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STED Microscopy with Optimized Labeling Density Reveals 9-Fold
Arrangement of a Centriole Protein

Lana Lau, Yin Loon Lee,* Steffen J. Sahl,T Tim Stearns,* and W. E. Moerner'™*
TDepartment of Chemistry and *Department of Biology, Stanford University, Stanford, California

ABSTRACT Super-resolution fluorescence microscopy can achieve resolution beyond the optical diffraction limit, partially
closing the gap between conventional optical imaging and electron microscopy for elucidation of subcellular architecture. The
centriole, a key component of the cellular control and division machinery, is 250 nm in diameter, a spatial scale where super-
resolution methods such as stimulated emission depletion (STED) microscopy can provide previously unobtainable detail.
We use STED with a resolution of 60 nm to demonstrate that the centriole distal appendage protein Cep164 localizes in nine
clusters spaced around a ring of ~300 nm in diameter, and quantify the influence of the labeling density in STED immunofluo-
rescence microscopy. We find that the labeling density dramatically influences the observed number, size, and brightness of
labeled Cep164 clusters, and estimate the average number of secondary antibody labels per cluster. The arrangements are
morphologically similar in centrioles of both proliferating cells and differentiated multiciliated cells, suggesting a relationship
of this structure to function. Our STED measurements in single centrioles are consistent with results obtained by electron micros-
copy, which involve ensemble averaging or very different sample preparation conditions, suggesting that we have arrived at

a direct measurement of a centriole protein by careful optimization of the labeling density.

INTRODUCTION

Most biological fluorescence microscopic studies at visible
wavelengths are restricted to the diffraction limit of resolu-
tion (1) of ~200 nm, a scale that is unable to resolve details
of many structures in the cell. In recent years, a variety of
techniques have appeared that may be termed super-resolu-
tion microscopy, in which various approaches are used to
surpass the optical diffraction limit (2,3). Such super-resolu-
tion techniques commonly rely on the ability of the experi-
menter to modulate the fluorescence of the dye labels, thus
allowing adjacent emitters more closely spaced than the
width of the conventional microscope point spread function
(PSF) to be distinguished. Two major approaches have been
identified: a), The first set of approaches requires spatial
patterning of the illumination and nonlinear processes to
force the emitting region to be smaller than the size required
by the diffraction limit, such as stimulated emission deple-
tion (STED) microscopy (4) or structured illumination
microscopy (5). These methods rely on the ability to modu-
late the emission of the underlying fluorophores (6), but
they do not require single-molecule sensitivity. b), In the
(F)PALM/STORM approaches (7-9), sequential widefield
single-molecule imaging is used with the critical addition
of photoactivation, blinking, or photoswitching of the fluo-
rescent dye labels to maintain the emitting concentration
at extremely low levels followed by PSF localization (10)
and image reconstruction. Because many physical and
chemical processes have been identified for actively control-
ling the concentration of emitters at very low levels (2,11),
this class of super-resolution approaches may be termed
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single-molecule active control microscopy or SMACM
(12). This work provides a specific application of STED
microscopy to elucidate and quantify the molecular details
of an important cellular structure beyond the optical diffrac-
tion limit.

In STED microscopy, two lasers are usually employed in
a confocal scanning geometry: the first, called the pump
laser, is focused to a diffraction-limited spot inside the
sample and pumps the molecules into the electronic excited
state. The beam from a second laser at longer wavelengths
called the STED laser is carefully prepared in the shape of
a doughnut with a dark center, and the STED laser spot is
carefully overlapped with the pump laser. Although STED
has been implemented with continuous wave beams (13),
here we focus on the pulsed version of the technique. The
STED laser pulse closely follows the pump laser pulse
and stimulates many emitters to produce stimulated light
at the STED laser wavelength that is discarded; this brings
about depletion of, or the prevention of emission from, the
fluorophores not at the center of the pump spot. Therefore,
only those fluorophores in a very small region at the center
of the pump pulse are allowed to emit normal fluorescence,
thus restricting the fluorescence emission to a transverse
region much smaller than the optical diffraction limit.
Because our setup uses a confocal pinhole, diffraction-
limited optical sectioning along the axial direction is also
achieved. A complete image is formed by rapid scanning
of either the sample or the focused pump and STED spots.

Due to its ability to noninvasively detect specific subcel-
lular objects with optical sectioning to reject out-of-focus
background, the confocal STED approach has been success-
fully employed in early studies for immunofluorescence cell
imaging (14), live cell imaging with sectioning of the cell
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interior (15), and video-rate imaging of cell dynamics (16).
In addition, for STED microscopy, the resolution en-
hancement arises intrinsically from a subdiffraction-sized
response to a point emitter such as a single molecule, which
we term PSFgy,. As a result of the nonlinear response of the
fluorophores, the PSFgy; has a smaller width than the
diffraction-limited PSF because the positions of molecules
allowed to emit are restricted to smaller and smaller regions
when the intensity of the STED laser is increased. STED
images are not reconstructed from images of photoactivated
or photoswitched single dye labels; therefore, the STED
method can exclude image artifacts such as undersampling
of dye labels that may be present in SMACM-type methods
(17). At the same time, the high STED laser intensity can
lead to excited state processes that produce photobleaching,
therefore the fluorophore must be chosen carefully.

Here, we report the application of STED imaging to
centrioles, a subcellular structure of animal cells critical
for cell signaling (18-20), schematized in Fig. 1 a. Centri-
oles nucleate the formation of the primary cilium, a cellular
signaling organelle, and also serve as a nucleus for the
centrosome, the main microtubule organizer in animal cells.
The centrioles are cylindrical organelles made of triplets of
microtubules and typically present as a pair in cells. The
triplet microtubules of the centriole are arranged with 9-
fold symmetry around the central lumen; this symmetry
was established by electron microscopy (EM) (21) and is
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FIGURE 1 Cepl64 model and PSFsy,. (a) Schematic of the centriole pair
showing 9-fold symmetry of the distal and subdistal appendages on the
mother centriole. (Inset) Top view of putative locations of Cep164 clusters
on the distal appendage, where the Cepl64 immunostained clusters are
overlaid on a cross section of the mother centriole from an electron tomo-
graphic reconstruction (reprinted with permission from (21)). Scale bars:
200 nm. (b) Confocal and STED images of single molecules of ATTO647N
in Mowiol+DABCO+PPD showing the PSF in both cases. (c) Intensity
profile along the line demarcated by the arrows in b shows the PSFgy; width
of FWHM = 58 = 2 nm or equivalently, width of standard deviation
g =25 nm.
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a highly conserved feature of centrioles with a known struc-
tural basis (22,23). The centriole duplication cycle results in
each centriole pair consisting of an older mother centriole
and a newer daughter centriole (24). In most animal cells,
only the mother centriole is competent to form a basal
body that nucleates cilium formation. The mother centriole,
our primary interest, is distinguished morphologically from
the daughter centriole by the presence of distal and subdistal
appendages near the end of the structure, which also have
a 9-fold symmetric arrangement around the nine triplets of
microtubules (21,25), and are thought to be required for cilia
formation. Based on immuno-EM with Au particles, the
Cepl64 protein was found to be a component of the distal
appendages (26). However, it is unclear from these results
whether Cep164 is present on each of the distal appendage
structures on a given centriole, and how the appendage
structures of centrioles that had been observed in the centro-
somes of dividing cells relate to those of specialized epithe-
lial cells that make hundreds of centrioles and cilia (27). In
other words, the fine details of Cep164 arrangement, which
we refer to as the Cepl164 superstructure, are unknown. To
address these issues, we have used our custom-built STED
microscope to image Cepl64 protein superstructure in
centrioles both in proliferating and in multiciliated cells
with optical resolution down to ~60 nm full width at half-
maximum (FWHM), four to five times beyond the optical
diffraction limit, for direct comparison with tomographic
EM images as illustrated in Fig. 1 a. Extending our prior
preliminary work on this system (28), we have quantitatively
characterized the shapes, sizes, and numbers of Cep164 clus-
ters, and we have also validated our immunofluorescence
labeling over a range of antibody concentrations. Our results
provide additional detail and quantification of the number of
Cepl64 clusters beyond the recently published PALM/
STORM imaging of these proteins (29). This work demon-
strates that STED microscopy can be used for precise subdif-
fraction imaging of centriolar protein assemblies in cells
when care is taken to avoid the detrimental effects of over-
labeling or underlabeling.

MATERIALS AND METHODS

Cell samples

The organic dye-conjugated antibody ATTO647N goat antirabbit IgG
(Active Motif, Carlsbad, CA) was used as the secondary antibody.
IMCD3 cells and mouse tracheal epithelial cells (MTEC) were cultured
and labeled using standard indirect immunostaining protocols (described
in the Supporting Material).

Measurements

Images were acquired with a noncommercial pulsed STED microscope
fabricated in our laboratory ((28) and the Supporting Material). The quan-
titative analysis methods including the Cepl64 cluster fitting, estimation
of Cepl64 ring diameter, and estimation of bound antibody labels are
described in the Supporting Material.
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RESULTS

STED microscopy probes centriole architecture
in the centrosome of proliferating cells

We employed STED immunofluorescence microscopy to
elucidate the arrangement of the Cep164 centriolar proteins
at the nanometer scale. Although the centriole and distal
appendages have been shown by EM to have 9-fold radial
symmetry, it has not been possible to assess the arrangement
of Cepl64 or any other specific centrosomal protein in the
context of this symmetry (Fig. 1 a). A recent report of the
application of PALM/STORM to this question shows only
a ring-like structure for Cep164, with unresolved detail of
clusters (29). We first visualized Cepl64 in centrioles of
IMCD3 cells, a mouse epithelial cell line. Cells were fixed
and labeled with anti-Cepl64 primary (1°) antibodies and
ATTO647N-secondary (2°) antibodies. The 1° antibody
was raised against a fragment of Cepl64 encompassing
amino acids 1 to 298 (26). With a given PSFgy, the detected
fluorescent spot corresponding to molecules of Cepl64,
which we refer to as a Cepl164 cluster, reflects the arrange-
ment of Cepl164 and antibody labels on the distal appendage
(Fig. 1 a inset, orange).

To quantify the resolution of our microscope, we bench-
marked the PSFgy, by imaging single molecules of the
ATTOG647N dye embedded in Mowiol mounting medium.
Conventional diffraction-limited confocal imaging (Fig. 1
b) could not distinguish closely spaced single molecules
of ATTO647N, whereas in the STED case (Fig. 1 b), the
molecules were clearly resolved. The PSFgy width of
58 nm was calculated as the average FWHM of line inten-
sity plots from 25 single molecules. A representative inten-
sity plot is displayed in Fig. 1 c.

In diffraction-limited confocal images of randomly
oriented centrioles in asynchronously growing IMCD3
cells, Cep164 appeared as a spot of various sizes, depending
on the orientation of the centriole with respect to the
imaging plane (Fig. S1, a—c in the Supporting Materials),
and in some cases a ring-like appearance was barely present,
consistent with previous deconvolved diffraction-limited
images (26). However, the far higher resolution of STED
microscopy revealed distinct substructure in the same
Cepl64 rings (Fig. S1, d—f). In the case in which the
centriole face was oriented parallel (0°) to the imaging
plane, the Cep164 ring appeared to consist of nine clusters
of Cepl64 signal (Fig. S1 d). When the centriole face was
oriented 90° to the imaging plane, the STED image showed
a side view of the Cep164 ring, which frequently appeared
as a double-lobed structure (Fig. S1 e). Although interme-
diate angles (Fig. S1 f) resulted in an image with finer detail
than corresponding confocal images (Fig. S1 ¢), the Cep164
clusters were not clearly resolved. Overall, fewer than 10%
of IMCD3 cells imaged had clear evidence of a 9-fold
symmetric Cepl64 ultrastructure (Fig. S1 d), with the
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remaining majority having Cepl64 rings at an angle with
the imaging plane similar to Fig. S1, e and f.

Imaging of oriented centrioles in multiciliated
epithelial cells reveals the 9-fold symmetry of
Cep164 clusters

Although STED imaging was clearly able to resolve previ-
ously unappreciated substructure of the Cepl64 arrange-
ment in centrioles, the random orientation and small
number of the centrioles in IMCD3 cells made quantitative
super-resolution measurements difficult. To overcome this
problem we imaged Cep164 in centrioles of MTEC, which
have hundreds of centrioles at their apical surface, all
serving as basal bodies for cilia, oriented parallel to the
apical-basolateral axis of the cell. This layer of centrioles
is in a plane ~0.5 um thick across a typical cell width,
providing an ideal sample for measurement of Cepl64
protein superstructure. MTECs were cultured as described
(27), stimulated to differentiate by culturing the cells at
an air-liquid interface for ~15 days before fixation and
imaging. As above, Cepl64 was visualized with anti-
Cepl64 1° antibodies and ATTO647N-2° antibodies. To
image centrioles in a MTEC, we first located the approxi-
mate plane of the centrioles in an intermediate field of
view (~10 um2) in confocal mode (Fig. 2 a), and then
took STED sections through the Cepl164 signal-containing
plane (Fig. 2 b). A typical MTEC would have hundreds of
Cepl64-labeled rings similar to those shown in Fig. 2 b.
Diffraction-limited confocal images of a subset (Fig. 2 ¢)
and a representative Cepl64 ring (see Fig. 2 e) show
a collection of ill-defined spots, whereas the STED images
(Fig. 2, d and f), clearly resolve Cepl64 clusters in a ring
surrounding an unlabeled central core. An intensity profile
(Fig. 2 g) of a line across the indicated Cepl64 ring
(Fig. 2, e and f), shows the substantial increase in resolution
of STED compared to conventional fluorescence micros-
copy. Most importantly, STED microscopy unambiguously
reveals that the Cepl64 ring around the distal end of the
centriole actually consists of nine separate Cep164 clusters

(Fig. 2 ).

Labeling density effects in STED
immunofluorescence images

Although the STED images revealed a 9-fold symmetric
ultrastructure of Cepl64 in many centrioles (Fig. 2 d) we
observed heterogeneity at the single-centriole level, with
some rings appearing to consist of 7, 8, 9, or even 10
Cepl64 clusters. In addition, there was variation in the
observed cluster sizes and cluster brightness even within
one ring. To further investigate the distribution of Cep164,
we analyzed a large number (>1000) of clusters in MTEC
centrioles, under different labeling regimes. Because we
were visualizing Cepl64 with antibodies, we anticipated
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FIGURE 2 Cepl64 ring substructure in multiciliated MTECs. Although
(a) confocal microscopy obscures fine detail, (b) STED images of Cep164
labeled with 2000-fold dilution of primary antibody in MTECs resolve the
9-fold symmetric Cep164 localization. (c and d) Closer views of the region
indicated by the white dashed boxes in a and b, respectively. (e) Confocal
blurs the substructure, but (f) STED exhibits nine Cepl64 clusters for
a representative centriole. (g) Intensity profile along the lines demarcated
by the arrows in (e and f) shows the ability of STED to resolve the
Cepl64 ring structure. Pixel intensities are represented in the color bars.
Scale bars: (a and b) 1 um and (c—f) 200 nm.

that an optimized antibody labeling density was critical for
accurate, artifact-free immunofluorescence images (30,31),
and mandatory for super-resolution images as the imaging
resolution approaches the size of the antibodies used
(17,32,33).

To ensure that the antibody labeling density was appro-
priate to elucidate the Cep164 centriolar structure, we opti-
mized the concentration of the 1° antibody label (Fig. 3).
The concentration of the 1° antibody used to label Cep164
was varied over three values covering a factor of 80x while
keeping the 2° antibody in excess. In the regime of saturated
2° antibody labeling, we can assume that most of the avail-
able epitopes on the 1° antibodies are bound by a 2° anti-
body. Therefore, the 1° antibody concentration mainly
determines the degree of protein labeling, whereas the 2°
antibody mainly determines the size and brightness of
proteins already labeled with 1° antibody. That is, the 1°
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FIGURE 3 Effect of labeling density in STED images of Cepl64 in
MTECs. (Top panel) Confocal and (bottom panel) STED images of
Cepl64 in MTECs immunostained with increasing concentrations of
primary antibody and fixed concentration of secondary antibody. With
increasing primary antibody concentration, the number of observed clusters
increases until saturation at nine clusters. Overlabeling with antibody blurs
the Cepl164 centriole substructure. Pixel intensities are represented in the
color bars. Scale bar: 200 nm.

antibody has the role of protein labeling, whereas the 2°
antibody has the role of signal amplification. As above,
we found that in diffraction-limited confocal images
(Fig. 3, top row), the Cepl64 pattern appears as a blurry
image with little detail of fine structure, whereas in the
STED images (Fig. 3, bottom row) Cepl64 is clearly
observed in various patterns depending on antibody concen-
tration. If too low a concentration of 1° antibody was used,
a typical centriole showed fewer than nine Cep164 clusters
(Fig. 3, underlabeled bottom panel). Increasing the 1° anti-
body concentration resulted in the 9-fold symmetric struc-
ture described previously (Fig. 3, optimized bottom panel).
Further increase of the 1° antibody concentration resulted
in blurring of the structure (Fig. 3, overlabeled bottom
panel); we suspect this is due to denser binding of the rela-
tively large ~10 nm sized 1° and 2° antibody molecules. We
refer to the low, intermediate, and high concentrations of 1°
antibody (Fig. 3, bottom row) as underlabeled, optimized-
labeled, and overlabeled MTEC, respectively.

To determine the influence of labeling density on our
ability to quantify Cepl64 clusters, we compared STED
measurements of the observed cluster number, size, and
brightness in underlabeled and optimized-labeled MTEC.
First, the observed number of Cepl64 clusters per ring
was lower in underlabeled MTEC versus the optimized
case (Fig. 4 a). Underlabeled MTECs (Fig. 4 a, red series)
had 3.3 = 1.6 Cep164 clusters per ring (N = 38 centrioles),
whereas optimized-labeled samples (Fig. 4 a, blue series)
had 8.5 = 0.7 Cepl64 clusters per ring (N = 120 centri-
oles). To evaluate whether the distribution of observed clus-
ters per ring of the optimized-labeled MTEC was consistent
with the hypothesis of nine Cepl164 clusters per ring, we
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FIGURE 4 Quantification of Cep164 superstructure in MTECs using STED imaging. (a) Cep164 centriole superstructure in underlabeled (red) and opti-
mized-labeled (blue) MTECs. The histogram shows the distribution of the number of clusters observed per centriole with mean of 3.3 = 1.6 clusters for N =
38 centrioles in the underlabeled case and 8.5 = 0.7 clusters for N = 120 centrioles in the optimized case. Representative STED images illustrate the various
Cepl64 arrangements observed. (b) Scatterplot of cluster major versus minor diameters for (red) underlabeled and (blue) optimized samples with axes histo-
grams (outliers beyond two standard deviations from the mean are not shown). For the underlabeled MTEC, the black line is a single Gaussian fit; in the
optimized case, the black line is a double Gaussian fit. The PSFgy; of 58 nm FWHM is shown for reference. (¢) Scatterplot of cluster area (product of Gaussian
widths) versus cluster brightness for (red) underlabeled and (blue) optimized samples. (d) Histogram showing the brightness of each cluster in the under-
labeled (red) and optimized-labeled (blue) MTEC sample. Black line is a double Gaussian fit for the underlabeled series. (e¢) Brightness as a function of
STED frame for the representative Cep164 cluster indicated in the centriole showing bleaching. The single dye brightness (SM, green arrow) is determined
as the size of the last step before photobleaching to the background level. (Inset) Histogram showing the single dye brightness determined from 17 cluster
measurements. Black line is a single Gaussian fit with mean 233 = 66 photons.

assumed a simple model in which a centriole had n sites orthogonal axes to extract major and minor cluster diame-
(e.g., distal appendages) for cluster observation and that  ters (defined as the FWHM of each Gaussian); the results
the resulting distribution of observed clusters was given are shown in Fig. 4 b as a scatterplot and as distributions
by binomial statistics; that is, the distribution would be of major and minor diameter. The distributions (Fig. 4 b)
a result of the discrete nature of cluster observation and were fit with both a single and double Gaussian model to
not due to an underlying heterogeneous population of distal ~ probe for two populations of cluster sizes. The model
appendages (Fig. S2). We found that a model in which that better fit the data was selected via the Bayesian infor-
a centriole had n = 9 sites best resembled the STED data  mation criterion (Materials and Methods in the Supporting
distribution (Fig. S2), in agreement with the expected  Material). The Cepl64 cluster minor diameter distribution
nine distal appendages per centriole. Underlabeled MTEC of the optimized-labeled MTEC exhibited an 80% subpop-
centrioles had significantly fewer than nine -clusters, ulation of 71 nm = 11 nm (one standard deviation) and
presumably due to failure to label some Cepl64 with 1° 20% subpopulation of 80 nm =+ 17 nm, whereas the major
and 2° antibodies. diameter distribution was fit by a 52% subpopulation of

We used STED imaging to assess the apparent size of 110 £ 17 nm and 48% subpopulation of 87 *= 11 nm
Cepl64 clusters. Each Cepl64 cluster was fit to a two- (Fig. 4 b, blue series). In contrast, the Cep164 clusters of
dimensional Gaussian with different widths along two  the underlabeled MTEC showed a minor diameter with
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mean of 61 * 9 nm (limited by the size of the PSFgy) and
major diameter with mean of 78 = 11 nm (Fig. 4 b, red
series). STED not only discerns the smaller sizes of the
underlabeled MTEC but also suggests a mere ~10 nm
difference in diameter between the underlabeled case and
the subpopulation of smaller clusters in the optimized
case. This difference of ~10 nm in the cluster sizes could
be due to more binding of the antibody labels, which would
be consistent with the ~10 nm size of the IgG antibody as
predicted by crystal structure studies (34). In addition, the
subpopulation of the larger clusters in optimized-labeled
MTEC could represent two nearby clusters that are unre-
solvable given a PSFgy; of ~60 nm. In both samples, the
clusters are asymmetric, with a mean ratio of diameters
of 0.7-0.8. The cluster asymmetry could be a result of
the numerous possibilities for antibody binding of the
multiple protein epitopes in the indirect polyclonal immu-
nolabeling scheme. The cluster asymmetry also could
reflect the underlying cylindrical shape of the distal
appendage, which we address in the following sections.
In addition, in both samples, the brighter clusters were
also larger, with a 2.5-fold difference in brightness between
the largest and smallest clusters in the underlabeled
samples and 3.8-fold difference in the optimized ones
(Fig. 4 ¢). Both of these observations are consistent with
the binding of >1 primary antibody to Cep164 molecules
in the distal appendage structures.

To further study the nature of the antibody binding, we
first investigated whether there was a relationship between
the asymmetry of the cluster and its brightness, which
could indicate the manner in which the 2° and 1° anti-
bodies were binding to Cepl64. However, we found no
significant correlation of the cluster asymmetry to bright-
ness for the two labeling series (Fig. S3). The lack of corre-
lation is not unexpected and could be due to the
distribution throughout the distal appendage of the epitopes
for the 1° and 2° antibodies. We also examined in more
detail the orientation of the asymmetric cluster shape and
its possible correlation with the local orientation of the
distal appendage. The model of centrioles derived from
averaged electron tomography (Fig. 1 a) shows the distal
appendages as cylinders of ~100 nm x 20 nm, tilted
~45° clockwise with respect to the plane of the centriole
ring, as viewed from the distal end. The arrangement of
Cepl64 molecules on the distal appendage is unknown,
but if antibody labels were bound along the whole length
of the distal appendage, the Cepl64 clusters might show
a similar orientation. However, we found no such correla-
tion; the orientation of the major axis of each cluster
with respect to the local tangent of the centriole under opti-
mized labeling conditions revealed a random cluster angle
spanning —90° to 90° (Fig. S4). The most likely explana-
tion for lack of observed orientation is the aforementioned
indeterminacy in the spatial organization of the polyclonal
antibodies.
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Estimation of the number of antibody labels per
Cep164 cluster

The brightness of Cepl164 clusters in the optimized MTEC
are higher than in the underlabeled counterpart, as expected,
where cluster brightness is defined as photons detected
above the background in one STED scan comprising a total
integration time at the cluster of ~10 ms with 15 uW pump
and 80 mW STED powers. The Cep164 brightness distribu-
tion in the optimized sample exhibited a mean brightness of
2070 photons (Fig. 4 d, blue series), whereas in the under-
labeled case, the distribution featured a 54% subpopulation
with Gaussian mean of 300 photons = 110 photons per
frame (one standard deviation) and a 46% subpopulation
with mean of 700 = 290 photons per frame (Fig. 4 d, red
series). It is intriguing that the underlabeled cluster bright-
ness distribution showed two peaks with means differing
by a factor of two. This suggests that one and two 2° anti-
bodies were present, to be discussed more carefully below.
In the optimized case, the broad brightness in distribution
could be due to stochasticity in binding and to heterogeneity
in the local cellular environment of the ATTO647N-2° anti-
body because the fluorescence of the dye ATTO647N has
been shown to be sensitive to the hydrophilicity of its micro-
environment (34-36).

The number of ATTO647N-2° antibody labels bound per
Cepl64 cluster, N,-, is an important parameter, determined
by the following equation:

(photons /cluster)
(photons /647N ) (Nes7w)’

(Npo) =

where the brackets denote an average over the sample
ensemble, and Ng47y is the number of Atto647N dyes per
2° antibody. The average brightness of a single ATTO647N
in the local environment of the immunostained Cepl64
MTEC sample, measured directly on the dye-antibody-
Cepl64 cellular complex embedded in the Mowiol medium,
was obtained via sequential STED imaging of the MTEC
sample until single-step photobleaching was observed
(Fig. 4 e), resulting in (photons/647N) = 233 *+ 66 photons
per frame. Separate bulk absorption and single-molecule
ATTOG647N-2° antibody fluorescence imaging measure-
ments (Materials and Methods in the Supporting Material)
yielded (Ne47n)= 1.5.

For the underlabeled sample (Fig. 4 d, red), the subpopu-
lations of 300 photons and 700 photons corresponded to
an average of (N,-) = 0.9 ATTO647N-2° antibodies and
(N2) =2.0 ATTO647N-2° antibodies, respectively, suggest-
ing that we are observing the binding of one and two 2° anti-
body labels in the Cepl64 cluster. However, due to the
poorly controlled nature of the binding of the polyclonal
antibodies used, it is difficult to pinpoint whether subpopu-
lations present in the raw data correspond to specific
numbers of Cep164 or 1° antibody. For example, the subpop-
ulation at 300 photons in the underlabeled case might result
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from, on average, one 2° antibody that bound one 1° anti-
body, which bound one Cepl64 on the distal appendage.
However, the brighter subpopulation at 700 photons could
represent, on average, two 2° antibodies, which bound
different epitopes on the same 1° antibody bound to one
Cepl64, two 2° antibodies, which bound two different 1°
antibodies bound to different epitopes of the same
Cepl64, or two independent binding events of one 2° anti-
body binding one 1° antibody on one Cepl64 (all average
binding ratios). Furthermore, for the optimized labeling
case, which involves the binding of more antibody-epitope
combinations (Fig. 4 d, blue), the resulting brightness distri-
bution is a convolution of many overlapping probability
density functions for the possible number of antibodies
bound (37,38), and no discrete peaks in the brightness distri-
bution are observed. Therefore, we characterize the opti-
mized labeling brightness distribution by its ensemble
average of (N-) = 5.9. We note that the average numbers
of ATTO647N-2° antibody labels determined here by
STED are reasonable given the indirect polyclonal antibody
binding scheme, size of IgG antibodies, and electron tomog-
raphy distal appendage ultrastructure. Our data suggest that
the number of epitopes on a single 1° antibody available for
the 2° antibody to bind to is quite small, and the degree of
labeling of Cepl64 clusters is determined by 1° antibody
concentration. A similar concentration of 2° antibody was
used in both the underlabeled and optimized-labeled case.
If 2° antibody concentrations were not in excess, in the
underlabeled case we would expect fewer clusters that
were closer in brightness to optimized-labeled clusters.
Instead, both cluster number and cluster brightness were
considerably lower (Fig. 4 d) in the underlabeled case.
This confirms that 2° antibody concentration was indeed
in excess and had negligible effect on Cep164 cluster bright-
ness. One possible effect of multiple bindings of 2° antibody
is the bimodal distribution of optimized labeled cluster sizes
(Fig. 4 b).
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Comparison of Cep164 STED and EM
measurements

The enhanced resolution of STED Cepl64 measurements
invites comparison to electron tomography studies of centri-
oles (21) and immuno-EM of Cepl64 (26). The binding
sites and locations of Cepl64 on the distal appendage are
unknown, but if we assume that the Cepl64 protein binds
along the length of the distal appendage, and take the
average of the range of centriole diameters reported by Ibra-
him et al. (21) plus a contribution from the size of antibody
molecules (34), we would predict a range of immunolabeled
Cepl64 ring diameters of 230—430 nm from EM (Table 1).
Our STED measurements of Cep164 ring diameters for both
MTEC and proliferating cell samples agree with this predic-
tion. The Cep164 ring diameters of the underlabeled, opti-
mized-labeled, and overlabeled MTEC were consistent
(290 £+ 18 nm, 310 = 16 nm, and 310 *= 25 nm, respec-
tively), whereas those of the proliferating cell samples
were ~20% larger (360 = 16 nm). In conjunction with
our observation of 9-fold symmetry of both optimized-
labeled MTEC and proliferating cells, our results suggest
that the distal appendages of both proliferating cells and
differentiated multiciliated cells are similar. Interestingly,
overlaying a representative STED image of a proliferating
cell with the model from the electron tomographic recon-
struction on the same scale shows the Cep164 clusters posi-
tioned near the mid-point of the appendages (Fig. 5), as
opposed to near either of the ends of the distal appendage.
Given our PSFgy; width of ~60 nm, our results suggest
that the Cepl64 epitope observed in our experiments is
present near the mid-point of the distal appendage.

DISCUSSION

In this work, we have directly observed the 9-fold
symmetric arrangement of a centrosomal protein in two

TABLE 1 Comparison of Cep164 structural measurements by STED and EM
Cep164 clusters/centriole Ring diameter* Cluster diameter' 2° Antibodies/cluster
STED
Underlabeled MTECs 33 £ 1.6 290 £ 18 nm 78 = 11 nm x 0.9, 2.0
61 = 9 nm
Optimized-labeled MTECs 8.5 + 0.7 310 = 16 nm 87 = 11 nm, 110 = 17 nm x 5.9¢
71 = 11 nm, 80 = 17 nm
Overlabeled MTECs N/A 310 £ 25 nm N/A N/A
Proliferating IMCD3 89" 360 = 16 nm N/A N/A
Electron microscopy
Immuno-EM N/A 260 nm¥ N/A N/A
Electron tomography N/A 230-430 nm" N/A N/A

*Defined as peak-to-peak distance.

"Defined as full width at half-maximum distance.
Defined as sample average.

$Determined from a sample population of three centrioles.
IDetermined from (26).

"Determined from (21) and (34).
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FIGURE 5 Representative STED image of Cepl64 in an IMCD3 cell
overlaid on the electron tomographic model of the mother centriole on
the same scale (reprinted with permission from (21)), scale bar, 200 nm.

distinct cell types, reflecting the underlying 9-fold
symmetry of the centriole. We have also quantified labeling
density effects in super-resolution immunofluorescence
imaging, and demonstrated the importance of appropriate
labeling to achieving validity of the observed structure.
Both electron and far-field optical microscopy have been
widely employed to probe the anatomy of the centrosome
and centriole, with each technique having strengths and
limitations. EM is unrivaled in its ability to spatially resolve
details of subcellular architecture to fractions of a nano-
meter. For example, the morphological features of centriole
components, including their 9-fold symmetry, have been
shown in remarkable detail (21,27,39-41). However, EM
reconstructions often make an assumption of symmetry
that is imposed on the fitting model, and many images are
averaged together, rendering undetectable any heterogeneity
in the observed structures. The use of antibody-conjugated
gold particles in immuno-EM permits the localization
of specific proteins (26), but the sample preparation condi-
tions are often incompatible with preserving antigen reac-
tivity, and may introduce other artifacts such as metallic
particle clustering (42). Thus, quantitative characterization
of protein localization using immuno-EM is challenging.
In contrast, conventional far-field optical microscopy can
be easily used to image specific proteins in fixed cells using
immunofluorescence labeling, and in live cells by tagging
proteins of interest with fluorescent markers, but it suffers
from the optical diffraction limit of spatial resolution
(~250 nm) (1). The arrangement of most centriole proteins
cannot be accurately determined by diffraction-limited
optical methods because the centriole itself is typically
250 nm wide and 500 nm long, roughly the resolution
limit of such methods. With the development of super-reso-
lution microscopy methods such as STED, SIM, PALM,
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F-PALM, and STORM (4,7-9,43), the resolution of far-field
optical microscopy has been extended down to the 10’s of
nm (3,44,45). Characterizing the organization of centriole
proteins should be greatly facilitated by super-resolution
microscopy, and indeed, several super-resolution micros-
copy studies of centriole proteins were recently reported.
These include our preliminary STED images of Cepl64
(28), SIM images of the centriole proteins Sas-4 (46),
CEP63 and CEP152 (47), and PALM and STORM images
of distal appendage proteins CEP164 and CEP123 (29).

The studies using PALM, STORM, and SIM revealed the
centriolar ring-like structures of the studied proteins, but
with little resolved substructure within the rings. In contrast,
we were able, using STED, to further resolve the localiza-
tion of Cepl64 into clusters with 9-fold symmetry about
the centriole, consistent with the known structure of the
distal appendages of the centriole. We harnessed several
strengths of STED super-resolution microscopy in this
study. First, the optical sectioning ability allowed rejection
of out-of-focus background and imaging of the centrioles
in a cell type, MTEC, that has many centrioles in a plane,
but is relatively thick compared to typical cultured cells
(28,48). Combining STED with the MTEC cultures made
it possible to assess the distribution of Cepl164 molecules
in hundreds of centrioles, allowing us to quantify distribu-
tions of cluster number, size and brightness. In contrast, im-
muno-EM would have been limited to no more than a few
centrioles. Finally, because the resolution enhancement in
STED is essentially all-optical and independent of the active
concentration of dye emitters, it does not rely on postacqui-
sition image reconstruction or stochastic switching, which
may lead to image artifacts. Immuno-EM localization of
Cepl64 to distal appendages hinted that Cepl64 might
localize with 9-fold radial symmetry, but the measurements
were confounded by the aggregation of the metal nanopar-
ticles and potential underlabeling; it was conceivable based
solely on immuno-EM that Cepl64 might localize to
a subset of distal appendages. Using only raw STED images
and optimization of antibody labeling with no deconvolu-
tion, we were able to show in both proliferating and multi-
ciliated cells that Cepl64 localizes in a 9-fold radially
symmetric ring of ~350 nm diameter.

The resolving power of super-resolution immunofluores-
cence microscopy is influenced by the size of the antibody
labels used, whereas in diffraction-limited immunofluores-
cence microscopy, the resolution limit is an order of magni-
tude coarser than the label size. As mentioned previously,
optimized label density is necessary for obtaining accu-
rate super-resolution immunofluorescence images. We
have demonstrated that labeling density significantly affects
the observed distribution of Cep164 protein, and have quan-
tified these labeling effects on observed protein cluster
number, size, and brightness. Given the measured mean
cluster size of ~80 nm in the optimized-labeled samples
and our PSFg)y; width of ~60 nm, we estimate the true cluster
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size to be ~60 nm. A 60 nm object (Cep164 plus bound anti-
bodies) is reasonable given that there are many possible
patterns for the binding of ~5-10 antibodies of ~10 nm
size to the N-terminal domain of Cepl64 on each distal
appendage. Thus, under optimized labeling conditions, our
measurements of Cepl64 cluster size and brightness are
consistent with expectation. In contrast, underlabeling
results in underestimation of observed protein cluster
number, size, and brightness, and over-labeling results in
blurring of fine features due to the large size of the antibody
labels. This shows that antibody labeling artifacts can cause
inaccurate measurements of protein localization at the nano-
meter scale and should be avoided in high-resolution immu-
nofluorescence microscopy.

The optimal antibody concentration will have to be deter-
mined empirically for each protein of interest and immuno-
labeling scheme. Here, the optimized concentration can be
defined as the highest 1° antibody concentration used before
the observed structure becomes blurred due to crowding of
antibody labels. The observed structure using this optimized
labeling density represents the most accurate structure
obtainable for a given resolution. Whether the measured
structure is an accurate depiction of the true structure is
a general question that the microscopist should carefully
evaluate. In this study, we determined a 9-fold symmetric
Cepl64 structure independent of previous knowledge of
the 9-fold symmetry of centrioles. The agreement with
results from EM, which is a different method with different
assumptions and sample preparation conditions, further
strengthens our findings. Indeed, it is conceivable and would
have been interesting had Cep164 been found to localize to
fewer or more than nine clusters per centriole. Had we
observed fewer than nine clusters per centriole, for example
due to blurring of the observed structure from crowding of
antibody labels, one possible improvement would be to
directly conjugate the fluorophore to an anti-Cep164 mono-
clonal antibody (or Fab fragments thereof). Because only
one antibody molecule can bind to each molecule of
Cepl64, the contribution of primary and secondary anti-
bodies to observed cluster size would be greatly reduced.
Alternatively, tagging with a fluorescent protein such as
TagRFP657 (49) would eliminate the antibody component
and approach one label per protein, further reducing
observed cluster size, and might also allow super-resolution
imaging of the centrosome in live cells. However, fluores-
cent protein tags can disrupt the function or stability of
the protein of interest (50), or photodamage to cells from
live imaging might also affect localization of tagged
proteins of interest (51).

The similarity of Cepl64 organization in both prolifer-
ating and multiciliated cells suggests that Cepl64 has
a similar function in both cell types, probably in cilia forma-
tion as previously characterized in human RPE-1 cells (26).
Because Cepl164 was, until recently, the only known molec-
ular component of distal appendages, our result further
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suggests that distal appendages are identical in structure
and function in proliferating and multiciliated cells.
Because the localization of proteins to structures within
the centrosome can provide clues to their function, STED
and other super-resolution methods are likely to become
critical tools for the investigation of centrosome organiza-
tion. With its ability for high-throughput quantitative
measurements using simple labeling protocols, STED
super-resolution microscopy is a complimentary technique
to EM for probing centrosome structure.
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