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Fluorescence Recovery Kinetic Analysis of y-Tubulin Binding to the
Mitotic Spindle

Mark A. Hallen, Jianghai Ho, Christine D. Yankel, and Sharyn A. Endow
Department of Cell Biology, Duke University Medical Center, Durham, North Carolina 27710

ABSTRACT Fluorescence recovery after photobleaching has been widely used to study dynamic processes in the cell, but less
frequently to analyze binding interactions and extract binding constants. Here we use it to analyze y-tubulin binding to the mitotic
spindle and centrosomes to determine the role of y-tubulin in microtubule nucleation in the spindle. We find rapid y-tubulin turnover
in mitotic spindles of Drosophila early embryos, characterized by diffusional interactions and weak binding, differing from
centrosomes with tight binding interactions. The diffusion coefficient of y-tubulin is consistent with a major species existing in
the cytoplasm as the less efficiently nucleating y-tubulin small complex (yTuSC) or y-tubulin, rather than y-tubulin ring complex
(yTuRC). The fluorescence recovery kinetics we observe implies that y-tubulin functions by binding weakly to spindle micro-
tubules. y-Tubulin may interact transiently with the spindle, nucleating microtubules very rapidly, differing from centrosomes, where

y-tubulin binds tightly to nucleate microtubules.

INTRODUCTION

v-Tubulin exists as a large complex in centrosomes, where it
is essential for microtubule nucleation. It is also found at low
density in spindles of animal cells (1-7) and anastral spindles
of higher plants (8), where its role is largely unknown, al-
though it is thought to nucleate microtubules from chromatin
or preexisting microtubules (4,5). y-Tubulin could play a
potentially important role in the mitotic spindle by nucleating
new microtubules from the sides of existing microtubules, as
observed for cortical microtubules in plant cells (9) or in-
terphase microtubules in yeast (10), and by bundling and
organizing spindle microtubules (5,11).

Despite many reports that y-tubulin is present in spindles,
little data are available clarifying the role of y-tubulin in the
spindle or how it binds to spindles and nucleates microtu-
bules, largely because of the dominant role centrosomes play
in nucleating microtubules for spindle assembly and func-
tion. Although Drosophila lacking centrosomes have been
reported to assemble mitotic spindles around chromatin (12),
the requirement for yy-tubulin in microtubule nucleation in the
spindle is uncertain. This information is needed to understand
mitotic spindle assembly and spindle function. The recent
identification of previously unknown proteins that recruit
v-tubulin to spindle microtubules may shed light on its role in
the spindle (7), but information is needed regarding the in-
teractions of <y-tubulin with spindle microtubules and dif-
ferences or similarities in its interactions at centrosomes to
understand how it functions in the spindle. In particular,
binding on-rates and dissociation rates in cells would give a
clearer idea of y-tubulin interactions with the spindle and
centrosomes, and its possible function.
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Fluorescence photobleaching recovery kinetics can be used
to analyze protein binding interactions in cells and has the
advantage that it is minimally invasive. Fluorescence recov-
ery after photobleaching (FRAP) is now widely used to study
dynamic processes using confocal microscopy for bleaching
and monitoring recovery (13), but it is less frequently used to
analyze protein binding kinetics. This is largely because exact
mathematical solutions have not been reported for either
photobleaching or recovery using high numerical aperture
(NA) objectives and small bleach spots like those typically
used in confocal microscopy. Theoretical models have as-
sumed that the bleached region is cylindrical and recovery
occurs by two-dimensional (2D) diffusion (14), although re-
cent models account for recovery by different contributions of
diffusion and binding interactions (15). Models for three-
dimensional (3D) diffusional recovery have been reported,
e.g., the uniform disk model (16), but using objectives of low
NA and large bleach spots, unlike those used in most current
studies. Fluorescence recovery due to diffusion is greatly
influenced by the bleach profile and 2D or 3D diffusion, but
interactions of proteins in the cell often display binding-
dominant, rather than diffusion-dominant, interactions (15).
In these cases, when data are fit to models to obtain Kinetic
binding constants and diffusion coefficients, the binding pa-
rameters are much less affected by inaccuracies in the bleach
profile assumed by the model and can be determined from the
later binding-dominant phase of a curve fit, despite a poor fit to
the early diffusion-dominant phase. We simulated diffusional
fluorescence recovery in a bleach profile using a high NA
objective and small region of interest (ROI) like those used in
confocal microscopy, compared to bleach profiles assumed
by two different models, and found that the recovery most
closely approximated a cylinder profile.

We then analyzed y-tubulin binding interactions with the
mitotic spindle and centrosomes by fitting models for fluo-
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rescence recovery based on a cylinder bleach profile. The
kinetic constants derived from the fits of the models to
our FRAP data show rapid turnover of vy-tubulin in the
spindle dominated by diffusion and weak binding interac-
tions, unlike centrosomes, where turnover is dominated by
binding interactions. The differences we observe imply dif-
ferent interactions of y-tubulin with the spindle and centro-
somes, and potentially different mechanisms of microtubule
nucleation.

MATERIALS AND METHODS
yTub37C-gfp transgenes

Drosophila expressing yTub37C or yTub37C E116R fused to S65T gfp (17),
regulated by the oocyte- and early embryo-specific ncd promoter (18), were
recovered in yTub37C™ flies. Embryo viability was assayed with ncd-gfp
No. 4121, a wild-type line expressing nonclaret disjunctional-green fluo-
rescent protein (NCD-GFP) (19,20), as a control. The frequencies of viable
embryos for yTub37C-gfp (0.816, n = 298, total = 365) and ncd-gfp (0.833,
n =219, total = 263) were similar to wild-type (Ore R) (0.815, n = 1,073,
total = 1316) (21). Tests of the null hypothesis that yTub37C-gfp and ncd-
gfp were from the same population gave a high p value (x> = 0.180, 1 degree
of freedom, p = 0.67). Thus, the transgene does not cause dominant mutant
effects resulting in embryo inviability.

Tests for rescue by yTub27C-gfp of the loss-of-function yTub37C APLI0
(E117K) mutant (22) were performed in heterozygous mutant females car-
rying a deficiency, Df{2L)VA23, and one or two copies of the yTub37C-gfp
F13F3 transgene. APLI0/Df(2L)VA23 females without the transgene pro-
duced many eggs, but none hatched. The yTub37C-gfp transgene rescued
APLI0/Df(2L)VA23 female sterility: one copy gave 0.956 viable embryos
(n = 65, total = 68) and two copies gave 0.868 (n =231, total = 266). These
frequencies are higher than ncd-gfp No. 4121 (0.833) or Ore R (0.815) (21),
presumably due to out-crossing of deleterious genes during construction of
the test females. The APL/0 mutation (E117K) (23) was confirmed present in
one test female by polymerase chain reaction using a primer that anneals to
yTub37C intron 2 but not to the yTub37C-gfp cDNA transgene, followed by
DNA sequence analysis.

Live imaging of embryos

Time-lapse images were acquired at 20°C using a confocal microscope (Bio-
Rad Radiance2100; Carl Zeiss, Thornwood, NY) with a 40X/1.3 NA oil
immersion objective and Bio-Rad LaserSharp 2000 software. Image analysis
was performed using ImageJ 1.38 X (National Institutes of Health, Bethesda,
MD). Plot profiles of a line through the long axis of a metaphase or anaphase
spindle were made in ImageJ and plotted in Kaleidagraph (Synergy Soft-
ware, Reading, PA) after normalizing fluorescence to the highest value.
¥Tub37C fluorescence in the spindle was estimated by modeling the spindle
as two half-ellipsoids, each of radius, r, height, 4, and volume, v = (2/3)77')‘2h.
The half-spindle radius, height, and integrated and mean density of a ~1 um-
thick optical section through the long axis were measured from images
of cycle 10 embryos at metaphase (embryos, n = 5; spindles, n = 19).
Total fluorescence was calculated by dividing the integrated density of an
elliptical half-disk of thickness, w, by its volume, v = (7rhw)/2, and mul-
tiplying by the spindle volume. The centrosome was modeled as a sphere of
radius, r, and volume, v = (4/3) . Total fluorescence was obtained by
dividing the integrated density of a disk through the centrosome of thickness,
w, by the disk volume, v = 7772w, and multiplying by the centrosome volume.
Mean fluorescence was measured for yTub37C-gfp (embryos, n = 5; half-
spindles, centrosomes, or cytoplasmic regions, n = 19) or yTub37C E116R-
gfp (embryos, n = 2; half-spindles, centrosomes, or cytoplasmic regions, n =
20) in metaphase spindles from time-lapse sequences.
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Antibody-stained embryos

Methanol-fixed embryos were stained (24) with anti-yTub37C antibodies
provided by Y. Zheng (Carnegie Institution, Baltimore, MD) and rhodamine-
a-tubulin antibody from W. Sullivan (University of California, Santa Cruz,
CA), followed by a DNA stain, DAPI.

vyTub37C cytoplasmic concentration

The cytoplasmic concentration of yTub37C-GFP was estimated by serially
diluting purified S65T GFP, preparing slides, and recording images by con-
focal microscopy using the same conditions as imaging embryos. The mean
fluorescence of each dilution was determined and compared with the fluo-
rescence of yTub37C-gfp or ncd-gfp embryo cytoplasm (n = 36, 3 mea-
surements/embryo). GFP protein concentration was determined from the
spectrum from 240 to 510 nm of the 1:1 dilution. The concentration was ~2—4
uM from the OD 499 and OD,g values, the S65T GFP extinction coefficient,
Augo = 56,000 M~ " em™", and A 4g0/A,50 = 2.25 (25), giving Asgo = 24,889
M~ 'em ™. yTub37C-gfp cytoplasmic fluorescence (27.4 = 0.2) was similar
to the 1:4 dilution (22.1 * 1.2; 0.5-1 uM) and ncd-gfp cytoplasmic fluo-
rescence (44.0 = 1.1) was close to the 1:2 dilution (41.6 £ 0.4; 1-2 uM),
consistent with the twofold higher copy number of the transgene in the four-
dose ncd-gfp line used in this study. The GFP dilutions were analyzed by
SDS-PAGE and quantitated relative to known concentrations of bovine serum
albumin, giving values for the 1:1 and 1:2 dilution of 4 and 2 uM, respec-
tively, within the range of concentrations estimated by protein absorbance.

Fluorescence recovery simulation

Fluorescence recovery was calculated for a bleach profile that resembles the
actual profile for a confocal microscope with a high NA objective and small
ROI, and two profiles assumed by different models, by simulating diffusion
without binding using a 3D array of fluorophore concentration. Mean fluo-
rescence values for a double cone resembling the profile of a small bead made
by the high NA objective used in this study, a cylinder (14), and a disk (16)
were calculated over a disk-shaped region corresponding to the region
monitored in experimental assays using the following solution to the diffu-
sion equation (derived by the Green’s function method):

—2
[

F(x,7) = F(x,0)®Ne 0 (1)

where N is a normalization constant chosen such that the array used to
approximate the time-dependent factor sums to 1 and ® denotes convolu-
tion. The diffusion constant we used was 19.1 wm?/s (the value we derived for
y-tubulin in the cytoplasm). The first profile was modeled as two inverted
photobleached cones with the angle determined by our 40X/1.3 NA objective,
spreading outward axially and meeting in a circle at the focal disk. The
bleaching above and below the circle was assumed to be inversely proportional
to the cross-sectional area of the cone at each value of the vertical distance
from the circle. This gives an initial profile, in cylindrical coordinates, of

2
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where F,x is the maximum fluorescence, w is the bleach spot radius (w =
1.3 wm for our small ROI), « is the cone angle, equal to the inverse sine of the
NA divided by the index of refraction of the immersion medium (n = 1.518 for
our oil), and & is a constant representing the bleaching depth, set so that the
initial mean fluorescence value is 0.1 F\,,,, (this condition was used for all three
models). Because the bleach spot is much larger than a diffraction-limited spot,
the double cone effect arises only at the edges of the spot, whereas the interior
is more uniform due to the overlap of many double cones, making the profile
resemble the cylinder at the plane of focus. The second profile consisted of a
bleached cylinder of radius » and 0.1 F,,,,, fluorescence, uniform along the z
axis and surrounded by F,,, fluorophore; this profile underlies the 2D
treatment by Axelrod et al. (14) and is assumed by the models (15) used in
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our analysis. Soumpasis (26) derived an exact solution for fluorescence
recovery for the Axelrod photobleached cylinder. The third profile consisted
of a disk with a Gaussian axial distribution of photobleaching; this is the 3D
model used for much larger bleach spots and lower NA objectives (16). We set
the initial fluorescence to F\,,,, outside the disk of radius w; inside the disk, we
used their expression for the fluorescence value

LG)

Fae 3)

The axial resolution, zy, is given by 2\/NA? for the half volumes used in our
calculations (27), where A is the light wavelength (488 nm in our assays). The
constant k was calculated separately for this model and found to be greater
than for the cylinder model. The small bleach spot and high NA objective
used in our assays results in an elongated disk.

The mean fluorescence values for each of the three bleach profiles were
calculated at different times during diffusional fluorescence recovery and
plotted versus time. Values were also calculated using the Soumpasis equa-
tion for a cylinder as a control. We fit the cone values to the Soumpasis
equation to estimate the error in D from use of the cylinder model. They gave
D = 12.05 um?/s compared to the 19.1 wm?/s that we used to calculate the
cone values, suggesting that models assuming a cylinder bleach profile can
give D within a factor of 2 or less when applied to confocal microscopy data.

Photobleaching analysis

FRAP assays were performed at 22-25°C on an LSM 510 confocal micro-
scope (Carl Zeiss) using LSM 510 software, a 40X/1.3 NA oil immersion
objective, and the 488 nm line of a 30 mW Ar laser operating at 75% power.
Photobleaching spindles at prometaphase or metaphase did not disrupt cell
division: the spindles recovered fluorescence and progressed to telophase,
completing division with the same kinetics as unbleached spindles in the
same field. Six prebleach images were recorded, followed by 3—4 bleach
scans in ROIs of radius w = 2.66 or 1.3 wm and 494 recovery images at ~ 165
ms time resolution. The mean pixel value of the photobleached structure
during the recovery scans was recorded using LSM 510 software or tracked
manually in ImageJ. Data were normalized to the fluorescence in the first
prebleach image and corrected for loss during recovery imaging by adding
back the fluorescence lost from an adjacent unbleached structure. Data from
7-14 assays were averaged and plotted versus time, then fit to kinetic models
for fluorescence recovery representing pure diffusion, binding-dominant
interactions, or different contributions of diffusion and binding (15,28).
Where indicated in Table 1, normalized corrected data for the large and small
ROIs were fit concurrently to a diffusion-binding model (15) with the first
120 data points weighted more heavily than the rest.

Fitting of FRAP data to kinetic models

FRAP data were fit to models for fluorescence recovery using Kaleidagraph
and MATLAB (The MathWorks, Natick, MA). We first tried the single-state
reaction-dominant model, which supposes that diffusion occurs very fast and
recovery is dominated by the kinetics of a single binding state (15,28). In this
case, recovery shows a much stronger dependence on the kinetics of protein
binding than on the shape of the bleached region. Recovery is given by

frap(t) = R — Coqe ™" 4)

where R is the fluorescence intensity at equilibrium after recovery, Ceq is the
fraction of fluorescence at equilibrium due to binding, and k¢ is the
dissociation rate constant. The pseudo first-order binding constant, k%,
was calculated by k%, = (Ceq ko)/(1 — Ceq) using ko from the curve fit. The
turnover time was calculated by #, = In(2)/k.g¢ and % recovery by 100%
Ceg/(1 = R + Ceq). The model fit the y-tubulin centrosome data for the small
bleach spot except for the first few points (see Fig. 3 D). The y-tubulin
centrosome data were also analyzed after bleaching with a large ROI, where
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the centrosome comprised ~14% of the ROI surrounded by cytoplasm;
recovery of only the centrosome was analyzed. The averaged data points
for the large ROI overlapped with those for the small ROI (see Fig. 3 D),
indicating that binding interactions, rather than diffusion, dominate during
recovery. In contrast, the y-tubulin spindle and cytoplasm data did not fit
well to this model; they showed a rapid early phase that deviated significantly
from the curve fit (see Fig. 3 B, inset, and Fig. 4 B). Furthermore, behavior
in this early phase differed with bleach spot size; recovery was faster for
the smaller bleach spot, indicating a significant diffusional component.
Attempts to fit a pure diffusion model (Eq. 8 of Sprague et al. (15) or Eq. 16
of Soumpasis (26)) to the data gave poor fits due to slower fluorescence
recovery than predicted by the model.

The two-state reaction-dominant model was then tried. Like the single
binding state model, this model supposes that diffusion occurs very fast, but
that recovery is dominated by the kinetics of two different binding states.
Again, recovery depends more on the kinetics of binding than on the shape of
the bleached region, and is given by

Frap(t) = R — Crge™™ — Coe™™ (5)

where the two states are denoted as 1 and 2 (15). This model fit the y-tubulin
spindle and cytoplasm data well, but gave different rate constants for the two
ROIs, indicating that the recovery behavior had a significant diffusional
component unaccounted for by this model. However, both the two-state
reaction-dominant and full model curve fits for the y-tubulin and a-tubulin
spindle and cytoplasm, and NCD cytoplasm FRAP data, gave kWD <
1 for the slow binding state, using estimates of D based on the molecular
weight of the proteins and w = 2.66 or 1.3 um for the bleach spot radius.
When the data exhibit these properties, they can be described by a two-term
model with a fast phase corresponding to diffusion and a slower phase
corresponding to binding, assuming a circular bleach spot, a cylindrical
bleached region, and recovery by 2D diffusion in the plane of focus. Sprague
et al. (15) derived a model (Eq. 41) with this behavior that we refer to here as
the diffusion-binding model:

Far () ~ Fa L} -1 2K1<q'>11<q’>>}

1 1
+Co|———F—— 6
q[ﬂl p' +koffTD:| ©)

where frap’(p') is the Laplace transform of the fluorescence scaled to the
diffusion time constant 7p, which equals w?D; F, eq 18 the fraction of protein
free at equilibrium and Cq is the bound fraction, q' is the square root of p’,
and /;(x) and K;(x) are modified Bessel functions. The inverse Laplace
transform of this equation yields

1 gt - 1 1 —kogf DI
frap ([ ) — Feqe 21 (10(2—[,) +11 (g)) + Ceq(l — @ o™ )

)

Unscaling by substituting #/7p, for ¢" and letting Feq = koge/ (K + kogr) and
Ceq = K§,/(k + kofp), and multiplying by a normalization factor N so that
fluorescence goes to 1 for large ¢, we obtained

2 2
w w
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frap(t) =N

which consists of a diffusional term, e.g., Eq. 16 (26), and a binding term. It
can be fit to the data with the parameters N, D, k%,, and k., allowing
determination of the diffusion coefficient and kinetic constants for the protein
in the spindle and cytoplasm. Fits of the data sets for the large and small ROIs
were performed concurrently using the MATLAB routine leasqr.m (29) by
appending the two data sets together in a vector as the dependent variable,
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entering the time points twice in a vector as the independent variable, and
fitting these vectors to Eq. 8 with the same D, k%, and k. for both data sets,
but the radius, w, entered for each. A different normalization factor was fit for
each data set.

The above method of concurrent fitting assumes that the binding con-
stants, k%, and k., for the weak binding phase do not change with bleach
spot size, as predicted for interactions of a protein with a cellular structure,
and that there is a single value for D in the region under study. It also assumes
that the diffusion-binding model is appropriate for both bleach spot sizes.

The data for the cytoplasm and +y-tubulin in the spindle were truncated at
40 s (see Fig. 3 B, Fig. 4, and Fig. S3F in the Supplementary Material, Data
S1), since the curves had already leveled off and the later data points added
noise and made the fits worse. The first 120 points of the data, corresponding
to the major part of the recovery, were weighted higher than the others: for
every set of 5 points after the 120th, the time and fluorescence values were
averaged and entered into the fitting routine as a single point (15). The NCD
spindle data were not truncated because of the slower recovery and the
a-tubulin spindle data were weighted but not truncated because the noise was
more significant before 40 s than after (see Fig. S3, B and D, Data S1).

Data for the spindle and cytoplasm were analyzed with the diffusion-
binding model using the concurrent fitting method described above. The
kinetic parameters from the curve fits are shown in Table 1. Data for
y-tubulin at the centrosome were also analyzed using the diffusion-binding
model, but by fitting the small and large ROI data separately, rather than
concurrently. Here ki w2 D < 1, but k%, & ko, indicating that the binding
phase is dominant. Data for the large ROI fit to the diffusion-binding model
are shown for comparison in Fig. 3 D; kinetic parameters for the curve fit
were almost identical to the values shown in Table 1 for the small ROI. The
Fig. 3 D inset shows that the single-state binding model fits well to the small
ROI data, but deviates at early points.

The FRAP recovery of NCD in the spindle differs from the others studied
in that it is not characterized by a rapid diffusion-dominated (or even ef-
fective-diffusion) phase, followed by a binding phase. The difference is
visible qualitatively in the large discrepancy between the large and small ROI
recovery curves; this discrepancy indicates that diffusion is a major influence
throughout the recovery. This could be explained by a transient binding state
that depletes the NCD that is free to diffuse, as in effective diffusion; the
depletion is the same in both spot sizes, but in the case of NCD, unlike the
other proteins, the slowdown is sufficient to make the large ROI take longer
throughout recovery. Quantitatively, fitting the NCD spindle data to the
diffusion-binding model yielded k%, = 6.2 + 1.8 s~ ' and D = 0.106 * 0.004
wm?/s. Since the diffusion-binding model only applies when k%,w?*/D < 1 and
here ki;nw2/D is ~100 for the small ROI and ~400 for the large ROI, the model
is not consistent with the data. NCD has microtubule-binding sites both in the
head and the tail, which means there are at least three possible bound states—
one each for the head and tail, and a third in which both the head and tail are
bound—and it also binds cooperatively. Depending on the kinetics of the states
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(e.g., whether binding at one site induces rapid binding at the other), these
properties may rule out all of the one- or two-binding state models.

As noted above, the assumption of a cylindrical bleached profile, which
simplifies the mathematical treatment of recovery and allows the kinetic
analysis, can introduce error into the estimated D values. Our analysis in-
dicates that D can vary by a factor of ~2 or more depending on the bleach
profile that is assumed. The kinetic values can also be affected, although not
to the same extent. For example, the values for vy-tubulin in the spindle are
within 30% of those we report in Table 1 for the diffusion-binding model
k%, =0.030 = 0.004 s, koer = 0.16 = 0.01 s~!) when a two-state reaction-
dominant model is fit to the data (K%, = 0.02 5™, kogr = 0.12 s™"). The D
values could also represent effective rather than free diffusion coefficients, as
we believe to be the case for NCD and possibly a-tubulin in the cytoplasm. In
this case, the data would fit a reduced two-state model in which diffusion
slowed by binding interactions dominates in the early phase and weak
binding dominates in the second phase, assuming a cylinder of bleaching and
recovery by 2D diffusion in the plane of focus. This kinetic model,

+ Cog(1 — e*’%ff’)} ©)

where 1 and 2 represent the faster and slower states, respectively, holds when
koW D < 1 (i.e., the second phase is significantly slower than diffusion;
this is observed for NCD and vy-tubulin in the cytoplasm) and koD >
1 (i.e., the initial faster phase is slowed by significant binding interactions).
Defr = Diree/(1 + k¥on/kiofr), so the discrepancy between Degr and Dy, 18
large only if the fast binding state is relatively tight. The curves produced by
this model are identical to the diffusion-binding model; when there is a fast
second binding state of this nature, the diffusion-binding model will yield k¢
and C., (since these correspond to the unaltered, slower binding state), but
will give Feq + Ceq instead of Feq, and Dy instead of Diyee.

Values for D were obtained from the curve fits to the diffusion-binding
model and are given in Table 1 for y-tubulin, NCD, and a-tubulin in the
cytoplasm. These values are within the applicable range for this model. Since
the diffusional phase of the recovery contains many fewer points than the
binding phase, fits for D are more error-prone, so we used other methods to
confirm D. One method involved separating the data points into two phases
by approximating the two curves with a double-exponential fit and extracting
a single-exponential curve corresponding to the fast phase:

frap(t) ~ k3 - klslowe_kzsmwr - klfuste_kzmlt (10)

L

~ klfasl
1 - k3 + klfasl + klslow

—kafast!

frap e () — kg

TABLE 1 FRAP kinetic parameters
Protein Curve fit method* D (um?/s) Fon (57 Kofe (571 ti (8) Feq Ceq Recovery' (%)

yTub37C-GFP

Spindle Concurrent weighted 0.030 = 0.004 0.16 = 0.01 4 0.85 0.15 98

Centrosome* Direct 0.030 = 0.001 0.0272 %= 0.0008 26 0.47 0.53 94.4 + 0.5

Cytoplasm Concurrent weighted 19.1 =22 0.028 = 0.004 0.14 £ 0.01 5 0.84 0.16 98
NCD-GFP

Cytoplasm Concurrent weighted 9.5+ 038 0.026 £ 0.005 0.16 = 0.02 4 0.86 0.14 98
GFP-a-tubulin

Spindle Concurrent weighted 0.051 = 0.002 0.081 = 0.002 9 0.61 0.39 103

Cytoplasm Concurrent weighted 14.6 = 0.9 0.07 £ 0.01 0.44 = 0.03 2 0.85 0.15 99

Value +=95% confidence interval from the curve fit.
*Curve fit methods are given in Materials and Methods.
*Average for large and small ROL.

*Data for small ROL
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The constant term in the fast phase curve is the fraction of recovery due to
diffusion. Fitting this curve to Eq. 12,

W2 W2
)+
2D, !

2D, (12)

2
_w
Feq e 2D¢ IO

assuming 2D diffusion during the recovery phase, with fitted parameters Fq
and D yielding the D value. Another check was performed by fitting Eq. 8 to
the data sets obtained only with the larger bleach spot, since they had more
points in the rapidly recovering diffusion-dominant curve regions. The
resulting D values for yTub37C and NCD are shown in Table 2.

The averages with or without the concurrent fitting values are close to the
D values obtained with the concurrent fitting method, validating the use of
this method. All of the methods gave a larger D for yTub37C than NCD.

Impact of noise on determination of kg,,, Ko,
and D

The impact of noise in the data on determination of k%, k¢, and D can be
quantified based on how much an error in a data point will affect the fit
parameters. Thus, there will be an approximate inverse relationship between
the error in D due to noise and
2
" * W Y2
a)‘rap(t,D, kon7 koff) . NFequ[D [1 (ZWTD)

oD D

using the diffusion-binding model. This value is on the order of 10> s/um?
in the early part of recovery and drops rapidly to ~10~> s/um? This means
that 8D/6frap increases from ~50 to several thousand times the value of D.
The large amplification of noise later in the run (after the first few seconds)
reflects the fact that the later part of the curve is not significantly affected by
diffusion, so changes in the later part of the curve will cause the fitting routine
to alter the other fit parameters instead of D. This strongly exacerbates the
effect of noise in the first few points on D.
By contrast,

Ofrap(t,D, K, ki)  NF.o(1 —e ™" —S(t,D))

on?

oD’ ki, + ko

on

13)

(14)

* —koget
frap(t,D, k., ko) _NC <S(1,D) — (1 —em) N tek"“')
- eq *
8knff kon + k(’ff

(15)
where S(1,D) is the Soumpasis model recovery. Both of these expressions are
approximately a second: 8k%,/8frap ~ Skog/dfrap ~ 1 s~", which is ~1 order
of magnitude greater than the values of k%, and k. obtained by fitting, rather
than 2—4 orders of magnitude as for D.

Thus, over the major part of the FRAP recovery curve, the effect of noise
on D is expected to exceed that on k%, and k¢ by at least an order of mag-
nitude; as a result, the overall effect on D of noise in the data is much greater
than on the kinetic parameters k%, and k.

Confidence intervals

Ninety-five percent confidence intervals for each parameter were calculated
from the variances given by the MATLAB leasqr.m (29) routine as part of its

TABLE 2 Comparison of D (um?/s) in the cytoplasm obtained
by different fitting methods

Concurrent  Fast phase  Fast phase  Large
Protein fitting small ROI  large ROI  ROI fit  Average
yTub37C 19.1 6.7 12.3 32.6 17.7
NCD 9.5 43 9.1 13.8 9.2
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parameter covariance matrix and are shown in Table 1. The confidence in-
terval was taken as 1.96 times the square root of the variance, since a nor-
mally distributed random variable lies within 1.96 standard deviations of the
mean with 95% probability. The confidence intervals do not include errors
associated with covariances of the parameters in the curve fit, or errors that
uniformly alter the recovery curve.

RESULTS AND DISCUSSION
y-Tubulin in Drosophila mitotic spindles

To study 7y-tubulin in the spindle, we recovered flies ex-
pressing yTub37C, an oocyte- and early embryo-specific
v-tubulin, fused to GFP. The yTub37C-gfp transgene did not
cause dominant negative mutant effects in yTub37C " flies in
genetic tests, and one or two copies fully rescued the
vTub37C female-sterile mutant phenotype. The division time
of yTub37C-gfp embryos by time-lapse imaging was com-
parable to wild-type, indicating that the line is wild-type with
respect to cell division. yTub37C-gfp embryos displayed
faintly labeled mitotic spindles with bright fluorescence at
centrosomes, but little or no astral microtubule decoration
(Fig. 1 A; Movie Slin the Supplementary Material). Spindles
showed a break in fluorescence at the metaphase plate, but it
was interzonal in early anaphase (Fig. 1 B) and present in the
midzone in late anaphase and telophase. yTub37C localiza-
tion was confirmed by antibody-staining wild-type Ore R
embryos (Fig. 1 C). yTub37C antibody staining closely re-
sembled the GFP localization, but differed from a-tubulin
antibody labeling of the spindle, centrosomes, and astral
microtubules, indicating that yTub37C binds only to a subset
of spindle microtubules. yTub37C-gfp embryos expressing
Cid-GFP, a centromere-specific histone (30), showed labeled
spindle fibers with ends close to chromosome centromeres,
and embryos expressing a kinesin-14 spindle motor fused to a
red fluorescent protein, NCD-RFP, showed faint y-tubulin
labeling of spindle fibers with bright fluorescence at centro-
somes, differing from the bright labeling by NCD of spindles,
centrosomes, and asters (Fig. 1 D).

v-Tubulin levels in the spindle and centrosome were es-
timated by modeling the spindle as two half-ellipsoids and
the centrosomes as spheres, and measuring the fluorescence
of an optical section through the spindle. Mean fluorescence
was higher in centrosomes (175 = 5, n = 19) than spindles
(66 = 1, n = 19) by ~2.7-fold, but total fluorescence was
higher in each spindle half (11,975 % 1,622, n = 19) than
centrosome (996 £ 105, n = 19) by ~12-fold because of the
larger volume of the spindle. y-Tubulin mean fluorescence
was higher in the spindle than the cytoplasm (56 * 2, n = 19)
by only ~1.2-fold.

Flies expressing yTub37C mutated in a conserved residue
(E116R) of helix H3, which is thought to form lateral inter-
actions between y-tubulin molecules in yTuRC (31), were
analyzed to determine yTub37C E116R interactions with the
spindle. yTub37C™" embryos expressing the mutant protein
fused to GFP showed centrosome and cytoplasm fluores-
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y-Tubulin in Drosophila mitotic spindles. (A) yTub37C-GFP in a cycle 9 embryo from prophase (0 s) to telophase (240 s). Bar, 10 um. (B) Plot

profiles show absence of yTub37C at the metaphase plate and distribution along spindle fibers at anaphase. (C) Antibody-stained Ore R embryo spindle.
Merge, yTub37C (green; yellow, colocalization with a-tubulin), a-tubulin (red), DNA (blue). Bar, 5 um. (D) Mitotic spindles in yTub37C-gfp embryos
showing yTub37C-labeled spindle fibers; labeling by a centromere-specific histone, Cid-GFP, at metaphase; NCD-RFP (red) and yTub37C-GFP (green;

yellow, colocalization with NCD); and NCD. Bar, 5 um.

cence, but spindle fluorescence was not above cytoplasm
levels, although outlines of spindles due to exclusion of
fluorescence by the chromosomes and spindle were apparent
(Fig. S1 A, Data S1). Mean fluorescence in centrosomes was
low (75 £ 4, n = 20) and was the same in spindles (41 * 1,
n=20) as the cytoplasm (43 £ 1,n =20) (Fig. S1 B, Data S1),
indicating that the mutant yTub37C protein is not being
trapped in the spindle. Failure to accumulate in the spindle
was also observed for another protein,  TubAC, which is
present in the cytoplasm and enters the nucleus after nuclear
envelope breakdown; aTubAC showed the same level of
fluorescence in mitotic spindles as the cytoplasm (Fig. S2,
Data S1). The failure of both the mutant yTub37C E116R
and aTubAC to accumulate in the spindle indicates that the
spindle viscosity and its fibrous structure do not differ suf-

ficiently from the cytoplasm to trap the proteins. This implies
that wild-type yTub37C in the spindle must be binding
weakly, rather than being trapped.

FRAP bleach profiles and fluorescence recovery

Before analyzing our FRAP data, we compared fluorescence
recovery in a bleach profile made with a high NA objective
and small ROI like those used in our assays to bleach profiles
assumed by available models (Fig. 2 A). The profiles in-
cluded a double cone that resembles the profile of a small
bead made by our high NA objective (Fig. 2 B), a cylinder
like the ones assumed by several models (14,15), and a disk
(16). The mean fluorescence values corresponding to the
diffusional phase of FRAP recovery were calculated at time
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FIGURE 2 Fluorescence recovery in bleach profiles
assumed by different models. (A) Depictions of bleach
profiles. Arrows, diffusional recovery. The double cone
approximates the bleach profile for a high NA objective
and small ROI like those used in this study. Models are

based on a photobleached cylinder (14,15) or disk (16).
(B) Image profile of a small bead by the high NA
objective used in this study. Z-scan of a line through a
200-nm fluorescent bead. (C) Diffusional recovery over
time calculated for a cylinder (green squares), double
cone (purple diamonds) and disk (gray circles) bleach
profile. Values calculated using the Soumpasis equation
(26) (pink circles) for a cylinder, for comparison. Mean
fluorescence = 0.1 at t = 0 for all the curves.
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t = 0-1 s. As a control, values were calculated by the
Soumpasis equation for fluorescence recovery in a photo-
bleached cylinder (26). The analysis showed that the double
cone fluorescence recovery values did not overlap with either
the disk or the cylinder values, but they were much closer to
the cylinder values (Fig. 2 C). In contrast to the effects of
diffusion, recovery that is rate-limited by binding should not
be affected by the geometry of the bleach profile. Given that
the overall shape of the diffusion curve is similar for the
cylinder and double cone profiles, errors in the kinetic pa-
rameters due to assumption of a cylinder bleach profile are
likely to be small. These considerations suggested that the
Sprague et al. models (15), which assume a photobleached
cylinder to model diffusion, could be used to reliably infer
kinetic constants for vy-tubulin binding to the spindle and
centrosomes from our confocal microscope data.

Fluorescence recovery of y-tubulin in the spindle
and centrosomes

vy-Tubulin binding interactions with the spindle and centro-
somes were analyzed by fluorescence recovery kinetics. The
concentration of yTub37C-GFP in embryo cytoplasm was
estimated to be ~0.5—1 uM, indicating the presence of a large
cytoplasmic pool of protein to replace photobleached protein.
FRAP assays were performed by rapidly photobleaching an
ROI under high laser power using two different-sized bleach
spots, then imaging at low power and high time resolution to
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monitor fluorescence recovery. The smaller bleach spot is
expected to recover more rapidly by diffusion; thus the two
ROIs test for recovery due to diffusion. Normalized, corrected
mean data from 7 to 14 data sets were plotted versus time and
fit to kinetic models based on a cylinder bleach profile for
fluorescence recovery by pure diffusion (14,26), binding-
dominant interactions (15), or differing contributions of dif-
fusion and binding (15). Where possible, data for the large and
small ROIs were fit concurrently to a given model to obtain
single values for the kinetic parameters for the two data sets.
This method of concurrent fitting provides additional confi-
dence in the estimates because of the constraints of fitting two
curves simultaneously. Analysis of the recovery curves yielded
kinetic parameters for y-tubulin binding interactions with the
spindle and centrosomes, including association and dissoci-
ation rate constants, and a value for the diffusion coefficient,
D, in the cytoplasm.

Fluorescence recovery of yTub37C-GFP in the spindle
was rapid with a fast early phase (Fig. 3, A and B, Movie S2)
that differed for the two bleach spot sizes, indicating that
diffusion is a major factor. The curves were not fit well by
pure diffusion or single-state binding-dominant (Fig. 3 B,
inset) models; the best fits were to a two-term model with a
rapid diffusional phase, followed by a weak-binding phase.
This model, referred to here as the diffusion-binding model,
closely approximates the binding curve when kWD < 1,
where k%, is the pseudo first-order binding rate constant, w is
the bleach spot radius, and D is the diffusion coefficient (15),
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as observed for the fit parameters. The fast early phase had a
turnover time of ¢, ~ 1 s and comprised ~85% of the re-
covery, whereas the weak binding phase had k%, = 0.030 =
0.004 s~ !, a dissociation rate constant of kote = 0.16 = 0.01
s~ and 1, 2 ~ 4 s, and represented the remaining ~15% of
the recovery (Table 1). The k%, < kg for the binding phase,
together with the small fraction of y-tubulin bound at equi-
librium, C¢q ~ 0.15, indicate that -y-tubulin binds weakly to
the spindle.

FRAP assays were also performed on yTub37C-GFP at
centrosomes during interphase of the rapid embryo cleavage
divisions. Fluorescence recovery curves for centrosomes
differed from spindles (Fig. 3, C and D, Movie S3) in that the
data points for the small and large ROIs almost completely
overlapped and the fast early phase was detectable only by
the failure of a few early points to fit to a single-state binding-
dominant curve (Fig. 3 D, inset). These features indicate that
diffusion is not significantly limiting during recovery of
y-tubulin at centrosomes; instead, recovery is dominated by
binding interactions. The diffusion-binding model gave an on-
rate, k%, = 0.030 = 0.001 s, that was the same as for spin-
dles, whereas the dissociation rate constant, ko = 0.0272 *+
0.0008 s, was ~6-fold slower, giving k%, = ko, indicating
relatively tight binding of y-tubulin to the centrosome. Fluo-
rescence recovered to ~55% with #;, ~ 26 s, differing from

20 40 60 80
Time (s)

spindles and from the finding by others of a very slow (5-6 h)
recovering centrosome fraction of ~50% in vertebrate cells
(2), presumably reflecting differences in cell types. The k%, ~
kot and Ceq ~ 0.55 indicate that binding interactions, rather
than diffusion, dominate during fluorescence recovery of
7y-tubulin at centrosomes.

Assays of the kinesin-14 NCD were performed to compare
y-tubulin with a protein in the spindle that binds to and
dissociates from microtubules. NCD-GFP in the spindle (Fig.
S3, A and B, Data S1) showed a strong dependence on bleach
spot size, as for yTub37C-GFP in the spindle, but with more
pronounced differences between the small and large ROIs.
The data were best fit by the diffusion-binding model with a
fast initial diffusional phase slowed by binding interactions,
followed by a weak-binding phase, as for y-tubulin in the
spindle; however, the kinetics of the two phases differed from
those for y-tubulin and the values obtained from the curve fits
indicated that the diffusion-binding model was not the ap-
propriate model, as discussed in Materials and Methods. For
this reason, we do not include the NCD spindle kinetic pa-
rameters in Table 1, although it is apparent from the recovery
curves that NCD and vy-tubulin binding interactions in the
spindle differ significantly from one another.

Assays of GFP-a-tubulin (32) were performed to compare
fluorescence recovery of y-tubulin with a protein that in-
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corporates into spindle microtubules, rather than binding to
microtubules. The recovery curves for the small and large
ROIs both showed a fast early phase that differed somewhat
in timescale, indicating significant contributions by diffusion
(Fig. S3, C and D, Data S1). The data were best fit by the
diffusion-binding model, as for y-tubulin in the spindle, with
a rapid initial diffusional phase, followed by a weak-binding
phase. The curve fits showed that the fast diffusion-dominant
phase corresponded to ~40% of the recovery and k%, < kogr
for the weak binding phase, which comprised ~60% of the
recovery. The kg for a-tubulin was slower than for y-tubulin
by ~2-fold (Table 1). Thus, both a-tubulin, which incorpo-
rates rapidly into spindle microtubules and releases by
depolymerization, and NCD, a motor that binds to and dis-
sociates from microtubules, differ from <y-tubulin in the
spindle in their fluorescence recovery kinetics.

y-Tubulin cytoplasmic diffusion coefficient

We also measured fluorescence recovery of yTub37C-gfp
cytoplasm with two different-sized bleach spots to estimate D
for yTub37C-GFP in the cytoplasm. The curves showed a
rapid early phase that differed for the two ROls, indicating a
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strong dependence on diffusion, followed by a slower phase
that was similar for the two ROIs, indicating weak binding
interactions (Fig. 4, A and B, Movie S4). Although pure
diffusion and single-state binding models did not fit well, the
diffusion-binding model, representing a transition between
pure diffusion and binding-dominant states, gave a good fit
with k%, < ko and k%,w?*/D < 1, as for y-tubulin in the
spindle, indicating that this model was appropriate to de-
scribe the recovery (15). The fits gave a value for y-tubulin in
the cytoplasm of D = 19.1 * 2.2 um?*/s (Table 1).

This value is close to the range of 6-18 um?/s estimated for
cytoplasmic yTuSC or ytub37C-GFP, based on the measured
D for GFP, protein mass M, and D « M -8 (15) or calculated
from the Stokes’ radius for yTuSC without GFP (R, = 7 nm)
(33), corrected by a factor of 2—5 for cytoplasm viscosity
(34). NCD-GFP in the cytoplasm gave D = 9.5 * 0.8 um?/s
(Fig. 4, C and D, Table 1), half the value of yTub37C-GFP.
The Stokes’ radius of dimeric full-length NCD (Ry = 7.6 nm)
(35) is similar to that of yTuSC, predicting a diffusion con-
stant of similar value. The NCD D value is probably an ef-
fective diffusion constant slowed by binding interactions,
e.g., with the extensive network of astral microtubules in the
early embryo (36). y-Tubulin does not bind to astral micro-
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tubules (Fig. 1), but k%, and kg for y-tubulin in the cyto-
plasm do not differ from NCD in the cytoplasm; they also do
not differ from &%, and k¢ for y-tubulin in the spindle. Given
this and the poor fit by a pure diffusion model, the D value for
v-tubulin in the cytoplasm is unlikely to be Dye.; instead,
v-tubulin in the cytoplasm probably exists in a weak-binding,
diffusional state that is weaker binding than -y-tubulin in the
spindle. FRAP assays of cytoplasmic GFP-a-tubulin gave
D=14.6 09 Mmz/s (Fig. S3, E and F, Data S1; Table 1),
which could also represent an effective diffusion constant,
due to its existence as a-B-tubulin dimers and incorporation
into cytoplasmic microtubules.

The D for y-tubulin is consistent with a major cytoplasmic
form existing as yTuSC or y-tubulin monomers or dimers,
rather than the much larger yTuRC (R = 15 nm) (33) with an
estimated D = 3-8 wm?/s. The estimates for D obtained using
these methods are not exact enough to distinguish between
vTuSC or y-tubulin monomers/dimers in the cytoplasm. The
finding that yTub37C E116R does not specifically label
spindles indicates that assembly into higher-order complexes
may be needed for y-tubulin spindle binding. Others have
reported that y-tubulin association with the spindle requires
the four yTuRC-specific proteins that have been identified so
far (6) and depletion of one of them in human cells blocks
chromatin-mediated microtubule nucleation (4). This implies
that y-tubulin binds to spindles complexed with yTuRC
proteins to nucleate microtubules in the spindle. If so, y-tu-
bulin in the cytoplasm may assemble rapidly with yTuRC
proteins before binding to spindles.

SUMMARY

The distribution of y-tubulin along the length of bundled
microtubules in early embryo mitotic spindles is consistent
with its binding to the microtubule lattice. Although this does
not exclude incorporation into microtubules by nucleation
from sites along the spindle fibers, y-tubulin interactions with
the spindle during fluorescence recovery in FRAP assays are
dominated by diffusion, as indicated by the initial rapid rise
of the recovery curves and slower recovery of the large
bleach spot. Fits to kinetic models indicate weak binding
interactions in which the dissociation rate is much higher than
the pseudo on-rate. These observations imply that y-tubulin
associates with spindles by diffusing rapidly into the spindle
and binding weakly to spindle microtubules. y-Tubulin is not
merely trapped by the spindle, as a mutant that binds weakly
to centrosomes does not show spindle binding above cyto-
plasmic levels and this is also true of a truncated a-tubulin
protein. By contrast, FRAP recovery curves for y-tubulin at
centrosomes are dominated by binding interactions, consis-
tent with the idea that y-tubulin binds to centrosomes and
remains bound as it nucleates new microtubules. Evidence
for a population of y-tubulin at centrosomes in vertebrate
cells that is tightly bound has been obtained by others using
FRAP assays (2).
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The transient interactions of y-tubulin with the spindle
thus differ from the centrosome, where y-tubulin nucleates
microtubules. It also differs from NCD, a motor that binds to
spindle microtubules and dissociates after ATP hydrolysis.
vy-Tubulin further differs from «-tubulin, a protein that is
incorporated into microtubules and shows tighter binding
with a faster on-rate and slower dissociation rate. y-Tubulin
interactions with the spindle indicate that its role in the early
embryo spindle may be associated with transient, weak
binding, e.g., bundling and organizing microtubules rather
than nucleating microtubules, although its interactions could
differ later in development, where the mitotic divisions are
not as rapid as in early embryos. Alternatively, y-tubulin in
the spindle could nucleate microtubules by a mechanism that
differs from centrosomes, transiently associating with chro-
mosomes or microtubules in the spindle, nucleating, and then
rapidly dissociating from newly nucleated microtubules. Our
findings indicate that y-tubulin interactions with the mitotic
spindles of early embryos differ from centrosomes, implying
a weak binding role or different mechanism of microtubule
nucleation in spindles and centrosomes. Further studies will
be essential to determine the mechanism by which y-tubulin
functions in the spindle and potentially nucleates microtu-
bules.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
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