than,Mx. To correct for the
imbalance, a lower affinity MBP* was used og.fl The output of memory module
Noutputz @Nd NyypuroWere the activities of adenylate cyclase (AC) gadnylate cyclase
(GC) that produced cAMP and cGMP, which were contalegraded by background
phosophodiesterases. The synthetic protgigN and Nupuz Were also designed with
cGMP and cAMP binding domains from PKG and PKA stiet when bound to cGMP
and cAMP, they inhibited the catalytic activity M§,puti and Nupua respectively
(Figure B). Thus, in any steady equilibrium staiéher Nyygput2 Or Noupur Was active but
not both. Furthermore, dpurr and NypuroWere connected to the logic module by the
activity of Nyataand Nyock, respectively. When M or Neock Was active, its WWor
WW, domain bound and inhibited,Mut1 O Noutputz respectively.  This was described by

the following biomolecular reactions (Figure S1B):



Ndatat Nouputr? inactive_Nygput
Neiock + Noutpurz? inactive_Nouput2
CAMP + Noutpurr? inactive_Nygput
CGMP + Nypuz? inactive_ Nutpur
Noutputz? Noutputzt CAMP
Noutputr? NoutpurttCGMP
cAMP->degraded

cGMP->degraded

After fine tuning the kinetics parameters and $tmmetry, our protein network
functions like a D-latch (Figure S1C). The concation of the maltose and Eavere
controlled, while the changes in concentration @fh and NypuroWere tracked over
time. When the maltose concentration (represerhia@lock) was set to low, the
adenylate cyclase activity followed the concendrathf C&* (representing Data). When
the maltose concentration was high, both the ad#émyglyclase and guanylate cyclase
activity maintained previous levels despite thengfes in C& concentration. The
unevenness of the output was due to molecularuticins as there were only 500

molecules of Nuputr and Nyygurin the simulation.
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Figure S1 - The synthetic protein D-latch.

A, Schematic of a D-latch in electronics represtoathe four NOR gates are names
Ndata Nelocks Noutputz, @nd Nupurz B, Protein circuit implementation of the D-latc@, the
concentration over time of electronic D-latch inmgmarison with protein D-latch. Grey
lines indicated the response expected for digitali, black lines were the response

from the simulated protein circuit.
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Notes:

The association rate constant of maltose dg.kMBP*) and Nyock (MBP) were 18 and
5x10° M™'s?, respectively. The dissociation rate constant altose from both MBP*
and MBP were 18s™. All protein-protein interaction had an associatiate constant of
10’ M*s™ and a dissociation rate constant of 83. The association and dissociation
rate constants of Q and P tguuzand Nupunwere 16 M's* and 10 s*. The catalytic

rate of Q and P creation was 551§, while the degradation rate of Q and P was 4b



