>
o
o
-l
o
o
-l
-l
L
o
LL
@)
-l
<
2
o
>
o
-
Ll
I
[

Article

Temporal sampling, resetting, and adaptation
orchestrate gradient sensing in sperm
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perm, navigating in a chemical gradient, are ex-

posed to a periodic stream of chemoattractant

molecules. The periodic stimulation entrains Ca?*
oscillations that control looping steering responses. It is
not known how sperm sample chemoattractant molecules
during periodic stimulation and adjust their sensitivity.
We report that sea urchin sperm sampled molecules
for 0.2-0.6 s before a Ca?* response was produced.
Additional molecules delivered during a Ca?* response
reset the cell by causing a pronounced Ca?* drop that
terminated the response; this reset was followed by a

Introduction

Sperm are attracted to the egg by chemical substances, a pro-
cess called chemotaxis (Eisenbach and Giojalas, 2006; Kaupp
et al., 2008). The study of sperm chemotactic signaling is most
advanced in marine invertebrates (Ward et al., 1985; Matsumoto
et al., 2003; Publicover et al., 2007; Shiba et al., 2008; Guerrero
et al., 2010b; Yoshida and Yoshida, 2011; Lishko et al., 2012).
In the sea urchin Arbacia punctulata, the chemoattractant
peptide resact binds to a receptor-type guanylyl cyclase (GC;
Shimomura et al., 1986) on the sperm flagellum and rapidly
stimulates the synthesis of 3, 5'-cyclic guanosine monophos-
phate (cGMP; Kaupp et al., 2003). cGMP opens K*-selective
cyclic nucleotide-gated (CNG; CNGK) channels (Striinker
et al., 2006; Galindo et al., 2007; Bonigk et al., 2009).
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new Ca? rise. After stimulation, sperm adapted their
sensitivity following the Weber—Fechner law. Taking into
account the single-molecule sensitivity, we estimate that
sperm can register a minimal gradient of 0.8 fM/pm
and be attracted from as far away as 4.7 mm. Many
microorganisms sense stimulus gradients along periodic
paths to translate a spatial distribution of the stimulus into
a temporal pattern of the cell response. Orchestration
of temporal sampling, resetting, and adaptation might
control gradient sensing in such organisms as well.

The ensuing transient membrane hyperpolarization opens
Ca?* channels (Striinker et al., 2006). The Ca** influx con-
trols the swimming path (Béhmer et al., 2005; Alvarez et al.,
2012). A similar pathway exists in sperm of other sea urchin
species and the seastar Asteria amurensis (Babcock et al.,
1992; Matsumoto et al., 2003; Guerrero et al., 2010a, 2011).
In a shallow recording chamber, sperm trace the chemoat-
tractant gradient along drifting circles (Bohmer et al., 2005).
Owing to the looping movement, the stream of molecules im-
pinging on the sperm flagellum is periodically modulated, giving
rise to Ca*" oscillations of similar periodicity (Bohmer et al., 2005;
Shiba et al., 2008; Guerrero et al., 2010a). Cells or organisms
use either spatial or temporal sampling of molecules for chemo-
tactic navigation (Macnab and Koshland, 1972; Dusenbery, 2009;
Swaney et al., 2010). Although sperm from various species re-
spond to a chemoattractant surge (Olson et al., 2001; Riffell et al.,
2002; Yoshida et al., 2002; Kaupp et al., 2003; Matsumoto et al.,
2003; Wood et al., 2005; Gakamsky et al., 2009; Kilic et al., 2009;
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Figure 1. Illustration of the experimental rationale. (A) Simulated stimulus function for a sperm exposed to repetitive pulses of resact: a time interval At =

1 s each. Stimulus function was calculated using Eq. 3. (B) Stimulus function for paired resact stimuli with longer At. (C and D) Time course of bound resact
molecules per flagellum. (C, black line) Repetitive pulses of resact. (C, colored lines) Sperm, swimming on a circular path in a chemoattractant gradient, at
different distances from the egg (in millimeter): 2.1, dark yellow; 2.2, red; 2.3, blue; 2.4, magenta; 2.5, green; 2.6, navy; 2.7, violet; 2.8, purple; 2.9,
wine. (D) Two resact pulses at long At. (E) A second stimulus delivered during the latency (interrupted lines) of the Ca?* signal probed temporal sampling.
Latency of the Ca?* signal (blue) matches the time to peak of the hyperpolarization V,, signal (red). (F) Complete time course of a typical V,, (red) and a
corresponding Ca?* signal (blue). In paired stimulus experiments, the second stimulus was delivered at different phases of the Ca?* and V,, signals. Arrows
indicate time of flashes.

Morita et al., 2009; Guerrero et al., 2010a; Burnett et al., 2011), that emulates periodic stimulation both in continuous gradients
it is not known which sampling strategy is used by sperm for and discontinuous concentration fields. Moreover, we measured
gradient sensing. Furthermore, in the natural habitat, sperm are the amount of resact released from an egg and simulated a
exposed to both continuous gradients and discontinuous che- gradient pattern formed by diffusion.

moattractant fields (plumes) separated by voids (Riffell and

Zimmer, 2007; Zimmer anfl Riffell,.ZOl 1?. Itis pot known how Results

sperm respond to successive steplike stimulation by plumes.

How do sperm process spatiotemporal patterns of chemoat- Experimental rationale

tractant as complex as plumes in a turbulent environment or a We studied signaling in sperm by a combination of the stopped-
smooth chemoattractant distribution in the quiet sea? A. punctu- flow method and flash photolysis. In brief, a sperm suspension
lata sperm are exquisitely sensitive: they respond to binding of in a microcuvette was rapidly stimulated with resact. After var-
a single resact molecule (Kaupp et al., 2003; Striinker et al., ious time intervals (Ar), an additional resact stimulus was deliv-
2006; Bonigk et al., 2009). However, during their sojourn in a ered via flash photolysis of caged resact (Kaupp et al., 2003).
gradient, sperm get exposed to an ever increasing chemoattrac- We modeled the kinetics of the binding reaction for different Az

tant concentration spanning several orders of magnitude (Kaupp to derive the stimulus function, i.e., the time course of bound
et al., 2003; Striinker et al., 2006). How do sperm adjust their and free resact (Eq. 3 in Materials and methods section; Fig. 1,
sensitivity to escape signal saturation? A and B). After exposing sperm to resact either by mixing or

Finally, although sperm chemotaxis has been studied for photorelease, the free concentration increased in a steplike
a century (Lillie, 1912, 1913), several fundamental questions fashion and then decreased because resact binds to receptors on
remain unanswered: What is the effective geometrical range the sperm flagellum. The step increase is set either by the mix-
over which the chemoattractant gradient disperses with time? ing time (1 ms) or the photorelease, and the decrease is shaped
And, how far away from the egg can sperm be attracted? by the kinetics of equilibration between free and bound resact.

To study these questions, we used rapid kinetic techniques For these experiments, the receptor concentration was in vast ex-
to follow the changes in membrane voltage (V,,) and intracellular cess; therefore, most resact molecules became bound. Repeti-
Ca’" concentration [Ca®*];. We used flash photolysis of caged tive pulses of resact mimic the periodic stimulation of sperm
analogues of resact and cGMP (Hagen et al., 2001, 2002, 2003; that swim on drifting circles in a chemical gradient (Fig. 1,
Kaupp et al., 2003) to implement a paired stimulus paradigm A and C), whereas paired stimuli with long A7 mimic the
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Figure 2. Sperm temporally sample chemoatiractant molecules. (A and B) Identical paired stimuli of 12.5 pM resact were delivered by photolysis of
100 nM caged resact; stimulus functions (top), V., signals (middle), and Ca?* signals (bottom) are shown. Flashes in A: single 50% (blue), single 100% (black),
and paired 50% with At = 50 ms (red). Flashes in B: single 50% (blue), single 100% (black), and paired 50% with At= 100 ms (red) or 200 ms (green).
(C) Decrease of sampling efficacy of V., (red) and Ca?* (black) signals with increasing At. Three experiments as shown in A and B were analyzed. The V,,
and Ca?* signals evoked by a full intensity flash were normalized to O (baseline) and 1 (peak amplitude). The signal amplitudes evoked by paired half-
intensity flashes were scaled to these two values. (D) Sampling efficacy depends on stimulus strength. The low stimulus strength regimen was achieved using
10 nM caged resact and flashes of 25 and 50% (black; n = 4). The high stimulus strength regimen was achieved using 100 nM caged resact and flashes
of 50 and 100% (red; n = 3). (E) Sperm temporally sample changes in cGMP concentration. Ca?* signals were evoked by photolysis of caged cGMP.
Flashes: single 10% (blue), single 20% (black), and two 10% with a At of 30 ms (red), 75 ms (green), or 150 ms (magenta). (F) V., signals evoked by
paired stimuli of cGMP. Flashes: single 8% (blue), single 16% (black), and two 8% with At = 50 ms (red). (Insef) V., signals of identical amplitude evoked
by cGMP (green) and resact (orange). (G) Sperm count single resact molecules. Ca?* signals were evoked by releasing ~625 fM resact (blue), single full
intensity flash (1.25 pM; black), and two half-intensity flashes (625 fM each) with At = 30 ms (red) or 75 ms (green). Error bars show SDs. Arrows indicate

time of flashes.

steplike stimulation while swimming in plumes of chemoat-
tractant (Fig. 1, B and D). Specifically, the second stimulus was
along different phases of V,, or Ca®* signals (Fig. 1, E and F):
(a) during the latency of a Ca** signal to probe temporal sampling
of resact molecules and cellular integration of binding events
(Fig. 1 E); (b) during an emerging Ca** signal to probe how
stimuli are discerned (Fig. 1 F); and (c) during or after signal
recovery to probe the adjustment of the cell’s sensitivity to
ambient chemoattractant concentration.

Sperm temporally sample chemoattractant
molecules

We studied temporal sampling of contiguous binding events by
measuring the V,, signal produced by paired stimuli that were

delivered by flash photolysis of caged resact. The second stimulus
was delivered during the hyperpolarizing phase of the V,, sig-
nal, i.e., during the latency of the Ca®* signal (Fig. 1 D). The
first flash with a relative strength of 50% released ~12.5 pM
resact from caged resact (for experimental details see Fig. S1).
A second 50% flash was delivered with a Ar between 30 and
200 ms. We plotted the number of bound resact molecules for
different Az and for one 100% versus two 50% flashes (Fig. 2,
A and B, top). For short A, the time course of bound resact after
two 50% flashes is similar to that of a single 100% flash. For
longer Az, the time course of bound resact for two flashes versus
one flash became distinct. As a consequence, for Az < 50 ms, the
respective V,, signals were almost identical (Fig. 2 A, middle),
whereas for Ar 2 50 ms, the summed V,, signals peaked later and
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became progressively smaller (Fig. 2 B, middle). The longer
time to peak can be explained by the prolonged cGMP syn-
thesis, which opens additional CNGK channels and, thereby,
extends the rising phase of the hyperpolarization. Thus, sperm
discriminate pulses for long, but not short, Az.

We quantified stimulus integration by the ratio of V,,
amplitude (AV,,) evoked by two 50% flashes/one 100% flash.
We refer to this ratio as “sampling efficacy.” Sampling efficacy is
unity if AV, evoked by two 50% flashes is equal to that evoked by
a single 100% flash. Sampling efficacy was unity for Az < 50 ms
and declined for longer At (Fig. 2 C). Ca®* signals were stud-
ied by the same protocol (Fig. 2, A and B, bottom). For time
intervals Ar < 50 ms, Ca®* signals evoked by one 100% flash or
two 50% flashes were almost identical in amplitude, slope, and
waveform (Fig. 2, A and B, bottom; and Fig. S2 A for a com-
plete time course). With increasing At, Ca®* signals displayed a
longer latency caused by the longer time to peak of V,, signals
produced by a pair of flashes (Fig. 2 A, middle). In a similar vein,
the sampling efficacy of Ca** signals declined with increasing At
(Fig. 2, B [bottom] and C; and Fig. S2 B for a complete time
course). When stimuli of different strength were used, the decline
was more pronounced for strong compared with weak stimuli
(Fig. 2 D). The Ca** signal, which triggers the physiological
response, begins to rise 0.2-0.6 s after stimulation. Because
resact binding still takes place at this time (Fig. 1), a fraction
of molecules arrives after the onset of the Ca®* signal; these
latecomers are not integrated into the sum response. This effect
might account for the decrease of sampling efficacy at long Ar.

We also studied sampling efficacy with paired cGMP stimuli
delivered by photolysis of caged cGMP (Fig. 2 E): for short Az,
summation of Ca** signals was perfect. Thus, sperm integrate
for some time the changes in intracellular cGMP concentration.
However, using caged cGMP, V,, signals do not sum perfectly:
the amplitude of V,, signals evoked by two flashes (Az = 50 ms)
was smaller than that evoked by a single flash of twice the
energy (Fig. 2 F). The reason might be that the V,, signals evoked
by cGMP rose extremely fast compared with resact-evoked sig-
nals (Fig. 2 F, inset). Probably, counterbalancing conductances
are quickly activated and prevent perfect summation.

In summary, sperm collect molecules for some time before
evoking a Ca®* response; we refer to this time window as the
sampling time. Multiple stimuli delivered during the sampling
time are integrated to produce a single V,, and Ca** signal. Sam-
pling efficacy is perfect for short sampling times and declines
for longer times.

Sperm can count single molecules

For low resact concentrations, prevailing at the foot of a gradient,
only few molecules hit the flagellum. We examined how indi-
vidual molecules that arrive at the flagellum are processed. Caged
resact concentration and flash intensity were adjusted such that
~625 fM resact was released, which is about one bound mol-
ecule per cell (Kaupp et al., 2003) (Fig. 2 G). The Ca** signals,
evoked by two resact molecules either delivered successively
(At <75 ms) or at once, were identical (Fig. 2 G). Thus, in the
single-molecule regime, not only do sperm detect but also faith-
fully count single resact molecules to produce a sum response.

JCB « VOLUME 198 « NUMBER 6 « 2012
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A second stimulus during a Ca
resets the cell

The dynamics rather than the absolute [Ca?*]; controls the
swimming path (Alvarez et al., 2012). Therefore, we studied
how a second stimulus affects an ongoing Ca** signal. When
delivered at the peak of a Ca®* signal (At = 1 s), both cGMP
and resact first caused a rapid and profound Ca®* decrease
followed by a Ca** rise (Fig. 3 A and Fig. S2 C). This find-
ing confirms previous observations on sperm from another sea
urchin Strongylocentrotus purpuratus (Nishigaki et al., 2004),
although the Ca®* drop is much more profound in A. punctulata
(Fig. 3 A and Fig. S2 E). The first and second Ca** signals are
almost identical in waveform as illustrated by shifting the ¢ axis
by the flash interval —Ar (Fig. 3 A, inset).

In S. purpuratus sperm, two different mechanisms—
Na*/Ca**-K* exchanger (NCKX; Su and Vacquier, 2002)
and Ca**-ATPase activity (Gunaratne and Vacquier, 2006)—
contribute to Ca®* extrusion. We reasoned that similar mecha-
nisms might exist in A. punctulata. By mass spectrometry, we
identified peptides of both proteins in flagella of S. purpuratus, yet
only peptides for NCKX from A. punctulata flagella (Tables S1,
S2, and S3). To provide evidence for the involvement of NCKX
in the Ca** drop in A. punctulata sperm, we used a well-known
NCKX blocker, KB-R7943 mesylate. However, the blocker dis-
played strong nonspecific effects on Ca** signals (Fig. S3) and
completely inhibited sperm motility (Su and Vacquier, 2002),
preventing further use. Therefore, we used the voltage depen-
dence of NCKX to study the Ca** drop mechanism. Each resact
stimulus produced a transient hyperpolarization (Fig. 3 B and
Fig. S2 D). The Ca®* drop followed the hyperpolarization with-
out any latency (Fig. 3 B, inset), most likely because activated
Ca, channels close (Perez-Reyes, 2003), and NCKX activity
is enhanced (Cervetto et al., 1989; Lagnado and McNaughton,
1990; Blaustein and Lederer, 1999; Su and Vacquier, 2002). The
hyperpolarization and also the depth and slope of the Ca** drop
were graded with flash intensity (Fig. 3, C and D, respectively).
The voltage dependence of Ca, channels is steep (Perez-Reyes,
2003), whereas that of NCKX is shallow (Lagnado et al., 1988).
We find a shallow, almost linear relation between hyperpolariza-
tion and slope of the Ca** drop (Fig. 3 E), arguing that NCKX
activity is mainly responsible for the Ca** drop.

The activity of NCKX depends on the level of prevailing
[Ca**].. To investigate the Ca** dependence, identical flashes
were delivered at different At along an unfolding Ca** signal
(Fig. 3 F). The lower [Ca®'];, the smaller both the Ca** drop
(Fig. 3, G and H) and the rate of the Ca®* drop (Fig. 3 I), consis-
tent with the idea that NCKX is involved in Ca?* extrusion. Of
note, we cannot exclude that other molecules, such as Ca**-
ATPase activity, also participate.

In conclusion, a stimulus during an ongoing Ca** response
terminates Ca* signaling, rapidly lowers [Ca**];, and then initiates
anew Ca** rise. We define this process as a reset mechanism.

Ca®* signals can be reset with

a frequency of 21 Hz

In a chemical gradient, sperm are periodically stimulated
with the angular frequency of circular swimming of ~1 Hz
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Figure 3. A second stimulus produces a Ca?* drop followed by a new Ca* rise. (A) Ca?* signals were evoked by cGMP. Single 25% flash (blue) and
two identical 25% flashes (red; At =1 s) are shown. (inset) The second Ca?* signal was shiffed by —At to the left and superposed on the first Ca?* signal.
(B) V,, signals evoked by paired cGMP stimuli (At = 1 s). (inset] Kinetics of the Ca?* drop (blue) and the hyperpolarization (red) evoked by the second stimu-
lus. Downward peaks of the Ca?* drop and the hyperpolarization were normalized. (C and D) Ca?* (C) and V,, (D) signals. Paired stimuli (caged resact
of 100 nM) were delivered. Intensity of the first flash was kept constant at 50%, and intensity of the second flash (At = 1 s) was varied (in percentage):
10 (green), 25 (magenta), 50 (blue), and 100 (red). For comparison, a 50% flash signal without second flash is shown (black). (E) Relationship between
AV, dfter the second flash and slope of the Ca?* drop. The plot was constructed from experiments as in C and D (V,, signals, n = 4; Ca?* signals, n = 3).
Absolute values in millivolts for AV,, were obtained from AR signals as previously described in Striinker et al. (2006). A linear regression was fitted through
data points. Numbers near data points indicate the intensity of the second flash. Error bars show SDs. (F) Scheme of the delivery of a second stimulus at
different At along a Ca?* signal. (G) Paired cGMP flashes (10% each) were delivered with At (in seconds) of 2 (black), 4 (red), 6 (blue), 14 (green), and
28 (magenta). (H) Comparison of Ca?* drops evoked by the second flash at various At as in G. The second flashes were aligned to t = O by shifting the
x axis to the left by the respective —At. The fluorescence before = O shows the [Ca?*]; at the time of the second flash. The Ca?* signal evoked by the first
flash is shown in orange. (I) Ca?* drop amplitude (AF4.,) versus Ca?* level (F,om) at the time of the second flash (blue symbols, n = 21). To compare across
experiments, Ca?* signals were normalized to O (baseline Ca?* signal) and 1 (Ca?* signal amplitude after the first flash). A linear regression was fitted
(R? = 0.98). Arrows indicate time of flashes.

(Bohmer et al., 2005). We emulated this periodic stimulation
by challenging sperm with a train of identical flashes (1 Hz)
each delivering a pulse of cGMP. The repetitive stimulation
produced a train of Ca** signals (Fig. 4 A) triggered by a train
of hyperpolarizing pulses (Fig. 4 B). Each flash initiated a Ca**
drop followed by a Ca** rise. The pattern of Ca** results from
the superposition of two opposing processes—termination of an
ongoing Ca** signal and generation of a new one. Thus, signals
appear as Ca®* oscillations superposed on an elevated Ca** level
(Fig. 4 A). During a train of stimuli, Ca®* signals rose progres-
sively slower, indicating that some kind of adaptation kicked in

(Fig. 4 C, inset). The underlying V,, signals might offer an
explanation: although time course and AV,, of successive
V.. signals were identical (Fig. 4 D), a steady increase of the
V., baseline occurred with increasing flash number (Fig. 4 B),
which possibly altered the kinetics of Ca?* channel activation.
In summary, sperm can produce V,, and Ca?* responses with
21 Hz, the frequency of periodic steering responses in a gradient.

The Ca®' drop affects path curvature

To study the functional significance of the Ca?* drop, we simul-
taneously recorded the changes in [Ca®*]; and the swimming
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Figure 4. Sperm encode periodic stimuli. (A and B) Ca®* A B

(A) and V,, (B) signals upon repetitive stimuli of cGMP H l l
(25% flash; At =1 s). (A, inset) Plot of peak amplitudes 60-
of Ca?* rises after each flash. The Ca?* signal amplitude 501 0.021
after the first flash was taken as 1, and subsequent am- 0.01.
plitudes were normalized (n = ¢). (C) Superposition of 401
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path of single cells. Although the Ca** waveform varied from the curvature k(f) decreased and can even reverse sign (Fig. 5 C
cell to cell, the basic features of the population Ca** signals and Video 1; Alvarez et al., 2012). Apparently, the Ca®* drop
were conserved (Fig. 5 A and Video 1): the first flash, after a  leads to an extension of the straighter swimming period. During

short latency, evoked a Ca** rise, whereas the second flash, the subsequent Ca** rise, k() increased again, resulting in a new
delivered at the peak of a Ca** signal, produced a Ca®* drop turn (Fig. 5 C).
followed by a new Ca* rise (Fig. 5 A). The swimming path can be numerically reconstructed

We compared Ca®* signals and swimming paths of from Ca”* signals and the swimming speed (s(¢); Alvarez et al.,
sperm that received either one (Fig. 5 B) or two stimuli 2012). Compared with single sperm, Ca®* signals recorded from
(Fig. 5 C). Sperm that received a second stimulus responded a sperm population exhibited a better signal-to-noise ratio (S/N)
to the Ca* drop with an abrupt change in the swimming path: and were highly uniform. Hence, we calculated the swimming
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Figure 5. Ca? drop in single cells. (A) Ca?* signals from three different cells (depicted in three different colors) evoked by paired cGMP flashes (dashed
lines; At = 800 ms). (B and C) Representative swimming paths and corresponding Ca?* signals from single cells after a single flash (B, yellow box and
black flashes) or two flashes (At = 800 ms; C, yellow boxes and black flashes). The head (blue traces) wiggles around the average path (black trace).
Swimming direction is shown by red arrows. After the second flash (C), the swimming path transiently bent in a clockwise direction, whereas the control
cell swam undeviated (B, gray flash).
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Figure 6. Functional implications of the Ca? drop. (A) Ca?* signals derived from the data in Fig. 3 C. The amplitude of Ca?* signals was rescaled to match
the mean amplitude of singlecell Ca?* signals. (B) Swimming paths reconstructed from Ca?* signals in part A. Arrow indicates the swimming direction
shortly before the second flash. (C) Sperm swimming in a gradient of resact. The UV profile used for uncaging resact is shown in shades of gray. At the
foot and on the top of the gradient, the cell swims on smooth drifting circles (orange). In the region where the gradient is steep, the cell swims on looping

trajectories (green). Arrows indicate the swimming direction.

path after the second flash by using population Ca”* signals
(Fig. 6). This is feasible because sperm from sea urchins, unlike
mammals, are considered a homogenous population.

We studied how the intensity of the second flash (Fig. 3 C)
shapes the overall Ca®* signal and, thereby, the swimming path.
For a strong second flash, the Ca** drop was steep, whereas for a
weak flash, it was shallower (Fig. 6 A). The swimming response
to the second flash graded with flash intensity: during the Ca*
drop, k(#) became gradually smaller, i.e., cells extended the
“run” period toward the source (Fig. 6 B, e.g., compare red and
yellow paths). For strong flashes, the steep Ca®* drop even re-
sulted in a change of sign of k() (Fig. 6 B, green and dark blue),
similar to paths observed for single cells. The subsequent turn
also depended on the intensity of the second flash; if the second
flash is strong, the Ca®* rise is also steep, resulting in a sharp
turn. The overall trajectory will be highly bent, reminiscent
of the looping trajectories (wide arcs and sharp turns) often
observed in the swimming of marine invertebrates during che-
motaxis. However, when the second flash is weaker, the Ca*
rise after the drop is also weaker, leading to a smoother turn,
which gives rise to smoothly drifting circles.

We compared these reconstructed trajectories with a tra-
jectory of a sperm cell swimming in a chemoattractant gradient
(Fig. 6 C). We observe a sequence of successive “turn and run”

events that eventually direct the sperm to the center of the gradient.
Far away and close to the chemoattractant source, the gradient
is shallow, and therefore, stimulation of sperm is weak. The
trajectory is composed of a series of slowly drifting circles
(Fig. 6 C, orange). When the cell swims up the gradient (Fig. 6 C,
green), stimulation is stronger, the run periods toward the source
are longer, and the subsequent turns are more pronounced. We
propose that a second stimulation during a run period initiates a
Ca’* drop that prolongs the swimming path along the direction
of the gradient. Moreover, the run period is an active process
that depends on the stimulus strength.

Recovery from stimulation and adjustment
of sensitivity

During chemotaxis, sperm are exposed to chemoattractant con-
centrations spanning several orders of magnitude. How do sperm
adjust their sensitivity accordingly? We probed sperm’s sen-
sitivity to stimuli delivered on top of different background con-
centrations. For example, a pulse of 100 pM resact resulted in
a free concentration of ~400 fM calculated accordingly (Eq. 3;
Fig. 7 A). For At ranging from 0.4 to 15.4 s, the sensitivity was
probed with ~30 pM released from caged resact (Fig. 7 A). For
short At, the test V,, signal was strongly attenuated; however, for
longer At, it progressively recovered. For Az > 8 s, AV,, became
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Figure 7. Adaptation of V,, and Ca? signals. A
(A) Adaptation and recovery of the V,, signal

after an adapting stimulus. Sperm were mixed

with 100 nM caged resact, equivalent to 100 pM
resact because of the “residual” activity of
caged resact. The final free resact concen-
tration was ~400 fM. Sperm were probed 0.00 M
with a test stimulus (100% flash; releasing %
~30 pM resact) at different At (in seconds): 0.4

(black), 1.4 (red), 3.4 (green), 7.4 (blue), and -0.02
15.4 (cyan). (B) Recovery kinetics of the V/, sig-

nal as shown in A (n = 3; color coding as in A). 0.04

0.02

1x10°3

The data points were fit with an exponential 0 4
curve (R? = 0.99). (C) Weber-Fechner plot.

Sperm were adopted by background concen- C
trations ¢, of 0.27, 2.1, 4.1, 10.1, 20.4, and

52.5 pM. Test stimuli ¢, of either resact or 14
cGMP were given. 15 pM (black symbols) or

30 pM (red symbols) resact (c,) was released

from caged resact. The voltage response S = AV, &
was normalized to the value in the absence 9

of background S, and plotted versus the @
concentration ratio R = cp/c,. Similarly, test
stimuli of cGMP were probed (blue symbols).
Solid lines were calculated using either Egs. 1
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or 2, respectively (resact, n = 3 and cGMP, 0.1 . . . . ,
n = 4). (D) Ca?* signals evoked by a test stimu- 0.1 Cy/C 0 10 20 30 40
lus of cGMP at different At of (in seconds): 1.2 s Time (s)
(magenta), 3.2 (green), 7.2 (blue), 15.2 (red), E F G
and 29.2 (black). Ca?* signal evoked by 4.1 pM o 2] 30 c 05
background resact alone is shown in orange. ° o
(E) Shift of the dynamic range of Ca?* signals. £ o 25 § 0.4
Test stimuli of cGMP (At = 15.2 s) were given Bo08- < 5
either in the absence (black) or presence of g + 20 g 0.3
adapting resact (in nanomolars): 0.25 (red), o 061 o o
2.5 (blue), and 25 (green). Ca?* signal ampli- 8 04/ S 154 @ 027
tudes produced by a test cGMP stimulus were = 2- H 01
plotted; in the presence of background res- £ 021 101 o
act, the Ca?* signal amplitude was the differ- S 00 & ool
ence between the value before the test sﬁmulgs 4 '01 ; e s % e
and the value at the minimum of the Ca®* - . .
drop. The data were fitted with the equation Light intensity (%) co:;:;lst:IaTizlr:l?nM) co:t::;\strar:g:l?nM)
A=At
Ky,

wherein A is the response amplitude, I denotes
the flash intensity, and n is the Hill coefficient.
(F and G) Apparent Ki; (F) and response com-
pression (G) at different background concentra-
tions. Data are obtained from E. Error bars
show SDs. Arrows indicate time of flashes.

constant, showing that sperm had reached a stable sensitivity
(Fig. 7 B). Next, sperm were exposed to background concentra-
tions (c) ranging from ~2 to 50 pM. The sensitivity was tested
after 8 s (Fig. 7 C). The scaled sensitivity (S/Sy) as function of
background to test stimulus ratio, R = ¢,/c, (Fig. 7 C), was fitted
with the Weber—Fechner relation (Matthews et al., 1990)

-1
S/S0=[1+LJ , (M

1/2

in which R;,, represents the concentration ratio for half-maximal
desensitization. R, adopted a value of 0.44; thus, to obtain a
50% response, the test concentration has to be approximately
twice (200%) as large as the background concentration.

A likely site of desensitization is the receptor. To dissect
receptor desensitization from downstream events, the receptor
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was bypassed using cGMP as the test stimulus. Sperm were
first stimulated with resact followed by a pulse of cGMP
to probe the sensitivity. The flash intensity was adjusted such
that, in nonadapted sperm, the AV, evoked by 30 pM resact or
by release of cGMP was similar. Desensitization was much less
pronounced when the receptor was bypassed (Fig. 7 C). Data
were described by a modified Weber—Fechner relation (Matthews
et al., 1990),

S/SO=[1+£] , @
R

X

with a = 0.14 and R, = 0.04. Using these parameters, R;, was
5.6; thus, to obtain a 50% response, only a 20% increase of con-
centration over background is required. In conclusion, a large
portion of desensitization takes place at the receptor level.



Many sensory systems such as photoreceptors (Laughlin,
1989), hair cells (Eatock et al., 1987; Peng et al., 2011), olfactory
sensory neurons (Kurahashi and Menini, 1997; Kleene, 2008), or
bacteria during chemotaxis (Mesibov et al., 1973; Vladimirov
and Sourjik, 2009) respond over a broad range of stimulus
strength by shifting their sensitivity. Therefore, we determined
the relation between stimulus strength and Ca®* signal ampli-
tude at various background concentrations. Fig. 7 D shows an
example of Ca®* signals evoked at different At for a background
concentration of 4.1 pM resact. The dose-response relation
at various background concentrations was measured by deliver-
ing the cGMP test pulse (Ar = 15.2 s). In the presence of a back-
ground, the dose—response relation was shifted to higher levels of
stimulation, i.e., K, increased, and the Ca>* response was com-
pressed (Fig. 7, E-G). In summary, several hallmarks of adaptation
in sensory cells—Weber—Fechner law, response compression, and
a shift of the dynamic range—operate in sperm.

Range of sperm attraction

An important question concerns the effective range of a chem-
ical gradient. The range can be estimated from the concentra-
tion profile formed by radial diffusion of resact from an egg.
To numerically calculate the gradient, we determined (a) the
amount of resact released by A. punctulata eggs and (b) the
diffusion coefficient of resact.

We determined the amount of resact released from eggs
suspended in artificial sea water (ASW) for 60 min. The resact
concentration was measured by comparing the Ca®* responses
of Fluo-4-loaded sperm evoked by appropriately diluted ali-
quots of egg-conditioned ASW and by resact standards. Tak-
ing the egg volume into account, the amount of released resact
(2.75 x 107" mol or 1.65 x 10" molecules/egg) corresponded
to a concentration in the egg of 50 + 25 uM (n = 8).

The diffusion coefficient of dye-labeled resact (Alexa
Fluor 488-resact; Djye.q) determined by two-focus fluorescence
correlation spectroscopy (Fig. 8 A; Dertinger et al., 2007, 2008)
was 231 £ 7 pmzls (n=9). D, of the unlabeled peptide was
calculated to be 239 + 7 um?s (see Materials and methods).

Using the two measures, we simulated how the concentra-
tion profile of resact, diffusing from an egg on a planar floor,
develops with time (Fig. 8 B). The profile 20 um above the floor
at first is narrow and steep; with time, it becomes broader and
shallower. Within 20 min after egg release, the peak concentra-
tion dropped from 50 uM to <10 nM (Fig. 8 C).

The maximum attraction range was estimated using
two criteria: (1) the minimal number of resact molecules
absorbed per unit of time (N,,,) that evoke a Ca®* signal and (2)
the minimal steepness of a gradient (g,,,) that can be regis-
tered by sperm (see Materials and methods). To define the first
criterion, we assumed that a single resact molecule absorbed
during a swimming circle is sufficient. This criterion corre-
sponds to a concentration c,,;, = 44 fM. The distance from the
egg, where this resact concentration is established, can adopt
values <5 mm (Fig. 8 C).

The second criterion, g, is based on the assumption that
the number of absorbed molecules, N, is equal or larger than

the noise as a result of statistical fluctuations \/N,,,, i.e., the

S/N ratio > 1 (see Materials and methods). For the single-
molecule regimen (c,,;, = 44 M), the limiting g,,;, = 0.8 fM/um.
Using g, and the simulated gradient, we estimated the maximal
distance from which sperm can be attracted. For different times
after the release of resact, we calculated the gradient dc/dx
versus distance x from the egg (Fig. 8 E). For comparison, the
respective minimal gradients, g, are also shown (Fig. 8 E).
Attraction is supported in regions with gradients steeper than g,
For times ¢t =1, 2, 5, 10, 20, and 60 min, the effective range is
1.0, 1.3, 1.9, 2.6, 3.3, and 4.7 mm, respectively. Fig. 8 F shows
the effective range of attraction versus time after egg release.
We used the gradient estimate after 10 min to determine the
number of bound resact molecules per flagellum for sperm
swimming on circular paths at various distances from the egg
(Fig. 1 C). The time course nicely illustrates that circular swimm-
ing in a gradient causes a periodic modulation of the number of
absorbed molecules.

For long times (# > 30 min), the resact gradient near the egg
becomes shallower than g,,;, (Fig. 8, E and F), and sperm might
struggle to locate the egg. Therefore, we envisioned an alterna-
tive scenario for which eggs continue to produce resact after the
release. Assuming a synthesis rate of 10° resact molecules/s, the
effective range adopts identical values for the respective times ¢.
However, in the vicinity of the egg, the resact gradient is steeper
than g,,;, even after 60 min (Fig. 8 G). Thus, moderate resact
synthesis supports sperm attraction near the egg.

Discussion

Sperm navigating in a chemical gradient are exposed to a stream
of chemoattractant molecules that is modulated by the periodic
movement of sperm and translated into Ca”* oscillations. Here,
we identify three principles that govern gradient sensing in sperm,
sampling, resetting, and adaptation, and we model the range
of gradient detection.

Sperm temporally sense

a chemical gradient

Cells exploring a chemical gradient use either spatial or tempo-
ral sampling (Dusenbery, 2009). For spatial sensing, cells com-
pare concentrations along the body length. For temporal sensing,
cells probe the concentration in time as they move from one
place to another. Usually, large and slowly moving cells use
spatial sensing, whereas small and rapidly moving cells use
temporal sensing (Iglesias, 2012). Sperm are large and fast
moving; hence, it is not straightforward to predict the sensing
mechanism. Previous studies provided clues that sperm use a
temporal rather than a spatial mechanism (Striinker et al., 2006):
the CNGK channel is distributed over the entire length of the
flagellum (Bonigk et al., 2009), and hyperpolarization—the
principal electrical signaling event—is expected to spread
within a few milliseconds along the flagellum (Hille, 2001);
thereby, spatial information is blurred. To distinguish between
spatial and temporal mechanisms, an experimental test is to in-
flict a temporal stimulus pattern independent of a cell’s position
(Dusenbery, 2009). Using this approach, we show that sperm

Mechanisms of gradient sensing in sperm ¢« Kashikar et al.

1083



A B
U 58 x10 10°¢
:':,>: _ s 107
c 50 5 10°¢
5 .8
g 40 g 107
8 0 ] e 1o
° S 8 10 X
§ 4 | e € 10 B\
10710 10° 10*10 102 107 10° 10’ fig== -
Time (s)
-4
o ? -
F
.IO,S .0 .......................
1
6

4
2 | r !
0

Distance x (mm) Peak Resact (M) ()

0 10 20 30 40 50 60
Time after release (min) C,

109 1 min 10 min
, AN 102

'IO 12

1075 107

10— — 4\ SR

—

E €
= .
=3 2 1078
= & = &
=10° 2 min = i 20 min
éc‘> 10 12 c,E 1012
21015 g2 107"
%1078 ' ; : - . % 1018 ; ; - , ;
g g
é“_)’ ]0:?2 5min (;)8 1012 60 min
}8-15 101
'IO-]R 10-18

-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6

Distance x (mm) Distance x (mm)

0 10 20 30 40 50 60
Time after egg release (min)

—~ 6 S
E :
= 4 s
) 3 g 12 60 min
3 Z 10
© 2 OE) 105
R = R
£ o A—— 2 10l
L ©
i g

>

Distance x (mm)
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temporally sample chemoattractant molecules and translate a
spatial concentration pattern into a temporal Ca®* pattern.

The reliability of gradient detection increases proportion-
ally to the square root of the sampling time (Berg and Purcell,
1977). However, for long sampling times, important spatial fea-
tures of the concentration profile might be missed. Thus, what
might be an optimal sampling time that reconciles high sensitiv-
ity with sufficient spatial resolution? During a sampling time of
0.2-0.6 s, sperm advance 36—108 um (swimming speed 180 um/s),
i.e., sperm sample molecules along a path that roughly equals one
body length or up to half the circumference of a swimming circle.
Sampling is optimal if the whole cell surface is exposed to a dif-
ferent concentration during the sampling time (Dusenbery, 2009).
Therefore, the precision by which sperm map a spatial pattern of
chemoattractants is about one body length. In summary, circle
diameter, swimming speed, and sampling time are perfectly tuned
to achieve optimal gradient sensing.

During the short sampling time, bound and free resact are not
in chemical equilibrium. Consequently, sperm register changes
in the rate of binding events rather than absolute chemoattrac-
tant concentrations as, for example, in the worm Caenorhabditis
elegans (Lockery, 2011). In a similar vein, the mechanical re-
sponse of the flagellum is encoded by d[Ca®*]/d¢ rather than
absolute [Ca*"]; (Alvarez et al., 2012). This mechanism is dis-
tinctively different from bacterial chemotaxis, in which receptor
occupancy matters rather than the rate of changes in occupancy
(Sourjik and Armitage, 2010). For bacteria, chemoattractant
concentrations and dissociation constant (K,) values are in the
micromolar range, and therefore, free and bound chemoattrac-
tants are almost instantaneously in chemical equilibrium on
the time scale of the chemotactic response. An important in-
sight of this and a previous study (Alvarez et al., 2012) is that
measuring rates of binding events rather than absolute concen-
trations might be an evolutionary adaptation to extremely low
chemoattractant concentrations.

A general concept of temporal sampling implies that sperm
take two brief samples separated by At, calculate a concentration
difference Ac, and then respond. In precise terms, however, tem-
poral sampling is different. Sperm sample chemoattractant mole-
cules until Ca?* channels open. The ensuing steering response is
encoded by the Ca** dynamics (Alvarez et al., 2012). The wave-
form of Ca®* pulses will be entirely different for steep versus
shallow gradients; accordingly, sperm will follow different paths.

We found that the sampling time relates inversely to the
stimulus strength. With increasing chemoattractant concentra-
tion, the sampling time shortens. The shortening can be consid-
ered as one of several mechanisms of adaptation that prevent
sperm from response saturation.

Reset mechanism

A second stimulus, delivered during an ongoing Ca®* signal,
resets the cell. The reset mechanism probably involves closure
of Ca, channels and Ca®* extrusion via NCKX exchange. During
reset, a new phase relation between stimulus and response func-
tions is established. In a generic model of sperm chemotaxis, a
periodic stimulation is translated into a periodic modulation of
path curvature (Friedrich and Jiilicher, 2007). A key feature of
this mechanism is that the phase relation between stimulus and
response functions determines the swimming direction. The
phase is primarily determined by the latency of the Ca** signal.
Although cruising in continuous, shallow gradients, the reset
mechanism will entrain Ca** oscillations with the angular fre-
quency of circular swimming and, therefore, couple periodic
stimulation to a periodic response. When sperm encounter a
chemoattractant surge in a discontinuous chemoattractant field,
the reset might establish a new phase relation.

Sperm can encode periodic stimuli

Sperm track changes in resact concentration with ~1 Hz, i.e.,
the angular frequency of circular swimming. Quite remarkably,
at low chemoattractant concentrations, sperm can generate V,,
responses at a frequency of <1 Hz with no sign of adaptation.
This finding implies that CNGK channels faithfully translate
periodic cGMP changes into a train of hyperpolarizing V,, pulses.
The slower Ca”* signals, however, do not recover completely
between spikes. As a result, Ca®* signals of equal amplitude
are superimposed on a steady Ca®* level. What might be the
functional consequences of such a Ca** response pattern? The
path curvature « follows on the heels of d[Ca*]y/dr to produce a
quick steering response (Alvarez et al., 2012). However, k also
changes on a longer timescale (Bohmer et al., 2005; Alvarez et al.,
2012). The signaling events underlying the long term changes
in k are not known. The steady-state Ca** level might be one of
several factors (Alvarez et al., 2012).

Mechanism of adaptation

The exquisite sensitivity enables sperm to sample each and
every binding event to produce a response. At the same time,
sperm must cope with a broad range of resact concentrations,
which poses a formidable challenge of avoiding response satu-
ration at various stages along the chemomechanical transduc-
tion pathway. To tackle similar problems, sensory systems have
engineered appropriate mechanisms to modulate their sensitivity
(Torre et al., 1995; Burns and Baylor, 2001; Kleene, 2008;
Vladimirov and Sourjik, 2009). For example, eight distinct
mechanisms control light adaptation in vertebrate photoreceptors
(Pugh et al., 1999).

Residuals are shown on the bottom. (B) Shape of the resact gradient from a single A. punctulata egg for different times (1-60 min) after egg release.
(C, top) Peak resact concentration at the center of release for different times after egg release. (bottom) Distance from the egg at which a cell captures one
resact molecule during a swimming circle. (D) Cartoon of circular swimming of sperm in a chemoattractant gradient. The concentration of resact (blue)
increases linearly from ¢ to ¢, during a complete circle. The cell compares the concentration of resact bound along both semicircles and computes the
difference AN,p;. (E) Resact gradient (black) and the minimal gradient gy, (red) for the indicated times after egg release. For the effective range of sperm
attraction, the resact gradient must be larger than g.. (F) Effective range of sperm attraction versus time after egg release. At t > 30 min, Gresact < Grmin in
the very vicinity of the egg. Hence, we observe two boundaries, a short one and a long one for the effective gradient. (G) Resact gradient gjesqc: (black) and
minimal gradient g, (red) for an egg that synthesizes 1,000 resact molecules/s. 60 min after egg release, the range of attraction is similar to that for an

egg with no synthesis. However, near the egg, Gresacr > gmin €ven after 60 min.
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In sperm, premature response saturation is prevented by
shifting the sensitivity range to higher resact concentrations and
by compressing the Ca?* signal. The different Weber—Fechner
relations for resact/resact and resact/cGMP paired-stimulus
experiments argue that a major adaptation site is the GC recep-
tor itself. The GC might be desensitized by dephosphorylation
(Ward and Vacquier, 1983; Vacquier and Moy, 1986) or other
feedback mechanisms. For example, in photoreceptors, Ca**
feedback controls cGMP synthesis by GC (Koch and Stryer,
1988; Pugh et al., 1999; Pugh and Lamb, 2000). In photore-
ceptors and olfactory neurons, Ca** feedback shuts down CNG
channels and, thereby, terminates the response (Hackos and
Korenbrot, 1997; Rebrik and Korenbrot, 2004; Rebrik et al.,
2012). However, the CNGK channel faithfully tracks changes
in cGMP concentration even at high Ca** levels.

Finally, a novel mechanism of perfect adaptation has been
discovered that allows sperm to maintain their mechanical
responsiveness even at high Ca?* levels. The path curvature
« depends on d[Ca®*]/d¢ rather than [Ca®"]; (Alvarez et al., 2012).
Consequently, even small modulations of [Ca**]; on top of a high
quasi steady-state Ca®* level can evoke a steering response.

In summary, we envisage several distinct mechanisms that
regulate the responsiveness of sperm. Future studies should
address adaptation in quantitative terms.

Minimal gradient and effective range
of gradient
The single-molecule sensitivity allows estimation of a minimal
gradient of 0.8 fM/um that can be detected by sperm. With 50 uM
resact in the egg, the effective range of the gradient can be
<4.7 mm. The ratio of egg volume to volume demarcated by the
effective range illustrates that chemotaxis enhances the proba-
bility to reach an egg by ~10°-fold. Sperm sensitivity is unique
compared with other chemotactic cells, such as bacteria and
Dictyostelium discoideum. A lower bound for gradient sensitivity
in bacteria, depending on the sensitivity of the receptor, ranges
between 0.5 and 62 nM/um (Kalinin et al., 2009; Neumann et al.,
2010). The response thresholds of A. punctulata sperm for resact is
~100 fM, of bacteria for aspartate ~10 nM (Mao et al., 2003), and
of D. discoideum for cAMP ~1 nM (Wang et al., 2012). Probably,
&min Scales with the ligand affinity of the chemoattractant receptor.
The effective range is similar for scenarios with and
without chemoattractant synthesis. However, the situation might
be different when strong shear alters the chemoattractant distri-
bution (Riffell and Zimmer, 2007; Zimmer and Riffell, 2011).
Under such conditions, the chemoattractant is washed away,
and the gradient is determined by the synthesis rate and the flow
field around the egg (Zimmer and Riffell, 2011). Although tur-
bulence in the case of broadcast spawners is beneficial for gam-
ete mixing, it unfavorably affects the spatiotemporal pattern of
the gradient. The length scale for which mass transport is domi-
nated by diffusion is the Kolmogorov length; it typically ranges
between 1 and 6 mm in the ocean (Lazier and Mann, 1989).
Although turbulence might set an additional limit for the range
of sperm attraction, the similar scale of the effective gradient
range and the Kolmogorov length argues that turbulence might
not be a critical factor in chemotaxis of sea urchin sperm.
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Although several of our assumptions are plausible, arguably
some are arbitrary. For example, we do not know the S/N level
at which sperm operate. Moreover, N, is a measure of the
number of molecules that hit the flagellum; how many of those
molecules are captured by the receptor is unknown. Finally,
freely swimming sperm follow a gradient on a helical path
(Crenshaw and Edelstein-Keshet, 1993; Corkidi et al., 2008)
and not on drifting circles. Future work should address gradient
sensing of single cells in 3D using caged chemoattractants
to quantitatively sculpture chemical gradients by light and to
follow the swimming behavior in real time.

Summary

We unveil several mechanisms that enable sperm to probe a
chemical gradient intermittently and, thereby, transduce a stream
of molecules into discrete Ca** signals while maintaining a high
sensitivity over a remarkably wide concentration range. Sperm
from other marine invertebrates (Matsumoto et al., 2003; Shiba
et al., 2008; Guerrero et al., 2010b, 2011) also swim on drifting
circles that are controlled by periodic Ca** signals. Aside from
sperm, many cellular organisms are propelled on periodic paths
by cilia or flagella during chemotaxis and phototaxis (Brokaw,
1959; Thar and Fenchel, 2001; Jékely et al., 2008; Jékely, 2009).
Our work provides a conceptual framework of mechanisms—
stimulus sampling, reset, and adaptation—that might be helpful
to study gradient sensing in other eukaryotic cells.

Materials and methods

Materials and solutions

A. punctulata were obtained either from M.L. Wise (Duke University Marine
Laboratory, Beaufort, NC) or the Marine Resource Center, Marine Biological
Laboratory. S. purpuratus were obtained from P. Leahy (Kerckhoff Marine
Laboratory, Corona Del Mar, CA). Animals were maintained in seawater
tanks at 14°C with constant aeration and algal food. The collection of “dry”
sperm from male sea urchins and the composition of ASW were as de-
scribed previously (Kaupp et al., 2003). In brief, we injected ~200 pl of
0.5-M KCl (Palmer, 1937) in the body cavity or applied electrical stimulation
using lead electrodes at a potential of 25 V peak to peak to the sea urchins
at any two points on the shell of the animal (Harvey, 1954). The spawned
sperm (dry sperm) was collected in an Eppendorf tube using a Pasteur
pipette and stored on ice. The experiments were performed on the same day.
In a similar way, we obtained eggs from female sea urchins. ASW, pH 7.8,
confained 423 mM NaCl, 9 mM KCl, 9.27 mM CaCl,, 22.94 mM MgCl,,
25.5 mM MgSOy, 0.1 mM EDTA, and 10 mM Hepes.

Preparation of sperm flagella membrane proteins

To obtain a pure preparation of flagella (both for sperm of A. punctulata
and S. purpuratus), 1 ml of dry sperm was diluted in 24 ml ASW and
centrifuged (200 g for 7 min) to sediment coelomocytes. The supernatant
was removed and centrifuged (3,000 g for 15 min) to sediment sperm. The
sperm pellet was resuspended in 10 vol ASW with a mammalian fissue
protease inhibitor cocktail (mPIC; Sigma-Aldrich; 1:100 dilution in ASW).
The sperm suspension was sheared 20-25 times on ice with a 20-gauge
needle. The sheared suspension was centrifuged (2,000 g at 4°C for 10 min).
Flagella remained in the supernatant, and intact sperm or sperm heads
formed the pellet. The purity of flagella preparations was checked using
phase-contrast microscopy. This procedure was repeated twice. The fla-
gella pellets were stored at —80°C until further use.

Membrane proteins from A. punctulata sperm flagella were pre-
pared by the pH 9.2 method as described previously (Mengerink and
Vacquier, 2004; Striinker et al., 2006). In brief, an equal volume of ASW at
pH 9.2 (40 mM Tris base, pH 9.2, 10 mM benzamidine-HCl in ASW, and
1:100 dilution of mPIC) was added slowly to the flagella suspension while
stirring. The suspension was kept at 4°C overnight. The suspension was



stirred vigorously for 5 min using a magnetic stirrer. Two centrifugation
steps were used to remove the cell debris (6,000 g for 4°C at 30 min).
The supernatants that contained membrane vesicles were combined. The
vesicles were sedimented by a final centrifugation step (100,000 g at 4°C
for 60 min). The membrane pellets were stored at —80°C. Finally, pellets
were resuspended in isotonic buffer (150 mM NaCl, 5 mM EDTA, 10 mM
Tris/HCI, pH 7.4, 2 mM DTT, and 1:500 dilution of mPIC), solubilized
using SDS sample buffer, and subjected to standard SDS-PAGE.

We made a detergentbased protein preparation from the flagella
of S. purpuratus sperm. Flagella pellets were dissolved in PBS containing
2 mM EDTA and 1:500 mPIC (PBS++). An equal volume of PBS++ contain-
ing 20 mM n-dodecyl-B-maltoside (Anatrace) was added while stirring. The
suspension was incubated for 60 min on ice with occasional vortexing.
Afterward, the suspension was centrifuged (14,000 rpm at 4°C for 30 min),
and the supernatant was collected. Such a protein preparation was sub-
jected to standard SDS-PAGE.

Mass spectrometric identification of proteins

After separating membrane proteins by standard SDS-PAGE, we performed
tryptic in-gel digestion and liquid chromatography tandem mass spectrom-
efry analysis as previously described (Strinker et al., 2006). In brief, gel
slices were washed with 50% (vol/vol) acetonitrile in 25 mM ammonium
bicarbonate, shrunk by dehydration in acetonitrile, and dried in a vacuum
cenfrifuge. The gel pieces were reswollen in 10 pl ammonium bicarbonate
(50 mM) containing 50 ng trypsin (sequencing grade modified; Promega).
After 17-h incubation at 37°C, the enzymatic reaction was terminated by
addition of 10 pl of 0.5% (vol/vol) trifluoroacetic acid (TFA) in acetonitrile,
and the separated liquid was taken to dryness under vacuum. Samples
were reconstituted in 6 pl of 0.1% (vol/vol) TFA and 5% (vol/vol) acetoni-
trile in water. For identification of A. punctulata proteins, tryptic peptides
were separated on a liquid chromatography system (CaplC; Micromass)
equipped with capillary column (3 pm, 100 A, 150 mm x 75 pm inner
diameter [i.d.]; PepMap C18; Dionex). Mass spectrometry and tandem
mass spectrometry were performed on a quadrupole orthogonal acceleration
time-of-flight mass spectrometer (Q.TOF Ultima; Micromass). Preparations
from the flagella of S. purpuratus sperm were analyzed using an Orbitrap
mass spectrometer (LTQ Orbitrap XL; Thermo Fisher Scientific) equipped
with a 2D nanoflow liquid chromatography system (Eksigent; Axel Semrau
GmbH) as previously described (Lange et al., 2010). 6 pl of the peptide
sample was injected and concentrated on a trap column (5 pm, 100 A,
5 mm x 300 pm i.d.; PepMap C18) equilibrated with 0.1% TFA and 2%
acetonitrile in water. After switching the trap column in line, liquid chromo-
tography separations were performed on a capillary column (3 pm, 100 A,
150 mm x 75 pm i.d.; Atlantis dC18; Waters) at an eluent flow rate of
250 nl/min using a linear gradient of 0-40% B in 80 min. Mobile phase A
was 0.1% formic acid (vol/vol) in water; mobile phase B was 0.1% formic
acid in acetonitrile. Data were acquired in a data-dependent mode using
one mass spectrometry scan followed by tandem mass spectrometry scans
of the most abundant peaks. The processed tandem mass spectrometry
spectra and the MASCOT server version 1.9 and 2.2 (Matrix Science)
were used fo search in house against the NCBI nonredundant protein data-
base. The maximum of two missed cleavages was allowed, and the mass
tolerance of precursor and sequence ions was sef to 100 ppm and 0.05 D,
respectively. For the LTQ Orbitrap measurements, the mass tolerance of
precursor and sequence ions was set to 10 ppm and 0.35 D, respectively.
Methionine oxidation and the acrylamide modification of cysteine were
used as variable modifications. A protein was accepted as identified if at
least two tryptic peptide scores indicated identity or extensive homology.

Measurement of changes in V,, and [Ca?'];

Resact- and cGMP-induced changes in V,, and [Ca?]; were measured
with a voltage-sensitive dye (Di-8-ANEPPS; Molecular Probes) and a fluor-
escent Ca?* indicator (Fluo-4 AM; Molecular Probes), respectively, in a
stopped-flow device (SFM-400; Bio-Logic) as described previously (Striinker
et al., 2006; Bonigk et al., 2009). In brief, dry sperm was suspended
1:6 (vol/vol) in loading buffer containing ASW, fluorescence dye, and
0.5% Pluronic F127 (Sigma-Aldrich or Molecular Probes). After incubation
(for 45-120 min with Fluo-4 AM and 5 min for Di-8-ANEPPS) at 17°C,
the sample was diluted 1:20 with ASW. Sperm were allowed to equili-
brate in the new medium for 5 min. In the stopped-flow device, the sperm
suspension was rapidly mixed 1:1 (vol/vol) with the respective stimu-
lants. Fluorescence was excited by a 150-W Xe lamp (LSB521; LOT-Oriel
GmbH & Co. KG). Emission was recorded by a photomultiplier module
(H965601 or H9656-20; Hamamatsu Photonics). The signal was amplified
and filtered through a voltage-amplifier (DLPVA-100-B-S; Femto Messtechnik

GmbH). Data acquisition was performed with a data acquisition pad (PCI-
6221; National Instruments) and Bio-Kine software v. 4.49 (Bio-Logic). For
Ca?* and V,, recordings, the excitation light was passed through a filter set
containing either two GG-435 (Andover Corporation) and two FITCA-40
(Schott) filters or two GG-435 and an ET490/20x filter (Chroma Technol-
ogy Corp.). For Ca?* measurements, the emitted light was passed through
a Brightline 525/40 filter (Semrock). Ca?* signals represent the average of
at least three recordings and are depicted as the percent change in fluores-
cence. The V,, signals were recorded in the dualemission mode. The filters
in front of the two photomultiplier modules were HQ535/30m (Chroma
Technology Corp.) and HQ580/40m (Chroma Technology Corp.). The AR
was derived as previously described (Striinker et al., 2006). In brief, the
Bio-Logic software enabled recording of fluorescence in the ratiometric dual-
emission mode. The V,, signals are the ratio of Fs35/Fsg0 or R. The control
(ASW) R signal was subtracted from the resact or cGMP-induced signals.
The R value before the onset of the changes in fluorescence was set to O,
yielding AR. The V,, signals represent the average of at least five recordings
and were digitally smoothed with five point average smoothing. The data
obtained from the stoppedflow recordings were analyzed using either Prism 5

(GraphPad Software) or OriginPro 8.1G SR3 (Originlab Corporation).

Caged compounds and flash photolysis

All caged compounds were obtained from V. Hagen (Leibniz-Institut fir
Molekulare Pharmakologie, Berlin, Germany; Hagen et al., 2001, 2002,
2003; Kaupp et al., 2003). We incubated sperm with 30 pM DEACM-
caged cGMP for 245 min (Kaupp et al., 2003). Caged cGMP and caged
resact were photolyzed by a flash of ~1 ms of ultraviolet light from
a Xenon flash lamp (JML-C2; Rapp OptoElectronic). The flash of light
was passed through a band pass 295-395 interference filter (Rapp
OptoElectronic) and delivered by a liquid light guide to the cuvette (FC-15;
Bio-Logic) of the stopped-flow device. The flash lamp contained two ca-
pacitors of 1,000 pF each, which can be charged to a maximum of 385 V.
The two capacitors can be triggered independently giving identical energy
output, in principle, at the same time or separated by a few milliseconds to
several seconds. The flash energy was measured using a pyroelectric sen-
sor (JM20; Rapp OptoElectronic). When the capacitors where charged at
300 V, the flash energy at the end of the light guide was 6.5 mJ. For
caged resact experiments, we charged the capacitors to 300 V, whereas
for caged cGMP experiments to 150 V. The flash energy was further ad-
justed using calibrated neutral density filters (Rapp OptoElectronic). The
neutral density filters were housed in a filter wheel (Rapp OptoElectronic).
The position of the filter wheel at different flashes as well as the triggering
and timing of flashes during acquisition were defined through the interface
of a self-made program written in LabVIEW 8.0 (National Instruments).

Simulation of the stimulus function during stopped-flow experiments

The kinetics of the binding reaction was solved numerically by direct inte-
gration of the mass balance equation. Changes in the free concentration of
resact and GC were calculated iteratively using the expression

[resactGClyyat = [resactGCl; + ([resact]i[GClikop — [resactGCli kg JAt, 3)

in which [resacf] and [GC] represent the respective free concentrations.
The integration time step Atwas 1 ms. We assumed 10® GC molecules per
sperm (resulting in a total GC concentration of 0.25 M), a value of
107 M7 's7! for k,,, and a value of 1072 57" for ko

Single-cell measurements

Motility was studied in observation chambers with a depth of 100 pm
using an inverted microscope (IX71; Olympus) equipped with a 20x ob-
jective (NA 0.75; U Plan S Apochromat; Olympus). Photolysis of caged
compounds was achieved using a mercury lamp (URFLT; Olympus). The
light was passed through a band pass filter (H350/50; Semrock), and the
irradiation time (25 ms) was controlled by a mechanical shutter (VS25;
Uniblitz Vincent Associates). Laser stroboscopic illumination (2-ms pulse
at 488-nm wavelength) was generated using an Argon/Krypton laser
(Innova 70C; Coherent, Inc.) and an acousto-optical tunable filler (AA Opto-
Electronic Company). The fluorescence was passed through a 500-nm long
pass filter (Omega Optical, Inc.). Images where collected at 150 frames/s
using an EM chargecoupled device (CCD) camera (DU-897D; Andor Tech-
nology). We used custom-made postacquisition programs written in MATLAB
(MathWorks) to track swimming sperm and to measure time-resolved
changes in fluorescence. We used a second order Savitzky-Golay filter
to extract the averaged path from tracking of the sperm head.
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Numerical reconstruction of the swimming path

To reconstruct the average swimming path from changes in fluorescence
(AF/Fo) obtained with the stoppedflow apparatus, we made use of the
linear relationship between the curvature of the swimming path () and the
time derivative of the Ca?* signal:

K(t) =« + ﬁw, 4)

wherein «; is the basal curvature affer stimulation, and B is a rescaling
factor (Alvarez et al., 2012). Because the amplitude of the Ca?* signals
obtained with the stopped-flow apparatus and single-cell recordings differ,
Ca? signals were renormalized. Typically, saturating stimulation by cGMP
release induced a maximal AF/Fy of ~50% using the stopped-flow device,
whereas single-cell measurements gave a maximal AF/F, of ~400% (Fig. 5 A
in Alvarez et al., 2012). The difference in AF/Fy is probably caused by
the lower value of the basal fluorescence (Fo) obtained in the microscope
owing to the background subtraction performed on the images. The renor-
malized Ca?* signal was converted to curvature k(f) using Eq. 4. Finally,
the trajectory was numerically calculated by integration of the 2D Frenet-
Serret equations using «(f) and a constant swimming speed of 150 pym/s.

Determination of resact content of eggs

10 pl of released eggs were suspended in 10-ml ASW and incubated for
60 min; the cell suspension was kept homogenous by occasional inver-
sion of the Falcon tube. Eggs in a 5-pl suspension were counted under
the microscope. At the end of the incubation and after sedimentation of
eggs, 5-10-pl aliquots were taken and appropriately diluted to adjust the
resact concentration in the picomolar range. The resact concentration was
determined by mixing the diluted samples in the stopped-flow device with
Fluo-4-loaded sperm and calibrating the resactinduced Ca?* signals with
known resact standards (as in Fig. S1, C and D). The concentration per
egg was calculated assuming an egg radius of 50 pm. The radius in the
literature varies between 37.5 and 75 pm depending on shape, age, and
whether eggs are fully hydrated or not (Harvey, 1932; Goldforb et al.,
1935; Bolton et al., 2000).

Preparation of Alexa Fluor 488-resact

The linear peptide was synthesized automatically with a peptide synthe-
sizer (ABI 433A; Invitrogen) by the solid-phase method using standard
N-(9-fluorenyl)methoxycarbonyl chemistry (Coin et al., 2007) in a batch
mode on polyethylene glycol resins (0.2 mmol/g; standard rink amide;
Rapp Polymere). After final cleavage and deprotection with TFA/H,O/
tri-isopropylsilane (8.5:1:0.5) for 3 h at room temperature, the peptide
was precipitated with cold diethyl ether. For the formation of the intramo-
lecular disulfide, 1 mg/ml linear peptide was air oxidized in bicarbonate
buffer, pH 8.5, for 16 h at room temperature. Crude resact was puri-
fied by preparative reversed-phase HPLC (C-18) using acetonitrile gradi-
ent in aqueous 0.1% TFA. To intfroduce Alexa Fluor 488 carboxylic acid,
the corresponding succinimidyl ester (mixed isomers; 5 mg and 7 pmol;
Molecular Probes) dissolved in 100 pl dimethylformamide was added to
7 pmol resact. 50 pl bicarbonate (0.1 M) buffer, pH 8.5, was added to
the clear solution, and the reaction was followed by analytical HPLC using
fluorescence detection. After 2 h, Alexa Fluor 488-resact was isolated
by preparative HPLC and characterized by electrospray ionization mass
spectrometry (Mce = 1,758.6; [M+H]op = 1,760.36), in which Mg is
the calculated monoisotopic molecular mass of the product, and [M+H]e,
was calculated from [(m/z)+H] peaks found for z = 3 with 587.4533 and
z = 2 with 880.66.

Dual-focus fluorescence correlation spectroscopy

The dualocus fluorescence correlation spectroscopy measurements were
performed as previously described in Dertinger et al. (2007). In summary,
the light from two identical, linearly polarized pulsed diode lasers (wave-
length of 485 nm and pulse duration of 50-ps full width at half-maximum)
was combined by a polarizing beam splitter. Both lasers were pulsed alter-
nately with a repetition rate of 40 MHz. The average power of the lasers
was 3 pW each. Both beams were coupled into a polarization-maintaining
single-mode fiber. At the fiber output, the light was collimated and reflected
by a dichroic mirror (FITC/TRITC; Chroma Technology Corp.) foward the
microscope’s objective (U Plan S Apochromat 60x water, 1.2 NA; Olympus).
Before entering the objective, the light was passed through a Nomarski
prism, deflecting the light from both laser diodes into slightly different direc-
tions, so that, after focusing, two laterally shifted but overlapping excitation
foci were obtained with an ~420-nm distance.
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Fluorescence was collected by the same objective, passed through
the dichroic mirror, and focused onfo a single circular aperture (diameter
of 150 pm). After the pinhole, the light was collimated, split by a 50/50
beam splitter, and focused onto two single-photon avalanche diodes (SPCM-
AQR-13; PerkinElmer). Single-photon counting electronics (HydraHarp 400;
PicoQuant GmbH) recorded the signals of both detectors independently with
an absolute temporal resolution of 2 ps on a common time frame.

Recording photon detection times with picosecond resolution allows
associating each fluorescence photon with the exciting laser pulse and thus
with the respective focus. With this information, the auto- and cross correla-
tion curves were calculated. Finally, a global fit of the data was made with
a model using three fit parameters: two parameters for the molecule detec-
tion function and the diffusion coefficient.

Measurements of resact labeled with Alexa Fluor 488 (Invitrogen)
were performed at 22°C in ASW. The diffusion constant of the labeled
peptide (molecular weight [MW] = 1,772.3 g/mol) under these conditions
was 231 = 7 pm?/s (nine experiments). The value for free resact (molecular
weight = 1,246.5 g/mol) in ASW at 16°C can be extrapolated using
the temperature dependence of the viscosity of sea water (1 (22°C) =
1.025 mPa's; 1y (16°C) = 1.183 mPa s; ElDessouky and Ettouney, 2002) and
the mass dependence of the radius r of a Gaussian chain-type polymer

MW,
/1 =\IMW;

Rubinstein and Colby, 2003). Using these parameters, the extrapolated
diffusion constant of resact (Diesac) in ASW at 16°C is 239 + 7 pm?/s.
Using either value does not significantly alter the gradient simulations.

Simulation of resact gradient

The concentration profiles of resact were computed by solving the diffusion
equation using COMSOL (COMSOL Multiphysics GmbH). A semispherical
geometry (radius of 10 cm) was simulated using an axial symmetric
pseudo-3D finite element model. Time-dependent concentration profiles
were computed for different synthesis rates over a time span of 60 min. The
mesh of the finite element model was refined until relative changes in the
obtained concentration profiles were <107°.

Minimal gradient calculations

To defermine the rate of resact molecules absorbed by sperm, we consider
the flagellum as a rod-shaped structure with a length of f = 50 pm and a
diameter of d; = 0.3 pm. The maximal absorption rate k can be calculated
from the flux of molecules onto ellipsoid, flagella-like objects is

_ ATCGNA

" In(2a/b)

(Berg, 1993), wherein D is the diffusion constant of the molecule (Dgosacr =
239 + 7 pm?/s), a and b are the long and short semiaxes, respectively, of
an ellipsoid of revolution, and N4 is Avogadro’s number. For the flagellum,
we use a = /2 = 25 pm and b = di/2 = 0.15 pm. The number of mole-
cules absorbed at concentration ¢ within time tis Ny, = kct, with a Poisson
standard deviation o(N_..) = /N_;.. For a period T of circular swimmin
(T=2mr/s), the numb(eragfs)observ%l:j mo|ecu|Zs is Nups = 21rke/s, whereig
ris the radius of circular swimming and s is the swimming speed. For Ny, = 1,
i.e., the minimal number of molecules absorbed during one period, the
minimal concentration becomes ¢, = 44 fM.

To determine the minimal gradient that supports chemotaxis, the gra-
dient is considered to be approximately linear. Using a local coordinate
system with the x” axis pointing toward the egg (Fig. 8 D), the concentration
can be described by c(x) = g X"+ Cpean, Wherein g is the gradient dc/dx, and
Cmean is the concentration at the center of the circle. For boundaries c(x'= —n =
¢y and ¢(x’ = 1) = ¢, (Fig. 8 B), g = (c2 — c1)/2r and cpean = (c2 + ¢1)/2.
Thus, for any point in time, the concentration along the circular path is
given by c(f) = g r sin(2m #/T) + Cpean- The integral over both semicircles
(h =0to T/2 and k, = T/2 to T) yields the difference ANy, = 4g * k/s.
As criterion for successful chemotaxis, we define that AN, must be equal
or larger than the noise /Ny, because of statistical fluctuations, i.e., the
S/N ratio is >1. Therefore, the minimal detectable gradient becomes

_ msC
Imin = 8k

Chemotaxis occurs in regions where g = guin.




The minimal gradient g, scales with /s / 3. Upon stimulation with
cGMP, the swimming speed s increased from 135 + 17 pm/s to 180 =
20 pm/s (n = 23). Moreover, sperm increase their mean swimming radius
from ~26 to 83 pm. This increase can be considered as a mechanism to
enhance the sensitivity of gradient sensing. In fact, g, required after stimu-
lation is five times smaller than that before stimulation. In addition, g is
a function of the ambient concentration c; larger values of ¢ demand also
steeper gradients for successful chemotaxis.

Statistics
All values are means = SD (number of experiments).

Online supplemental material

Fig. ST shows the scheme of the sampling and resetting experiments using
caged resact and the temporal accuracy of paired stimuli and explains the
assay used for the calibration of resact released from the caged precur-
sor by a flash of light. Fig. S2 shows a complete time course of the Ca?*
signals obtained from sampling and resetting experiments. Fig. S3 shows
the pitfalls and unspecific effects of a commonly used Na*/Ca?* exchanger
blocker (KB-R7943 mesylate) in studying Ca?* homeostasis in sea urchin
sperm. Table ST, S2, and S3 list the peptides identified by mass spec-
trometry analysis of sperm flagella proteome —Na*/Ca?* exchanger from
A. punctulata (Table S1), Na*/Ca?* exchanger from S. purpuratus (Table S2),
and Ca?* ATPase from S. purpuratus (Table S3). Video 1 shows resetting of
Ca?* signals in single moving sperm. Online supplemental material is avail-
able at http://www.icb.org/cgi/content/full /jcb.201204024/DC1.
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