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Abstract. A new mutant strain of Chlamydomonas,
ptxl, has been identified which is defective in pho-
totaxis. This strain swims with a rate and straightness
of path comparable with that of wild-type cells, and
retains the photoshock response. Thus, the mutation
does not cause any gross defects in swimming ability
or photoreception, and appears to be specific for pho-
totaxis. Calcium is required for phototaxis in wild-
type cells, and causes a concentration-dependent shift
in flagellar dominance in reactivated, demembranated
cell models. ptxI-reactivated models are defective in
this calcium-dependent shift in flagellar dominance.
This indicates that the mutation affects one or more
components of the calcium-dependent axonemal
regulatory system, and that this system mediates pho-
totaxis. The reduction or absence of two 75-kD ax-

onemal proteins correlates with the nonphototactic
phenotype. Axonemal fractionation studies, and analy-
sis of axonemes from mutant strains with known
structural defects, failed to reveal the structural locali-
zation of the 75-kD proteins within the axoneme. The
proteins are not components of the outer dynein arms,
two of the three types of inner dynein arms, the radial
spokes, or the central pair complex. Because changes
in flagellar motility ultimately require the regulation
of dynein activity, cell models from mutant strains
defective in specific dynein arms were reactivated at
various calcium concentrations. Mutants lacking the
outer arms, or the I1 or 12 inner dynein arms, retain
the wild-type calcium-dependent shift in flagellar
dominance. Therefore, none of these arms are the
sole mediators of phototaxis.

HE unicellular biflageliate alga Chlamydomonas has

been used extensively in the study of flagellar mo-

tility. This is due, in part, to the ease with which mu-
tant strains displaying aberrant motility can be produced and
analyzed. As a result, the structures which generate motility
are well characterized, yet the processes which regulate mo-
tility remain obscure. To study the regulation of flagellar
motility, we have generated mutant strains of Chlamydomo-
nas which are defective in their ability to phototax.

The two flagella of Chlamydomonas can be distinguished
based on their position relative to a specialized region of the
chloroplast referred to as the eyespot (13). During pho-
totaxis, the beat pattern of the cis-flagellum (the flagellum
closest to the eyespot) and the trans-flagellum are modified,
resulting in a change in swimming direction relative to the
light. This requires that the cis- and trans-flagella respond
differentially to the signal generated by photoreception.
Previous studies have provided evidence that calcium is re-
quired for phototaxis (3, 4, 22, 25, 37). Moreover, the two
flagella are differentially responsive to calcium, such that the
cis-flagellum is more effective at force generation at low cal-
cium (10 M), and the trans-flagellum more effective at
higher calcium (107 M) (17). This differential sensitivity of
the cis- and trans-flagella to calcium has been proposed to
mediate the turning behaviors necessary for phototaxis (17).

We have identified a mutant strain of Chlamydomonas,
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pixl, which specifically lacks the ability to phototax. This
strain retains another light response, the photophobic or
photoshock response, in which the cell responds to an abrupt
increase in light intensity by transiently swimming back-
wards. Therefore, the phototactic and photoshock responses
are genetically separable, and ptx] is competent for pho-
totransduction. Experiments using reactivated cell models
reveal that ptx! is specifically defective in the calcium-
dependent shift in flagellar dominance seen in wild-type
cells. This provides direct evidence that the differential sen-
sitivity of the cis- and trans-flagella to calcium mediates pho-
totaxis. The reduction or absence of a pair of 75-kD proteins
correlates with the phototactic defect. Experiments to deter-
mine the structural location of the 75-kD proteins within the
axoneme have excluded the outer dynein arm and two of
the three types of inner dynein arms, the radial spokes, and
the central pair complex. The precise location of these pro-
teins remains obscure.

Materials and Methods

Cell Culture
Chlamydomonas reinhardtii wild-type strain 137* and all mutant strains

were maintained in liquid culture as previously described (41). Cultures in
log phase growth were used exclusively.
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Mutagenesis

Wild-type cells were mutagenized using UV light following standard proce-
dures (9). Irradiated cultures were enriched for cells which did not swim
toward a stimulus light, the cells plated, and individual colonies tested for
the ability to phototax. Cells of ptx, one of several strains which appeared
to be nonphototactic, were back-crossed to wild-type cells twice using stan-
dard procedures (9). The nonphototactic phenotype always segregated 2:2,
indicating that the mutation affects a single locus.

Phototaxis of Individual Cells

The swimming behavior of individual cells was determined using a system
originally developed by Morel-Laurens and Feinleib (23) and modified by
A. G. Moss and G. B. Witman (manuscript in preparation). Briefly, a small
chamber was designed that mounts directly on the microscope stage. Fiber
optic cables were attached to opposite sides of the chamber to allow an ar-
gon ion laser stimulus light (488 nm) to be introduced from either direction.
Swimming behavior was monitored with red light and recorded using a
CCD video camera mounted on the microscope. Data collection began 30 s
after light stimulation, and was continued for 2 min except for light-stim-
ulated wild-type cells. In this case, phototaxis was so strong that by the end
of the first minute of recording, all cells already had moved to the side of
the chamber away from the light stimulus, and no additional cells passed
through the region being recorded. Therefore, data from wild-type cells
represents only the first minute of the data collection period. The x,y coor-
dinates of each cell path were determined at 0.1-s intervals from the taped
records using Expert Vision, a computer-assisted motion analysis system
(Motion Analysis Corporation, Santa Rosa, CA). Circular statistics were
used to calculate the mean vector of swimming for each cell (1). This calcu-
lation also generates an r value which provides a measure of the dispersion
around the mean vector. The values for r range from 0 to 1, with 1 indicating
a straight path. The mean vectors were grouped into 15° bins, and plotted
on a polar histogram as the percentage of total cells falling within each bin.
Thus, the direction of each line on the histogram represents the mean direc-
tion of the swimming path, and the length of each line represents the per-
centage of cell paths falling within that bin.

The Photophobic Response and Swimming Rate

The photophobic response and swimming rate were both quantitated using
video microscopy. Cells were placed in a small plastic chamber and swim-
ming paths of individual cells recorded using a CCD camera mounted on
the microscope. To determine the percentage of cells which undergo the
photophobic response, cells were first recorded under red light. Removal
of the red filter provided an abrupt increase in light intensity to the cells
sufficient to generate the photophobic response. Video recordings were ana-
lyzed to determine the percentage of cells in each field which responded
to the increase in light intensity. To determine swimming rate, cells were
video recorded (using red light to avoid phototactic and photokinetic effects)
and tapes analyzed using Expert Vision (Motion Analysis Corporation,
Santa Rosa, CA).

Determination of Eyespot Position

Cells were placed on silicon-coated slides and observed by dark field mi-
croscopy. The flagella rapidly stick to the silicon coating and glide in oppo-
site directions, so that the cell body is observed axially with the two flagella
stuck to the slide at a 180° angle. The position of the eyespot on the cell
body is then assessable relative to the line of the flagella.

In Vitro Calcium Depletion

Cells were washed three times in HES (10 mM Hepes, pH 7.3, 0.5 mM
EGTA, 4% sucrose) and observed by dark-field microscopy (17). Swim-
ming behavior was monitored between 15 and 30 min after the first
resuspension in HES.

Reactivated Cell Models

Cell models were produced and reactivated as previously described (10, 15,
17). Briefly, cells were washed two times by centrifugation at 1,100 g and
resuspended in HES. Cells were demembranated by dilution of 10 ul con-
centrated cells into 100 ul ice-cold demembranation buffer (30 mM Hepes,
pH 7.3, 5 mM MgS0Os, 1 mM DTT, 1 mM EGTA, 50 mM KAcetate, 1%
polyethylene glycol [20 kD], 0.1% NP-40). Cell models were further diluted
1:10 into ice-cold reactivation buffer (30 mM Hepes, pH 7.3, 5 mM
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MgS804, 1 mM DTT, 50 mM KAcetate, 1% polyethylene glycol, 1 mM
ATP, and CaCl, and EGTA adjusted to give either 10~° M Ca*?, or 10" M
Ca*? as described in Bessen et al. [2]). After a 5-min preincubation, cell
models were observed for 10 min by dark-field light microscopy.

Isolation and Fractionation of Axonemes

Isolated axonemes were produced following the procedure of Witman (39).
High salt extraction and sucrose density gradient centrifugation followed the
procedure of King et al. (20), omitting dialysis of the high salt extract.

Two-Dimensional Gel Electrophoresis

Two-dimensional gel electrophoresis was performed by a modification of
previously described procedures (7, 27, 31). Denaturation buffer (0.3 M
Tris, pH 8.8, 5% SDS, 001% EDTA, 1% $-mercaptoethanol) was added to
the pellet of isolated axonemes (final protein concentration of 20 mg/ml),
and the sample heated at ~100°C for 4 min. 10 xl of NP<40 was then added
to 10 ul of sample (200 ug total protein) and gently mixed, followed by the
addition of 60 ul of sample buffer (9.5 M urea, 8% NP-40, 5% S-mer-
captoethanol, 2% pH 3.5-10 ampholine). The NEPHGE dimension was
run as a slab gel composed of 8.6 M urea, 3.75% acrylamide, 1.9% NP-40,
6% ampholines (pH 3.5-10, 9-11, 4-6, and 5-7 mixed in a ratio of
1:0.22:007:0.07). The gel was polymerized for 2 h using fluorescent lights
after the addition of 0.9 mM riboflavin, 0.0025% N,N,N’N'-tetramethyl-
ethylenediamine. Samples were overlayed with a solution containing 5 M
urea, 2% pH 5-7 ampholine, 0.5% pH 3.5-10 ampholine, and run from the
anode for 16 h at 2 mA constant current. The anode buffer was 10 mM
H;PO,, the cathode buffer 20 mM NaOH. Lanes cut from the NEPHGE
slab gel were covered with equilibration buffer (0.0625 M Tris, pH 6.8, 10%
SDS) and transferred immediately to the stacking gel of the second dimen-
sion. The SDS~polyacrylamide gel for the second dimension was composed
of 5-15% acrylamide and 0-2.4 M glycerol gradients as described by King
et al. (19). Proteins were revealed by silver stain (24).

Electron Microscopy

Isolated axonemes were fixed at room temperature for 15 min in 1%
glutaraldehyde in 30 mM Hepes, 5 mM MgSO,, | mM DTT, 0.5 mM
EDTA, 50 mM KAcetate, pH 7.4, then centrifuged at 27,000 g for 15 min.
The resulting pellet was further fixed for 50 min in 1% glutaraldehyde, 50
mM cacodylate buffer, pH 7.4, washed with cacodylate buffer, postfixed for
1 hin 1% OsOq, dehydrated and embedded. Thin sections were stained
with uranyl acetate and lead citrate.

Results

ptx1 Specifically Lacks the Ability to Phototax

The ability of wild-type and ptx! cells to phototax in re-
sponse to a directional light stimulus was assessed using
video microscopy and computer-assisted motion analysis.
The mean direction of travel (i.e., the mean vector of each
cell path) was determined, and the results plotted as a polar
coordinate histogram (Fig. 1). The angle of each line on the
histogram represents the direction of the mean vector of
swimming as grouped into 15° bins. The length of each line
represents the percentage of the total number of cells whose
mean vector of travel fell within that bin. The swimming
paths of unstimulated cells from both wild-type and ptx/
strains were evenly distributed (Fig. 1, 4 and C), indicating
that path direction is random in unstimulated cells. After the
onset of the light stimulus, wild-type cells swam almost
directly away from the incoming light (Fig. 1 B); that is, they
are negatively phototactic. In contrast, the ptx/ cell paths re-
mained distributed in all directions (Fig. 1 D), indicating that
these cells lack the phototactic response.

Potentially, the failure to phototax could result from any
major change that grossly affects the cell’s ability to swim,
such as changes in flagellar coordination or waveform.
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Figure 1. Polar histogram illustrating swimming direction of wild-
type and ptx] cells. When present, the stimulus light was introduced
from the left as indicated by the arrows. (4) Wild-type cells, un-
stimulated, n = 370; (B) wild-type cells, stimulated, n = 199; (C)
pixl cells, unstimulated, n = 319; and (D) ptx] cells, stimulated,
n = 359. Each line represents the percentage of individual cell
paths whose mean vector of travel falls within that 15° bin. Each
annulus equals 20% of the total number of cells.

Swimming rates were assessed to determine if the pzx/ defect
is specific for phototaxis and not a general motility defect.
The swimming rates of wild-type and ptx! cells were identi-
cal (Table I). Thus, the mutant flagella are capable of pro-
ducing force comparable that of wild type, indicating that
the basic machinery required to generate flagellar motility
remains intact in the mutant strain. The failure to photo-
tax might also result if cells have a tendency to frequently
change directions or circle, such that their progress is se-
verely impeded. A measure of the straightness of the swim-
ming paths analyzed in Fig. 1 can be calculated, and is re-
ferred to as the r value. The values for r range from O to 1,
with r = 1 indicating that the cell path was perfectly straight.
The r values for wild-type and ptx/ cells were indistinguish-
able in the light (Table I) and dark (not shown), reinforcing
the conclusion that the mutation does not produce gross mo-
tility defects and is specific for phototaxis.

Phototransduction is thought to occur in the region of the
eyespot. Because defects in phototaxis have previously been
reported in mutant strains with abnormal eyespots (23), cells
were observed by dark field microscopy to assess the pres-
ence and position of the eyespot. The eyespot was clearly evi-
dent in ptx] cells and was located approximately 45° from
the plane of the flagella, as is seen in wild-type cells (32, data
not shown).

Chlamydomonas displays two types of responses to light.
In addition to the phototactic response, wild-type cells react
to an abrupt increase in light intensity with a photophobic
or photoshock response. In this response, the flagella are
briefly thrown forward, and change from an asymmetric to
a symmetric waveform, causing the cell to move transiently
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Table 1. Comparison of Swimming Behaviors of Wild-type
and ptx1 Cells

Swimming rate

Path straightness  Photophobic response

Percent

pum/s SD r SD responding SD
wild type 105.8 21.3 0.82 0.21 84.7 13.7
pixl 1042 184 0.84 0.20 92.6 6.0

The numbers of cells scored were 85, 199, and 133 for wild type, and 121, 359,
and 191 for pexI.

backward. Comparison of the percentage of cells which un-
derwent the photophobic response after an abrupt increase
in light intensity showed that wild-type and ptx! cells re-
spond comparably (Table I). This indicates that ptx! cells are
competent for photoreception, and suggests that the lack of
phototaxis is not simply due to an inability to detect light.
Additionally, this demonstrates that the photophobic re-
sponse and phototaxis are genetically separable.

Responses to Calcium

The lack of phototaxis in ptx!, while the photophobic re-
sponse is retained, suggests that the defect affects the be-
havioral repertoire of the flagella, rather than photore-
ception. A previous report demonstrated a differential
sensitivity of the cis- and trans-flagella to calcium, and pro-
posed that this difference mediates phototaxis (17). Wild-
type cells suspended in Ca?*-free medium tended to swim
in circles with the cis-flagellum dominant, rather than in the
normal straight or slightly helical paths observed in normal
medium (17). This change in swimming behavior was pre-
sumably due to the depletion of intraflagellar calcium. As an
initial test of the mutant’s ability to respond to different cal-
cium concentrations, wild-type and ptx/ cells were observed
after resuspension in buffer containing 0.5 mM EGTA, and
categorized as (@) swimming in circles or in an erratic helix
(one flagellum was held forward beating with a very shallow
waveform, while the other flagellum beat apparently nor-
mally); (b) swimming straight; or (c) dead or damaged. As
previously reported, wild-type cells tended to circle in the
EGTA-containing buffer (Fig. 2) (17). In contrast, ptx! cells
continued to swim with a smooth, straight path (Fig. 2). As-
suming that intracellular Ca?* was depleted in both ptx/ and
wild-type cells under these conditions, the lack of a response
in prxl indicates that its flagella do not respond normally to
changes in calcium concentration.

As a more direct test of the ability of ptx] axonemes to re-
spond differentially to calcium concentrations in the sub-
micromolar range, the effect of calcium on axonemal domi-
nance was determined by reactivation of detergent-extracted
cell models at either 10 or 107 M Ca?*. After reactiva-

Figure 2. In vivo flagellar in-
activation. Wild-type and ptx!
| cells were resuspended in buf-
fer containing 0.5 mM EGTA
and scored for whether one
flagellum became dominant vs
straight swimming. Each bar
represents six trials. The total
number of cells was 214 for
wild type and 173 for ptxl.
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tion, cell models were observed and placed into one of five
categories: (a) circling, cis-flagellum dominant; (b) circling,
trans-flagellum dominant; (c) circling but the eyespot was
not evident, so that the cis- and rrans-flagella could not be
identified; (d) swimming straight or helically; or (e) non-
reactivated or damaged. As previously reported (17), wild-
type cell models reactivated at 10-° M Ca?* tended to swim
in circles with the eyespot directed outward. Thus, under
these conditions, the cis-flagellum was dominant in deter-
mining the direction of circling, and the percentage that
were trans-dominant was low (Fig. 3 A). Wild-type cell

|
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Figure 5. 75-kD region of two-dimensional gels of axonemes iso-
lated from the tetrad products of a single zygote. (4 and B) Pho-
totactic; (C and D) nonphototactic. The arrows and arrowheads in-

dicate the migration position of the 75-kD proteins when the
proteins are present, and reduced or absent, respectively.

models reactivated at 107 M Ca?* tended to circle with the
eyespot directed toward the center of the circle. In this case
the rrans-flagellum was dominant in determining the direc-
tion of circling (Fig. 3 4). In contrast to wild-type cell mod-
els, pixl cell models appeared to lack control over which
flagellum became dominant. The percentage of total cell
models that circled was the same as in wild type (Fig. 3 C),

Figure 4. Silver-stained two-dimensional gels of isolated axonemes. (A) Wild-type cells, and (B) ptx! cells. Arrows indicate the positions
of the 75-kD proteins in wild type, and arrowheads their expected positions in ptx/. The IEF dimension is oriented with acidic proteins
to the right. Markers between the gels indicate the migration positions of 116-, 97-, 66-, 45-, and 31-kD molecular mass markers.
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Figure 6. Silver-stained two-dimensional gels illustrating high-salt
extractability of the 75-kD proteins. Supernatant (4) and pellet (B)
fractions generated following 0.6 M NaCl extraction of wild-type
axonemes. The pellet was resuspended to the same volume as the
supernatant and equal volumes loaded on the gel. Only the region
of the 75-kD proteins is shown. Arrows and arrowheads are as in
Fig. 4.

but ~50% of the circling cell models were trans-flagellum
dominant and 50% cis-flagellum dominant regardless of the
calcium concentration (Fig. 3 A). The percentage of total
wild-type and ptx! cell models that were motile was the same
regardless of the calcium concentration (Fig. 3 B). Thus, al-
though ptx] clearly is defective in the ability of its axonemes
to respond differentially to calcium, this defect is manifested
differently in demembranated cell models than in living cells
(see Discussion). More importantly, the clear correlation be-
tween the inability to phototax and the inability to differ-
entially regulate cis- and trans-flagellar motility in ptxl
provides the most compelling evidence to date that the cal-
cium-dependent shift in flagellar dominance mediates photo-
taxis.

Identification of Axonemal Components Correlated
with the ptx1 Defect

The abnormal response of detergent-extracted, reactivated
ptxl cell models to calcium suggests that the defect resides
in the axoneme itself. To identify axonemal components
affected by the ptx/ mutation, isolated axonemes prepared
from wild-type and ptxl cells were analyzed by gel elec-
trophoresis. No differences in the dynein heavy chains were
observed between mutant and wild-type axonemes after
separation on 3-5% acrylamide, 2-8 M urea gels (19) to re-
solve the high molecular weight proteins (data not shown).
Among the over 200 proteins resolved by two-dimensional
gel electrophoresis, the only consistent differences observed
between wild-type and ptx! were at 75 kD. Two spots were
identified which were consistently missing or greatly dimin-
ished in the mutant axonemes (Fig. 4). The distribution of
the 75-kD proteins was determined in five full tetrad sets
from back-crosses between ptx! and wild-type cells. In all
cases, the lack of phototaxis cosegregated with the absence
or marked reduction of the 75-kD proteins (Fig. 5). Thus,
the probability is at least 96.9% that the lack of the 75-kD
polypeptides is related to the ptx/ mutation. These proteins
fractionate exclusively with the axoneme and are not found
in the membrane/matrix fraction (data not shown).

Localization of the 75-kD Proteins Within
the Axoneme

Because the 75-kD proteins are dssociated with phototaxis,
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Figure 7. Distribution of the 75-kD proteins after sucrose density
gradient centrifugation. (4) High-salt extractable components from
wild-type axonemes were separated on a 5~20% continuous su-
crose gradient, and fractions pooled as indicated by the bars. Ap-
proximate sedimentation values are given above each peak. Each
pool was then analyzed by silver-stained two-dimensional gels to
determine the distribution of the 75-kD proteins. (B) Pool 1; (C)
pool 2; (D) pool 3; and (E) pool 4. Only the portion of the gel con-
taining the 75-kD proteins is shown. Arrows and arrowheads are
as in Fig. 4.
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their localization would reveal which axonemal structures
participate in the regulation of flagellar beat pattern. Two ap-
proaches were used in attempting to localize the 75-kD pro-
teins: fractionation of the axoneme, and analysis of mutant
strains with known structural defects. The mutant strains
were examined with regard to both the presence or absence
of the 75-kD proteins, and retention of the calcium-depen-
dent shift of flagellar dominance in reactivated cell models.

Isolated axonemes from wild-type cells were extracted
with 0.6 M NaCl, and the salt-extractable components sepa-
rated from the remainder of the axoneme by centrifugation.
This procedure extracts most of the dynein arms and many
uncharacterized proteins, while leaving the radial spokes
associated with the axoneme (31). Comparison of two-
dimensional gels of the high-salt supernatant versus the pel-
let revealed that the 75-kD proteins were extracted with high
salt (Fig. 6), indicating that they are not stable components
of the radial spokes. The salt-extractable components were
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further fractionated by sucrose density gradient centrifuga-
tion. Fractions from the sucrose gradient were pooled based
on peaks of protein distribution (Fig. 7 A). Previous studies
have shown that the 10.5-12 S and 18 S fractions contain
dyneins (29), whereas the 6 S fraction contains a complex
mixture of proteins. Each pool was analyzed on two-
dimensional gels to determine the distribution of the 75-kD
proteins within the sucrose gradient.'In agreement with
previous work, pools 2 and 3 contained predominantly
dynein proteins, and pool 1 contained only trace amounts of
dynein (Fig. 7, B-D) (29). Both 75-kD proteins were found
in pool 4, which includes the 6 S protein peak (Fig. 7 E).
This distribution does not reveal the structural location of the
75-kD proteins, but does indicate that they are not stable
components of the dynein arms.

The location of the 75-kD proteins was further investigated
through the comparison of two-dimensional gels of axo-
nemes isolated from mutant strains with known structural
defects. Three strains, odal, idal and ida4, missing the outer
arms, the Il inner arms and the I2 inner arms, respectively
(16, 18), retain the 75-kD proteins (Fig. 8, C-E). This is
consistent with the results shown in Fig. 7 in which the 75-
kD proteins did not segregate on the sucrose density gradient
with the dynein arm subunits. Mutant strains pf14 and pf18,
lacking the radial spokes and central pair complex, respec-
tively, also retain the 75-kD proteins (Fig. 8, Fand G). The
mutant lacking the central pair complex may show a slight
reduction of the 75-kD proteins, possibly suggesting an as-
sociation between the central pair complex and these pro-
teins. However, the extent of the reduction is not comparable
with that of the central pair complex proteins, nor to that ob-
served in ptxi. Additionally, the 75-kD proteins are retained
in the mutant strain unil which lacks the cis-flagellum (Fig.
8 H). If the single flagellum present on unil represents a true
trans-flagellum, this result would indicate that the 75-kD
proteins- are not differently segregated between the two
flagella. If they were uniquely segregated to the trans- or cis-
flagellum, then they would be either significantly enhanced
or absent, respectively, in unil. Electron microscopic studies
also failed to reveal any structural differences between axo-
nemes of ptx] and wild type (data not shown). Thus, the
75-kD proteins are not components of any of the major axo-
nemal structures, and their location remains unknown.

The Role of Specific Dynein Arms in the Differential
Flagellar Response to Calcium

The role of dynein arms in the differential response of the
cis- and trans-axonemes to calcium was investigated directly
using reactivated cell models of the mutant strains missing
specific sets of dynein arms described above. All three strains,
odal, idal, and ida4, retain the calcium-dependent shift in
flagellar dominance (Fig. 9). Thus, none of these subsets of
dynein arms are exclusively responsible for mediating cal-
cium effects on flagellar dominance.

Discussion

Phototaxis in Chlamydomonas is a complex behavior initi-
ated by the absorbance of light and resulting in an alteration
of flagellar motility to produce changes in swimming direc-
tion. The action spectrum for phototaxis, as well as the
effects of specific retinal analogues, suggests that a rhodop-
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Figure 8. Silver-stained two-dimensional gels of isolated axonemes
from mutant strains with known structural defects. (4) wild type;
(B) ptxl; (C) odal, missing the outer dynein arms; (D) idal, missing
the inner dynein arm 11; (E) ida4, missing the inner dynein arm 12;
(F) pf14, missing the radial spokes; (G) pf18, missing the central
pair complex; and (H) unil, missing the cis-flagellum. Only the re-
gion of the 75-kD proteins is shown. Arrows and arrowheads are as
in Fig. 4.

sin-like pigment serves as the chromophore (6, 11, 38). Rho-
dopsin is thought to be localized to the plasma membrane
overlying the eyespot on the cell body (21). The eyespot itself
is a specialized region of the chloroplast composed of stacks
of carotenoid-containing lipid granules which may function
as a quarter-wave stack (5). The cell rotates as it swims, and
alternate reflection from, and shading by, the eyespot presum-
ably causes a cyclic amplification and diminution of the light
signal which provides directional information to orient the
cell. Because calcium is required for phototaxis (4, 22, 25,
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Figure 9. Calcium-dependent

flagellar dominance in reacti-

vated cell models from strains
100 defective in dynein arms. (4)
odal; (B) idal; and (C) ida4.
() Cell models were reacti-
vated at 10~ M Ca?*. (8) Cell
models were reactivated at
1077 M Ca?*. Each bar repre-
sents at least four trials, with
a minimum of 300 total cells.
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26), light absorption is thought to result either directly or in-
directly in a change in intracellular free calcium, which in
turn alters flagellar motility.

Phototaxis, however, requires not only that the cell can
regulate flagellar motility, but that it can differentially regu-
late its two flagella in order to turn. Consistent with the
above model, the two axonemes have been shown to be
differentially sensitive to calcium. When demembranated
cell models are reactivated at 10° M Ca?* the cis-axoneme
is more efficient at force generation, whereas at 107 M
Ca?* the trans-axoneme is more efficient (17). This dis-
parate responsiveness to calcium was proposed to mediate
phototaxis. The mutant strain ptx/ provides direct evidence
for this model. Because this strain swims at a normal rate,
the basic flagellar machinery necessary to produce force is
not affected by the mutation, and the lack of phototaxis can-
not be explained simply by gross changes in cell motility.
ptxl is capable of phototransduction as evidenced by the
retention of the photoshock response. Additionally, the de-
fect is not due to mispositioning of the eyespot. The eyespot
is located ~45° from the line of the flagella, where it pre-
sumably is associated with one of the microtubule rootlets,
as in wild-type cells (12). Although the eyespot is correctly
positioned relative to the plane of the flagella, the cis- and
trans-flagella potentially could be reversed, such that the
flagellum which biochemically represents the trans-flagel-
lum is located closest to the eyespot. If this were the case,
the flagellar responses would be inverted relative to the eye-
spot, causing a photostimulated cell to swim in an abnormal
path as it continually tried, and failed, to orient to the light.
However, ptxl cells continued to swim normally when pho-
tostimulated. The result that ~50% of reactivated cell
models were cis-axoneme dominant and 50 % trans-axoneme
dominant at both 10~ and 10~ M Ca?* might arise if the
eyespot were randomly distributed on opposite microtubule
rootlets. Yet, if this were the case, 50% of the cells would
be phototactic, which was not observed. The most striking
feature of ptx! is that it does not display the normal calcium-
dependent shift in flagellar dominance. Thus, the calcium-
dependent control of flagellar dominance is related to, and
necessary for, phototaxis.

The observation that pzx! is defective in phototaxis, yet re-
tains the ability to undergo the photoshock response, pro-
vides the first evidence that these two processes are geneti-
cally separable. This indicates that although the pathways
leading to phototaxis and the photoshock response both use
calcium, they differ in at least some components.

Potentially, flagellar dominance could be accomplished
through changes in flagellar waveform, beat frequency, or
both. The cis- and trans- flagella have been shown to have
intrinsically different beat frequencies (15, 33), a difference
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which is retained in reactivated cell models (15). Because
this difference was not seen when dynein arms extracted
from wild-type axonemes were added back to cell models of
outer arm deficient mutants, it was proposed that the differ-
ence may be due to posttranslational modifications differen-
tially imparted onto the outer dynein arms of the cis- and
trans-flagella (36). While this may be the case, current evi-
dence argues against changes in beat frequency mediating
phototaxis. When beat frequencies of the cis- and trans-
axonemes of cell models were measured after reactivation at
10-° or 107 Ca?*, no shift was observed and the beat fre-
quency of the trans-axoneme was higher at both calcium con-
centrations (15). Additionally, studies using single cells cap-
tured on a micropipette revealed that, although changes in
beat frequency were observed after light stimulation, the cis-
and trans-flagella changed beat frequency concurrently (34).
An extension of these studies revealed opposing changes in
flagellar waveform of the cis- and trans-flagella after light
stimulation (35). This is consistent with the changes ob-
served in the axonemal waveform of reactivated cell models
used in the present study (data not shown) and with the
progressive inactivation previously described (17). Thus, it
is likely that changes in effective force generation are pre-
dominantly mediated by changes in flagellar waveform.

In wild-type cells, the disparate responses of the cis- and
trans-axonemes to calcium requires differential sorting of
specific axonemal components between the two flagella.
This could occur at two levels. One possibility is that the cis-
and trans-axonemes are imparted with different proteins
which respond to calcium concentration; alternatively, the
calcium-sensitive component of the regulatory system could
be identical in the two axonemes, but other components
which relay information from the calcium sensor to the effec-
tor, or the effectors themselves, could be different. pexl cell
models appear to have lost the ability of both the cis- and
trans-flagella to respond to submicromolar levels of calcium.
Therefore, ptx! probably is defective in a critical component
of the calcium regulatory machinery that is common to both
axonemes. This is consistent with our observation that the
pair of 75-kD proteins reduced or absent in ptx! are neither
missing nor enriched in flagella of unil.

It is particularly intriguing that although living ptxl cells
continued to swim straight under conditions designed to de-
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plete intraflagellar calcium, the axonemes of ptx! demem-
branated cell models appeared to be randomly inactivated at
both 10~ and 107 M Ca?*. The following model provides
one possible explanation for this result (Fig. 10). In living,
unstimulated wild-type cells, there is a balance within each
flagellum between biochemical processes tending toward ax-
onemal activation and inactivation. Upon photostimulation,
changes in intraflagellar calcium concentration activate a
calcium-sensitive switch that momentarily shifts the equilib-
rium in each flagellum toward activation or inactivation,
causing transient alteration of the beat pattern. Opposing re-
sponses by the cis- and trans-flagella cause the cell to turn
toward or away from the light. In ptxd, the calcium sensor
is missing, so that changes in intraflagellar calcium have no
effect on the balance of beating, and the cells continue to
swim straight. Upon demembranation of wild-type cells,
loss of a critical component causes the equilibrium in both
axonemes to be shifted toward inactivation, but the calcium-
sensitive switch accelerates the inactivation in an axoneme-
specific manner, leading to the observed cis- or trans-
axonemal dominance. In demembranated ptxl cells, the
equilibrium is also shifted toward inactivation, but because
there is no calcium-sensitive switch to selectively accelerate
inactivation of one of the two axonemes, both axonemes are
inactivated at about the same rate and it is simply a matter
of chance whether the cis- or trans-axoneme is beating more
effectively in a given cell. Other, more complex, models
could be proposed to reconcile the differences in the obser-
vations on living and demembranated ptx/ cells, but
presently there is insufficient information to distinguish be-
tween the possible models. What is clear is that the system
responsible for the differential control of cis- versus trans-
flagellar activity is complicated, and that an understanding
of the system will require more information on the biochemi-
cal processes that result in inactivation, and on the individual
components involved in this regulation.

Two proteins have been identified which may be compo-
nents of the regulatory system. The loss of phototaxis in ptx/
correlates with the loss or reduction of a pair of previously
undescribed 75-kD axonemal proteins. Fractionation of the
axoneme revealed that both of these proteins are extracted by
0.6 M NaCl, suggesting they are not components of the radial
spokes, which remain with the axoneme under these condi-
tions (30). Additionally, the proteins sediment at ~6 S in su-
crose density gradients, indicating that they are not stable
components of any of the dynein arms (29).

The structural location of the 75-kD proteins within the
axoneme was further investigated through analysis of two-
dimensional gels of axonemes isolated from mutant strains
with known structural defects. Strains missing the outer
dynein arm (odal), or inner dynein arms Il or I2 (idal and
ida4, respectively) retained the 75-kD proteins. This is con-
sistent with reactivated cell model studies wherein each of
these strains retained the calcium-mediated shift in flagellar
dominance seen in wild-type cells. Because dynein is the
force-generating molecule which produces flagellar motility,
regulation of phototaxis ultimately must be accomplished
through the regulation of dynein activity. However, the above
results indicate that neither the outer dynein arm, nor two
of the three types of inner dynein arms, uniquely mediate the
changes in flagellar motility required for phototaxis. The
central pair complex and radial spokes are thought to func-
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tion in flagellar regulation; defects in either of these struc-
tures causes flagellar paralysis (40, 41), and a group of sec-
ond site suppressor mutations have been identified which
restore function (14). Axonemes defective in radial spokes
(pf14) or the central pair complex (pf18) both retained the 75-
kD proteins. The 75-kD proteins were neither obviously en-
hanced nor missing in the mutant strain unil, which lacks the
cis-flagellum, suggesting that these proteins are not them-
selves differentially sorted between the two flagella. Thus,
the location of the 75-kD proteins within the axoneme re-
mains unknown.

The relationship between the two 75-kD proteins is not
known. However, their migration in two-dimensional gels
suggests that one may be a modified form of the other. Phos-
phorylation, resulting in the slightly more acidic form, is an
obvious possibility, and may imply a means of regulation.

It should be noted that the specific calcium-binding protein
or proteins within the axoneme which mediate phototaxis re-
main unknown. Calmodulin has been identified in the axo-
neme (8), and, like the 75-kD proteins, it does not appear
to be a component of the dynein arms, radial spokes, or the
central pair complex, and its precise location is unclear (28).
It is thus possible that calmodulin and the 75-kD proteins are
located together in a calcium-regulatory complex.
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