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Deciphering Rapid Cell Signaling and Control of Cell Motility
by Reverse Opto-Chemical Engineering
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Cells transform complex environmental stimuli into physiological responses. In dynamic environments, or
when a motile cell moves in a static setting, stimuli change over time. Here we introduce a concept, “reverse opto-
chemical engineering,” which uses temporal light patterns and photo-triggers to create virtual sensory landscapes
for cells. This allows us to record their physiological responses and motor behavior in real time. Using this
approach, we studied cyclic-nucleotide signaling in sperm cells and mapped their stimulus-response transfer
function. The technique can be employed for remote control of motility by light. Exploiting the chemotactic
signaling backbone, we enable sperm to navigate in light gradients, making them attracted to light. This method
offers possibilities for uncovering the mechanisms and signaling molecules behind rapid cellular computations,
helping to understand the wiring diagram of cellular networks.

DOI: 10.1103/hlkj-7yxd

I. INTRODUCTION

Biological cells are exposed to numerous chemical and
physical cues over multiple timescales that ultimately evoke a
cellular response or control behavior. A key goal of biology is
to understand the transfer function between stimulus input s(¢)
and response output o(f) in quantitative and molecular terms.
This is challenging because cells face rich, spatially com-
plex, and ever-changing chemical environments composed of
puffs, plumes, ramps, periodic cycles, turbulences, or voids
of diverse stimuli [1,2]. The complexity is further enhanced
by feedback mechanisms that change the stimulus s(z). For
instance, stimulation of specific cells by a ligand may initi-
ate down-regulation of ligand synthesis by other distant cell
types. Another type of feedback comes from cell movements.
As cells move, they sample a spatial distribution of sen-
sory cues c(r) along their path r(#). Movement translates the
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spatial information into a temporal stimulus s(t) = c(r(z));
cells use this sensory information to continuously adjust their
path [Figs. 1(a) and 1(b)]. This feedback, where movement
determines future sensory input, is called ‘information self-
structuring’ in engineering [3]. The main objective is to map
in real time the biochemical circuits underlying navigation
and behavioral feedback as cells move in a sensory landscape.
However, emulating a naturalistic sensory landscape in the
laboratory is experimentally challenging.

Consider chemotaxis, the directed movement of cells in
a chemical gradient. Many organisms and cells are attracted
by chemical factors that signal food, mates, or favorable con-
ditions in general. Moving in periodic patterns like drifting
circles, helices, or zigzag movements is an effective navi-
gation strategy used by cells and animals to find a target
[4-11]. Periodic locomotion patterns are also seen in other
sensory behaviors like phototaxis [12,13] and during active
exploratory whisking of rodents and marsupials [14]. The
stimulus functions s(¢#) generated by these movements are
themselves periodic with frequencies that are typically >1 Hz.

A powerful approach for probing cellular signaling net-
works is to combine time-varying perturbations with signaling
readouts from live cells [15—19]. This strategy was previously
used to study slow cellular processes, like gene expression
or filopodia outgrowth that proceed on a minute-to-hour
timescale and, therefore, are experimentally accessible by
intermittent stimulation and time-lapse recordings. However,
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FIG. 1. Feedback loop between cell movement and stimulus from a sensory field. (a) The sensorimotor loop: cells gather information from
their environment by cell sensors, and signaling pathways convert these stimuli into a motor response. As a cell moves through a sensory
field, the registered stimulus function s(¢) changes dynamically, shaped by both the spatial sensory field and the cell’s active movement in
this field. (b) Examples of temporal stimuli (bottom) that result from two different paths across the same stimulus field (shades of light blue)
(top). (¢) Chemical structure of DEACM-caged cGMP. The caging group (light green) exhibits minimal background fluorescence. Exposure
to a 410-nm light flash cleaves the covalent bond between the cage and cGMP. The fluorescence from the liberated DEACM-OH (dark green)
enables quantification of messenger release. (d) Illustration depicts a cell responding to a natural stimulus (light blue arrows), which targets
external receptors and initiates intracellular messenger production to regulate downstream signaling targets. By contrast, the opto-chemical
engineering method bypasses these receptors by introducing a virtual stimulus (violet arrow) that releases messengers from caged precursors

directly within the cell, effectively replicating natural signaling responses.

many biochemical signaling events happen in less than a
second.

Here we extend this successful strategy to the mil-
lisecond time range using various waveforms of light and
photo-triggers of the cellular messengers cAMP and cGMP
[Fig. 1(c)]. This method allows creating a virtual stimulus
input s,(¢) [Fig. 1(d)] that mimics the stimulus encountered
in natural sensory landscapes. The concept is reminiscent
of reverse genetics, which introduces specific mutations
into genes and analyzes the resulting phenotype; we term
this approach accordingly reverse opto-chemical engineering
(ROCE). While stimulating cells with time-varying light, we
simultaneously record cellular responses using orthogonal
potentiometric probes and Ca®* indicator dyes. We study sig-
naling events in sperm and present applications of this method
to study cardiomyocytes and olfactory neurons.

This approach reveals the sensorimotor transfer function
of sperm chemotaxis and demonstrates ROCE’s versatility in
understanding and manipulating cellular behavior. By emu-
lating virtual sensory landscapes, we validated a theoretical
model for sperm chemotaxis. Furthermore, we gained in-
sights into sperm motility and revealed swimming behaviors
resulting from a mismatch between sperm swimming and sen-
sory perception. Using these insights, we precisely controlled
sperm motility with light and “photoprinted” spatial patterns
of sperm cells.

II. RESULTS

A. Implementation of reversed opto-chemical engineering

ROCE can be implemented through a virtual stimulus
function, s,(f), using caged chemical compounds or op-
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togenetic tools. While genetically encoded light-sensitive
enzymes can be used for manipulating cyclic-nucleotide
levels, such as photosensitive adenylate cyclase bPAC
[20-22], rhodopsin/guanylate cyclase fusion proteins RhGC
[23-25], and light-activated phosphodiesterases (LAPD) [26]
are available, they have limitations for studying rapid signal-
ing events: copy numbers and folding of proteins can vary and
are often difficult to determine; the relationship between light
energy and enzymatic activity tends to be complex or variable;
activation and deactivation kinetics of the respective enzymes
are typically too slow for probing millisecond-scale signaling
[21,22]; and some light-sensitive enzymes, like bPAC and
LAPD, exhibit basal activity that alters cellular resting states.
Consequently, their use is less suitable for precise and quanti-
tative analysis of subsecond signaling events.

Although optogenetic tools have been successfully em-
ployed to investigate slower cellular responses—such as
chemotaxis of neutrophil-like HL60 cells [27]—these ap-
proaches present limitations for rapid and quantitative signal
manipulation. To overcome such constraints for our specific
aim, we opted for caged compounds—specifically DEACM-
caged cyclic nucleotides (c(NMPs)—to rapidly and precisely
control cAMP and ¢cGMP levels via light [28] [Fig. 1(c)].
DEACM-caged cNMPs remain completely inactive until irra-
diation and offer multiple advantages: (1) their high quantum
yield (0.27) and activation spectrum (Apeax = 410nm) [29]
allows using low, nontoxic light intensities; (2) their ultrafast
photochemistry (<10 ns) [30] enables submillisecond trigger-
ing of physiological reactions; and (3) their spectral profile
allows multiplexed fluorescence measurements of multiple
cellular responses without interference, since UV light is not
required for photorelease [31]. In contrast, some optogenetic
tools, such as channelrhodopsin, often exhibit action spectra
that overlap with the excitation spectra of common fluores-
cent reporters [32]. Yet there is no general application limit
to optogenetic tools when spectral overlap is avoided and
photocycle kinetics are sufficiently fast. Finally, photorelease
of cNMP can be rigorously quantified and calibrated (see
Sec. IV).

We tested ROCE using three types of waveforms s,(7):
(1) a steplike increase, (2) a sinusoidal waveform, and (3)
a steady linear ramp [Fig. 2(a)]. For stationary cells, these
waveforms simulate a sudden change, rhythmic stimulation,
and a continuous increase, respectively. The cumulative light-
stimulated cAMP increase follows the integral

cAMP(t) = / s,(1)dt, (1
0

where the virtual stimulus s,(t) = ke I(t) is determined by
the product of the rate constant k. of photorelease and the
intensity /(¢) of the photolyzing light. The fractional release
of cAMP was quantified in vitro using enhanced fluorescence
of the free DEACM-OH [30] [Fig. 2(a); see also Fig. S1(a),
and Figs. S2(a)-S2(c) in the Supplemental Material (SM)
[33]] and in CHO cells using the cADDis cAMP sensor (see
Sec. IV) [Fig. 2(b); see also Fig. S1(b) and Figs. S2(d) and
S2(e) [33]]. Experiments confirmed the theoretical prediction
embodied in Eq. (1) in vitro and in vivo in cell populations
and single cells: the three waveforms produced, respectively,
linear, frequency-modulated linear, and quadratic rises of

cAMP concentration in vitro and in vivo [Figs. 2(a) and 2(b)].
At longer stimulation times, the in vivo cADDis signal in
populations of CHO cells leveled off [Fig. 2(b), middle panel]
due to sensor saturation, as predicted by a simple bind-
ing model (see Sec. IV). After the light stimulus had been
switched off, cADDis fluorescence remained elevated for sev-
eral seconds, indicating negligible PDE activity in CHO cells
on this timescale. Similar results were obtained by imaging
cAMP levels in single cells [Fig. 2(c) and see Fig. S1(b) [33]].
In conclusion, the observed changes in cAMP closely match
theoretical models. ROCE’s applicability was also confirmed
in cardiomyocytes and olfactory receptor neurons, which also
use cyclic-nucleotide signaling (see Note 1 [33]).

Finally, to further explore ROCE’s capabilities, we stud-
ied the sensory-motor loop of motile sperm while navigating
virtual sensory landscapes.

B. Oscillations of sensory input and motor output are predicted
to drive sperm chemotaxis

Sperm cells navigate up a concentration gradient of
signaling molecules through chemotaxis, a process best char-
acterized in marine invertebrates with external fertilization
[34]. One influential theory, proposed by Friedrich and
Jiilicher, suggests a geometric mechanism of sperm chemo-
taxis [35,36]. Due to their asymmetric flagellar bending
waves, sperm swim along circles when near surfaces [37-39].
In a chemoattractant gradient, these “circle swimmers” ex-
perience an oscillating concentration stimulus s(¢): as they
follow their circular path, they repeatedly move up and down
the chemical gradient during each swimming cycle, yielding
a periodic variation in stimulus intensity at a frequency f tied
to their swimming motion.

The oscillatory stimulus s(¢) triggers oscillatory intracel-
lular signaling events that modulate the asymmetry of the
flagellar beat. As the beat asymmetry oscillates, so does the
swimming path curvature «(¢) [37]. When the path curvature
oscillates around a mean value rather than remaining constant,
a perfect circular swimming path (constant path curvature
k(t)= ko) transforms into a drifting circle (see Fig. S7 [33]).

A key feature of this theory is the phase shift ¢ between
the oscillatory concentration stimulus and the oscillations in
path curvature. This phase shift, a consequence of delays
in biochemical signaling inside the flagellum, determines
the direction in which the drifting circles move relative to
the concentration gradient (see Fig. S8 [33]). In essence,
the Friedrich and Jiilicher [35] theory predicts that spatial
concentration gradients are translated into temporal oscilla-
tions of three quantities: the stimulus, downstream signaling,
and motor responses. These periodic signals guide sperm cells
to navigate chemotactically along drifting circles. For further
details on this theory, see Note 2 [33].

C. Applying ROCE to probe a theoretical model
for sperm navigation

Next, we employ ROCE to study and manipulate chemo-
tactic signaling and swimming behavior in sea urchin sperm,
thereby providing a test for the Friedrich and Jiilicher
theory.
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FIG. 2. Implementation of the ROCE method. (a) The time course of DEACM-OH fluorescence (orange) during photolysis by a virtual
stimulus s,(¢), with various stimulus waveforms shown (violet). The black traces represent the calculated cumulative cAMP release for
each waveform. These data are from in vitro experiments using DEACM-caged cAMP (15 uM) in buffer (Aex. = 365 nm; Ae, = 490 nm).
(b) Fluorescence time course of the cAMP sensor cADDis (yellow) evoked by s,(7) in caged cAMP-loaded (15 uM) CHO cells; a black line
shows a fit to a simple binding isotherm (see Sec. IV for details). (c) Single-cell imaging. Left: false-color images of cADDis-expressing HEK
cells showing the fluorescence increase at three time points following periodic photorelease of cAMP by s, (¢). Scale bar 20 uM. A color scale
for the cADDis fluorescence intensity appears beneath the images. Right: fluorescence time trace (yellow) from a single cell. The black line

shows a fit to a simple binding isotherm.

When swimming near surfaces, sperm cells trace chemoat-
tractant gradients along drifting circles [36,40,41], generating
self-entrained stimulus oscillations s(¢) at frequencies match-
ing their circular swimming around 1 Hz. Chemoattractant
binding to guanylyl cyclase receptors on the sperm flagellum
initiates a signaling pathway (see Fig. S3 [33]), translating
periodic stimulation into changes in [Ca®*];, which in turn
modulate the flagellar beat [40]. Within a timescale of 10 ms
to 1 s, this signaling comprises a rapid rise of cGMP levels,
a transient membrane hyperpolarization AV,,, and a rise of
[Ca?*]; [42]. To mimic s(¢) experienced by sperm swimming
along drifting circles in a chemical gradient, caged cGMP-
loaded sperm were exposed to oscillatory light patterns, while
changes in V,,(t) and [Ca%t] ; were recorded using fluorescent
dyes [Figs. 3(a) and 3(b)].

The stopped-flow technique was used to examine the cel-
lular responses of sperm populations following oscillatory

cGMP release. These experiments provided several impor-
tant insights. First, oscillatory virtual stimuli s,(¢) evoked
regular sinusoidal oscillations in V,,(¢) and Ca>*(¢). Second,
the frequency-modulated amplitudes of V,,(t) and Ca>*(¢)
remained stable throughout stimulation, indicating that sperm
responses, at least for physiological 1-Hz stimulation used
here, do not adapt to oscillatory inputs s,(t) [Fig. 3(b)].
By contrast, a constant steplike increase in stimulating light
produces a transient increase in [Cat]; that would almost
completely recover if recorded for sufficiently long time
[Fig. 5(b) in Jikeli er al. [36]]. Third, at 1-Hz stimulation,
the amplitude of the Ca’* response increases linearly with
release rates up to 10nM s~!, then saturates at a release rates
of 100nM s~! (see Fig. S5 [33]). The linearity of the response
for moderate stimulation will become important later for the
characterization of stimulus-response relationship using trans-
fer functions. Fourth, the V,,,(¢) and Ca?*(¢) oscillations were
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FIG. 3. Chemotactic signaling responses of sperm cells to oscillatory stimuli. (a) Schematic illustrating the experimental paradigm: An
oscillatory virtual stimulus s,(¢) is generated by releasing cGMP at a rate proportional to the intensity of an oscillatory light stimulus (violet),
with cellular responses recorded sequentially. The sequence of events include the stimulus input, changes in membrane voltage V,,, intracellular
Ca®* concentration [Ca’*];, and swimming path curvature «, coded by color. (b) Changes in V,, (orange) and [Ca’>*]; (green) of sperm
populations evoked by a 1-Hz sinusoidal virtual stimulus s, (¢) (violet) were registered using the fluorescent potentiometric probe FluoVolt and
the Ca* dye Fluo-4. The maximal light power for photolysis was 0.24 mW, corresponding to the release of 220 nM ¢cGMP s~'. (c) Interval plot
shows measured phase shifts relative to the stimulus, including circular means and standard deviations for both V,, (n = 4) and Ca’>* (n = 5).
(d) Swimming path of a sperm cell exposed to a 1-Hz virtual stimulus, showing the swimming direction (arrow) and color-coded Ca®* signals
along the path. Relative intensity of the light stimulus, Ca?* signal, and path curvature are shown for the highlighted region (dashed box). (e)
Time series plot presents the light protocol, evoked Ca®* signal, and resulting path curvature (pink). (f) Interval plot summarizes measured
phase shifts for path curvature x and Ca>* signal relative to the stimulus in single cells (n = 4).

phase-shifted with respect to oscillatory s,(¢). The Ca>* os-
cillations were phase-shifted by ¢c, = 96.7° £+ 19.7° (n = 5),
while the V,, oscillations were shifted by ¢y, = 162.2° +
18.6° (n = 4) [Fig. 3(c)]. Standard sign conventions for phase
shifts from physics were followed: for a sinusoidal stimulus
defined as sin(2zf f), a corresponding response is described
as sin(2rf t + ¢). Phase shifts reflect a latency of signaling.
If the response is delayed by a latency time t with respect
to the stimulus, a phase shift of ¢ = 27 (1 — t/T) should be
observed. For the Ca?t response, the measured phase shift
corresponds to an apparent latency of 730 £5 ms for 1-Hz
stimulation, consistent with previous reports of kinetic mea-
surements of Ca>* responses [41-43]. For the V,, response, we
need to take into account that an increase in stimulus causes a
hyperpolarization, i.e., a decrease in V,,,. Without latency, we
would thus observe a phase shift of exactly m; with latency,
we expect ¢ = 2w (1 — t/T) — m. Thus, for the V,, response,

the measured phase shift corresponds to an apparent latency
of 50 + 5 ms for 1-Hz stimulation, consistent with the almost
instantaneous change in V,, [44].

The regular sinusoidal waveforms of V,,(r) and Ca’*(t)
responses indicate that sperm continuously sample their
environment rather than continually probing gradients at dis-
crete time intervals. This indicates that sperm convert a
time-continuous analog input stimulus s,(¢) directly into a
time-continuous analog output response. Finally, V,,(¢) and
Ca’*(¢) signals are phase-locked with the oscillating virtual
stimulus s, (¢) [Fig. 3(b)].

Previous studies using repeated discrete stimulation (steps
or brief pulses) showed that sperm integrate stimuli over a
period of up to approximately 500 ms before responding [45].
Using the ROCE paradigm with continuous waveforms re-
veals that sperm integrate stimuli continuously and transduce
into continuous responses.

013020-5



H. HAMZEH et al.

PRX LIFE 4, 013020 (2026)

D. Oscillatory stimuli and swimming behavior

We next examined how an oscillatory virtual stimulus in-
fluences swimming behavior. Specifically, we analyzed Ca**
oscillations and changes in swimming paths in response to
a 1-Hz oscillatory stimulus s,(¢) applied to sperm loaded
with caged cGMP [Figs. 3(d)-3(f); see Movie 1 [33]]. Video
microscopy enabled precise tracking of sperm as they moved
in 2D at the glass/water interface in a shallow recording
chamber [Figs. 3(d)]. Before stimulation, sperm swam along
regular circles characterized by a constant path curvature
[Figs. 3(d) and 3(e)]. When exposed to oscillatory light stim-
ulation, both Ca?* concentration and path curvature began
to oscillate, causing sperm to swim along drifting circles
[Figs. 3(d) and 3(e)]. The drift, reminiscent of sperm chemo-
tactic navigation, can be explained theoretically (see Note 2
[33]) as arising from oscillations of path curvature « at the
frequency of circular swimming [35,40]. Critically, the phase
shift between the stimulus and the path curvature determines
the direction of drift.

Analysis of single-cell responses revealed phase shifts
for «(t) of ¢, = 197.0° £42.2° and for Ca’t(t) of ¢ca =
90.3° +41.2° [n =4; Fig. 3(f)]. Importantly, for positive
chemotaxis, theory predicts that ¢, should range between
180° and 360°. Thus, periodic light stimulation that triggers
cGMP release successfully mimics the natural chemotactic
2D navigation pattern observed in a concentration gradient—
even in the absence of an actual chemical gradient. These
results reinforce the idea that the cGMP concentration in
the flagellum oscillates during chemotactic navigation. In the
ROCE experiment, cGMP oscillations are created through
periodic photorelease of cGMP followed by hydrolysis via
PDE activity (see Fig. 3 in Trotschel [44]). Under natural
chemotaxis conditions, periodic stimulation and inactivation
of GC lead to periodic cGMP synthesis, with subsequent
removal of cGMP through PDE hydrolysis. Furthermore,
shifting the phase of the stimulatory waveform, changes
the direction in which the sperm’s drifting swimming cir-
cles move (see Movie 2 [33]). Thus, core predictions of
theory—periodic stimulation causes oscillations of signaling
components such as ¢cGMP, and drift direction is deter-
mined by phase shifts—are validated by these experimental
findings [35].

E. Recording of transfer functions using ROCE

As a cell moves, the spatial concentration field, c(r), is
converted into a temporal stimulus, s(¢). When presented with
an oscillatory input s, (¢) at frequency f, the cellular outputs—
V,.(t), Ca®*(¢), and path curvature « (t)—each oscillate at the
same frequency f around their respective steady-state levels
[Figs. 3(b) and 3(e)]. Notably, the amplitude of these output
oscillations scales linearly with that of the input oscillations,
modulated by a proportionality factor |H(f)|, which itself
depends on the frequency f. Additionally, the output oscilla-
tions are phase-shifted relative to the input, with a phase shift
¢ = arg H(f) that also can vary with frequency f, as indicated
by arrows in Fig. 3(a). Such input-output relationships can
be described succinctly by a complex-valued transfer function
H(f), also known as impedance or linear response function.

The transfer function Hc, between input s, (t) and Ca’*(¢)
output was established using frequency sweeps from f = 0.1
to 10 Hz [Fig. 4(a) and Fig. S6 [33]]. The amplitude of the
Ca?* response was maximal at f < 1 Hz and declined at
higher frequencies, yielding a cutoff frequency f. = 1.2+
0.16 Hz (n = 4) [Figs. 4(b) and 4(c) black]. Thus, the sig-
naling network acts as a low-pass filter with a cutoff just
below the 1-Hz frequency characteristic of circular swimming
[36,40]. To validate the transfer function Hc,, a stimulus s, ()
representing the superposition of 1-Hz and 6-Hz oscillations
was applied, revealing close agreement between the evoked
Ca’* signal and the response predicted by Hc, [Fig. 4(d)].

Analogously, a stimulus-motor transfer function H, was
defined to relate the stimulus s,(¢) to changes in the path
curvature «: the motor response x(t) of swimming sperm
[Figs. 4(b) and 4(c), pink]. Both H, for «(#) and Hc, for
Ca’* () exhibited similar cutoff frequencies [Fig. 4(b)]. No-
tably, the phase shift between these two transfer functions
differed by approximately 7r/2 or 90° [Fig. 4(c)], aligning with
previous findings that curvature is proportional to the time
derivative of [Ca*]; [40]. Finally, phase shifts between s,(t)
and both Ca?t(r) and «(¢) decreased at higher frequencies,
consistent with temporal averaging of the input stimulus.

To study sperm responses to periodic changes in chemoat-
tractant concentration, a virtual chemical landscape was
constructed. We calculated the temporal stimulus encountered
by a sperm cell as it navigated along drifting circles in a spatial
Gaussian chemoattractant profile, simulating swimming both
up and down the concentration gradient [Figs. 4(e) and 4(f)].
This temporal pattern was then applied to a sperm popula-
tion in a cuvette using a stopped-flow device. Both V|, and
[Ca?*] displayed a characteristic waxing-and-waning pattern
of oscillations during virtual swimming along both gradient
directions [Fig. 4(g)]. At the peak of the light profile—
aligning with the highest point of the Gaussian gradient—the
amplitudes of V,, and Ca’* oscillations approached zero
[Fig. 4(g)]. This distinctive waxing-and-waning response is
consistent with predictions from the transfer function Hc,
[Fig. 4(h)].

Two key insights emerge from this virtual-landscape ex-
periment. First, sperm retain their responsiveness to periodic
stimulation over a broad range of average stimulus strengths.
Second, phase locking between the stimulus s,(¢) and the re-
sponses V,,(¢) and Ca®*(¢) is maintained regardless of whether
sperm swim up- or down-gradient, preserving the typical re-
sponse required for positive chemotaxis, even for a virtual
stimulus corresponding to hypothetical conditions. We noted,
however, when the stimulus declines toward zero, measured
Ca’* signals were larger than predicted. This discrepancy
reveals nonlinearities during substantial stimulus drops, po-
tentially induced by off-responses triggered during persistent
down-gradient swimming [36,46]

F. Optical control of cell motility

To gain deeper insight into stimulus-motor coupling
during physiological stimulation, experiments were con-
ducted with 1-Hz sinusoidal stimuli. Sperm swimming along
circular paths naturally sample concentration gradients pre-
cisely at the same frequency fy as their circular motion.

013020-6



DECIPHERING RAPID CELL SIGNALING AND CONTROL ...

PRX LIFE 4, 013020 (2026)

(c) (d)
M\‘ = 10 22
' g g 3
T < Q
) 'tc 13
§ 0 MM | ,||ﬂ 55 £
o 2
- 0 0
1 2 4 10 0.2 1 2 4 10 0 1 2 3 4
Frequency (Hz) Frequency (Hz) Time (s)
(9) (h)
20 1
15 =
L <
=10 ?
w NO.5
(TR 5 [}
< E
- 0 fe= 2
o 0 . . \ -4 - . . 0 . : .
0 5 10 15 0 5 10 15 0 5 10 15
Time (s) Time (s) Time (s)

FIG. 4. The transfer functions of chemotactic signaling. (a) Frequency-dependent Ca?* response (green) of sperm using a stimulus sweep
5,(t) (violet) allowing determination of the signaling pathway’s transfer function. AF/F, indicates changes in [Ca?*];. (b) Estimated magnitude
of the raw (gray) and smoothed (black) transfer function |H(f)| of the Ca>* response and of the curvature amplitude =%s.d. (pink). (c) Phase
relation between Ca”* signal and stimulus (black) and path curvature and stimulus (pink) as a function of stimulus frequency. (d) Validation of
the transfer function using a composite s, (¢ ), a superposition of two sinusoidal oscillations at 1 Hz and 6 Hz (violet); the Ca>* signal (green) is
compared with the predicted output signal (black) generated by applying the transfer function to the input signal. (e) Schematic of emulating
chemotactic signaling in a virtual gradient, depicting a hypothetical swimming path (light gray) through a Gaussian-shaped concentration
profile (blue gradient). The swimming direction is marked by an arrow (scale bar 100 uM). (f) The corresponding virtual stimulus function
s, (¢) that replicates the sensory stimulus a sperm cell would encounter when traversing this concentration field along the hypothetical path. (g)
Changes in voltage V,, (orange) and [Ca®*]; (green) during navigation in the virtual concentration field were monitored using the FluoVolt and
Fluo-4 dyes, respectively. (h) The output Ca>* signal (black), predicted by convolution of s, (¢) with the transfer function Hc, from (b) and (c),

aligned with the actual measured Ca?* signal (green).

Theoretical models predict that, during chemotaxis, oscilla-
tions in path curvature cause sperm to swim on drifting circles
[35]. Experiments confirm this prediction: when subjected to
an oscillatory stimulus s, (¢) matching the circular swimming
frequency fy, sperm indeed swim on drifting circles [40,47].
However, what happens when the stimulus frequency deviates
from the natural swimming frequency?

To explore this question, the ROCE approach was used
to disrupt the natural synchronization (self-entrainment) be-
tween the stimulus frequency f; and the frequency fy of
circular swimming. The behavior of sperm loaded with caged
cGMP was observed in shallow recording chambers. Under
these conditions, the circular swimming frequency f was ap-
proximately 1 Hz but varied slightly between individual sperm
cells [36,40]. We exploited this natural variability to probe the
case where f; and f; differ. When presented with a virtual
stimulus oscillating precisely at 1 Hz, the sperm swimming
paths resembled intricate “spirograph orbits”—complex, mul-
tilobed trajectories reminiscent of patterns produced by a
Spirograph toy [Fig. 5(a); see also Movie 3 and Table SI
[33]]. These multilobed trajectories, known as epicycloids in
mathematics, arise from a pen attached to a gear rotating
inside a larger circle [Fig. 5(a) and Fig. S9 [33]]. The numbers
and position of lobes varied: high-curvature “lobes” appeared
inside the centerline of the super-circular path for f; < f; and
outside for f; > fo [see Figs. S9(b) and S9(c) [33]].

An extension of the theory framework by Friedrich and
Jiilicher [35] predicts such epicycloid swimming trajecto-
ries when the stimulus frequency f; deviates from the cell’s

natural circular swimming frequency f; [Fig. 5(b); see Note
3 [33]]. The underlying principle is intuitive: if f; matches
fo perfectly (fs = fo), the velocity vector v of the cell retains
the same direction before and after each complete cycle of
stimulus oscillations, resulting in swimming circles that drift
along straight lines [Fig. 5(b); see also Fig. S9(a) [33]]. Thus,
for self-entrained oscillations (f; = fo), sperm follow drifting
circles featuring almost straight centerlines. If f; and f differ,
however, v undergoes a nonzero net rotation after each stimu-
lus cycle. This causes swimming cells to move on epicycloid
paths—essentially, drifting circles whose curved centerline
itself forms a circle [Fig. 5(b); see also Figs. S9(b) and S9(c)
[33]]. The frequency with which the cell orbits this circular
centerline equals the frequency difference | fi—fo|, producing
spirograph-like trajectories with n = f{/|fs—fo| lobes. The di-
versity of observed swimming paths (see Table I [33]) is thus
fully accounted for by variations in the intrinsic frequency fj
(arising from variations in swimming velocity, circle diameter,
or both), demonstrating good agreement between experimen-
tal observations and theoretical predictions.

These experiments reveal a fundamental insight: effective
sperm navigation requires the frequency of the external os-
cillatory stimulus to match that of their intrinsic swimming
motion. When sperm traverse a concentration gradient, this
motility-stimulus synchronization naturally occurs, optimiz-
ing their chemotactic behavior [Fig. 1(a)].

The findings suggest it is possible to remotely guide sperm
by delivering a virtual stimulus that synchronizes with their
swimming frequency. While this could be achieved through
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FIG. 5. Control of sperm motility by light. (a) Collection of experimental trajectories of caged cGMP-loaded sperm exposed to a 1-Hz
sinusoidal UV-light stimulus. Each trajectory starts from a red dot; the centerline of trajectories is shown as dashed black lines. Scale bars
50 uM. (b) Predicted swimming trajectories for cells with path curvature «(¢) oscillating at the stimulation frequency f; and exhibiting a phase
shift ¢ relative to the stimulus s,(¢). Rational ratios of the circular swimming frequency fj to f; determine the n-fold symmetry of trajectories
(columns). Different values of ¢ generate the same geometric forms, rotated in space (rows) (see Note 3 in the SM [33]). (c) Swimming paths
of sperm ascending a Gaussian-shaped profile of light intensity in the absence of chemoattractant. While traversing the light profile, cGMP is
released according to the local stimulus light intensity (gray shades); color code indicates time; scale bar 200 uM. (d) Light stimulation allows
precise remote control of sperm movement, with cells being guided to form a Minerva silhouette. Each white dot corresponds to a single sperm
cell visualized by dark-field microscopy. Images show conditions before (top) and 5 s after the stimulus light is switched on (bottom). Scale

bars 500 uM.

a closed-loop system that tracks sperm in real time, adjust-
ing stimulus frequency (e.g., light intensity) dynamically, a
simpler solution is to use a static gradient of light intensity. In
such a light gradient, intracellular cGMP oscillates at the same
frequency as circular swimming motion, activating the down-
stream signaling cascade that produces an oscillatory motility
response. ROCE should enable precise directional control of
motile cells by harnessing gradients of light intensity, ef-
fectively “hijacking” the chemotactic signaling pathway. As
a proof of concept, sperm were successfully reprogrammed
from chemotactic (attracted by chemicals) to “phototactic”
(attracted by light) behavior. When exposed to a Gaussian
profile of light intensity, sperm navigated up the gradient
[Fig. 5(c); see also Movie 4 [33]]. Furthermore, by applying
specific light patterns, we demonstrate the ability to “paint”
images using cell-density distributions [Fig. 5(d); see also
Movie 5 [33]].

III. DISCUSSION

We introduce a method, ROCE, to investigate motile cell
behavior by exposing cells to a time-varying virtual stimulus
sy (t) while simultaneously recording their biochemical, elec-
trical, and behavioral responses. This quantitative approach
allows precise analysis of physiological responses on a mil-
lisecond timescale. Although ROCE was demonstrated for
the ubiquitous messengers cAMP and cGMP, the method
should be broadly adaptable to other chemical photo-triggers,
including caged forms of Ca>*, phosphoinositides, lipids, pro-
teins, gases like CO, [48], or optogenetic enzymes coupled
to suitable sensors. Using multiple photo-triggers, ROCE en-
ables investigation of the interplay between various signaling
pathways.

To illustrate its capabilities, we applied ROCE to
sperm chemotaxis. ROCE offers several key insights. First,
oscillating s,(r) generates corresponding oscillatory volt-
age responses in sperm. Because the CNGK channel
responsible for generating an electrical signal does not in-
activate or desensitize at high cGMP concentrations [49],
periodic stimulation reliably produces phase-locked oscilla-
tions of cGMP concentration, likely maintained by a dynamic
balance between cGMP synthesis and hydrolysis. Second,
sperm continuously sample stimuli in real time rather than
“sniffing” at intervals, with almost instantaneous responses to
stimulus changes. Third, the signaling pathway acts as a low-
pass filter, attenuating high-frequency stimulus fluctuations
above 1 Hz. Such high-frequency fluctuations may stem from
micro-inhomogeneities of chemoattractant distribution, spon-
taneous fluctuations of flagellar motion [50], or shot-noise in
chemosensation at low chemoattractant concentrations [46].
Fourth, the swimming paths are indistinguishable whether
propelled by self-entrained oscillations or virtual stimu-
lus oscillations matching the natural swimming frequency
(fs = Jo)-

ROCE opens possibilities for simulating realistic sensory
environments, such as chemical concentration fields shaped
by fluid flow. This includes scenarios like metabolite delivery
in the bloodstream or fluid transport by motile cilia in tissues
such as the olfactory epithelium or brain ventricles [51,52].
Another promising application is the study of chemotactic
behavior in slowly moving cells subjected to repetitive wave
fronts of chemoattractant, such as those seen in the slime
mold Dictyostelium discoideum. These cells respond to the
initial rise in chemoattractant concentration as a wave reaches
them. However, their behavior during the subsequent decline
phase—once the wave has passed—remains an open debate
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in current research, commonly referred to as the “back-of-the-
wave” problem [53,54]. Studies using microfluidic techniques
have produced contrasting findings: while one group reported
that D. discoideum cells continue to migrate [53], another
group reported that cells stop or even reverse their migration
direction [55]. Approaches such as ROCE may provide fresh
perspectives on this phenomenon by enabling investigation
from alternative methodological angles.

Chemotactic gradient sensing relies on two main strategies:
spatial comparison and temporal comparison [56-59]. Spa-
tial comparison involves detecting a stimulus gradient across
the cell’s diameter, while temporal comparison is based on
perceiving changes in stimulus strength over time as the cell
moves through the environment.

ROCE provides a powerful tool for distinguishing between
spatial and temporal mechanisms of gradient sensing. By
applying a temporally varying but spatially uniform virtual
stimulus, researchers can selectively activate cells that rely
on temporal comparison, while those cells that depend on
spatial comparison remain unaffected. Additionally, ROCE
enables investigation of additional sensory behaviors such as
thermotaxis, magnetotaxis, and phototaxis by targeting the
relevant cellular messengers.

We propose that ROCE can be leveraged to unravel cellular
computations at various points along signaling pathways, em-
ploying realistic virtual stimuli that clarify how cells process
information and make decisions in complex environments.

Finally, it has been proposed that diverse sensory sys-
tems, from sperm chemotaxis to algae phototaxis, may operate
according to common principles of sensory-motor coupling
[60-62]. ROCE supports this concept by enabling the re-
programming of sperm cells from chemotactic to phototactic
behavior, highlighting its versatility for studying and manipu-
lating cellular responses across different sensory modalities.

IV. METHODS

A. Stopped-flow measurements using
the lock-in detection principle

Changes in [Ca”],», and voltage V,, were measured us-
ing a rapid-mixing device (SFM-400; BioLogic) operated in
stopped-flow mode at 18°C [42] (see Fig. S1 [33]). The
changes in [Ca®*];, and V,, were measured with the Ca’"
indicator Fluo-4-AM and the voltage-sensitive indicator Fluo-
Volt (Molecular Probes), respectively. For loading, dry sperm
were suspended 1:6 (v/v) in loading buffer containing artificial
seawater (ASW), the specific indicator dye (10 uM) and 0.5%
Pluronic F127 (Sigma-Aldrich or Molecular Probes). Sperm
were incubated for 30-60 min (Fluo-4-AM) or 15-30 min
(FluoVolt) at 18°C (for details see [42]). After incubation,
the sample was diluted 1:20 with ASW containing DEACM-
caged cGMP (15 uM, if not otherwise indicated) and 0.25%
(w/v) Pluronic F127. The caged cGMP was allowed to equi-
librate across sperm membranes for 7 min, and equilibration
was checked by applying light flashes to photorelease cGMP
and evoke a V,, or Ca’>* response. The amplitude of V,, re-
sponses plateaued after 7 min and stayed stable for up to
20 min. Throughout each experiment (about 15 min), sperm
were maintained in ASW containing caged cGMP to prevent

leakage after dilution. For recording, the sperm suspension
(about 3 x 108 cells/ml) was rapidly mixed 1:1 (v/v) at a flow
rate of 1 ml/s with ASW in the stopped-flow device. Leak-
age of caged cGMP after 1:1 mixing was negligible during
recordings up to 30 s.

Fluorescence of indicators was excited using a SpectraX
Light Engine (Lumencor). The excitation light was modulated
at a reference frequency of 10 kHz and delivered to the cuvette
via a liquid light guide. Emitted fluorescence was recorded by
photomultiplier modules (H9656-20; Hamamatsu Photonics)
and processed with digital lock-in amplifiers (Model 7230,
Signal Recovery, Oakridge, TN, USA), which enhance the
signal-to-noise at the reference frequency while excluding
unrelated noise and signals at different frequencies. This de-
tection setup enabled simultaneous photorelease of the caged
compounds and fluorescence measurement with the amplifiers
recovering only fluorescence modulated at 10 kHz, effec-
tively filtering out fluorescence from uncaging events. Data
were acquired using an acquisition pad (PCI-6221; National
Instruments) and Bio-Kine software (BioLogic). Fluo-4 flu-
orescence was excited by a cyan LED (band-pass filter ET
490/20; Chroma), and emission was recorded after a band-
pass filter (BrightLine 536/40; Semrock). For the FluoVolt
dye, excitation was by a teal LED (band-pass BrightLine
513/17; Semrock), and emission was collected using a band-
pass filter (BrightLine 542/20; Semrock). Signals represent
the average of at least two recordings and are depicted as
percent changes in fluorescence (AF) relative to the mean
baseline (F), determined from the first 5-10 data points be-
fore the onset of the signal. The control (ASW) AF/F; signals
were subtracted from those induced by resact or cGMP, iso-
lating the specific response.

B. Experimental determination of photorelease

The experimental estimation was based on the property
that the DEACM cage exhibits minimal fluorescence when
attached to cNMP, but becomes highly fluorescent after re-
lease by photolysis [see Fig. S2(a) [33]] [30]. The increase
in fluorescence was measured by UV excitation at progres-
sively higher light intensities, and the resulting fluorescence
curves were normalized to each corresponding light level. The
change in fluorescence over time was fitted with an exponen-
tial function [see Fig. S2(a) [33]]:

F(t) = Fy + A[l — e %], 2)

where F (t) denotes fluorescence at time ¢, F represents back-
ground fluorescence, A is a constant, and k. is the release
rate. The slope of the curve versus power density provided a
linear fit consistent with theoretical predictions [see Fig. S2(b)
[33]] and was subsequently used to estimate photorelease for
various waveforms.

C. Theoretical estimate of photorelease

The release efficiency of caged compounds can be derived
analytically using the Beer-Lambert law. The attenuation of
light as it passes through a solution containing caged com-
pounds at a concentration c is given by

E JE; = 107¢M A3)
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where e(A) is the extinction coefficient at wavelength A,
I is the path length, E; is the incident light energy, and
E, is the transmitted light energy. For a typical e(A) of
10000 M~! cm™~! [48], a caged compound concentration of
¢~ 10uM, and [/ ~ 0.1cm, the exponent is ~0.01 < 1),
enabling linearization by a Taylor expansion:

E;JE; ~ 1 —&(A)cl In 10. )

Using the Planck-Einstein relation and Eq. (4), the number
of absorbed photons n, for a given wavelength A can be
estimated as

Exe(X)cl In 10
ngA) = ——, ®)

heiight
where cjigy 15 the speed of light, and 4 is the Planck constant.
The fraction of photons that lead to photolysis, #,, is given by
the quantum yield of photolysis ¢, so the number of released
molecules is n, = ¢n,. Considering the spectral flux of the
light source P()) and the flash duration ¢, for a narrow spectral
band dA, the released molecules n, are

tP(A)Ve(A)cIn 10

ne(n) = POV D10 ©)

hctight

where V is the irradiated volume. The number of caged
molecules before the flash in that volume is n, = VcNy,
where N, is the Avogadro number. Integrating for all wave-
lengths, the fraction of released molecules per unit of time is

_ ¢In(10)
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The release from caged compounds by photolysis can be
modeled as a first-order reaction of the caged compound with
a photon:

c+hv = (8)

where the concentration of the released compound is r. Ac-
cording to the mass balance equation and the principle of mass
conservation:

dr

E = keei(co — 1), &)

where c, is the caged compound concentration before pho-
tolysis. The solution for this equation is, assuming ki is
constant:

r=co(1 —e7he), (10)

Combining Egs. (7) and (10), the total release can be quan-
tified:

prIn 10 fh
—Noe Jo P)e(r)-da
r= co(l — e Naliigh o )

amn

If the spectral flux of the light source varies with time
(P = P(t,1)), a more general solution to Eq. (9) involves
integrating the following expression over both time and
wavelength, allowing for accurate predictions under complex
illumination protocols:

— OOk by dr e(M)dA
r:co(l — e Nalight f() f() O.1de e(h) )

12)

For users, a graphical user interface written in Python is
available for evaluating the release of several compounds with
different light sources and illumination protocols [63].

D. Calibration of intracellular caged cNMP concentrations
and fractional cNMP release

Calibration of ROCE for precise quantification of cell
signaling was achieved by determining both intracellular
caged-cNMP concentrations and fractional photolysis using
experimental and theoretical methods; both approaches agree
within 30% (see Fig. S2 [33]).

Neutral DEACM-caged cNMPs readily equilibrate across
cell membranes and, unlike acetomethoxy esters, should not
accumulate within cells. Consequently, extra- and intracellu-
lar cNMP concentrations should be approximately equal. We
tested this premise in two different cell systems by distinct
methods. First, sperm were loaded with 1-25 uM DEACM-
caged cGMP. The photolytic cGMP release for the different
concentrations was kept constant by adjusting light energy
accordingly. Sperm respond to stimulation by chemoattractant
or cGMP with a hyperpolarization of membrane potential V,,
[64]. The cGMP-evoked V,, responses perfectly superimposed
[see Fig. S2(c) [33]], demonstrating that external and cytosolic
caged compound concentrations scale linearly or are equal.

Second, we determined the Kp constant of cAMP binding
to a cAMP sensor, named the cAMP Difference Detector
in situ (cADDis) [65], in CHO cells via light titration [see
Figs. S2(d) and S2(e) [33]]. The cADDis sensor is a fusion be-
tween a fluorescent reporter protein and the guanine-exchange
factor regulated by cAMP, EPAC2, which includes two cyclic-
nucleotide binding domains (CNBDs) with different affinities
for cAMP [66]; only one CNBD is required for the confor-
mational change [67]. Various versions of the cADDis sensor
exist (see, for instance, [65]). The cADDis sensor used in
this study contains only the CNBD of higher affinity, also
referred to as the B-site (Red Fluorescent cAMP assay, Mon-
tana Molecular). Viral transduction of the cAMP sensor was
performed according to the manufacturer’s protocol.

Calibration of cADDis followed two distinct procedures.
In the first procedure, 4 x 10° cells from a stable cell line
expressing mICNBD-FRET (another cAMP biosensor [68]),
were mixed with cADDis BacMam stock, complete medium,
and sodium butyrate, then plated on a 9-cm cell culture dish.
Cells were incubated for 30 min at room temperature in the
dark, then for 48 h at 37°C and 5% CO,. After incubation,
cells were suspended in 500 pl hypotonic medium containing
(in mM): 10 mM Hepes/NaOH) at pH 7.4 and 2 mM EDTA,
and lysed by brief sonication three times for 10 sec. After
centrifugation (500x g, 10 min), the supernatant was resus-
pended in 5 ml solution containing (in mM): NaCl 140, KCI
5.4, MgCl, 1, CaCl, 1.8, glucose 10, and Hepes 5 adjusted
to pH 7.4 with NaOH. We recorded the fluorescence emission
spectrum of cADDis (565-650 nm) excited at 550 nm. The
cAMP was added stepwise, and spectra were again recorded.
As a reference, we recorded from the same sample for each
cAMP concentration the emission spectrum (460-580 nm)
of mICNBD-FRET, excited at 430 nm. Fluorescence values
were plotted vs cAMP concentration and analyzed using a
simple binding model. The Kp value for cAMP binding to
cADDis and mICNBD-FRET was 723.3 £45.1 nM (n = 3)
and 144.7 + 15.0 nM (n = 3), respectively. In the second pro-
cedure, cADDis was calibrated in sifu by defined photolytic
release of cCAMP from caged cAMP-loaded CHO cells. The
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changes in cADDis fluorescence were fit with a simple bind-
ing model using Origin (OriginLab), producing a Kp value of
628.3 nM, consistent with the first method (723.3 nM). These
experiments demonstrate that photorelease of cNMP inside
live cells allows for accurate, quantitative determination of
intracellular cAMP levels.

E. cADDis imaging

HEK cells expressing cADDis, loaded with DEACM-
caged cGMP (15 uM), were bathed in ES containing 0.01%
Pluronic F127 (Sigma-Aldrich) and imaged in a custom-made
observation chamber. Cyclic cAMP was released by a 365-nm
UV LED (M365L2; Thorlabs) controlled by a custom-made
power supply interfaced with a data acquisition card (PCI-
6040E; National Instruments). Output power was regulated
using a customized LabVIEW software. The UV light was
delivered through the back port of an inverted microscope
(IX 71; Olympus) equipped with a 10x objective, a 530LP
dichroic mirror (T525 LPXR; Chroma), and a band-pass emis-
sion filter (BrightLine 562/40; Semrock). An EMCCD camera
(iXon EM + DU-897; Andor Technology) was used to collect
fluorescent images. Sequential imaging protocols were used to
separate cADDis fluorescence from background fluorescence
arising from the released cage into sequential camera frames
[see Fig. S1(b) [33]].

F. Data analysis of cADDis fluorescence

The total cAMP concentration released at any time ¢ can
be expressed as

[cAMP]; = ci(t) = / s,()dt = / kel )dt,  (13)

where s,(¢) represents the virtual stimulus function, k. the
photorelease rate, and I(¢) the light intensity. The cADDis
time traces were analyzed by fitting the data with a modified
binding isotherm using Origin (OriginLab):
[cAMP x cADDis]  [cAMP]
[cADDis]t "~ Kp + [cAMP]’

where [cADDis]y is the total cADDis concentration, [CAMP]
is the free cAMP concentration, and [cAMP-cADDis] is the
concentration of the cAMP-cADDis complex. Assuming that
the fluorescence signal is proportional to the complex concen-
tration, then the change in cADDis fluorescence is given by

AF(1) [cAMP]

F " Kp+[cAMP]’
where A is a proportionality factor. When only a small fraction
of the released cAMP binds to cADDis, the free and total
cAMP concentrations are approximately equal. In this regime
Egs. (13) and (14), governing cAMP release and sensor bind-
ing, can be combined to yield a single expression describing
the fluorescence trace as a function of the stimulus and exper-
imental parameters:

AF(1) _ [ sy(2)dt
F Kp + [ sy(r)dt’
The cADDis fluorescence time course was fitted to the
above equation across various stimulus protocols: s,(¢) = sy,

(14)

as)

(16)

sy(t) = sot, and s,(¢) = s, sin(wt) + 51, corresponding to a
step (constant), a ramp (linear increase), and a sinusoidal
waveform, respectively.

G. Single-cell recordings using temporal light waveforms

Sperm loaded with DEACM-caged cGMP (15 uM) were
diluted 1:10° in ASW containing 0.5% Pluronic F127
(Sigma-Aldrich) and imaged in a custom-made observation
chamber of 100-uM depth. Cyclic GMP was released by a
365 nm UV LED (M365L2; Thorlabs) with a custom-made
power supply regulated via a data acquisition card (PCI-
6040E; National Instruments). The output power was adjusted
in time using a customized LabVIEW program. The UV
power was calibrated using a photodiode (DET36A/m; Thor-
labs). The UV light entered through the back port of an
inverted microscope (IX 71; Olympus) equipped with a
10x objective (UPLSAPO10X; Olympus) and with a 495LP
dichroic mirror (BS495 LP; Semrock). UV light was at-
tenuated using a 2% neutral-density filter (Linos, Qioptiq
Photonics) and filtered for imaging by a 510 LP emission
filter (ET510LP; Chroma). The maximal light power delivered
onto the sample (20 uW) was measured with a power meter
(Fieldmax top and PowerMax PS19Q; Coherent). Dark-field
illumination was achieved with a 730-nm LED (M730L4;
Thorlabs) and a short working distance condenser (IX2-U-
UCDB8; Olympus). Dark-field images were recorded by an
EMCCD camera (iXon EM+ DU-897; Andor Technology).

H. Analysis of single cells

Tracking of sperm cells from dark-field video microscopy
data was done using a customized program written in MAT-
LAB. The raw trajectory was smoothed to filter the fast head
wiggling around the path centerline by a common local regres-
sion algorithm “lowess” with a span window of 200-250 ms
or using the powersmooth algorithm [69] before further anal-
ysis. The swimming path curvature was calculated by a robust
circle-fitting algorithm [70]. The sign of the curvature is
defined as positive when the cell has a counterclockwise ro-
tation. To calculate the frequency and phase of the oscillating
signals, we began by applying the powersmooth method with
a smoothing order of two to determine the baseline of the
curve. Next, the “pure” oscillatory component was extracted
by subtracting this baseline from the original signal. Finally,
we performed sine-curve fitting on the isolated oscillatory
component to compute its frequency and phase.

I. Transfer function calculation

The frequency sweep input was generated using the MAT-
LAB chirp function, with an instantaneous frequency sweep
given by

f@) = fo+ Bt, (17)
fi=fo

where = = with fp is the instantaneous frequency at
time 0, and f] 1s the instantaneous frequency at time ¢;.
Multiple chirp s,(¢) inputs were used sequentially on sperm
from the same animal to cover a range between 0 and 15 Hz
with an overlap in the frequency ranges of the inputs. The
multiple inputs produced multiple outputs that were later used
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to extract a set of impulse responses using the convolution
theorem:

Yoult) = / " (Ot — 1), (18)

o0
where yo, represents the measured Ca>* output, s, repre-
sents the virtual stimulus, and /4 the transfer function. The
convolution theorem states that the Fourier transform of a
convolution of two signals is the pointwise product of their
Fourier transforms. Therefore, Eq. (18) can be written as

Y(f)=S(f)-H(f), 19)

where Y is the Fourier transform of y, S is the Fourier
transform of s,, H is the Fourier transform of 4, and f is the
frequency. The magnitude and phase of the transfer function
H were calculated as follows:

Y()
S(f)
Phase: ZH(f) = ZY (f) — ZS(f), (20)

where <H(f), «Y(f), and «S(f) are the frequency-
dependent phases of the transfer function, the output, and the
input, respectively. The magnitude of the transfer function can
be converted into the dB scale by Hyg(f) = 20log;o|H(f)|.
Finally, the set of transfer functions from the multiple chirps
was averaged.

The transfer function was tested by providing a sinusoidal
stimulus input carrying two frequencies (1 and 6 Hz), and the
Ca”* output was predicted as follows:

yewr = F WYeps (M) = FHIS10.() + Sen()] - H(P)),
2D

Magnitude:|H(f)| = ‘

where F~! is the inverse Fourier transform. The predicted
output was in agreement with the measured Ca’* signal
[Fig. 4(d)]. All calculations were done using MATLAB single
processing toolbox in a custom-made GUI. Data were post-
processed and plotted using OriginLab.

J. Path simulation

All theoretical trajectories were calculated numerically us-
ing eqn. S4 and by time integration of the geometric definition
of curvature [Eq. (S6); see also Note 3 [33]] with param-
eters ko = 12mm~, B = 0.04 smm~! [40], fs =1 Hz, and
Ay = 40.

K. Remote control of single cells

The UV light gradient was generated by a Digital Light
Processing (DLP) beamer with a 385 nm wavelength
(Pro4500; Wintech Digital) collimated by one eyepiece
lens (W10x/23; Carl Zeiss) and focused into the focal
plane of the sample by a plano-convex lens (ACA254-150-A
f =150 mm; Thorlabs). A 425LP dichroic (425DCXR;
Chroma) under the objective lens (UPLSAPO10X; Olympus)
was used to couple the UV light onto the infinity-corrected
light path of the microscope (IX 71; Olympus). A thin sample
solution of sodium fluorescein (200 uM; Fluka Analytical)

was imaged to estimate the shape of the UV gradient after
passing all the optical components. Fluorescence emission
was filtered by a 535/30 filter (ET535/30M; Chroma) and used
to calculate a height-width ratio deformation factor, which
was applied to all images projected by the DLP beamer.
For loading, dry sperm were diluted 18:100 (v/v) in ASW
containing 2.5 mM sodium Probenecid (AAT Bioquest), 0.5%
Pluronic F127, and 30 uM [6,7-bis(ethoxycarbonylmethoxy)-
coumarin-4-ylJmethyl-cGMP (BECMCM-caged cGMP;
[28,71]), and kept in the dark at 20 °C for 1 h. After loading,
sperm were studied at 1:10° dilution in ASW containing
30 uM BECMCM-caged cGMP, 2.5 mM Probenecid, and
0.5% Pluronic in a custom-made observation chamber with a
150-uM depth. Dark-field images were generated with a 660
nm LED light source (M660L3-C1; Thorlabs) and recorded
(100 fps) by a fast monochrome camera (Dimax; PCO)
after UV-light filtering by a 675/67 filter (FF02-675/67-25;
Semrock). To increase the resolution of the Minerva shape
formed by sperm, the Minerva stimulus was split into four
parts, and the recorded videos were later connected.
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