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Abstract.

Radios and cellphones use frequency modulation (FM) of an oscillating carrier signal to reliably
transmit multiplexed data while rejecting noise. Here, we establish a biochemical analogue of this
paradigm using genetically encoded protein oscillators (GEOs) as carrier signals in circuits that
enable continuous, real-time FM streaming of single-cell data. GEOs are constructed from
evolutionarily diverse MinDE-family ATPase and activator modules that generate fast synthetic
protein oscillations when co-expressed in human cells. These oscillations serve as a single-cell
carrier signal, with frequency and amplitude controlled by GEO component levels and activity. We
systematically characterize 169 ATPase/activator GEO pairs and engineer composite GEOs with
multiple competing activators to develop a comprehensive platform for waveform programming.
Using these principles, we design circuits that modulate GEO frequency in response to cellular
activity and decode their responses using a calibrated machine-learning model to demonstrate
sensitive, real-time FM streaming of transcription and proteasomal degradation dynamics in single
cells. GEOs establish a dynamically controllable biochemical carrier signal, unlocking noise-
resistant FM data-encoding paradigms that open new avenues for dynamic single-cell analysis.

Introduction.

Cells dynamically regulate gene expression, protein localization, and signaling state across
different timescales to perform essential biological functions™*. While genomic, transcriptomic
and proteomic methods can provide snapshots of single cell states®?, the ability to follow the
trajectories of individual cells in real time is critical to understanding how dynamic cellular and
organismal behaviors are encoded and function''%. These single-cell dynamics are often tracked
microscopically using fluorescent reporters whose intensity or localization provides a proxy for the
data of interest’®'®. While powerful, these tools present challenges for extended tracking of
single-cell dynamics and data aggregation, as arbitrary signal intensity varies across instruments
and is sensitive to photobleaching and noise'’. Moreover, the signals generated by traditional
fluorescence-based tools lack metadata for identifying the underlying cellular source of the signal,
making separation of overlapping signals in dense cellular environments difficult.

Electrical engineers overcome similar challenges in telecommunications by coupling data
of interest to changes in the frequency of an easily measured carrier oscillation'®2°. Because data
is encoded in the temporal structure of the oscillation, frequency modulation (FM) has the
advantage that measurements are in non-arbitrary units (AHz) and robust against noise and
fluctuating intensity, making them consistent across different contexts and instruments. In
addition, by assigning different carrier frequencies to different senders, multiple independent
streams of FM data can be transmitted in the same medium and reliably unmixed using a range
of powerful signal processing techniques. Extending FM data-encoding capabilities to biological
measurement would provide a powerful paradigm for measuring single-cell dynamics and defining
their biological consequences. However, such approaches would require a biochemical analogue
to the electromagnetic waves that serve as carrier signals in radios and cellphones.

Recently, we have shown that synthetic protein waves can be robustly generated in
human cells by expression of the orthogonal E. coli divisome positioning system MinDE?". In this
system, an ATPase (MinD) and its ATPase-activator (MinE) self-organize ATP-driven propagation
of protein waves across cell membranes that coherently fill the cell interior (Fig. 1A)?2-%. These
waves produce a persistent single-cell oscillation with a unique frequency and amplitude specified
by the expression levels of the MinDE components (Fig. 1A). Critically, these oscillations are fast
(seconds to minutes), amenable to synthetic control and protein engineering, and can be analyzed
using signal processing tools such as Fast Fourier Transform (FFT) and Continuous Wavelet
Transform (CWT)?'. While this opens the possibility of using these waves as single-cell carrier


https://doi.org/10.1101/2025.02.28.640587
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.28.640587; this version posted February 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A @f) Genetically Encoded Oscillators (GEOs): programmable biochemical carrier signals for single-cell FM data encoding
modular oscillation mechanism fast pixel-level oscillations expression levels and activity program GEO waveform
membranes VAAAAAAN] eer 7 single-cel . GEO species: E. coli MinDE
/ NPT fequency & s —
O V| > g Frequency” ,® e Amplitude® s ’.':.
time frequency ° o % A o'f o o oo *3 o
g F | Y NN R ¥ 113
a W : GEAST, e $0 ¢
O O | j S 3 2 o N b © o
P, 4 y 8 CAC Pua i o3
8 3 e d S q
o O wor 5 e S
Activator ATPase y r 5 e~ e
(MinD family) s 1 .,:: * ® [“teq (mHz) 4L amp. (AU)
orthogonal to eukaryotes < i 3 p 7 i 3 e 7
ATPase Expression (AU x102) ATPase Expression (AU x102)
evolutionarily diverse GEO protein modules ATPases (MinD family)
2 Activator P. poa.
'.rg):l e (MinE family)
< ) ' P.poa. C tor) Pp. M. P. dam.
)\ /s ey T.ano. ® M. end. G, eng,
= 9 F. sym!
(P 1 Zd - . Eco. D.dad.
| > Ly, » M sym. P .dam. H. fel. K. qua.
: col. . G.end.
E.col. K qua. & end. [r’:::
interface
ATPase ) Hipy
(MH’TD famwly) variable conserved H. fel.
'
4 | Com—
MTS A%
—~g Ci—yrs e
divergent GEO modules generate oscillations with different waveform programmability and frequency bandwidth in human cells
C GEO negative:

time -
domain NS

4

frequency
domain

frequency bandwidth and programmability of different species-matched GEO systems expression-matched cells with different GEOs

200
D 250 - | programming behavior . GEO E GEO H. pyl. 5_05
I . species:
Activator : ATPase
200 F. sym.

150

= - % e
N N
T T o
\E, 150 \E, é -® C. ter.
2 3 100 H. pyl.
5 5 o GEO T. ano. WMWMMNW\
3 100 3 .
o . o .
o F o o
s ) L 50 * o
50 N »
: g é * % ‘J‘. - -
. - wt8 co Ao — . &
GEO & & & & ¢ & & & @ - P o 5 10 15 20
: O & e @R SRS . h . . . i
species ¢ (& ¢ RSP ESIFE SR ¥ ¥ <8 Activator : ATPase ratio single-cell kymograph pixel-level time series

Figure 1. Evolutionarily diverged GEOs expand the functional space available for synthetic spatiotemporal cell circuit
design. (A) The MinD ATPase and its activator MinE form a Genetically Encoded Oscillator (GEO) pair that generates oscillatory
waveforms when transplanted into human cells. These protein oscillations provide a synthetic biology platform for engineering
complex spatiotemporal circuits that barcode and broadcast host cell signaling activity. Aggregating single-cell circuit behavior
across thousands of 293T cells reveals how GEO circuit frequency and amplitude are programmed at the genetic and protein level
by ATPase and Activator expression. Phase portraits for E. coli GEO frequency and amplitude are shown. Functional space and
detailed quantitative trends for programming dynamic behavior are fixed by specific GEO protein sequence identity. (B) ConSurf
analysis of GEO sequence diversity using phylogenetic trees and multiple sequence alignments is mapped onto AlphaFold2
structure prediction of E. coli GEO dimer. 4585 unique MinD ATPase sequences and 4331 unique MinE Activator sequences were
aligned using ClustalW. Phylogenetic trees were built using the JTT matrix for maximum likelihood, and rapid bootstraps (100
replicates) with gamma substitution rates were used for tree construction. 13 selected species-matched GEO pairs are annotated.
(C) Representative widefield fluorescence images and false-colored image power spectrum taken from 293T cells transiently
transfected with different species-matched GEO pairs (GEO negative pair: mCherry and GFP expression). (scale bar: 50uM) (D)
[Activator] to [ATPase] expression ratio is the major determinant of GEO circuit frequency and can be compared across species
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signals, the frequency bandwidth and dynamic programmability of the E. coli MinDE system in
human cells are fundamentally limited and constrained by the biochemistry of the components.
Here we leverage evolutionary diverse ATPase/activator modules within the MinDE family
to develop a modular platform for designing and manipulating genetically encoded oscillators
(GEOs) to develop circuits that enable continuous FM streaming of single-cell data in human cells.
GEO modules can be synthetically recombined or layered into composites to program and
dynamically modulate single-cell waveforms. We characterize hundreds of GEO pairs and model
their behaviors to develop a comprehensive framework for predictable waveform encoding and
manipulation. Engineered GEO-FM circuits can continuously modulate GEO frequency in
response to changing cellular activities and the resulting data streams can be decoded using a
machine-learning model. We demonstrate GEO-FM circuits that provide multiplexed sensitive
readouts of transcriptional activity and proteasomal degradation that are defined in non-arbitrary,
transferable units (AmHz) and independent of signal intensity. By establishing a platform for
dynamic control of a biochemical carrier signal, GEOs unlock sophisticated, noise-resistant FM
data-encoding paradigms, opening new avenues for dynamic multiplexed single-cell analysis.

Results.

Evolution provides diverse MinDE ATPase/activators modules for designing genetically
encoded oscillators (GEOs).

The E. coli ATPase MinD and its activator MinE generate fast synthetic protein waves across
membranes when expressed in human cells, providing a compact and orthogonal genetically
encoded oscillator (GEO) that could serve as a carrier for FM transmission of biological data?'.
The rules to program and manipulate the frequency and amplitude of these oscillations are
defined by the expression levels and biochemistry of the GEO components?'-23, These
biochemical programming rules can be experimentally determined by constructing a phase
portrait from imaging thousands of cells, providing a visual landscape of how ATPase and
activator levels map to frequency and amplitude (Fig. 1A). The E. coli GEO phase portraits reveal
how frequency scales as the [Activator] to [ATPase] ratio, with an accessible (51"-95" percentile
range) bandwidth spanning 25-58 mHz (Fig. 1A).

To generalize these oscillation systems and expand GEO programmability, we took an
evolution-guided approach. We hypothesized that divergent MinDE-family ATPase/activator pairs
across different bacterial species would possess altered reaction rates, stability, or membrane
preferences that would alter their programming rules?®. Phylogenetic analysis of thousands of
species-matched MinDE pairs revealed extensive diversification of the ATPase and activator
modules (Fig. 1B, Fig. S1). Mapping sequence conservation onto a structural model of the
ATPase/activator complex suggested general preservation of the overall structure and binding
interface but extensive divergence within the individual proteins, especially in their membrane
targeting sequences (Fig. 1B, Fig. S1). Thus, we hypothesized that these ATPases and activators
could likely act as separable modules for constructing GEOs with different quantitative behaviors
and altered programmability.

To explore this, we selected 12 species-matched ATPase/activator pairs with varying
levels of sequence similarity to E. coli MinDE for phase portrait analysis in 293T cells (Fig. 1B,
Fig. S2-3, Movie S1). Of the 12 new GEO pairs tested, 9 robustly supported synthetic wave

variants. The frequency-scaling behavior for GEO species-matched pairs are shown. A swarm plot showing single-cell frequency
quantification across a population of 293T cells expressing the respective GEO species-matched pair. Individual cells are colored
by [Activator] to [ATPase] expression ratio. A variance plot showing variance (mean value + standard deviation) in [Activator] to
[ATPase] expression ratio for cells with the same oscillatory frequency. (E) Representative kymographs and pixel-level time series
of GEO expression-level matched cells for different species-matched GEO pairs.
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Figure 2. Synthetic recombination of diverged GEO pairs identifies cross-compatible circuit components for quantitative
control of dynamic behavior. (A) The ATPase and activator of GEO pairs act as modules for engineering emergent oscillatory
dynamics. 169 pairwise combinations of the 13 species-matched ATPase and activator pairs from Fig. 1 were tested. Individual
frequency phase portraits associated with each pairwise combination was aggregated to generate a global accessible design space.
A 3D surface visualizing the range of accessible frequencies at any GEO expression level using any GEO pairwise combination is
shown. (B) GEO waveform frequency and amplitude can be modeled using simple mathematical relationships to extract intuitive
programming parameters. A 3D scatterplot of f.x, K, and a for 76 functional GEO systems is shown. (C) Hierarchically clustered
heatmap depicting frax for 169 pairwise GEO combinations. Average fn. calculated for Activator identity and ATPase identity are
shown. Subunit origin axis was sorted by ascending average fr.x0f Activator identity. (D) Hierarchically clustered heatmap depicting
afor 169 pairwise GEO combinations. Average a calculated for Activator identity and ATPase identity are shown. Subunit origin
axis was sorted by ascending average a of ATPase identity.

formation. Strikingly, many of these new GEOs exhibited altered programmability including shifts
in the expression levels that supported oscillation and the range of frequencies that could be
achieved (Fig. 1C-D, Fig. S3). For example, over the same range of [Activator] to [ATPase] ratios,
the F. symbiotica GEO had wide accessible bandwidth (11-169 mHz) compared to E. coli (25-58
mHz), while H. pylori GEO bandwidth was narrow (8-16 mHz). Expression-matched cells
harboring different GEO pairs can thus encode oscillations with different frequencies (Fig. 1E).

The level of conservation at the ATPase/activator interaction interface suggested that
additional functional GEOs with hybrid behaviors could likely be created by combining ATPase
and activator modules from different species. We tested 169 pairwise combinations of the 13
ATPase and activator species in 293Ts and imaged thousands of cells for each hybrid to recover
its associated phase portrait. This identified 76 hybrid GEOs that robustly oscillated in the context
of 293T cells. Aggregating phase portrait data across all functioning GEO pairs allows
construction of a global design manual for programming GEO waveform, with an accessible
bandwidth spanning 8-169 mHz at modest expression levels (Fig. 2A). In addition, frequencies
as high as 205 mHz could be realized using specific GEO components at defined expression
levels (Fig. 1D). Thus, the overall GEO design space can be computationally queried to identify
modules that program a target waveform at a given expression level.

This specific GEO design space was constructed using a model 293T cell line. To test the
generality of the GEO platform and the transferability of its associated programming rules, we
analyzed the behavior of the same panel of 169 GEOs in a completely different budding yeast
chassis. In this setting, we observed similar qualitative and quantitative trends to the 293T data
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(Fig. S4), suggesting the portfolio of GEO modules in our platform has broad utility for waveform
programming across different cell lines and diverse eukaryotes.

To quantitatively characterize and compare GEO behavior across individual hybrids, we
developed a phenomenological model to fit the phase portrait for each GEO (Fig. 2B, detailed in
Fig. S5). Oscillation frequency was treated as a hyperbolic response to the [Activator] to [ATPase]
ratio, with fnax describing the maximum frequency achievable by a given GEO and K describing
the sensitivity of GEO frequency to changes in [Activator]. We modeled oscillation amplitude as
a linear response to [MinD] with slope parameter a. An associated wave energy can be used to
restrict fit predictions only to the regions of expression space where oscillations were
experimentally observed to occur (Fig. S6). Using this approach, we reduced the description of
each GEQ’s programming rules and phase portrait down to three intuitive parameters.

A scatterplot of fmax, K, and a for the 76 functional GEO systems revealed a wide range of
parameters accessible to GEOs for waveform design (Fig. 2B). While species-matched
ATPase/activator pairs expanded frequency programmability, inter-species hybrids accessed a
significantly wider range and breadth of parameter space. Notably, only interspecies hybrids
exhibited larger K values, allowing oscillations to be generated or tuned across a larger range of
expression levels. This feature is likely a consequence of imperfections at the binding interface
between ATPase and activators that have not co-evolved.

The hybrid screen also revealed how the identity of ATPase and activator modules
independently contributed to the GEO waveform. Activator identity was the primary controller of
a GEO’s frequency bandwidth frax (Fig. 2C). For example, GEOs constructed using the P.
damselae activator consistently oscillated faster than GEOs constructed with the E. coli activator.
Sorting activator modules by their average fnax across all hybrids provides a hierarchy of activator
strengths for predictable design of faster or slower GEOs. In contrast, ATPase identity was the
primary controller of a GEO’s amplitude parameter (Fig. 2D).

Collectively, our ability to build many functional GEOs from a small set of GEO modules
demonstrates the ease with which the frequency-amplitude relationships of these biochemical
oscillations can be systematically programmed. These ATPase and activator modules provide a
starting point for engineering GEOs with more complex circuit architectures for cell-based data-
encoding applications.

Engineered multi-component GEOs enable compositional control of oscillation frequency.

The GEO waveform design space in Fig. 2A is based on single ATPase / single activator pairs.
Because our hybrid screen found that different activator modules can cross-react with the same
ATPase, we hypothesized that multi-component GEOs would be functional (Fig. 3A). However, it
is not obvious whether the biochemical mechanism underlying GEO wave propagation would
support multiple competing components or how the resulting oscillations would behave.

To gain intuition, we extended a stochastic model of GEO wave propagation in mammalian
cells?'?"28 to include two chemically distinct activator modules: one that produces slow
oscillations (Activator j); and one that produces fast oscillations (Activator k) (Fig. 3B). For
simplicity, the only difference between the two activators in this model is in their rate constant for
stimulating ATPase activity. Despite no explicit interaction between the two activators, a GEO
simulation containing 50% Activator j and 50% Activator k produced a single composite waveform
in which the two activators oscillated in phase. This coherence appears to arise through indirect
coupling of activators via their shared ATPase node, as simulations using fully decoupled GEOs
produced two separate frequencies (Fig. S7). To understand how the relative amount of Activator
j and Activator k control the waveform, we performed simulations that titrated the percentage of
Activator k in the system from 0 to 100% at steps of 1% (Fig. 3B). We found that the wave
frequency was smoothly titrated by the relative composition of the two activators. Thus, for this
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Figure 3. Multi-component GEO patterning systems produce a single waveform quantitatively controlled by relative protein
composition. (A) Schematic of a multi-component GEO system built using a single ATPase and a composite driver composed of
a mixture of two competing activators. (B) Diagram of the “skeleton model” of the multi-component GEO system, depicting the
biochemical species and the reactions that occur. The labels for the molecular species and rate constants associated with the formal
description of the simulation equations are indicated. A representative kymograph, pixel-level time series, and the associated FFT
power spectrum for an example simulation of 50% Activator j and 50% Activator k is shown. A set of simulations with varying %
Activator j was performed. Peak frequency for each respective % Activator j and associated standard deviation is shown (10
replicates). (C) Representative fluorescence image of a U-2 OS cell transduced with a multi-component GEO system composed of
an ATPase (E. coli), a slow (E. coli) activator, and a fast (P. damselae) activator. A representative kymograph, pixel-level time
series, and the associated FFT power spectrum for this cell is shown. The image power spectra for this cell at the 77 mHz frequency
slice is shown. (D) Aggregating single-cell multi-component GEO circuit behavior across thousands of U-2 OS cells reveals how
frequency is programmed by protein expression levels. A multi-dimensional phase portrait showing the observed relationship
between relative protein expression levels and circuit frequency is shown. The [Total Activator] to [ATPase] expression ratio is a
major determinant of GEO frequency. The frequency-scaling behavior for multi-component GEOs with different activator
compositions is shown. The frequency dynamics for fixed [Total Activator] level and varying [ATPase] level are shown.
Representative kymographs and pixel-level time series for [Activator] and [ATPase] expression-level matched cells with different
compositions of Total Activator are shown. (scale bar: 50 seconds)

multi-component GEO, the two activator species can be treated as a composite driver of
oscillation frequency whose overall activity is controlled by relative levels of each activator.
Encouraged by these modeling results, we experimentally implemented this multi-
component GEO design in human cells (Fig. 3C, Movie S2). From our panel of GEO modules and
their cross-reactivity profiles (Fig. 2C), we selected slow (E. coli) and fast (P. damselae) activators
to pair with a single ATPase (E. coli). Consistent with the modeling results, expression of this
multi-component GEO in human cells produced a single waveform at one frequency in which the
two activator modules co-oscillated in phase (Fig. 3C). By sampling a wide range of expression
levels across all three components, we obtained a multi-dimensional phase portrait that
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comprehensively describes how GEO composition programs waveform (Fig. 3D, Fig. S8). As in
our models, the relative composition of the composite driver controlled the observed frequency of
the oscillation (Fig. 3D). This means that the GEO frequency for a cell with identical ATPase and
total activator levels can be manipulated by varying the relative composition of the composite
driver (Fig. 3D), providing a potential strategy for building frequency-modulation circuits.

GEO-FM circuits enable frequency-modulated streaming of dynamic single-cell data.

The ability to tune the frequency of a multi-component GEO using compositional control suggests
a simple and generalizable strategy for building GEO-FM circuits that broadcast frequency-
modulated single-cell data streams for dynamic cellular states (Fig. 4A). In this GEO-FM circuit
design, constitutive expression of a “slow activator” (carrier) will generate a constitutive carrier
oscillation inside the cell. Data can be encoded in frequency modulation of this oscillation by
coupling the availability of a second “fast activator” (encoder) to an endogenous cellular activity
of interest. By calibrating the frequency response of GEO-FM circuits, the underlying data of
interest can be decoded from the modulated signal. These FM data streams would thus provide
barcoded measurements of cellular state in non-arbitrary units (AmHz) that are transferable
across instruments and insensitive to photobleaching and intensity fluctuations 81929,

To gain intuition and facilitate GEO-FM circuit design, we used our stochastic model of
multi-component GEO wave propagation to simulate different GEO-FM data encoding and
decoding schemes (Fig. 4B, detailed in Fig. S7). In these simulations, a baseline signal is
established using a fixed amount of carrier activator. Then, data in the form of a ramp input of an
encoder activator is introduced into the system to modulate the waveform. The resulting change
in GEO frequency of the simulated waveform was estimated at every timepoint using Continuous
Wavelet Transform (CWT), a time-frequency signal processing method*°3'. For a fixed input ramp
of data to encode, we found that faster encoders led to larger changes in the FM response of the
circuit (Fig. 4B). By simulating different ramp inputs of data with a high-sensitivity encoder,
different levels and rates of activation could be distinguished in the FM response of the circuit
(Fig. 4B). Together, these simulations suggest compositionally controlled GEO-FM circuits could
provide a sensitive and versatile system for encoding and decoding dynamic single-cell data
streams.

To experimentally deploy GEO-FM circuits for multiplexed single-cell data streaming in
mixed populations, the frequency response of a cell’s specific carrier signal to changes in encoder
level must be calibrated to allow decoding of the biological data of interest. This can be readily
achieved by imaging a broad range of ATPase, carrier activator, and encoder activator expression
levels and measuring the associated oscillation frequency. From a single imaging experiment,
these data can be used to train a machine-learning (ML) model that maps the baseline GEO-FM
carrier signal and observed frequency to an unknown level of encoder (Fig. 4C, detailed in Fig.
S9). Using this approach, we experimentally calibrated GEO-FM circuit response across all
possible carrier signals for the multi-component GEO we developed earlier, in which the slow E.
coli Activator/ATPase provides the initial carrier signal, and the fast P. damselae activator acts as
the encoder. The resulting ML model can decode any GEO-FM circuit’s associated data and aids
in development of specific circuit applications by providing a landscape of the FM response space
to identify specific configurations with high dynamic range or high sensitivity.

Motivated by these results, we designed and implemented two GEO-FM circuits that
encode single-cell dynamics operating at either gene-expression or post-translational timescales.
To demonstrate a circuit that streams transcriptional activity, we placed the GEO-FM encoder
under a doxycycline-inducible TetON promoter (Fig. 4E)*2. In parallel, we designed a protein-level
circuit that streams fast-timescale degradation activity by connecting the GEO-FM encoder to the
drug-controllable DHFR degron (Fig. 4F)3. Here, the encoder is constitutively targeted for
proteasomal destruction but can be rapidly stabilized upon addition of the small molecule TMP.
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GEO circuits for single-cell FM streaming simulation: GEO-FM circuits provide sensitive data encoding
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Figure 4. Design of FM data streaming circuits through dynamic regulation of multi-component composition. (A) Oscillating
GEO signals act like a “cellular radio” that emits a unique genetically encoded frequency-barcoded signal. Circuits that stream
single-cell data were designed by generating a carrier signal using an ATPase and slow carrier activator, then coupling the presence
of a fast encoder activator to dynamic cellular activity. Cellular activity dynamics are encoded as resulting changes to frequency of
the carrier signal. (B) The “skeleton model” from Fig. 3B was used to simulate GEO-FM circuit design. A simulated carrier waveform,
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To quantify GEO-FM responses from these different circuits, cells were imaged at 0.25
fps for 18 hours using low intensity widefield fluorescence microscopy. Individual cells in complex
cell culture mixtures were spectrally separated and tracked using CWT to follow single-cell
frequency over time (Fig. 4D, detailed in Fig. S10, Movie S3).

For both circuits, single-cell GEO frequencies were stable in the absence of their small
molecule inducer, showing little to no change over an 18-hour period. In contrast, the addition of
inducer generated potent GEO-FM responses. Importantly, each GEO-FM circuit design
produced a sensitive single-cell data stream that recapitulated the expected timescales of the
dynamics at play®*. For the transcriptional circuit, changes in GEO-FM signal took several hours
to become detectable following doxycycline addition, after which they increased robustly over the
course of the experiment. In contrast, GEO-FM signals for the degradation circuit were detected
within less than an hour and rapidly reached a new steady state, owing to fast stabilization of the
encoder.

Importantly, the FM responses for both circuit designs across any carrier signal could be
decoded back into the underlying data of interest using the calibrated ML model we developed
above. As such, our circuits can convert existing intensity-based reporter schemes into barcoded
single-cell FM data streams measured in non-arbitrary units (AmHz) insensitive to
photobleaching, fluorophore maturation times, and illumination intensity. Altogether, GEO-FM
circuits are modular, sensitive, and readily designed tools that unlock noise-resistant FM data-
encoding paradigms and open new avenues for dynamic single-cell imaging and analysis.

Discussion.

The GEO framework fulfills the demand for a high-performance biochemical analogue to the
carrier signals that power modern telecommunications, unlocking a new paradigm for
communicating live-cell biological information using frequency-modulated (FM) data transmission
strategies. GEO-FM circuits that broadcast transcription and proteasome dynamics demonstrate
robust multiplexed streaming of cell-state data, with high-sensitivity and high temporal resolution,
while mitigating photobleaching and phototoxicity that traditionally hinder long microscopy
experiments.

By harnessing the evolutionary diversity of MinDE-family ATPase/activator pairs®, we
expand the ability to program and manipulate these GEOs in human cells. We show that ATPase
and activator components can be treated as separate modules, allowing for a small collection of
functional components to be rationally combined, layered into composites, or dynamically
controlled to build a large application space for GEO circuits. The extensive characterization and
modeling of GEO circuits we performed defines parameters that reflect biochemical features of
the GEO components, enabling straightforward design of GEO waveform behavior at scale.

composed of an ATPase and a carrier activator, was provided data in the form of a ramped increase of an encoder activator into
the system. The simulated waveform was tracked to measure GEO response, and CWT was used to extract FM response.
Simulations with altered input data rates and altered encoder activator strengths are shown. (C) A machine-learning model was
trained using aggregated data from thousands of U-2 OS cells with a broad range of ATPase, carrier activator, and encoder activator
levels, and the corresponding oscillation frequency of the circuit configuration. FM response sensitivity across ATPase and carrier
activator expression levels is shown. (D) Example behavior of a GEO-FM circuit in a U-2 OS cell. A widefield fluorescence
microscopy image of a representative cell in a complex cell culture mixture is shown (scale bar: 50uM). This cell is isolated in the
frequency domain using CWT for downstream quantification and tracking. Visualization of segmentation tracks for this cell across
the 18-hour time course is shown. Segmentation cell masks are color-coded by time to visualize movement of the cell body during
the time course. Pixel-level time series for the cell is shown for 0-hr and 18-hr time points. Single-cell frequency is extracted from
continuous waveform signal at 0.25 fps resolution for 18 hours. (E) Schematic of GEO-FM circuit design to encode transcription
factor or (F) proteasomal degradation dynamics. To encode transcription factor activity, a genetic circuit placing an encoder activator
under the control of the doxycycline-induced TetON promoter was designed. To encode proteasomal degradation dynamics, a
protein circuit placing an encoder activator under the control of a TMP-stabilized DHFR degron was designed. Single-cell activity
trajectories extracted using the frequency-barcoded FM response broadcast by the cells is shown, ordered by weakest to strongest
final FM response. The FM response was converted to encoder expression level changes using the ML-model.


https://doi.org/10.1101/2025.02.28.640587
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.28.640587; this version posted February 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Our approach of engineering synthetic circuits to manipulate the spatiotemporal dynamics
of a fluorescent protein in a cell is a strategy that complements efforts that engineer new
biophysical properties into fluorescent proteins (FPs) directly. FP engineering typically targets the
chemical environment of a chromophore to create new colors with altered excitation/emission or
introduce photo-switching or photo-conversion activity*¢-2%. However, spectral overlaps between
optimized FP combinations fundamentally limits the number of usable channels®4. FLIM
methods or FPs with distinct photo-switching times can exploit the timescale of an exponentially
decaying fluorescent signal to further increase the number of usable channels*', but presently
have palettes limited by our ability to understand and engineer the electronic state transitions at
play.

In contrast, GEO approaches use synthetic biochemical circuitry*>-°° to integrate a cell’'s
biology into the dynamics of an FP, thus coupling cellular identity and internal state to the stream
of emitted photons over time. This creates a wide range of distinct single-cell imaging channels
separable by frequency (6-205 mHz), rather than color, for multiplexing and data-encoding
applications with whatever FPs are most appropriate for the biological system at hand. While FPs
with different fluorescence properties are essential and necessary for imaging cellular structures
or ultrafast signaling processes, GEOs complement these tools by providing a dynamic tunable
medium for communicating single-cell data over most biologically relevant timescales.

This ability to use a cell's GEO frequency to encode dynamic single-cell information
provides new capabilities and advantages over traditional fluorescent cell-state measurement.
First, FM-encoded data is represented in the frequency domain, thus robust against intensity
fluctuations and photobleaching, eliminating background and providing a high level of noise-
rejection. Second, frequency, unlike intensity, is non-arbitrary. Single-cell data collected using
different magnifications, fluorophores, or imaging setups can be directly compared or aggregated.
Third, cells can stream their data on different frequency channels using the same fluorescent
proteins, allowing unambiguous assignment and tracking of signals even from physically
overlapping cells. Further evolutionary exploration within the MinDE/ParAB superfamily could
potentially identify orthogonal ATPase/Activator pairs that allow multiple GEOs to operate in the
same cell or use different surfaces, such as nucleic acids, to support their oscillation?*26,
Together, these advantages allow GEOs to serve as a powerful high-performance data-encoding
medium whose temporal structure facilitates acquisition and analysis of single-cell dynamics in
real time.
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