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SUMMARY

When the green alga Chlamydomonas reinhardtii
swims, it uses the breaststroke beat of its two flagella
to pull itself forward [1]. The flagellar waveform can
be decomposed into a static component, corre-
sponding to an asymmetric time-averaged shape,
and a dynamic component, corresponding to the
time-varying wave [2]. Extreme lightening conditions
photoshock the cell, converting the breaststroke
beat into a symmetric sperm-like beat, which causes
areversal of the direction of swimming [3]. Waveform
conversion is achieved by a reduction in magni-
tude of the static component, whereas the dynamic
component remains unchanged [2]. The coupling be-
tween static and dynamic components, however, is
poorly understood, and it is not known whether the
static component requires the dynamic component
or whether it can exist independently. We used iso-
lated and reactivated axonemes [4] to investigate
the relation between the two beat components. We
discovered that, when reactivated in the presence
of low ATP concentrations, axonemes displayed
the static beat component in absence of the dynamic
component. Furthermore, we found that the ampli-
tudes of the two components depend on ATP in qual-
itatively different ways. These results show that the
decomposition into static and dynamic components
is not just a mathematical concept but that the two
components can independently control different as-
pects of cell motility: the static component controls
swimming direction, whereas the dynamic compo-
nent provides propulsion.

RESULTS

To investigate the coupling of the static and the dynamic com-
ponents of the Chlamydomonas beat, we examined the effect
of ATP on the waveforms of isolated, demembranated, and
reactivated axonemes [4-6] of Chlamydomonas wild-type (WT)
cells and mutant cells that move backward only (mbo2) [7] (Fig-
ures 1A and 1H). The experimental methods for cell growth,
deflagellation by the dibucaine procedure, and ATP reactivation
are detailed in [8] and the Supplemental Information.
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Measurement of the Waveforms of Beating Axonemes
The waveforms of beating axonemes were measured using high-
speed video phase-contrast microscopy at 1,000 frames per
second. Sequential images of a typical axoneme reactivated
with 1 mM ATP are shown in Figures 1B (WT) and 1l (mbo2).
In each frame, we traced the centerlines of the axonemes using
tracking software [9]. The proximal end was defined as the end
pointing in the swimming direction, which was always clockwise
for axonemes observed on the lower chamber surface. The prox-
imal end corresponds to the base of the flagellum and is where
wave propagation starts [10]. The resulting shapes are plotted
at 1-ms intervals over one beat cycle in Figure 1C. Visually, the
series of shapes resembles those adopted by intact flagella un-
dergoing normal breaststroke motility (Figure 1A) [10-12].

Mathematical Separation of the Waveform into Static
and Dynamic Components

To quantify the key geometric properties of the waveform,
we used an angular representation (Figure 1D), in which the
tangent angle ¥ with respect to the laboratory coordinate system
is plotted for each point on the arc length of the axoneme and at
each point in time (frame) in the movie (see also [10, 11, 13, 14]).

We define the static component of the waveform as the average
angle over one beat cycle at each position along the axoneme (red
line in Figure 1D). The mean angle decreases approximately line-
arly with arc length, corresponding to an approximately circular
shape (shown as the red line in Figure 1C). We parameterized
this static circular arc by its curvature C =y /L, where y is the dif-
ference intangent angle between the distal and proximal ends and
L is the length of the axoneme (Figure 1D). To isolate the dynamic
component, we subtracted the static mean shape from Figure 1D
to obtain Figure 1E. The corresponding x-y representation is
shown in Figure 1F. Note that both the angular and x-y represen-
tations are now symmetric. The dynamic component of the wave-
form can be approximated by a traveling wave of amplitude A,
wavelength 4, and frequency f, defined in Figures 1E and 1G
and the Supplemental Information, Figures S1, and S2. The
mean values of the shape parameters summarize the key geomet-
ric properties of the waveform, which are presented in Table 1 (col-
umn 2 for WT axonemes).

To show that the dynamic component can exist in the absence
ofthe static component, we repeated the waveform quantification
for axonemes isolated from mbo2 cells. A representative example
is presented in Figures 1TH-1N. The waveforms of mbo2 axo-
nemes resemble those of intact flagella from photoshocked cells,
which is reflected in the similarity of the shape parameters
(compare Table 1, columns 3 and 5). The static component of
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Figure 1. Characterization of the Breaststroke Beat of Isolated Chlamydomonas Axonemes
(A) A wild-type cell imaged using phase-contrast microscopy with an exposure time of 1 ms. The scale bar represents 5 pm.

(B) An axoneme isolated from a WT cell was imaged using phase-contrast microscopy with an exposure time of 1 ms. Four sequential contrast-inverted images
were superimposed ( At = 3 ms). The tangent angle y(s,t) was measured with respect to the coordinate frame of the lab (gray dashed arrows). Note that the
isolated axonemes swim in a circle.

(C) Tracked x-y shapes with subtracted rotation are represented for one beat cycle ( At = 1 ms between curves). The colored open circles depict the basal end
(red), the midpoint (black), and distal tip (green) corresponding to (G). The red curve presents the time-averaged shape.

(D) The tangent angles are plotted as a function of arc length y(s, ty) for the curves shown in (C). The red curve corresponds to the red shape highlighted in (C),
which is the angular representation of the mean shape. The slope of the red curve corresponds to the mean curvature C calculated as C =y, /L.

(E) Tangent angles after subtraction of the mean shape: this is the dynamic component. The blue curve was used to determine the wavelength 1, defined as two
times the distance between the minimum and the maximum angle. The wave amplitude A was defined as the half-width of the waveform envelope averaged over

the arc length.

(F) Shapes of the dynamic component shown in Figure 1F. Note that the mean shape of this waveform is a straight line (red curve).

(G) Tangent angle at a fixed arc length, s, as a function of time, y/(so, t), for the base (so = 0, orange), midpoint (so = L/2, black), and distal tip (so =L, green). The beat
frequency f is given by the inverse of the time between peaks. See Figure S1 for more detailed information on the shape parameterization.

(H-N) Equivalent to (A)~(G) for the mbo2 mutant. Reactivated mbo2 axonemes were imaged using dark-field microscopy.

the mbo2 waveformis very small: the redlinesin Figures 1J and 1K
are almost straight. On the other hand, the dynamic components
of mutant and WT axonemes are very similar (compare Figure 1E
to Figure 1L and Figure 1F to Figures 1J and 1M).

In summary, our analysis shows that the static and dynamic
components of the beat can be separated geometrically and
that the dynamic component can exist in absence of the static
component as observed for mbo2 axonemes and photoshocked
cells (see Table 1). In both cases, the dynamic components of the
beats are very similar. This generalizes an earlier result in intact
cells showing that the primary effect of photoshock is to abolish
the static component of the beat [2].

The Breaststroke Is a Sinusoidal Waveform Traveling
around a Circular Arc

Our decomposition of the axonemal beat into static and dynamic
components suggests that the breaststroke beat can be viewed

as a sinusoidal, sperm-like waveform traveling around a static,
circular arc. In the absence of the static component (Figure 2A,
upper panel), the x-y waveform is sperm-like (Figure 2A, lower).
When a static component with a constantly decreasing angle
(Figure 2B, upper), corresponding to a circular arc (Figure 2B,
lower), is added to the dynamic mode (Figure 2A, upper), the re-
sulting waveform becomes asymmetric (Figure 2C, upper) and
resembles the breaststroke beat of WT axonemes (Figure 2C,
lower). The model waveform Figure 2C captures the effective
and recovery phases of the breaststroke. During the effective
phase of the beat, the dynamic component has opposite curva-
ture to that of the mean curvature. This leads to a partial cancel-
lation of the static curvature and a straightening of the axoneme.
When the flagellum is attached to the cell, the effective stroke
powers forward motion. During the recovery phase of the beat,
the dynamic component has the same curvature to that of the
static component. The summation increases the curvature and
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Table 1. Shape Parameters and Corresponding Shapes for the Simplified Waveform Model

Strain WT Axoneme® mbo2 Axoneme® unit Cell® unit Cell (PS)° oda? Cell (0da38)° ida?/4 Cell (ida98)° pf2 Cell®
Curvature C (rad/pm) —0.24 +0.02 —0.04 + 0.01 —0.17 +0.005 —0.01+0.05 —0.16 +0.04 —0.19 + 0.06 —0.1+0.07
Amplitude A (rad) 0.68+0.04  0.90 = 0.08 1.08+0.09 1.13+0.07  0.98 +0.09 0.78 + 0.07 0.64 +0.17
Wavelength A (um) 11.4+0.7 11.0 £ 0.6 15.1 2.0 126+1.4 18.7 2.9 11.6 £1.7 14.8 + 4.1
Length L (um) 11.7+0.4 9.2+0.3 128+1.5 127+ 1.7 11.6+1.2 104 +1.2 125+ 1.4
Frequency f (Hz) 68+3 28+7 63+ 6 73+8 25+4 55+7 51+18
Waveform®

2

@Data from this study: reactivated axonemes at 24°C using 1 mM ATP (mean + SD; n = 6).

PData from Tables 1, 2, and 3 of [10] were converted to the simplified waveform model using the equations provided in the Supplemental Information. Mean +
SD (SD is calculated by propagating errors). The parameters for uni cells from [10] agree with values obtained by direct measurements (see Table S1).
°The waveforms were reconstructed from the mean shape parameters using the equation in the caption of Figure 2, explained in the Supplemental

Information.

leads to a highly bent flagellum. This results in a small reversal of
cell motion during the recovery stroke [12, 17, 18]. Thus, the
combination of static and dynamic components account for
the main features of the breaststroke beat.

ATP Titration Separates the Static Component from the
Dynamic Component

To test whether the static component of the beat can also exist in
the absence of the dynamic component, we measured axonemal
shapes over a large range of ATP concentrations (Figure 3).
When the ATP concentration was gradually decreased from
1 mM to 50 uM, the static curvature of the static component
was unaffected (Figure 3A). The amplitude of the dynamic
component remained unchanged (Figure 3B), though the fre-
quency decreased (Figure 3C). However, when the ATP concen-
tration was decreased below 50 uM, the axonemes ceased to
beat, as the dynamic component vanished (Figures 3C and
3D). We quantified this response to ATP by fitting a Hill equation
to the data (see figure caption of Figure 3). The Hill coefficient, n,
is usually associated with cooperative binding of a ligand or the
nonlinear activation of an enzyme, and the K, value typically
corresponds to the ligand concentration at half-maximal enzyme
activity [19]. We found that the transition from beating to non-
beating was abrupt, occurring over a narrow range of ATP con-
centrations centered at 47 uM. An abrupt decrease in amplitude
was also observed for mbo2, at an ATP concentration between
60 and 90 uM. The abrupt decrease in amplitude indicates that
the underlying process is highly cooperative (Hill coefficient n =
52 for WT and n = 59 for mbo2; Figure 3B). In the theory of
dynamical systems, an abrupt change of oscillation amplitude
as a function of a control parameter is a feature of a subcritical
Hopf bifurcation [20]. Thus, the dynamic component has the
signature of a collective phenomenon [21].

In contrast to the dynamic component, the mean curvature
of the static component decreased gradually as the ATP con-
centration was decreased. There was no evidence for coopera-
tivity (the Hill coefficient was not significantly different from 1;
Figure 3A). The ATP concentration necessary for half-maximal
amplitude was 17 uM. Importantly, at ATP concentrations below
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47 uM, the non-beating WT axonemes still displayed a static
component with high curvature (Figure 3A). An example of
such a static shape is shown in Figure 3D (upper panel). In the
absence of ATP, the axonemes were straight with zero curvature
(Figure 3D, middle panel). The dependence of the static curva-
ture on the ATP concentration indicates that it is sustained
by an active process. Consistent with this conclusion, the static
curvature was greatly reduced by addition of the ATPase inhibi-
tor vanadate (Figures 3A-3C, black open diamonds), which also
inhibits axonemal dyneins [22]. Note that, in mbo2 axonemes,
the static component is close to zero at all ATP concentrations.
The different ATP dependencies of the static and dynamic com-
ponents show that there is no obligate coupling between the two
components: each can exist in the absence of the other.

Waveforms with Any Combination of Static and/or
Dynamic Component Are Observed

To illustrate the full range of static and dynamic components
that can be observed, we plotted both components for WT
and mbo2 axonemes in a state diagram (Figure 3E). The static
component is represented by its mean curvature and the
dynamic component by its amplitude. The data populate all
quadrants of the diagram: (1) straight and non-beating axo-
nemes (no ATP); (2) bent and non-beating axonemes (WT;
low ATP); (3) bent and beating axonemes (WT; high ATP); and
(4) straight and beating axonemes (mbo2; high ATP). In addition
to the WT and mbo2 axonemes (data from Figures 3A-3C), we
have added data from the intact flagella of uni7 mutants, a
strain that has only a single flagellum [10], which has large
static and dynamic components (3); the intact flagella of
pf18odal mutants [23], which are immotile (no dynamic
component) but have large mean curvatures (large static
component) (2); and the intact flagella of photoshocked uni1
cells, which have large dynamic components but only small
mean curvatures (4) [10] and are similar to isolated axonemes
in high calcium [5, 24]. Thus, all combinations of static and dy-
namic components are possible. This adds further support to
the notion that the static and dynamic components are inde-
pendently determined in the cell.
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component

A Dynamic B
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Figure 2. Model of the Breaststroke Beat as a Sinusoidal Waveform
Traveling around a Circular Arc

(A) The dynamic component comprises a traveling wave with constant
amplitude: yp(s, t) =A sin(2n(ft +s/2)); see also Figure S2. The upper panel
shows the angular representation. The lower panel shows the x-y shapes given
by x(s)=Xo+ [ cos ¥ (s') ds’ and y(s)=yo + [; cos y (s') ds’ [14-16].

(B) A circular arc (lower) corresponds to a linear angle profile (upper).
¥s(s)=Cs.

(C) When the dynamic component is superimposed on the circular arc by
addition of the tangent angles yp, s(s,t) =Cs + A sin(2x(ft +s/1)) (upper), the
resultant x-y shape resembles a breaststroke (lower). The following parameter
values were used: C = —0.23 rad/um; A =0.73rad; A=11.8 um; L = 11.1 um.
These parameters correspond to the WT axoneme in Figure 1.

DISCUSSION

We have shown that the breaststroke beat of isolated
Chlamydomonas axonemes can be well approximated by the su-
perposition of dynamic and static components. This super-
position corresponds to a symmetric, sperm-like beat traveling
around a static circular arc. This extends earlier work by Eshel
and Brokaw, who discussed the possibility of such a decompo-
sition for the waveforms of normally beating and photoshocked
uni1 cells [2]. This finding emphasizes the close relationship
between the breaststroke and sperm-like flagellar waveforms.
Importantly, we found that the static and dynamic beat compo-
nents can be independently controlled by changing the ATP con-
centration: this has important implications for the identification of
the molecular mechanism underlying the static component, as
well as its biological function.

Molecular Origin of the Static Component

The geometry of the static component together with its ATP
dependence constrains models describing the underlying molec-
ular mechanisms. Mutational studies show that outer arm dy-
neins and several inner arm dyneins (a, c, d, e, and f) are not
required for the static component because the waveforms of
these mutants are asymmetric [25, 26] (see Table 1 for examples).
If a specific dynein is required for the static curvature, then it is
likely to be one of the less well-studied inner arm dyneins. These
include inner dynein arm b (DHCS5); g (DHC7); and the minor inner
arm dyneins [27] DHC3, DHC4, and DHC11. That inner arm dy-
neins induce the static curvature is consistent with the ATP re-
quirements for in vitro motility of inner arm dyneins: their K,
values—10 uM for IDAb, 22 uM for IDAe, and 32 uM for IDAa
[28]—are similar to the ATP requirement of the static curvature
(17 puM). A possible scenario is the inner dynein arms create
asymmetry and contribute to the dynamic component, whereas
outer dynein arms only add to the dynamic component [29].

The geometry of the static component indicates that there is
a spatial imbalance of force generation within the axoneme.
To produce a static curvature with the correct sign, the sliding
forces between doublet microtubules 2-6 must be larger than
those produced in the opposing half of the axoneme, between
doublets 6 and 9. Moreover, because the static shape is approx-
imately circular, force generation must be concentrated toward
the distal end of the axoneme [30]. Such radial and longitudinal
localization of motor activity could be due to (1) appropriate
localization of dynein or other force-generating elements, (2)
appropriate localization of proteins that regulate uniformly
distributed motors, or (3) a feedback control mechanism that re-
stricts the activity of uniformly distributed motors and regulators.
None of these three mechanisms can be ruled out. For example,
there are dyneins that are distributed asymmetrically, both
radially and longitudinally [27, 31], and there are also asymmet-
rically distributed regulators like the dynein regulatory complex
(DRC) [32]. Finally, it has been shown that doublet curvature or
normal forces, which separate doublets, can lead to longitudinal
asymmetry of motor activity [14, 33, 34] and circular arcs [30].
Thus, the molecular mechanism underlying the static compo-
nent remains unknown, though our results place constraints
on possible mechanisms.

The Static Component Determines Swimming Speed

and Direction of Swimming of Biflagellated Cells

Our work shows that the major difference between breast-
stroke waveforms, which in Chlamydomonas propel forward
motion, and sperm-like waveforms, which propel backward
motion, is the presence or absence of the static component,
which makes the waveform asymmetric. Because the absence
of mean curvature reverses the swimming direction, we predict
that there is an intermediate curvature of the static component
at which the swimming speed is zero. The Chlamydomonas pf2
and pf3 mutants, which have abnormal waveforms, exhibit a
decreased mean curvature [25]. Consistent with our prediction,
the swimming speeds of pf2 and pf3 are decreased to one-
third and one-half the WT speeds, respectively [35]. Thus,
modulation of the curvature of the static component may
contribute to the swimming phenotypes of Chlamydomonas
mutants. We note that other factors such as amplitude, fre-
quency, and wavelength can also contribute to vary the swim-
ming velocity.

In reactivation assays, it was shown that the static asymmetry
can be modulated by calcium [4, 5], allowing study of the swim-
ming behavior of cell models with different static asymmetries
[36]. In these studies, it was found that, at intermediate calcium
concentrations of (107°M), corresponding to an intermediate
static asymmetry, 10% of the cells exhibited flagellar oscillations
that produced no net movement. Again, this is consistent with
our prediction. Thus, the static component can modulate the
swimming speed and direction of biflagellated cells.

The static component also influences the direction of swim-
ming in other organisms. Trypanosomatid flagella such as
those of Leishmania major, which usually have a sperm-like
beat, have been observed to undergo asymmetric breaststroke
waveforms [37]. Because they have only one flagellum, this mo-
tion yaws the cell body (like the isolated WT Chlamydomonas
axoneme), leading to reorientation of the cell. This may play a
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contrast). Lower: mbo2 axoneme in the absence of ATP (dark-field microscopy). The roman numerals are used to identify where the shapes appear in (E).
(E) State diagram of shapes of reactivated axonemes in which the mean amplitude of the dynamic component is plotted on the x axis and the amplitude of the

static component on the y axis.

role in obstacle avoidance. Thus, addition of a static compo-
nent to the trypanosomatid beat leads to reorientation of the
direction of swimming.

Spermatozoa use a related, though more-subtle, mechanism
for controlling their swimming direction. The presence of a small
mean curvature causes sperm to swim along shallow circular or
helical paths [38], and the regulation of curvature is likely to be
the key steering mechanism by which spermatozoa chemotax
up chemical gradients [39, 40]. Thus, modulation of the magni-
tude of the static component is a general mechanism that flagel-
lated cells use to direct their motility. The independence of the
static and dynamic components allows direction and propulsion
to be controlled separately.
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